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ABSTRACT: For over two decades, most high-performance organic photovoltaics (OPVs)
have been made with donor:acceptor bulk heterojunctions with domain sizes limited by exciton
diffusion, where charge separation mostly takes place through the dissociation of the interfacial
charge-transfer (xCT) excitons. Recently, nonfullerene acceptor (NFA)-based OPVs have
shown excellent compatibility to device structures with large domains in active layers. However,
it remains elusive how the excitations that are distant from the interfaces are converted into free
charges. Here, we report the identification of a new charge separation channel in model
copolymer/NFA blends mediated by intra-moiety delocalized excitations in both planar
heterojunctions and donor-enriched bulk heterojunctions. The delocalized excitations induced
by interchromophore electronic interactions in copolymer donors mediate the long-range
charge separation and dissociate into free charges without forming the bound xCT states first,
releasing the constraints associated with the short exciton diffusion length in organic materials.
The long-range charge separation mechanism uncovered in this work, in cooperation with the
short-range xCT-mediated pathway, holds the potential to further optimize OPVs with diverse device structures.

In organic photovoltaic (OPV) devices, it is generally
assumed that free charges are generated by the dissociation

of charge-transfer (CT) excitons at the interfaces of electron
donor and acceptor materials.1−5 The short exciton diffusion
lengths in most OPV materials impose strict limits on the
domain sizes of donors and acceptors.6 This issue is the major
reason for the inferior performance of devices using original
planar heterojunction (PHJ) structure7 (Figure 1a) in
comparison to the bulk heterojunction (BHJ) structure
(Figure 1b).8 Owing to the trade-off between multiple factors
including light absorption, exciton diffusion, charge separation,
and transport, optimal power conversion efficiencies (PCEs)
for most OPV devices are achieved with active layers as thin as
∼100 nm.9 Recently, OPV devices with the state-of-the-art
nonfullerene acceptors (NFAs) show improved compatibility
with thicker device structures. The PCEs are largely retained in
the devices using sequentially processed pseudo-PHJ struc-
tures10−19 (Figure 1c) or BHJ structures with active layers
much thicker than 100 nm.19−21 These improvements are of
great technical significance for a large scale printing procedure
toward commercial applications.12 Optical excitations in these
device structures may be created distantly from the
donor:acceptor interface (Figure 1d). It remains elusive how
these distant excitations separate into free charges at a high
quantum efficiency in the active layers.

In conventional BHJ structures, a large number of excitons
are created next to the interface. The scenario of xCT-
mediated pathway established in polymer/fullerene blends has
been naturally extended in explaining the charge separation

Received: July 6, 2023
Accepted: August 11, 2023
Published: August 15, 2023

Figure 1. Typical structures of (a) the bilayer planar heterojunction,
(b) the bulk heterojunction, and (c) the pseudo-planar heterojunction
used in OPV devices. (d) In addition to the direct diffusion from local
excitations to the donor:acceptor interface, local excitations created
distantly from the donor:acceptor interface may undergo a charge
separation channel mediated by intra-moiety delocalized excitations.
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process in NFA-based OPV blends.9,22−24 Such a scenario is
inefficient for describing charge generation from excitations
distant from the interface in device structures with large
domain sizes. The high-performance donor partners with
NFAs are semiconducting copolymers made of electron
donating (D) and accepting (A) units.9,25−28 With limited
exciton diffusion lengths in polymer donors,1,29 the efficient
charge generation from the excitations distant from the
interface cannot be ascribed to the xCT-mediated channel.
The scenario of long-range charge separation has been
proposed and identified in polymer/fullerene blends.30−32

The spatial extent of such a dissociation process for Frenkel
excitons in polymers is less than 10 nm in typical polymer/
fullerene blends,31 which is too short to account for the distant
excitations in pseudo-PHJ structures.

To elucidate the mechanism of charge separation from
excitations distant from interfaces, we probe the excited-state
dynamics in pseudo-PHJ and BHJ structures of polymer donor
PM6 and NFA Y6 using broadband transient absorption (TA)

spectroscopy. The domain sizes are controlled by the donor
thickness in pseudo-PHJs and the donor:acceptor weight ratio
in BHJs. In addition to the xCT state, we observe a new
intermediate state of intra-moiety delocalized excitations
(iDEs) for electron transfer channels in the samples with
large domain sizes (Figure 1d). The iDE-mediated channel is a
long-range charge separation pathway, probably responsible for
the thickness tolerance and device structure compatibility in
NFA-based OPV devices.

The model system of polymer donor PM6 and NFA Y6
studied in this work show excellent performances in devices
with both BHJ and pseudo-PHJ device structures.17,33 With
increasing the active layer thickness, the PCEs are largely
retained, suggesting efficient charge generation from excita-
tions distant from the donor:acceptor interface.19 In order to
identify the excited-state dynamics associated with the
excitations next to and distant from the interfaces, we prepare
the neat polymer film, the BHJ, and the pseudo-PHJ structures
with different donor domain sizes (see Experimental Section

Figure 2. (a) Pseudo-color plot of broadband TA data. (b) TA spectra at different time delays and (c) dynamic traces probed at different
wavelengths recorded from a 200 nm thick PM6 film. (d) The spectral characteristics of LE and iDE states in the PM6 film derived from global
analysis algorithm are compared with the absorption change induced by electron/hole polarons characterized by the spectro-electrochemistry
measurements. (e) Broadband TA data recorded from a 50 nm thick PM6 film. (f) The profiles of line cuts of GIWAXS data recorded from the
PM6 films with thicknesses of 200 and 50 nm, respectively. TA data were recorded with a pump wavelength at 600 nm.
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and Figure S1 for details). In brief, the neat films with
thicknesses of ∼50 nm and ∼200 nm, hereafter referred to as
thin and thick samples, are prepared on silica substrates by
controlling the solution concentration. The NFA Y6 dissolved
in an orthogonal solvent is then sequentially deposited on
these PM6 films to fabricate the pseudo-PHJ structures.34 Due
to certain miscibility, the pseudo-PHJ structure prepared on
the thin layer of the polymer donor is formed with relatively
small domain sizes. In contrast, the domain size in the pseudo-
PHJ sample prepared on the thick layer of PM6 is possibly
larger than the exciton diffusion length. For BHJ structures, the
mixed donor and acceptor with optimal weight ratios (1:1.2)
and donor-enriched ratios (1:0.2) in solutions are deposited on
the substrates. The domain size of the polymer donor is much
larger in the donor-enriched BHJ sample. The differences
between the excited-state dynamics in the samples with
different domain sizes are probed with broadband TA
spectroscopy with a temporal resolution better than ∼20 fs
(Figure S2).

In the well-mixed PM6:Y6 blend films, electron transfer
occurs on an ultrafast time scale. Most of the optically induced
local excitations (LEs) are converted into the xCT state on a
time scale of ∼0.15 ps.23,24 In the samples with large donor
domains, charge transfer from excitations in polymer donors is
much slower so that the excited-state evolution on a later time
scale in neat PM6 films may become important.

Figure 2a shows broadband TA data recorded from thick
film PM6. Simultaneously upon pulse pumping, we observe a
ground-state bleaching (GSB) band centered at ∼625 nm, a
stimulated emission (SE) band centered at ∼700 nm, and an

excited-state absorption (ESA) band centered at ∼1160 nm,
respectively. On the subpicosecond time scale, a spectral
transfer is prominent with the ESA band shift to the shorter
wavelength range centered at 900 nm (Figure 2b). The early
stage lifetime is ∼0.3 ps, which is also manifested on the
dynamics of SE feature (Figure 2c). These results suggest an
ultrafast conversion of photon-induced LEs to a new excited
species. Using the global fitting analysis, we can estimate that
∼65% of the primary excitations are converted into the new
species (Figure S3). The lifetime of new excited species
increases to ∼130 ps from ∼34 ps for the residual LEs (Figure
S3), which may make substantial contributions to charge
generation.

In D−A copolymers, multiple configurations of excited
states may be optically excited arising from different local
electronic interactions in chromophore complexes.2,35−42 To
gain more insights about the newly generated excited species,
we compare the characteristic spectra with the spectral features
of polarons identified by spectro-electrochemistry measure-
ments (Figure 2d).38,41 The spectral profile of the new excited
species is comparable to that of charged polarons, suggesting
that the spatial distributions of the electron and hole in it are
not fully overlapped. On the other hand, the recombination
dynamics are largely independent of excitation density (Figure
S4), which is different from bimolecular recombination
expected for free charges. Such a bound state with partially
separated electron and hole is similar to the state of polaron
pairs (sometimes referred to as spatially indirect or charge-
transfer excitons) as discussed in the literature.35−41 The
spatial extent of such a partially separated state of electron−

Figure 3. Pseudo-color plots of broadband TA data and TA spectra at different time delays recorded from pseudo-PHJs with (a, b) 50 nm thick
and (c, d) 200 nm thick PM6 layers, respectively.
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hole pairs is susceptible to the interchromophore interactions
in polymers, which may be created in either intrachain or
interchain configurations. We quote such an excited state with
the wave function delocalized over multiple chromophore units
in the polymer domain as an intra-moiety delocalized
excitation (iDE), while the LE generally refers to Frenkel-
type excitations in which the electron and hole wave functions
are distributed on the same chromophore.

The electronic configuration of an iDE state is primarily
determined by short-range charge-transfer and long-range
dipole−dipole interactions in the chromophore complex,
which is susceptible to the local morphology aspects such as
molecular orientations, stacking geometries, and crystalline
structures. The formation of such an iDE state is dependent on
the sample thickness (Figure 2e). In the thin sample, the ratio
of LE converted into the iDE state is reduced to ∼45% (Figure
S3), which is probably caused by the different molecular
aggregation in the samples. The grazing incidence wide-angle
X-ray scattering (GIWAXS) results (Figure 2f and Figure S5)
show that the (010) peak in the out-of-plane direction and the
(100) peak in the in-plane direction are more distinct in the
thick sample. In comparison with the thin sample, the
molecular stacking distance is shorter and the coherent
crystalline length is longer in the thick sample (Figure
S5).43,44 The formation of iDE is promoted by the enhanced
interchromophore interaction in the thick sample with tight
packing and high crystallinity. The correlation between iDE
formation and polymer aggregation is further confirmed by the
experiments in solution samples. In the heated solution, the
polymer aggregation is largely reduced, which, in turn,
significantly suppresses the formation of iDE states (Figure
S6). Since the lifetime of the iDE is longer than that of LE, and

the delocalization property of iDE caused by the interchro-
mophore interaction is helpful to increasing hopping length,
the iDE should make more important contributions than the
LE in thick samples with large domain sizes.45−48

We probe the excited-state dynamics in the pseudo-PHJ
structures with thin and thick donor layers to disentangle the
charge separation pathways from excitations adjacent to and
distant from the interfaces. The optical pump is from the side
of donor PM6 with the pump wavelength resonant to the
absorption of PM6 (Figures S1 and S2). Considering the
penetration depth of <100 nm for polymer PM6 film at the
incident wavelength (Figure S7), the distances from a large
portion of primary excitations to the donor:acceptor interface
are longer than the exciton diffusion length in the thick sample.
In the thin sample, the excitations are created much closer to
the interface, while the penetrated pump light may also excite
the acceptor Y6.

Figure 3 compares the TA data recorded from the pseudo-
PHJ structures with donor layers of different thicknesses.
While the spectral features of the resulted charge-separated
states (>100 ps) are similar, the spectral features of the
intermediate excited states show significant differences in the
two samples (Figure 3a and c). In the thin sample, the spectro-
temporal dynamics are similar to that in well-mixed blends.24

The primary LEs are converted into the xCT states, which
dissociate into free charges (Figure 3b). In the thick sample,
the LEs are longer-lived with reduced conversion to xCT states
(Figure 3d) allowing the formation of iDEs.

We compare the TA spectra obtained at a delay of 0.5 ps
from different samples (Figure 4a). The spectrum recorded
from the thin sample is mainly contributed by the xCTs and
the residual excitations in NFAs. However, in the thick pseudo-

Figure 4. (a) Normalized spectra of intermediate states from thin and thick pseudo-PHJ films recorded at a time delay of 0.5 ps. The spectrum of
the iDE state in the neat PM6 film is also shown for comparison. Normalized TA dynamics probed at (b) 1160 nm and (c) TA dynamics probed at
700 nm recorded from the pseudo-PHJs with thin and thick PM6 layers. (d) Schematics of the excited states and dynamic processes involved in the
charge generation in pseudo-PHJs.
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PHJ sample, the spectrum is significantly influenced by iDEs
converted from excitations further away from the interfaces.
This results in a substantial contribution to the highlighted
ESA band in the range of 650−750 nm, which is a
characteristic of iDEs. This band is not observed in the thin
pseudo-PHJs, where the conversion from LEs to xCTs occurs
more quickly near the interfaces.

The effect of domain size is also manifested in the lifetimes
of excited-state conversion in the pseudo-PHJ structures. In
comparison with the thin pseudo-PHJ sample, the ESA feature
of LEs at 1160 nm is longer-lived (Figure 4b) in the thick
sample, which allows the formation of iDE states on a longer
time scale (Figure 4c). The intermediates of either xCT or iDE
states can efficiently dissociate into free charges (Figure 4c). By
analyzing the dynamic traces of charge generation with a
multiexponential growth function (Figure S8), we estimate
that the major lifetimes are ∼24 and ∼28 ps for the charge
separation from the xCT and iDE states in the thin and thick
pseudo-PHJ structures, respectively. These results indicate the

presence of two pathways for charge separation in pseudo-PHJ
heterostructures (Figure 4d). In addition to the xCT-mediated
channel, the excitations distant from the interfaces may be
converted into the iDE states, which further dissociate into free
charges. The efficiency is quite high with the relatively longer
lifetime of the iDE state. The iDE-mediated electron transfer
pathway can well explain the long-range charge separation in
the samples with large donor domains. In these samples, the
iDE state acts as an important intermediate for charge
separation without forming the bound xCT states first,
reducing the loss induced by LE recombination during exciton
diffusion.

Intuitively, the iDE-mediated channel may be considered as
a precursor step for the xCT-mediated channel in a sequential
scenario. The iDEs may diffuse through a long-range Förster
energy transfer mechanism to form the xCT states first,49

which, however, is unlikely to be the case here. For the xCT-
mediated channel, the ESA feature at ∼900 nm gradually shifts
to the longer wavelength side to ∼940 nm (Figure 3b) due to

Figure 5. Pseudo-color plots of broadband TA data and TA spectra at different time delays recorded from BHJs with optimized (a, b) and donor
enriched (c, d) weight ratios, respectively. (e) Normalized TA dynamics probed at 1160 nm and (f) TA data probed at 700 nm recorded from the
BHJs with different D:A weight ratios.
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the modified electric field caused by increased electron−hole
separation, which strongly modulates the optical response by
influencing neighboring molecules as previously discussed in
OPV systems.24,31,50−53 Such a spectral shift is not observed
for the iDE-mediated channel (Figure 3d). The ESA feature
that emerges at ∼940 nm is similar to the spectral feature of
free charges, suggesting that the electron and hole is readily
separated upon the conversion from iDEs in the polymer PM6.
In other words, most iDEs dissociate into free charges without
forming the xCT state, mitigating the energy loss related to the
interface.

In the literature, long-range dissociation of Frenkel-type
excitons in polymer/fullerene blends was found to be
susceptible to the rate of electron transfer induced by short-
range interchromophore electronic interaction and the rate of
exciton diffusion governed by long-range dipolar interac-
tion.30,54 In comparison with Frenkel excitations, the iDE state
with reduced exciton binding is more favorable for efficient
charge separation with a small driving force. In theory, the
delocalization effect of excited states may extend the spatial
range of charge separation and significantly promotes the
effective length of excitation diffusion.45−48 These effects are
possibly responsible for the long-range charge separation from
iDEs observed in this work, which deserves a more in-depth
study in the future.

Next, we study the role of the iDE channel in the BHJ
structures. Figure 5 shows the TA data recorded from the BHJ
samples with an optimal donor:acceptor weight ratio (1:1.2)
and donor-enriched ratio (1:0.2). In the donor-enriched
sample, a larger domain size of the polymer donor is expected
so that the iDE-mediate channel may play a more significant
role. In the sample with an optimal weight ratio, the xCT state
meditated channel dominates the process of charge separation.
On the time scale of ∼0.1 ps, LEs created in the polymer
domains are converted into xCT states which further dissociate
into the CS state (Figure 5a). The ESA feature at ∼900 nm
shows a gradual shift to the longer wavelength side during the
dissociation of the xCT state (Figure 5b). In the donor-
enriched sample, the reduced density of interfacial states allows
a certain portion of LEs to be converted into the iDE states
(Figure 5c−f), manifested with the ESA feature in the range of
650−750 nm (Figure 5d). The shift of ESA in the range of
900−1000 nm (Figure 5d) in donor-enriched BHJ is less than
that in the optimally mixed BHJ, suggesting that two charge
separation channels mediated by either the xCT state or the
iDE state function in the donor-enriched BHJ. The
experimental data well support an important role played by
iDEs in the charge generation in BHJ structures with large
donor domains.

The iDE-mediated electron transfer channel can explain the
device structure compatibility in OPV devices with polymer/
NFA blends. In spite of the slower charge separation from the
iDE states, the charge generation efficiency largely remains
considering the longer-lived nature of the iDE states compared
to the LE states. The long-range electron transfer can address
the exciton diffusion limitation for excitations distant from the
interfaces in polymer donors. In champion OPV devices using
copolymer donors and small-molecule NFAs, the channel of
hole transfer from the excitations in NFA domains makes
substantial contributions to photocharge generation.24,55 In
comparison with fullerene acceptors, the exciton diffusion is
more efficient in NFAs, enlarging the spatial extent of hole
transfer in NFA-based systems.19,56−58 The charge separation

becomes less sensitive to the domain size, possibly responsible
for weak dependence of device performance on annealing
temperature in NFA-based devices.33 Benefiting from the iDE-
mediated channel, the diffusion limitation on the domain size
is no longer a strict constraint in thick BHJs and pseudo-PHJs,
which contributes to the large-scale printing procedure toward
commercial applications. In pseudo-PHJ structures with
increased domain sizes, the charge separation remains highly
efficient. As the interfacial area is significantly reduced in
pseudo-PHJs, the xCT-related charge recombination loss
channels in the OPV device could be suppressed, such as the
triplet loss channel formed by bimolecular recombination at
D−A interfaces.59,60 As a result, the pseudo-PHJ devices with
suitable polymer/NFA partners may outperform the BHJ
devices.18

In PM6, the large conjugation units on backbones promote
chain rigidity and π−π stacking, reducing the entropy of
mixing.25 The clear vibration peaks in the absorption spectra
(Figure S1) and regular packing in GIWAXS measurements
(Figure S5) of PM6 indicate the regular and conjugated
aggregation of PM6 chromophores, which leads to strong
electronic coupling and results in the formation of iDEs. The
conversion from the LE to iDE is also observed in other
representative copolymer donors such as D18 and PTQ10
(Figure S9), which illustrates the broad importance of iDEs for
efficient OPVs.26,61 In such a D−A copolymer, the low-lying
excited states are created with combined Frenkel-type local and
CT characters. In quality, theoretical treatment with a model
Hamiltonian suggests that the spatial extent of such a
delocalized state is regulated by the interplay between
dipole−dipole interaction, charge-transfer interaction, and
exciton-vibration interaction in the chromophore complex.62,63

The iDE state may be generated coherently from optical
excitations or incoherently from optically induced LEs. In the
PM6:Y6 system, the formation of iDE is slower than that of the
xCT state next to the interface, and the dissociation of iDE is
also slower than that of the xCT state, which is reasonable
since most available OPV materials are designed for the xCT-
mediated channel. In principle, the charge-transfer interaction
is sensitive to the wave function overlap, and the dipole−dipole
interaction is dependent on the dipole orientation. To improve
the spatial extent and generation yield of iDEs, the electron
affinity, molecular packing and intermolecular spacing can be
manipulated via molecular engineering (e.g., halogen sub-
stitution and side chain engineering), ternary mixing,
morphology control (e.g., deposition method, additive adding
and annealing), etc.43,64 Possibly, the iDE-mediated channel
may be optimized to be as effective as the xCT-mediated
channel.

In conclusion, our study has revealed a long-range charge
separation pathway mediated by the iDE state in polymer
donors, presented in both the PHJ and BHJ structures. This
pathway facilitates photocharge generation from excitations
created at a distance from the interfaces. Our findings suggest
that delocalized excitations can dissociate into free charges of
electrons and holes without forming the bound xCT states
first. This discovery addresses the limitations associated with
exciton diffusion in the design of OPV devices. Moreover, the
iDE-mediated pathway not only alleviates the domain size
constraints but also suppresses the recombination loss at the
interfaces, thus improving the device compatibility of NFA-
based devices. In the future, efforts to synergize the long-range
iDE and short-range xCT pathways may help to overcome
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some of the persistent shortcomings in OPV devices,
narrowing the power conversion efficiency gap between
organic and inorganic solar cells.
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