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In organic semiconductors, optical absorption is pivotal for the performance of optoelectronic devices.
The absorption by the semiconductors generates excitons which dissociate into free charge carriers,
resulting in energy conversion. Although high performance has been achieved in non-fullerene organic
solar cells, their charge generation behavior is far from being well understood. Keeping this in view, we
have employed optical spectroscopic tools to study the charge generation mechanism in FLR (1,6,7,10-
tetramethylfluoranthene) as a non-fullerene electron acceptor blended with P3HT (poly(3-hexylthiophene))
as an electron donor in five different solvents. Through steady state UV-visible and photoluminescence
spectroscopy, we provide a basic understanding of charge transport by enlightening the influence of
solvents on the aggregation behavior and exciton bandwidth. Furthermore, for the first time, by employing
ultrafast vis-NIR transient absorption spectroscopy, we address the ultrafast charge generation and charge
separation mechanism with systematic variation in solvent polarity by incorporating the time evolution of
the transient species under various pump—probe wavelengths in the range of 450 nm to 1600 nm. For the
different excitation wavelengths, the lifetime kinetics have been depicted by their multiexponential fits. The
results show a fast decay term at a lifetime of a few picoseconds (ps) (~1 to 5 ps) and a slow decay term
at a lifetime of ~500 ps. The charge generation in the P3HT:FLR blend proceeds on a ps time scale,
which implies good intermixing of the components. It is clearly established that the non-halogenated
solvents influence this aggregation behavior and higher conjugation lengths with higher photo-
luminescence quenching contribute to the higher charge generation. The enhanced polaron population
in P3HT with the addition of FLR illustrates the importance of this acceptor material in the blend
because a good solvent-material combination is essential to enhance the charge generation. As such,
this comprehensive study explicitly shows the role of FLR as an emerging efficient non-fullerene
acceptor for further improving the performance of devices.

Introduction

In organic solar cells (OSCs), two vertically stacked donor:acceptor
(D:A) materials are chosen to absorb light in a broad solar
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spectrum; this is followed by splitting of excitons into free charge
carriers at the D:A interface, which finally leads to charge
transport and charge collection at the respective electrodes
for generation of electricity. Conventionally, in OSCs, a solution
of a conjugated polymer as D and a fullerene as A is spin-coated
on the back of the electrode, which results in the formation of
the active layer. Due to their three-dimensional electron trans-
port properties, high electron affinity, high electron mobility
and formation of favorable blend morphologies with donors,
fullerenes have been the most commonly used acceptors to
date."™ However, the challenges of fullerenes, such as poor
absorption in the visible region,® high synthetic cost,” and
energy level tunability,® have encouraged researchers to develop
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non-fullerene acceptors (NFAs) which can be synthetically
modified to increase their absorption ranges by tuning their
highest occupied molecular orbitals (HOMO) and lowest
unoccupied molecular orbitals (LUMO).”® A fundamental
understanding of the electronic interaction between D and A
enables control of the active layer morphology, which facilitates
maximum charge extraction with balanced phase separation.'®">
To optimize the charge separation at the D:A interface, a suitable
conjugation length with the appropriate m-n* transitions is
required. Many studies have been reported to explore the
sensitivity of blend morphologies by choosing suitable processing
solvents,"®™** solvent additives'®'” and annealing conditions
(thermal, solvent)."*° Halogenated solvents are employed as
processing solvents in OSCs'**" because they exhibit bi-continuous
morphologies due to their high solubility. However, non-
halogenated solvents are preferential due to environmental
concerns and their facile processability in large-scale manufac-
turing.>*>* Therefore, current R&D efforts are focused on the
development of non-halogenated solvents with similar func-
tionalities to halogenated solvents.

Keeping the above in view, several morphological tools were
employed to study the D:A nano-morphology in solution as well
as in films using transmission electron microscopy (TEM),>>™>’
atomic force microscopy (AFM)*® and grazing incidence X-ray
diffraction (GIXD).*® These tools are used to study the bicontin-
uous phase separation, determination of the accurate domain size
and interdomain correlation, which are relevant to the charge
transport mechanism. However, spectroscopic measurements
such as steady state UV-visible and photoluminescence (PL)
spectroscopy are useful to evaluate the exciton generation and
dissociation into free charge carriers.*>*' Because the absorp-
tion of photons and the generation of free charge carriers
are different in solutions and in films, these spectroscopic
tools provide useful information for studying the aggregation
behavior. Ordered and disordered aggregates affect the charge
transfer (CT) kinetics. In the study of CT kinetics, transient
absorption spectroscopy (TAS) is a widely used technique which
is crucial for demonstrating rapid and efficient charge genera-
tion in 0SCs.**** The charge generation at the D:A interface
can be defined by two processes: (a) exciton delocalization®* at
the ultrafast component of <100 fs and (b) exciton diffusion at
picosecond timescales.** Through these processes, the popula-
tion of free charge carriers becomes an important factor in
defining the optical and morphological relationships.’>*™®
Thus, analyzing these signals is necessary to understand the
charge generation in OSCs.

To demonstrate this concept, we used a spectroscopic
approach for a blend system consisting of newly developed
1,6,7,10-tetramethylfluoranthene (FLR) as an electron acceptor
and P3HT as an electron donor in different halogenated and
non-halogenated solvents. FLR, the smallest fragment of full-
erene, was previously reported as a non-fullerene acceptor in
0SCs by our group.*® Several other fluoranthene core-based
derivatives have been actively reported in organic light emitting
diodes (OLEDs),***" organic field effect transistors (OFETs)**™**
and 0SCs.*>*® Recently, some of these derivatives have also
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been used as dopant-free hole transporting layers in perovskite
solar cells.*” These reports indicate the importance of this class
of materials in a wide range of applications. In our studies, we
focus on the fundamental principles of photophysics, such as
charge generation and charge separation, for the P3HT:FLR
blend system, to determine the ability of FLR as an acceptor.
Firstly, through steady-state UV-visible and photoluminescence
studies, one can understand the aggregation behavior and
analyze the influence of aggregates on the charge transfer from
D to A. Vis-NIR transient absorption (TA) spectroscopy allows us
to monitor the process of charge generation in the P3HT:FLR
blend system with the influence of solvent at room temperature.
For the P3HT:FLR blend system, the charge generation dynamics
drastically change in halogenated and non-halogenated solvents.
For all the solvents, we observed the creation of singlet excitons
that eventually dissociated into polarons. It can be observed
that the polaron formation is enhanced significantly with the
addition of FLR as an acceptor. Further, it was observed that
non-halogenated solvents are more favorable for increased
yields of polarons on an ultrafast time scale. This is clearly
depicted by kinetics studies, wherein it can be seen that efficient
free charge carrier generation in P3HT:FLR is enhanced using
non-halogenated solvents.

Experimental methods
Materials

1,6,7,10-Tetramethylfluoranthene (FLR) was synthesized as per
our previous report.>® Poly(3-hexylthiophene) (P3HT) and the
solvents under study, namely chloroform (CF), 1,2-dichlorobenzene
(ODCB), chlorobenzene (CB), o-xylene (XYL) and tetrahydrofuran
(THF), were purchased from Sigma Aldrich and Merck.

Optical measurements

The absorption spectra were obtained using a Shimadzu 2401
PC instrument, and photoluminescence spectroscopy was carried
out using a Fluorolog system (Jobin Yvon-Horiba, model-3-11).

Femtosecond transient absorption spectroscopy

This study was performed using an experimental setup consist-
ing of an oscillator (Micra by Coherent), amplifier (Legend by
Coherent), OPA (by Light Conversion) and spectroscopy system
(Helios by Ultrafast Systems). The 4 m] output of the amplifier
with a pulse width of 35 fs centered at 800 nm was split into two
parts. One part was fed to the OPA with 1.8 m] energy, and the
other part with 0.5 mJ energy was fed to the spectrometer with a
delay stage of 0 to 8 ns. Broadband white light was generated
inside the spectrometer by passing the split beam through a
sapphire plate which is capable of generating probe pulses of
350 to 850 nm. A highly stable OPA output of 425 nm was
selected as the pump beam with a fluence of 16 pJ cm? for the
P3HT and P3HT:FLR samples. An OPA output of 350 nm with
same fluence energy was selected as the pump wavelength for
the FLR sample. Surface Xplorer software and Origin 9.1 were
used for the analysis and kinetics fitting.

This journal is © the Owner Societies 2019
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Sample preparation

Pristine P3HT solutions in different solvents were prepared
with concentrations of 1 mg ml~". The pristine FLR solution in
THF solvent was prepared with a concentration of 6 mg ml ™",
The P3HT: FLR (1:6) blend was prepared by blending individual
components in these solvents with a concentration of 7 mg ml ™.
The blend ratio for P3HT:FLR was 1:6 as per our previous
work.>®

Morphological characterization

The surface morphologies were measured by atomic force
microscopy (AFM) using a Solver P47-PRO SPM instrument.

Results and discussion

Optical spectra and photophysics of pure P3HT, pure FLR and
the P3HT:FLR blend system

The molecular structures of P3HT and FLR as an electron donor
and electron acceptor, respectively, with their corresponding
energy levels are shown in Fig. 1. The structures of the haloge-
nated solvents, namely chloroform (CF), chlorobenzene (CB),
1,2-dichlorobenzene (ODCB), and non-halogenated solvents,
namely o-xylene (XYL) and tetrahydrofuran (THF), are also
shown in this figure. These solvents have different polarities,
which influences the absorption and emission spectra of the
pristine compounds as well as the blend system.*® Halogenated
solvents are exclusively used in OSCs according to the literature
that has been published in recent years. The use of high-
boiling-point halogenated solvents is related to their ability to
dissolve conjugated polymers; they tend to dry slowly and have
superior film-forming properties.*>' However, due to their
limitations of toxicity to the environment and humans®? and
recent evidence of device instability,>® researchers are focusing
on the use of non-halogenated solvents. These solvents have
low boiling points, with similar solubilities and film forming
properties to those of halogenated solvents. Interesting
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Fig. 1 Molecular structures of the donor and acceptor molecules with their
corresponding energy levels and the different solvents used in this study.
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variations were observed by comparing halogenated solvents
and non-halogenated solvents; Table S1 (ESIt) shows the boiling
points and polarities of the solvents considered in this study.

The absorption spectra of pristine P3HT in these solvents
are shown in Fig. S1 (ESIt). For pristine P3HT in halogenated
solvents, only one distinct 0-1 transition peak was observed at
2.8 eV. Compared to CF, there was a bathochromic shift in CB
and ODCB to ~2.7 eV. Similarly, for the non-halogenated
solvents, THF and XYL showed the 0-1 peak, but a weak peak
appeared at 2.1 eV for XYL alone; this was attributed to the
0-0 transition in P3HT. To observe the influence of different
solvents on the P3HT:FLR blend system, we measured the
absorptions, as shown in Fig. 2a. It was clearly observed that
the absorption spectrum of the blended solution is the super-
position of the single components, as expected from the BHJ
results, as shown by the characteristic transition peaks in
solution phase at 3.68 eV, 3.33 eV, 3.18 eV for FLR*® and at
2.77 eV and 2.06 eV for P3HT.**

The P3HT thin film undergoes intermolecular interactions
which can form phases with short-range or long-range order.
These ordered chains are commonly referred to as aggregates.
The formed aggregates have effects on the photophysical and
morphological properties which are prerequisites for semicon-
ducting devices.”"*>*® The boiling point of the solvent, the
solubility parameter of the solvent and the side chains of the
film influence the aggregation behavior.>”*® Therefore, it is
necessary to study the aggregation behavior of the P3HT:FLR
blend to understand its morphological and photo-physical
aspects. We measured the absorption spectra for solutions as
well as thin films. To study the aggregation behavior of the
P3HT:FLR blend, we will consider the transition peaks of
0-0 and 0-1. In the solution phase, for all the solvents, the
blend system showed only one 0-1 transition at ~2.7 eV;
however, for XYL, a weak 0-0 peak appeared. In the thin films,
both 0-0 and 0-1 transition peaks were observed. For the
halogenated solvents, the intensity of the 0-0 peak distinctly
increased with increasing boiling point of the solvent in the
order of CF < CB < ODCB for the thin films. A slow evaporation
rate is required for distinct peaks at 2 eV. For non-halogenated
solvents, only XYL showed pre-aggregation behavior in the blend
solution. The interesting results achieved in XYL were attributed
to greater aggregation with a faster evaporation rate than ODCB.
In thin films, for THF (boiling point similar to CHCl;), we
achieved less aggregation compared to XYL, as is evident from
the blue shift at ~2.8 eV (as shown in Fig. S1, ESIY). This blue
shift indicates that no aggregation occurred in the polymer
backbone for THF.

Fig. 2b shows the changes in the aggregation in different
solvents, which can be attributed to the ordered-disordered
transitions when going from solution to thin film. In the
spectra, the featureless and broad peak at 2.75 eV can be
attributed to disordered chain formation. As observed from
the spectra, the intensity of the 0-0 transition peak increased in
the order CF < THF < CB < ODCB < XYL for the P3HT:FLR
blend. This increase is due to planarization of the disordered
chains, which is due to an increase in conjugation length.>

Phys. Chem. Chem. Phys., 2019, 21, 2771-2782 | 2773
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Fig. 2 (a) Absorption spectra of the P3HT:FLR blend in halogenated and non-halogenated solvents. (b) Intensities of Ag_o and Ap_; with respect to
solvent in solution and in thin films. (c) Exciton bandwidth as a function of solvent type, with the inset showing the ratios of Ag_o/Ao-1.

The conjugation length increases from the disordered phase to
longer repeat units in the aggregated phase, which can be
correlated to the exciton bandwidths obtained from the spectra.
The free exciton bandwidths (W) can be calculated from the UV

spectra using eqn (1):°%°

g ( 1 - 0.24W /E, )

Ao1 \1+0.073W/E,

1)

where A, and A,_, are the peak absorbances from Fig. 2a and
E, is the intermolecular vibrational energy, maintained as
0.179 eV.** A plot of W as a function of solvent is shown in
Fig. 2c. The conjugation length and size of the aggregates
determines the magnitude of W, which is inversely propor-
tional to the conjugation length and proportional to the degree
of disorder. From Fig. 2c, it can be observed that W decreases in
the order CF > CB > ODCB > THF > XYL; the inset shows the
ratios of Ay_o and A,_;. In the active layer of crystalline P3HT, W
is proportional to the nearest neighbor excitonic interaction.
This neighboring interaction decreases with increasing conjugation

2774 | Phys. Chem. Chem. Phys., 2019, 21, 2771-2782

length of the polymer chain.®® The smallest W exhibited in XYL
can be attributed to a longer conjugation length, which is
consistent with the highest phase purity and red-shifted absorp-
tion peak at ~2.73 eV. As the conjugation length increases, the
optical gap decreases due to the stronger intrachain coupling
between the neighbor thiophene rings, causing the red-shift.
This bathochromic shift indicates that the dipole moment is
higher in the excited state than in the ground state, which
implies that the excited state is more sensitive than the ground
state. W also provides information about the width of the
Gaussian distribution of the density of localized states, which
serve as carrier traps at the HOMO-LUMO levels.®* This suggests
that P3HT:FLR in CF solvent has the deepest distribution of
traps, whereas XYL and THF have shallow distributions. As the
distribution of localized states deepens, the charge carriers are
more likely to become trapped and recombine. Thus, a higher W
is indicative of higher free charge carrier recombination.

The photoluminescence (PL) after photoexcitation was observed
for the pristine P3HT and P3HT:FLR blends in different solvents,
as shown in Fig. 3. The PL features of the blend system are similar

This journal is © the Owner Societies 2019
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Fig. 3 Photoluminescence spectra of the P3HT:FLR blend solutions in
different solvents; the inset shows zoomed-in spectra of the quenched blend.

to the donor P3HT emission, which indicates that energy transfer
occurs from the electron acceptor FLR to the electron donor P3HT.
The PL spectra arise from the longest polymer segments after
relaxation of the initial photoexcitation. In CF solvent, two
emission peaks are observed in both the pristine and blended
systems. As correlated with W, the shorter conjugation length in
CF solvent is attributed to the random coil conformation. For
other solvents, the red-shifts observed in the absorption spectra
demonstrate absorption by the planar, aggregated chains.®®
Similarly, the corresponding PL spectra contain vibronic struc-
tures with peaks at 2.1 eV and 1.99 eV; these are mainly attributed
to the C=C symmetric stretching mode at ~1446 cm™ ', which
can be well correlated with the FTIR spectra of the P3HT:FLR
blend system, as shown in Fig. S3 (ESIf). The bathochromic
shifts in the PL spectra for the other solvents compared to THF
show the formation of more aggregated structures, as observed
in the aggregation peaks (Fig. 2b). Compared to pristine P3HT,
effective quenching is observed when P3HT is blended with FLR,
which is attributed to increased exciton dissociation into elec-
trons and holes. To calculate the relative quenching efficiencies
(Q), eqn (2)°® was used:

JﬁPLquencherd/‘L

=1-: 2
Q F‘Lpristined»;L ( )

It can be seen that the highest relative quenching efficiency (Q)
of 96% was observed for THF and CF. However, because the high
W in CF indicates greater charge recombination possibility, THF
is an appropriate choice to consider the higher Q value. XYL also
shows a high Q value of 94%. Similarly, CB and ODCB have Q
values of 95% and 94%, respectively. To deepen our understand-
ing of the charge generation and exciton dynamics, transient
absorption spectroscopy was performed.

Transient absorption (TA) spectroscopy

The systematic variation using different solvents and the
detailed analysis of the blend system enable the study of the
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excitation which occurs after illumination. To study the primary
photo-excitations and the photovoltaic conversion processes in
the P3HT:FLR blend system, we performed ultrafast pump-
probe transient absorption (TA) spectroscopy. The vis-NIR TA
spectra of the blend were recorded with a low excitation fluence
of 16 pJ cm™? at 425 nm. Similarly, for pristine FLR, the spectra
were recorded with an excitation fluence of the same energy at
340 nm. We specifically used the same fluence energy for the
blend and P3HT to simplify interpretation of the data and to
enable neglect of the effects due to the energy transfer from
FLR to P3HT. This study was designed to enable comparison
between pristine P3HT, pristine FLR and the P3HT:FLR blend
system in THF under the same experimental conditions, as
shown in Fig. 4.

In the TA spectra, the negative optical density (AOD) signals
in the spectral region between 450 to 500 nm occur due to
ground state bleaching (GSB), which is attributed to P3HT
absorption. The spectral regions between 525 and 620 nm
and 400 and 525 nm occur due to stimulated emission (SE)
for P3HT and FLR, respectively, as shown in Fig. 4a and b.
These regions arise from the pristine P3HT and FLR absorption
and emission spectra, respectively, which is explained in the
ESIt (Fig. S4). The difference in the GSB regions for FLR and
P3HT arises due to the energetic separation of their absorption
onsets (shown in Fig. 1). The TA spectra of P3HT:FLR (Fig. 4c)
and the kinetics studies in the NIR region at 1000 nm (Fig. 4d)
for pristine P3HT and FLR and their blend elucidate their
interfacial charge dynamics. Compared to pristine FLR, the
singlet exciton decay lifetime in the blend is shorter, showing
efficient dissociation of excitons due to better quenching, as
explained in the photoluminescence spectra (shown in Fig. 3).°
Furthermore, to compare the effects of the different solvents
on the charge generation and separation dynamics, detailed
investigations of individual P3HT and the P3HT:FLR system
were carried out.

Exciton dynamics of P3HT

To understand the TA data in the P3HT:FLR blend system, first,
it is necessary to examine the exciton dynamics in pristine
P3HT. The influence of solvent polarity on the charge genera-
tion in P3HT can be observed from the P3HT excitons. After
determining the exciton dynamics, one can estimate the
exciton-to-charge conversion in the P3HT:FLR blend system.
Aggregation of P3HT has shown to affect its charge transport
properties,®® with an increase in hole mobility when it is
blended with PCBM. The aggregation also affects the excited
state of P3HT because the random placement of side chains
disrupts the formation of ordered lamellae.®”® The exciton
density is an important parameter to study because higher
exciton densities cause decay mechanisms.”" The choice of low
fluence energy aids minimization of the excitation dynamics
caused by second order effects.

Fig. 5 shows the TA spectra of pristine P3HT in the different
solvents under study. Spectra acquired at pump-probe delay
times of 5 ps, 100 ps, and 5 ns are shown. For CF and ODCB,
at early times, the GSB region shows higher densities and
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the P3HT:FLR blend probed at 1000 nm to study the singlet exciton formation.

decreases with increasing delay time. However, for the other
solvents, the GSB feature is consistent. This GSB feature
corresponds to the absorption transitions of P3HT. This region
shows that the P3HT chains are not in their ground state
and represents the density of charge carriers present at that
particular delay time. Thus, the photoexcitation of excitons and
polarons decreases with longer delay times for CF and ODCB
but remains almost constant for the other solvents. At early
times, the presence of a significant SE feature at the wavelength
of ~600 nm corresponds to the photoluminescence spectrum
of P3HT. The prominent peak at 640 nm is attributed to the
population of charge pairs which are directly photogenerated.”
The SE of P3HT in halogenated solvents indicates the vibronic
structures of the 0-0 transitions, with no vibronic structure for
aggregation at shorter timescales. The 0-1 transitions appear at
higher time scales for the non-halogenated solvents, which
suggests that the ground state of the coiled chains recovers
faster than the ground state of the aggregated chains by the
energy transfer from the coiled chains to the aggregated
chains.® The SE spectrum of P3HT arises from the super-
position of the contributions of coils (around 500 to 550 nm)
and aggregates (around 600 nm). In the aggregate absorption
spectra, the high 0-0 peak signal indicates planar chains with

2776 | Phys. Chem. Chem. Phys., 2019, 21, 2771-2782

long conjugation lengths and weak excitonic coupling to their
neighbors. On the other hand, the lower 0-0 peak indicates
chains with shorter conjugation lengths and stronger excitonic
coupling.®' However, the spectra for P3HT in non-halogenated
solvents show the characteristic vibronic structure of the aggre-
gates and show spectral shifts during the delay times studied in
the TA measurements. XYL solvent shows the 0-0 peak, which
is attributed to good P3HT ordering.®® We observed a change in
the ratio between the 0-0 and 0-1 SE peaks with time. This
indicates that efficient energy transfer occurs from the coiled
chains to the aggregated chains. The position of the SE peaks
red-shifted slightly over higher delay times; the loss of SE can
be attributed to an increase in the number of delocalized
excitons.” The red-shift of the SE features shows the movement
of excitons towards the ordered sites, and this can be studied by
the lifetimes of the integrated kinetics. It is useful to analyze the
excitation dynamics in the P3BHT:FLR blend system to correlate
the charge transfer time with the efficiency of exciton charging.

The positive signals in the NIR region from 830 nm to
1400 nm are due to photo-induced absorption (PIA), such as
polarons and singlet excitons, respectively. The shape and
intensity of the PIA feature changed with changing polarity of
the solvent.” For the singlet exciton feature in the NIR region,

This journal is © the Owner Societies 2019


https://doi.org/10.1039/c8cp05518a

Published on 08 January 2019. Downloaded by National Physical Laboratory (NPL) on 9/6/2019 10:32:07 AM.

PCCP

5ps

500 550 600 650 700
Wavelength (nm)

-0.04

5ps

800 1000 1200
Wavelength (nm)

1400

View Article Online

Paper

Fig. 5 Transient absorption (TA) spectra of P3HT in different solvents for 5 ps, 100 ps and 5 ns in (a) the visible region; (b) the NIR region.

it was observed that with increasing time, the density of singlet
excitons decreased for all the solvents. A distinct peak at
820 nm was observed at 5 ns delay time, which is attributed

to the P3HT triplet state. This arises due to intersystem crossing
75,76

(ISC) from singlet excitons to triplet excitons.
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Charge transfer in the P3HT:FLR blend system

Fig. 6 shows the vis-NIR TA spectra of the P3BHT:FLR blend
system in the different solvents used in this study. The introduc-
tion of FLR results in an additional decay channel for photo-
excitation, wherein charge separation occurs at the interface
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Fig. 6 Transient absorption (TA) spectra of P3HT:FLR in different solvents for 5 ps, 100 ps and 5 ns in (a) the visible region; (b) the NIR region.

This journal is © the Owner Societies 2019

Phys. Chem. Chem. Phys., 2019, 21, 2771-2782 | 2777


https://doi.org/10.1039/c8cp05518a

Published on 08 January 2019. Downloaded by National Physical Laboratory (NPL) on 9/6/2019 10:32:07 AM.

Paper

followed by charge extraction or recombination. This will convert
the P3HT exciton into a positive P3HT polaron, which is expected
to produce a change in the TA spectra. The evolution of TA from
excitonic to polaronic provides the rate of exciton diffusion
to the heterojunctions and consecutive electron transfer.
A similar trend to that observed for the pristine P3HT can
be observed in the GSB, SE and PIA regions for the P3HT:FLR
blend system, showing electron transfer from the donor to the
acceptor in this case (Fig. 6a). At early times, the spectra
consist of a GSB region corresponding to the absorption
spectra of the blend (as shown in Fig. 2a). For CF and ODCB,
the SE region is absent; however, it is clearly seen in other
solvents. A change was observed in the SE region for non-
halogenated solvents from a high intensity 0-0 peak at 100 ps
to a low intensity peak at 5 ns, which implies that the
excitation is initially delocalized and is then localized. This
change may be due to spectral diffusion to more conjugated
chain segments, to structural rearrangements of the polymer
chains, or to a combination of both.”” There is an absence of
intensity of the 0-0 transition of GSB, which indicates that in
the planar chain segments, the holes are not occupied, and
the presence of FLR disrupts the ordered aggregates. The PIA
region is consistent for all the solvents up to higher time

] (b) 0.010

View Article Online
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scales, which implies that the addition of FLR to P3HT results
in generation of additional P3HT cations, namely polarons.

A detailed analysis of these ultrafast electron processes can
be obtained from the kinetics of the P3HT:FLR blend in
different solvents. We thus observed the TA absorption profiles
in the range of 900 nm to 1400 nm. In this range, the polaron
absorption spectra match well with the reported P3HT spectra.”®
This region is assigned to absorption by singlet excitons, with a
distinct transition at 1100 nm. These excitons then lead to
stimulated emission and intersystem crossing due to the P3HT
triplet state, with the characteristic transition at ~820 nm
observed at 5 ns. This implies that exciton dissociation occurs
on the polymer chains. At different delay times, we observed
peaks in the range of ~850 nm to ~1200 nm, indicating
polaronic and excitonic peaks, respectively.”*®" In XYL and
THF, the polaron intensity is higher than in other solvents
(compared with pristine P3HT), showing the dissociation of
singlet excitons into the polaron formation. Similar studies
were carried out by Heeger’s group® for PBHT-OH and P3HT-PCB
systems in a non-halogenated solvent. Thus, it can be concluded
that ultrafast electron transfer occurs from P3HT to FLR in XYL
and THF solvents compared to halogenated solvents at these
probe wavelengths.
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Fig. 7 Experimental TA signals (open symbols) with corresponding fits (solid lines) of the P3HT:FLR blend in different solvents as a function of pump—
probe delay time: (a) GSB region (~470 nm), (b) polaron region (~600 nm), (c) singlet exciton region (~1180 nm).
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Charge generation processes

To compare the charge generation by the photoinduced elec-
tron dynamics of the P3HT:FLR blend in halogenated and non-
halogenated solvents, we examined their inherent kinetics.
Fig. 7 shows the dynamics of the TA signals for GSB and SE
(at 470 nm) and the polaron and singlet exciton absorptions
(at ~600 nm and ~1180 nm, respectively) of the P3BHT:FLR
blend in all solvents. The fits are shown with solid colored
curves. The fitting parameters used for the different probe
wavelengths for the P3HT:FLR blend are shown in Table S3
(ESIT). For comparison, we have also noted the fitting para-
meters for pristine P3HT in all solvents (shown in Table S2,
ESIt). We found GSB decays of pristine P3HT and the
P3HT:FLR blend with a first ultrafast time constant (z;) of
~0.1 to 12 ps for all solvents (Fig. 7a). The increased polaron
population depends on the decay profiles of singlet excitons.
We monitored the singlet exciton decay dynamics of P3HT:FLR
(Fig. 7c) and observed that the photoinduced electron transfer
from D to A was fast for THF (0.739 ps) and XYL (0.133 ps)
compared to halogenated solvents. This electron transfer is an
order of magnitude faster than the individual exciton lifetimes
of P3HT in THF (3.28 ps) and XYL (3.87 ps), respectively,
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< &
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indicating high efficiency of electron transfer. This can be
observed by fitting the polaron region (Fig. 7b). There is a
significant population of polarons for both THF (~78%) and
XYL (~45%) with 7, ~ 27 ps, which correlates well with the PL
quenching efficiency. Further, the amplitudes A1 for the faster
component and A2 for the slower component have the same
sign for XYL, indicating singlet exciton absorption. The amplitudes
changed sign when we probed the polaron absorption, indicating
a delayed increase in the polaron absorption rather than absorp-
tion decay. The variation in the long decay time (t3) shows the
different recombination processes occurring in the system.'''>%?
The large percentage of polarons in 7; suggests efficient charge
generation with low recombination in the case of XYL. This type
of non-radiative decay can be observed for many molecular
systems.®? Thus, from the above correlation between TAS and
the optical spectroscopic conditions, one can conclude that the
dissociation of excitons by addition of FLR to P3HT is enhanced
for non-halogenated solvents. Upon addition of the acceptor
FLR, the dissociation of excitons increased, which implies that
FLR performs well as an acceptor, particularly in XYL and THF.

In the charge transfer and charge generation processes
section, enhanced polarons were observed in P3HT and the
P3HT:FLR blend at higher fluence energy (~16 pJ cm?) in all
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Fig. 8 TA spectra in (a) the visible region and (b) the NIR region and (c) kinetics study (excited at ~600 nm) for the P3HT:FLR blend in CB solvent at

~100 ps for different fluence energies.
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the solvents; this may be due to high excited state densities via
exciton—-charge or exciton-exciton annihilation. There is a higher
probability of dissociation due to these delocalized ‘hot exciton”
charge transfer states. However, these processes are not the
dominant polaron formation processes, and other processes
such as recombination may also affect these states. At a higher
fluence energy, the charge carrier recombination rate increases,
with a corresponding enhancement in the number of polarons.
Also, due to the available traps in P3HT and FLR, there is more
possibility of recombination of free polarons. This can be
correlated with the AFM images of the P3HT:FLR blends in
different solvents, as shown in Fig. S9 (ESIt). To investigate the
impact of the fluence energy on the decay dynamics, we per-
formed TA for the P3HT:FLR blend with different fluence
energies of ~7.46 uJ cm 2, ~10.6 pJ cm > and ~16 pJ cm ™.
Fig. 8a and b show the TA spectra for the P3HT:FLR blend in
CB solvent plotted for 100 ps in the visible and NIR regions with
variable fluence energy. It can be clearly seen that with increas-
ing fluence energy, the intensity increased in the GSB, SE and
PIA regions. Fig. 8c shows a substantial increase in the decay
rate with increasing fluence energy, suggesting the formation
of free polarons by dissociation of excitons.®® Considering
processes such as recombination and delocalized “hot exciton”
charge transfer states, we performed TA at a fluence energy of
~7.46 1J cm > for P3HT (CB and THF) and the P3HT:FLR blend
for all the solvents, as shown in Fig. S7 and S8 (ESIT), respec-
tively. To understand the charge carrier dynamics for P3HT:FLR
at low fluence energy, we performed kinetic studies with excita-
tion at ~600 nm for all the solvents, as shown in Fig. 9. It can be
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Fig. 9 Kinetics study (excited at 600 nm) of the P3HT:FLR blend in
different solvents at ~100 ps for fluence energies of ~7.46 pJ cm™2

and ~16 uJ cm=2.
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seen that a similar trend to that for CB was observed for THF and
ODCB. However, the decay rates changed for XYL and CF,
suggesting the impact of fluence energy on the blend system.

Conclusion

In essence, we describe here comprehensive studies on the
influence of solvent polarity on the charge generation mechanism
in a newly developed P3HT:FLR blend system using various
spectroscopic tools. Based on steady-state UV-visible spectroscopy,
the aggregation behavior has been revealed in this blend using
different solvents. This study establishes that the degree of
aggregation is associated with the exciton bandwidth and
changes with the solvent polarity. The quenching behavior
through photoluminescence quenching suggests that efficient
charge transfer occurs between P3HT and FLR. Further, the
natures of the primary photoexcitations and their dynamics
were revealed for pristine P3HT and for P3HT in heterojunction
with FLR in halogenated and non-halogenated solvents using
vis-NIR transient absorption spectroscopy with varied probe
wavelengths. Using TAS, it has been established that upon the
addition of FLR to P3HT, the polaron population increased in
the active layer, which shows that FLR is a promising acceptor
due to efficient charge delocalization. Also, a correlation is
established between the decay of the exciton population and
the increase of the polaron population. This proves the forma-
tion of polarons via singlet exciton dissociation. It has been
revealed that with varied probe wavelengths for the P3HT:FLR
blend in different solvents, one can understand the influence of
solvent on the exciton dissociation into free charge carriers,
which can be extracted as photocurrent. In conclusion, it has
been established that non-halogenated solvents such as XYL
and THF generate more excitons and faster decays than haloge-
nated solvents to dissociate efficiently into free charge carriers
for the P3BHT:FLR blend system.
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