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ABSTRACT: Bulk-heterojunction organic photovoltaic devices with
nonfullerene acceptors (NFAs) exhibit efficient hole transfer with small
interfacial energy offset, which results in power conversion efficiencies
above 17% in single junction devices using the high-performance NFA
of Y6. However, the underlying mechanism responsible for the hole
transfer channel in the polymer/Y6 blends remains poorly understood.
Herein, we report that the hole transfer channel of photocharge
generation is mediated by an intra-moiety excited state in a blend of
donor polymer PM6 and NFA Y6 using broadband transient absorption

(TA) spectroscopy. By comparing the TA data recorded from the Electron @’ - ) \ Q\
solution and film Y6 samples, we identify the ultrafast formation of an -/ \,
intra-moiety excimer state together with the conversion from the L )
primary local excitation on a time scale of ~0.2 ps in the Y6 film. The '

intra-moiety excimer state acts as the intermediate for the hole transfer channel, which dissociates into free polarons on a time scale
of ~15 ps in the PM6/Y6 blend at room temperature. The intra-moiety intermediate state, arising from the intermolecular coupling
in Y6 domains, is markedly different from the interfacial charge transfer state, which is commonly accepted as the intermediate state

for the electron transfer channel. These findings suggest that manipulating the interplay between intra-moiety and interfacial excited
species can provide a promising route for further improving device performance.
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B INTRODUCTION

The performance of organic photovoltaic (OPV) devices has
dramatically improved in the past few years, having achieved
certified power conversion efficiency of above 17%," which has
benefited from the rapid development of nonfullerene
acceptors (NFAs).”~"” In OPV blends, charge generation is
accomplished using bulk heterojunctions of electron donors

understood in high-performance OPV blends with different
nonfullerene acceptors.

Charge separation in OPV blends has been studied
extensively in polymer/fullerene systems.”' Charge separation
is widely considered to be a two-step process, as (i) the
photoexcited Frenkel-type local excitation (LE) state in the
polymer donor undergoes electron transfer at the donor/

and acceptors, whereas charge transfer occurs at the donor/
acceptor interfaces.'®"** For decades, fullerene and its
derivatives have been widely employed as electron acceptors,
while electron transfer from polymer donors is considered as
the major channel for photocurrent generation.”””** NFAs
show strong absorption in the visible to near-infrared
wavelength range, which significantly extends the solar spectral
coverage beyond those of OPV systems with fullerene
acceptors.>~'* Hole transfer from excitation in NFAs makes
an equivalent contribution to that of electron transfer from the
polymer donor to charge generation in OPV blends with
NFAs.”*** Remarkably, hole transfer is highly efficient in
multiple NFA systems with small interfacial energy offsets
between the highest occupied molecular orbital (HOMO)
levels of donors and acceptors, which enables low voltage loss
and high charge generation efficiency in these devices.”'****
However, the specific processes underlying such hole transfer
channel and the subsequent charge separation remain poorly
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acceptor interface, to create an intermediate interfacial charge
transfer (xCT) state; and (ii) the bound xCT state further
dissociates into a charge-separated (CS) state of free polarons,
as collected by electrodes. Together with other effects,
including vibronic coupling,38 charge delocalization,**°
“hot” carrier transfer,”” and entropy-driven processes,*’™**
such an xCT state-mediated scheme well explains the charge
generation dynamics in various polymer/fullerene systems.
This scenario has also been applied to interpret hole transfer
with the xCT state as the intermediate step for charge
separation. Most high-performance NFAs are small molecules
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Figure 1. (a) Molecular structures and (b) absorption spectra of polymer donor PM6 and small-molecule acceptor Y6.

with two-dimensional architectures, in which strongly electron-
deficient end groups are attached to a fused-ring conjugated
core bearing out-of-plane substituents.'” Molecular interac-
tions in condensed-phase NFAs might result in excited states
with different degrees of CT character, as configured by
electron and hole wave functions delocalized over different
acceptor molecules at the same moiety.”~* These intra-
moiety excited (i-EX) states are similar to excited species with
CT characters quoted as the excimer, " pseudo CT,*” or
polaron pair states in polymers.*”~>*> Whether and how such i-
EX states in NFAs are involved in the dynamics of charge
generation in polymer/NFA blends remains to be explored.

In this work, we report the identification of an i-EX state as
the intermediate of hole transfer channel for charge separation
in a prototypical OPV blend with state-of-the-art NFA Y6. The
embedding of an electron-deficient group on the central z-
conjugated core in Y6 creates a strong near-infrared light
absorber along with high crystallinity. Y6-based OPV devices
are among the best performance with broadband photo
response and markedly low energy loss. Using broadband
transient absorption (TA) spectroscopy, we monitor the
carrier dynamics of electron and hole transfer channels with
a temporal resolution of <30 fs. The excited-state absorption
(ESA) feature of the intermediate i-EX state at 1550 nm in the
Y6 film is identified. Upon selective excitation of Y6, the
photoexcited LE state is converted into the i-EX state on a
time scale of ~0.2 ps in the PM6/Y6 blend film. The i-EX state
dissociates into the CS state of free polarons on a time scale of
~18§ ps without involving the interfacial xCT state. This intra-
moiety-state-mediated hole transfer channel of charge
separation is substantially different from the xCT state-
mediated electron transfer channel in the PM6/Y6 blends.
Formation of the intermediate i-EX state is insusceptible to the
interfacial driving energy, which explains the efficient hole
transfer upon small HOMO energy offset. This work highlights
the pivotal role played by the i-EX state in charge generation
dynamics in polymer/NFA blends, which indicates an
alternative strategy to optimize device performance by
manipulating the interplay between excited species of LE, i-
EX, and xCT in polymer/NFA blends.

B MATERIALS AND METHODS

Sample Preparation. The OPV blend consists of polymer donor
PM6 and small-molecule acceptor Y6, with their molecular structures
shown in Figure la. Polymer donor PM6 is a fluorinated medium
bandgap polymer based on the benzodithiophene-alt-benzo[1,2-b:4,5-
¢']dithiophene-4,8-dione backbone, while small-molecule NFA Y6
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contains an electron-deficient centrally fused conjugated ring
(dithienthiophen[3.2-b]-pyrrolobenzothiadiazole) flanked with 2-
(5,6-difluoro-3-ox0-2,3-dihydro-1H-inden-1-ylidene)malononitrile
end-capping units. The PM6/Y6 system shows excellent performance
that has been well reproduced by different groups, with power
conversion efficiencies of ~16% or above.”®**** The power
conversion efficiencies of the organic solar cells using the same active
layers reach ~17% as shown in Figure S1. These chemicals were
purchased from Solarmer Materials Inc. Spin coating was used to
prepare the film samples for optical experiments. The PM6/Y6 blend
samples were prepared with a 1:1.2 mass ratio of donor and acceptor
at a total concentration of 16 mg/ mL,5 which resulted in film samples
with thicknesses of ~150 nm. The neat films of Y6 and PM6 are
prepared by spin coating using the chloroform solutions of
concentrations of 8 mg/mL. The film samples were annealed under
an argon atmosphere at 110 °C for 10 min. Chlorobenzene solution
samples of Y6 were also prepared at a concentration of 80 pg/mL for
reference to study the dynamics of LE at the Y6 molecule (Figure S2).
The optical absorption spectra of polymer donor PM6 and small-
molecule acceptor Y6 are complementary in the visible to near-
infrared range (Figure 1b). From cyclic voltammetry measurements,
the HOMO level of PM6 (—5.56 eV) is about 0.09 eV higher than
that of Y6 (—5.65 eV), while the lowest unoccupied molecular orbital
(LUMO) offset is about 0.6 ¢V at the donor/acceptor interface.®
Time-Resolved Spectroscopy. Ultrafast broadband TA spec-
troscopy was conducted using a Ti:sapphire regenerative amplifier
(Libra, Coherent Inc.) operating at a repetition rate of S kHz. A
homemade noncollinear optical parametric amplifier (OPA) pumped
by the regenerative amplifier was used to generate the pump beam.
According to the absorption spectra (Figure 1b), the wavelengths of
the pump pulses were tuned to be centered at 750 and 550 nm for
selectively exciting acceptor and donor, respectively (Figures S2 and
S3). To make the noncollinear OPA operating near 750 nm, an
optical filter (BG 39, Schott glass 1 mm thick) was used to optimize
the spectral coverage of seeded supercontinuum. The white light
supercontinuum was employed as the probe light source. In the
infrared range of >1000 nm, the probe beam was generated by
focusing a small portion of the fundamental beam at 800 nm onto a §
mm-thick plate of yttrium aluminum garnet (YAG). In the wavelength
range of 600—1000 nm, the probe light was generated by focusing the
output beam at 1300 nm from a homemade OPA onto a 3 mm
sapphire plate. Pulse-to-pulse balanced detection was employed to
reduce the noise caused by infrared supercontinuum instability. The
supercontinuum light was split into two beams for balanced detection.
The probe and reference beams were then routed to a double line
InGaAs camera (G11608, Hamamatsu) mounted on a monochroma-
tor (Acton 2358, Princeton Instrument). Pulse-to-pulse spectral
analysis was conducted at 5 kHz using a homemade field-
programmable gate array (FPGA) control board. The signal-to-
noise ratio (AT/T) was <107° after 10 000 pump-on and pump-off
shots were averaged for each data point. The group velocity
dispersions of the pump and probe beams were compressed by
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Figure 2. Hole transfer from the i-EX state in the blend PM6/Y6 film. (a,)b) Broadband TA data of the (a) PM6/Y6 blend and (b) neat Y6 films
with pump at 750 nm. TA spectra from the two samples at different time delays are shown in (c) and (d). (e) TA traces probed at different
wavelengths from the PM6/Y6 blend film. (f) TA traces of ESA signals probed at 920 and 1550 nm recorded from the neat Y6 film. (g) Normalized
TA traces probed at 1550 nm recorded from blend PM6/Y6 and neat Y6 films. No signal was detected in Y6 solution in the probe wavelength
range near 1550 nm (Figure S6). LE, local excitation; i-EX, intra-moiety excited state; CS, charge-separated state.

combining chirp mirrors and wedge pairs. The temporal duration of
pump pulse is diagnosed by the fringe-resolved autocorrelator (Figure
S3). The overall temporal resolution was <30 fs. The relative
polarization difference of the pump and probe beams was set at the
magic angle. During TA measurements, the samples were kept in
nitrogen to avoid photodegradation. As checked by pump-fluence-
dependent experiments (Figure S4), the decay dynamics in the Y6
and PM6 films are nearly independent of pump fluence in the weak
pump regime (<2 pJ/cm?*). The pump fluence was kept at <2 uJ/cm?,
unless otherwise specified, to minimize the exciton—exciton
annihilation effect.

The spectrum of photoinduced absorption (PIA) upon continuous
wave (cw) excitation was measured to determine the spectral features
of the CS state. For PIA measurements, the pump light was replaced
with a cw He—Ne laser at 632.8 nm modulated at 2.5 kHz. The pump
fluence was set at 60 mW/cm? at the same level of pump density of
AM 1.5 in the visible range.

B RESULTS

Hole Transfer Channel for Charge Separation. Figure
2 shows the TA data recorded from the blend PM6/Y6 and
neat Y6 films when acceptor Y6 was selectively excited at 750
nm. In the blend film, temporal evolution exhibits a two-step
spectral transfer dynamics involving three excited species
(Figure 2a). Simultaneously upon optical pumping, the
primary excitation of Y6 is observed with a bleach band
centered at 830 nm and an ESA band centered at 920 nm
(Figure 2a). In addition, a feature ESA centered at 1550 nm
appears upon optical pump and increases in the first S00 fs

with a lifetime of ~0.2 ps (Figure 2c). The ESA signal at 1550
nm decays with a lifetime of ~15 ps, which exhibits second-
stage spectral transfer with the onset of an additional ESA
feature at 770 nm and a bleach signal near 630 nm. Emergence
of the bleach signal near the absorption peak of PM6 is
induced by hole transfer from Y6 to PM6. The resulting
excited species persists to a much longer time scale of >2 ns
without significant decay (Figure 2e). To illustrate the hole
transfer mechanism, elucidating the microscopic nature of the
different excited states is essential.

First, we attempt to understand the resulting long-lived state
in the blend PM6/Y6 film. The coexistence of ground-state
bleaching (GSB) signals for both donor PM6 and acceptor Y6
suggests that excitations occupied the acceptor and electron
sites. This configuration is possibly the bound interfacial xCT
state or the CS state of free polarons. To distinguish these two
species, we acquire the spectral features of the CS state by
recording PIA spectra with weak cw excitation. The lifetime of
the CS state of free polarons is orders of magnitude longer
than that of the bounded excited species. As established in the
literature, upon weak cw excitation, the PIA signal is primarily
induced by the long-lived CS state.’”>>™>" The PIA spectrum
of the PM6/Y6 blend agrees well with the TA spectrum of the
long-lived excited state with two ESA features at 770 and 980
nm. While the ESA at 980 nm is entangled with the spectral
feature of the bounded excited state at the early stage, the ESA
at 770 nm is mainly observed at the late stage, which is likely to
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be the positive polarons due to hole transfer from acceptor Y6
to polymer donor PM6. The similarity of these two spectra
suggests that free charges are readily generated and manifested
as the second-stage spectral transfer with a lifetime of ~15 ps
(Figure 3a). Assignment of the CS state is further confirmed by
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Figure 3. Spectral characteristics of the CS state of free polarons. (a)
TA spectrum of PM6/Y6 recorded at 100 ps as compared to PIA
spectrum of the CS state upon weak cw excitation. The similarity of
these two spectra suggests that the long-lived state is the CS state of
free polarons. Pump-fluence dependent (b) TA traces probed at 770
nm and (c) decay lifetimes extracted by an exponential fit. The
fluence dependence of decay lifetime is characteristic behavior for
bimolecular recombination of free polarons for the CS state.

using excitation fluence-dependent measurements. The decay
dynamics probed at 770 nm (Figures 3b and SS) and 980 nm
(Figure SS) show strong fluence dependence (Figure 3c), as
caused by the bimolecular recombination of free polarons for
the CS state.”® Charge separation is manifested as the second-
stage spectral transfer process in the PM6/Y6 blend film.
Intra-Moiety Intermediate State. The above results
show that charge separation from the primary excitation at Y6
to the CS state involves an intermediate state. In polymer/
fullerene systems, the intermediate state is an interfacial CT

state with electrons and holes localized separately at acceptor
and donor sites. However, the intermediate state for the hole
transfer channel of charge separation in the blend PM6/Y6
film is not an interfacial state. The intermediate state is
characterized by the ESA signal at 1550 nm, which is also
observed in the neat Y6 film. Early stage optical transfer from
the primary excitation at Y6 to the intermediate state is
explicitly observed in the neat Y6 film (Figure 2c and d). These
results suggest that the intermediate state is an intra-moiety
excitation with both electrons and holes localized at Y6
molecules of the same moiety.

To obtain further insight into the intermediate i-EX state, we
compare the results for the film and the reference solution
sample of Y6 (Figure S6). The primary excitation of the film is
a Frenkel-type LE state with an ESA feature similar to that of
the LE state in the solution sample (Figure S6). However, the
intermediate state feature is not observed in the solution of Y6,
which implied that the molecular packing of Y6 molecules is
essential for the intermediate i-EX state in the Y6 film.
Experimental characterization and quantum chemical compu-
tation suggest that Y6 molecules in the film tend to form
lamellar packing of Y6 dimers.”*~®" Molecular interaction in
the dimers probably stabilizes the i-EX states with different
degrees of LE and CT characters. Furthermore, the shift
between emission and absorption spectra is more significant in
the Y6 film as compared to that in the solution (Figure
$2),°%% which indicates a larger nuclear displacement for the
excited state with CT character in the Y6 film. The strong
hybridization between these excited species allows the
formation of a portion of i-EX state within the pulse duration,
while the delayed rise in the kinetics is contributed by the
conversion from the LE to i-EX states characterized with a
lifetime of ~0.2 ps. The internal vibrational relaxation may also
cause the dynamics on a similar time scale, which can be safely
excluded here by the pump-wavelength dependent measure-
ments (Figure S7). When the pump spectrum is tuned to cover
the long wavelength tail of Y6 absorption only, the internal
vibrational relaxation is largely reduced. With pump wave-
length centered at 910 nm, the dynamics probed at the
characteristic wavelengths are similar to those pumped at 750
nm (Figure S7), which suggests an unimportant role played by
vibrational relaxation. These results suggest that the first step
in the hole transfer channel of charge separation is the
conversion from the LE to i-EX states in the Y6 moiety.

In the neat Y6 film, the characteristic lifetime is ~0.2 ps for
the conversion from LE to i-EX states (Figure 2f). The
conversion rates in the blend PM6/Y6 and neat Y6 films are
similar, which confirms that the LE state at the acceptor is
converted to the i-EX state prior to hole transfer to donor
PM6. In contrast, the decay dynamics of the i-EX state is
markedly accelerated in the blend film, with the lifetime
shortened from ~100 to ~15 ps in the neat Y6 film (Figure
2g). The CS state species emerges on the same time scale.
These results suggest that the i-EX state, instead of the xCT
state, is the intermediate step for charge separation upon
optical excitation at Y6 in the PM6/Y6 blend film. The
dynamics of hole transfer channel can be summarized as LE —
i-EX — CS for charge separation in the blend film. We checked
the hole transfer dynamics in the PM6/Y6 blend films before
and after thermal annealing at 110 °C (Figure S8). The
dynamics of hole transfer remains basically unchanged after
annealing, which implied the hole transfer dynamics is less
sensitive to the blend morphology in the PM6/Y6 blend as
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Figure 4. Electron transfer dynamics in the PM6/Y6 blend film. TA data recorded from the (a) PM6/Y6 blend and (b) neat PM6 films with pump
at 550 nm. TA spectra recorded from the (c) PM6/Y6 blend and (d) neat PM6 films at different time delays. (e) TA traces probed at different
wavelengths recorded from the blend PM6/Y6 film with pump at 550 nm. (f) TA traces of ESA signals probed at 680 and 1150 nm recorded from
the neat PM6 film. (g) Normalized TA traces probed at 1150 nm recorded from the blend PM6/Y6 and neat PM6 films.

compared to that in the polymer/fullerene systems. This is
consistent with literature results that the performance of OPV
device is less sensitive to the annealing temperature.**’

Electron Transfer Dynamics. Similar to conventional
polymer/fullerene systems, electron transfer is an important
channel for photocharge generation in OPV blends with
NFAs.””®* However, whether the xCT-mediated charge
generation mechanism established in polymer/fullerene blends
applies to the OPV blends with NFAs remains to be
determined. To clarify this issue, we probe the electron
transfer channel of charge generation in PM6/Y6 blends by
selectively exciting the polymer donor.

Figure 4a shows the TA data recorded from the blend PM6/
Y6 film upon pump at 550 nm. Temporal evolution also
exhibits two-stage dynamics (Figure 4a). Initially, the optical
pump excites the LE state in PM6 with the ESA feature
centered at 1150 nm. The final long-lived state shows the same
spectrum as that of the CS state (Figure S9). Similar to hole
transfer, an intermediate state is also involved in the electron
transfer channel of charge separation. However, the spectral
feature of the intermediate state is markedly different from that
of any excited species in the neat PM6 film (Figure 4c and d).
Polymer PM6 is a linear copolymer with alternating electron-
donating and -withdrawing units, in which the excimer state
can be formed with a certain degree of CT character. The LE
state is partially converted to an excimer-like i-EX state in the
neat polymer PM6 film with the ESA feature at 680 nm
(Figure 4b, d, and f). However, the feature of such an i-EX

state in PMG6 is different from that of the intermediate state in
the blend PM6/Y6 films. Notably, the onset of the
intermediate state is accompanied by growth of the GSB
signal of Y6 (Figure 4e), which suggests that electron transfer
starts during the formation of the intermediate state. These
results support that the intermediate step is an xCT state for
the electron transfer channel of charge separation in the PM6/
Y6 blend. The TA spectra of the xCT and CS states show
similar bleach and ESA features but with a slight spectral shift,
which is plausibly caused by the electro-absorption effect due
to the increase of electron—hole separation distance during
charge separation.27’30’65 In addition, the signal of CS state
exhibits increased magnitudes of the ESA feature near 770 nm
and the bleach feature near 630 nm, which can be also
explained by the modified electric field. The separate changes
strongly modulate the optical response by influencing
neighboring molecules as was previously observed in
polymer/fullerene systems.””*"%°

The difference between the electron and hole transfer
channels is also manifested in the decay dynamics of primarily
excited LE states. Unlike the unchanged dynamics of LE at Y6
in the blend and neat Y6 samples, the LE state at PM6 decays
much faster in the blend film than in the neat PM6 film (Figure
4c and d). The early stage lifetime of the LE state is shortened
from ~0.2 ps in the neat PM6 film to ~0.1 ps in the blend
(Figure 4e—g). A portion of bleach signal of Y6 acceptor is
built up within the pulse duration, which is possibly due to the
coherent electron transfer due to strong coupling between the
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Figure S. Schematic diagrams of the (a) hole transfer and (b) electron transfer channels of charge separation. When a photon is absorbed by
acceptor Y6, the LE state at the acceptor site is separated into free polarons through the i-EX state as its intermediate step; when a photon is
absorbed by donor PM6, the LE state at the donor site is separated into free polarons through the interfacial xCT state as its intermediate step.

LE and xCT states at the donor/acceptor interface.’*%% In

the blend, the LE state is directly converted into the
intermediate xCT state prior to formation of the i-EX state
in the PM6 moiety (Figure 4g). The electron transfer channel
in the PM6/Y6 blend is regulated by the xCT-mediated
scheme established in polymer/fullerene systems, the LE —
xCT — CS pathway. During the xCT — CS process, the ESA
signal in the range of 850—1000 nm shows a slight spectral
shift, which is possibly caused by the absorption change that
results from modification of the electron field by electron and
hole polaron separation.”

B DISCUSSION

Figure 5 compares the electron and hole transfer channels of
charge separation in the PM6/Y6 blend and highlights the
interplay between the i-EX and xCT states. Conversion from
the photoexcited LE state to the i-EX state is observed in neat
films of either polymer donor PM6 or small-molecule acceptor
Y6. However, the role of such an intra-moiety state at PM6 and
Y6 is markedly different for the electron and hole transfer
channels of charge generation. The initial stage of charge
separation is likely determined by competition between the LE
— i-EX and LE — xCT pathways. In theory, the rate of the
charge transfer process is highly sensitive to electronic coupling
between the reactant and product states and the free Gibbs
energy determined by the interfacial energetic offset.”®” For
hole transfer, the small energy offset between the HOMO
levels results in relatively slow formation of the xCT states at
the donor/acceptor interface. Within the dimer structure of Y6
molecules, strong intermolecular interaction between the
conjugation units with different electron affinities allows fast
formation of the i-EX state from the LE state at Y6 (Figure
2f).°* Consequently, the intra-moiety process of i-EX
formation is more favorable than the interfacial hole transfer
process to form the xCT state. The electron transfer channel
shows a significantly different feature. Polymer donor PM6 is a
copolymer with heterogeneous interchain and intrachain
interactions between the conjugation units. A portion of the
photoexcited LE state is converted into the excimer-like i-EX
state in neat polymer PM6 (Figure 4f). However, formation of
the xCT state is more favorable due to the interfacial energy
offset between the LUMO levels being sufficiently high. These
effects ensure that formation of the xCT state through
interfacial electron transfer is more favorable than the intra-
moiety process of i-EX state formation. The pathways

involving different intermediate states in the polymer/NFA
blend are fundamentally determined by the energy landscape
and electronic coupling between different local and CT
excitation species.

The intermediate i-EX state of the hole transfer channel is
markedly different from the intermediate xCT state of the
electron transfer channel. However, charge separation from
these intermediate states occurs on a similar time scale (~15 ps
for hole transfer and ~18 ps for electron transfer). The similar
dissociation time scales of these bound intermediate states are
possibly driven by similar charge hopping processes.”*”® For
more insights, we performed temperature-dependent measure-
ments on the hole transfer dynamics (Figure S10). The
correlated temperature dependences of the dynamics probed at
770 and 1550 nm confirm the major pathway of the
dissociation of i-EX state for the hole transfer channel of
charge separation. With increasing temperature from 200 to
300 K, the rate of charge separation increases gradually (Figure
$10), which suggests that the thermal activation is an
important driving force for charge separation in the PM6/Y6
blend. While more in-depth studies are necessary to fully
elucidate the exact microscopic picture, we discuss a possible
mechanism underlying the hole transfer channel mediated by
the i-EX state. The pathway of the hole transfer without
involving the CT state is possibly related to the nature of the i-
EX state arising from the molecular packing in the Y6 domains.
Experimental and quantum computational data suggest that Y6
molecules tend to form ordered aggregates of dimers.”””®'
Such a structure is plausibly beneficial for spatial extension of i-
EX state with mixed LE and CT characters,”>”" which results
in a relatively longer spatial separation between electron and
hole.>”" In this case, the thermal hopping at the donor/
acceptor interface enables the escape of polarons from the
Coulomb potential without passing through the bound xCT
state.

The i-EX state-mediated scenario explains the efficient hole
transfer with a small HOMO energy offset between the donor
and acceptor in OPV devices with NFAs. The formation of
such an i-EX state in the Y6 moiety is independent of the
energy offset between HOMO levels and electronic coupling at
the donor/acceptor interface. Such a feature avoids the
interfacial energy loss during the formation of the interfacial
CT state through the electron transfer process as was
commonly observed in polymer/fullerene systems, which is

plausibly a key factor for the high photocurrent density and
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high open-circuit voltage recently demonstrated in these Y6-
based OPV devices. The intra-moiety state is mainly regulated
by the interaction between different Y6 molecules, which
probably arises from the nonzero molecular dipole caused by
the axisymmetric structure and face-to-face 7—7 stacking of the
Y6 dimer. The lamella structure of the Y6 dimer is possibly
beneficial for exciton delocalization to obtain charge separation
with a small interfacial energy loss.”” To uncover the exact
nature of the i-EX state, further effort is required to study
whether it is a CT state in the dimer configuration or an
excimer-like state from the hybridization of LE and CT
characters.

B CONCLUSION

In summary, we have identified an i-EX state as the
intermediate step for the hole transfer channel of photocharge
generation in the PM6/Y6 blend film. The photoexcited LE
state at NFA Y6 is converted into an intermediate i-EX state
(<0.2 ps) that further dissociated into the CS state of free
polarons (~15 ps). Such an intra-moiety state, with electrons
and holes localized at the same moiety of the Y6 acceptor, is
markedly different from the intermediate xCT state of the
electron transfer channel previously established in polymer/
fullerene systems. Because of intermolecular coupling in the Y6
moiety, i-EX state formation is independent of the energy
alignment and electron coupling at the donor/acceptor
interface, which explains the highly efficient hole transfer
with small HOMO energy offset in OPV blends with NFAs.
The unprecedented role of the i-EX state in charge generation
elucidated herein suggests an alternative strategy by manipu-
lating the intra-moiety molecular interaction toward optimizing
the energy landscape and electron coupling between the i-EX
state and other excited species for further improvement of
OPV devices.
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