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ABSTRACT: Viscosity modifiers are widely applied to improve the mechanical compliance of
organic optoelectronic devices. However, the effect of the viscosity additives on the charge
dynamics remains poorly understood. Here, we report the observation of markedly different
effects of a high-viscosity polymeric additive on the electron- and hole-transfer dynamics in all-
polymer organic photovoltaic blends. By using ultrafast transient absorption spectroscopy, we
determine that hole transfer from charge-transfer excitations in the acceptor is markedly
promoted while the electron transfer from local excitations in the donor remains nearly
unchanged upon introduction of viscosity additives into the blends. We argue that the
modification of dielectric screening is the mechanism underlying the effect of the additive on
the charge dynamics. This finding suggests a new strategy for designing high-performance
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flexible organic photovoltaic devices by manipulating the dielectric environment.

O rganic solar cells (OSCs) are promising candidates for
power supplies in portable and wearable devices.'™*
Benefiting from the stretchable mechanical properties of
polymers, all-polymer OSCs, using polymers as both electron
donors and acceptors, are particularly suitable for applications
in flexible electronics.”~” An ideal OSC requires both efficient
solar energy conversion and mechanical compliance.'’”"
Recently, remarkable progress has been achieved in improving
the power conversion efficiencies (PCEs) of all-polymer solar
cells.””~'® Nevertheless, the efforts made to improve their
mechanical compliance have been limited.”

To improve the mechanical ductility for photoactive layers
or stretchable electrodes, viscosity modifiers have been widely
employed in the fabrication of organic devices.'”™** Unfortu-
nately, the viscosity additives may cause severe declines in the
electric properties of OSCs.”*”>” Recently, Chen et al. have
made remarkable progress toward addressing the dilemma by
introducing a high-viscosity processing polymer additive of
poly(dimethylsiloxane-co-methyl phenethylsiloxane) (PDPS)
into all-polymer OSCs.”® The device performance has been
dramatically improved with 90% PCE retained after 100
bending cycles.”” However, the underlying mechanism,
particularly how the viscosity additive affects the photocharge
generation, remains unexplored.

Here, we report the observation of enhanced hole transfer by
the viscosity additive (PDPS) in a model system of an all-
polymer blend consisting of a polymer donor poly[6-fluoro-
2,3-bis(3-octyloxyphenyl)quinoxaline-S5,8-dyl-alt-thiophene-
2,5-diyl] (TQ-F) and a naphthalene diimide-based polymer
acceptor poly{[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-
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bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithiophene) }
(N2200). By using ultrafast transient absorption (TA)
spectroscopy, we systematically investigate the effect of the
additive on the charge generation dynamics in the blend films
with and without adding PDPS. When the viscosity additive is
introduced into the blend, hole transfer becomes faster while
electron transfer remains nearly unchanged. We ascribe these
different effects of viscosity additives on the electron- and hole-
transfer processes to the different dielectric screening on
localized excitations in TQ-F and charge-transfer (CT)
excitations in N2200, which is supported by characterization
of the dielectric constants in the blend films with and without
the PDPS additions. The findings in this work suggest the
possibility of optimizing all-polymer OSCs by manipulating the
dielectric screening in the photovoltaic blends.

The molecular structures and the absorption spectra of
polymers studied in this work are shown in Figure 1. The
polymer additive PDPS has no absorption in the visible to
near-infrared wavelength range, suggesting that in both blends
with or without the viscosity additive the solar energy is solely
harvested by polymer donor TQ-F and acceptor N2200.
Recently, the combination of TQ-F and N2200 has shown
promising potential for applications as all-polymer devices
using PDPS to improve mechanical flexibility. As reported in a
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Figure 1. (a) Chemical structures of the polymer donor (TQ-F),
acceptor (N2200), and additive (PDPS). (b) Absorption spectra of
the polymers studied in this work.

previous study, the performances of OSC devices are
optimized w1th doping of 10 wt % PDPS in terms of PCEs
and flexibility.”* To study the effect of the viscosity additive on
charge generation dynamics, we perform ultrafast TA
spectroscopic measurements on the samples without and
with the optimal PDPS additive (10% mass ratio). For TA
measurements, the film samples are excited with wavelength-
tunable pump pulses generated by an optical parametric
amplifier (OperA Solo, Coherent) and probed with a white-
light supercontinuum light beam covering the visible or near-
infrared range. More experimental details are available in the
Supporting Information.

In small organic molecules, Frenkel-type localized excitons
are most widely generated upon optical excitation.”*™*" In
addition, CT excitons may also be optically excited in
conjugated polymers depending on the electron-withdrawing
properties of the constituent units.>' ~** In the polymer donor
TQ-F, the kinetics is nearly independent of the probe
wavelength with pumping at 500 nm (Figure 2a,b), suggesting
that the excited state is dominated by a single component of
localized excitation. In the polymer acceptor of N2200, it is
established that CT excitations (i.e., polaron pairs) are created
together with localized excitations under photon illumina-
tion.”* The coexistence of two types of excited states is
manifested as different dynamics of excited-state absorption
features. As established in our previous study,’” the faster
decay of the ESA feature at 1050 nm is related to the localized
excitation, while the ESA bands at 530 and 860 nm with longer
lifetimes are features of CT exc1tations (Figure 2d) with a
weaker electron—hole interaction.”” The spectral signature of
CT excitations is confirmed by electrochemical absorption
measurements.”” It has been found that CT excitations rather
than the local excitations in N2200 make the dominant
contribution to the hole-transfer process in all-polymer

blends.>*
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Figure 2. (a) TA spectra of the neat films of TQ-F (top) and N2200
(bottom) with pumping at S00 nm. (b) Normalized kinetic curves
recorded from TQ-F reveal decay dynamics independent of the probe
wavelength. (c) TA spectra of the neat films of N2200 (top) and TQ-
F (bottom) with pumping at 740 nm. The ESA features of charge
transfer and local excitations are labeled. (d) Normalized kinetic
curves probed at different wavelengths. The probe wavelength-
dependent decay dynamics of photoexcitation in N2200 indicates the
coexistence of two excited features.

The dynamics of photocharge generation in OPV systems
has been intensively studied in polymer/fullerene blends where
electron transfer dominates the charge separation process. In
all-polymer OPV blends, charge generation can be initiated by
either electron-transfer or hole-transfer processes’” because
polymer acceptors absorb significantly in the visible to near-
infrared wavelength range. For the TQ-F/N2200 blend, the
electron-transfer process is triggered by local excitations in the
donor TQ-F while the CT excitations in the acceptor of N2200
play a key role in the hole-transfer process.”* We separately
study the effects of viscosity additives on the electron- and
hole-transfer processes by selectively exciting TQ-F at 500 nm
and N2200 at 740 nm.

With pumping at 500 nm, the excitations in the blends are
mainly induced by the absorption of the polymer donor
(Figure 2). We observe a faster decay of the ESA feature at
1280 nm in the blends than in the neat TQ-F film,
accompanied by increases in the intensities of the ESA signals
at 860 and 1050 nm (Figure 3 and Figure S2). The electron
transfer from donor TQ-F to acceptor N2200 is manifested
with a spectral transfer in the TA data (Figure 3a and Figure
S2). Because of electron transfer, the recombination of excited
states in TQ-F (i.e, ESA at 1280 nm) becomes faster in the
blends with respect to that in the neat donor film (Figure 3b),
accompanied by increases in the intensities of the ESA signals
at 860 and 1050 nm due to the formation of interfacial CT
states (Figure 3a and Figure S2). The recombination lifetime
of the early stage signal probed at 1280 nm is shortened from
~260 ps in the neat TQ-F film to 5 ps in the blends with
PDPS, suggesting that the electron transfer is highly efficient.
Nonetheless, the decay dynamics of the ESA signal recorded
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Figure 3. (a) TA spectra recorded from a blend film with 10% PDPS
show the spectral evolution induced by electron transfer. (b) The
faster decay of the ESA feature at 1280 nm in blends than in the TQ-F
neat film reveals the electron-transfer process.

from the blends with and without PDPS additives is nearly the
same (Figure 3b), implying that the effect of viscosity on the
electron transfer induced by localized excitation is insignificant.

Figure 4 shows the TA data of hole-transfer dynamics in the
blend film. Upon optical pumping at 740 nm, only polymer
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Figure 4. (a) TA spectra probed at various time delays and (b)
kinetic curves probed at different wavelengths recorded for a blend
film with 10% PDPS reveal the transfer of excitations from N2200 to
TQ-F. (c) The ESA signal of N2200 at 530 nm decays much faster in
blends than in the neat N2200 film. (d) Normalized TA spectra
recorded at 0.3 ps from the blend films with and without the PDPS
additive.

acceptor N2200 can be excited (Figure 2c). During the hole-
transfer process, the intensity of the ESA feature at 530 nm
gradually decreases while the intensities of the bleaching signal
in the range of 580—710 nm and ESA features in the near-
infrared range exhibit delay increases (Figure 4a,b). The delay
increases in the visible range with two peaks, corresponding to
the excited features from the neat TQ-F film (Figure 2a), can
be assigned to the ground-state bleaching (GSB) signal of TQ-
F caused by hole transfer. The resultant state exhibits
enhanced ESA in the near-infrared range, which is entangled
with the ESA signal of N2200 (Figure 4a). The signal probed
in the visible band (<600 nm) may be contributed by both
GSB of the donor and ESA of the interfacial CT state caused
by hole transfer. The GSB and ESA signals are offset with
similar amplitudes at 530 nm at the late stage after hole
transfer. In this case, the time-dependent signal probed at 530
nm in the blend films represents the dynamics of CT excitation

generated in N2200. To quantify the hole-transfer rate, we
compare the dynamics at 530 nm measured from the blend
and neat N2200 films (Figure 4c). The relaxation lifetime at
the initial stage decreases in the blend films, suggesting the
existence of a highly efficient hole-transfer process related to
CT excitations. These spectral data of blend films can be
reproduced well by global fitting analysis considering the
localized or CT excitations in N2200 and the resultant
interfacial charge-transfer state of hole transfer (Figure S4).

The effect of the PDPS additive on hole transfer is
manifested with different relaxations of CT excitations in the
blends with and without additives (Figure 4c). The early stage
lifetimes are decreased from ~100 ps in the neat N2200 film to
~12 and ~25 ps in the blends with and without additives,
respectively, indicating that the hole-transfer process is much
faster when the viscosity additive is introduced. Furthermore,
the ESA features of CT excitons probed at 530 and 860 nm are
enhanced in the blend with the additive if compared with that
of local excitons, suggesting that the generation yields of CT
excitations (i.e., polaron pairs) in the blends increase with the
addition of PDPS (Figure 4d). These results suggest that the
addition of PDPS not only promotes the generation of CT
excitons but also improves the hole transfer induced by CT
excitations, which is substantially different from the virtually
unchanged electron transfer from TQ-F to N2200. In the all-
polymer blends, the CT excitations instead of local excitations
make the major contribution to hole transfer.”* The enhance-
ment of the generation of CT excitations and the promotion of
hole transfer may compenetrate the side effects due to PDPS
addition.

We discuss the possible mechanism underlying the different
effects of the PDPS additive on the electron- and hole-transfer
dynamics. Additives in polymer blends may affect the charge
generation dynamics due to the change in the alignment and
stacking of donors and acceptors as a consequence of
morphology modification.””™*’ However, the morphological
issue is unlikely to be the major factor underlying the additive
effect on hole transfer in the blends. In our previous work, the
differences in morphology and molecular packing are
insignificant in the blends with and without additives as
studied by GIWAXS,”® which is consistent with the
insignificant additive effect on the electron-transfer processes
because the modification in morphology should simultaneously
change the processes of electron and hole transfer.’**

Next, we consider the effect of viscosity additive on the
electronic response in the OPV blends. Unlike the evaporable
solvent additives for morphological control, polymer additive
PDPS remains in the blends after casting.*® The incorporation
of a third component such as this may change the dielectric
screening of Coulomb interaction between electrons and holes
in OPV blends,” ™ which is plausibly responsible for the
effect of the PDPS additive on the charge-transfer dynamics in
the all-polymer blends. For further confirmation, we perform
impedance and spectroscopic ellipsometry measurements to
characterize the dielectric constant in different frequency
regimes. The dielectric constant of the TQ-F/N2200 blend can
be described as the mixture of TQ-F and N2200.***" In the
blend film with the PDPS additive, the dielectric constant
shows a marked increase possibly due to the higher dielectric
constant of PDPS (Figure S5). Considering the spatially
separated nature of CT excitations, the increase in the
dielectric constant results in a stronger screening effect,
which decreases the binding energy of these electron—hole
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Figure S. Dielectric constants with respect to frequency for blends
without and with 10% PDPS. Adding the PDPS additive to the blend
increases the film dielectric constant.

pairs and therefore favors hole transfer from N2200 to TQ-
F.**% However, for the tightly bound local excitations, the
dynamics is less susceptible to the dielectric screening with an
ultrashort electron—hole distance, as suggested in the
literature.>® Therefore, the increase in the dielectric constant
may explain the different dependences on the viscosity additive
for hole transfer related to CT excitations in acceptor N2200
and electron transfer related to local excitations in TQ-F.

In summary, we have shown that adding a viscosity additive
induces faster hole transfer in TQ-F/N2200 blends in the
pursuit of better mechanical compliance. We assign this
promotion of hole transfer to the stronger dielectric screening
effect on the charge-transfer excitations of N2200 after
addition of the viscosity additive. Our results indicate the
potential of polymeric additives in facilitating charge transfer
by introducing favorable dielectric screening. Hence, further
optimizations of viscosity additives relying on their intrinsic
dielectric properties offer an effective approach for realizing
practical flexible OSCs with good mechanical compliance
along with good power conversion performance.
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