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Critical Role of Non-Fullerene Crystalline Domains in
Stabilizing Charge Separation in Bulk Heterojunction
Organic Solar Cells

Soyeong Jeong, Aniket Rana, Weidong Xu, Keren Ai, Rachel Catherine Kilbride,

Yiwen Wang, Damin Lee, Pabitra Shakya Tuladhar, Hyojung Cha,*

and James Robert Durrant*

This study addresses the role of energetic offsets resulting from non-fullerene

acceptor crystallization/aggregation in stabilizing charge separation in organic

bulk heterojunction (BHJ) solar cells. Devices are fabricated using PM6 as elec-

tron donor and either IDIC or Y6 as acceptor, with blend ratios from 5:1 to 1:1.

Reducing acceptor content significantly lowers device performance, most no-

tably for initially higher performing PM6:Y6 BHJ’s (from 14.31% to 0.95%) com-

pared to PM6:IDIC (from 11.28% to 3.40%). Optical, optoelectronic, and mor-

phological characterizations reveal that lower acceptor content PM6:Y6 devices

exhibit suppressed acceptor aggregation/crystallinity, correlatedwith increased

recombination losses and lower efficiency. Charge separation in optimal (1:1)

PM6:Y6 devices is found to be stabilized by a LUMO level energetic offset

between intermixed and pure, more crystalline, Y6 domains, driven by strong

electronic interactions between Y6 molecules. In contrast, PM6:IDIC devices

show minimal changes in energetics and recombination kinetics, aligning with

their smaller performance decline, and consistent with IDIC’s weaker electronic

interactions. As such strong electronic interactions between Y6 molecules

are concluded to provide an energetic stabilization of electrons in more aggre-

gated/crystalline Y6 domains, suppressing charge recombination, and anal-

ogous to that observed for the highest performing fullerene acceptor PCBM.
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1. Introduction

Non-fullerene acceptors (NFAs) based
organic photovoltaic devices (OPVs)
have achieved remarkable success,
yielding power conversion efficiencies
(PCEs) now approaching 21%, primar-
ily attributed to optimized molecular
structures, energy levels, and absorption
spectra.[1–6] These high efficiencies are
further supported by efficient charge sep-
aration with minimal energetic losses,
contributing to both high short-circuit
current densities (JSC) and open circuit
voltages (VOC). Particularly the NFA Y6,
which features an A–D–A’–D–A con-
figuration, has attracted great attention
for its high performance, correlated
with strong molecular packing in solid
films. This packing promotes substantial
electronic coupling between adjacent
Y6 molecules, facilitating exciton delo-
calization and creating an efficient 3D
charge transport network, suggested to
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further enhance device performance.[7] While much of the
focus has been on the importance of crystalline/aggregated,
molecularly pure NFA phases within bulk heterojunction (BHJ)
films, the further presence of molecularly mixed phases is both
inevitable[8,9] and often advantageous for efficient device per-
formance. These mixed phases increase the interfacial area for
charge generation and form a continuous interpenetrating net-
work of the donor (D) and acceptor (A) molecules, facilitating
efficient charge transport.[10] In previous studies of BHJ films
of donor polymers with the fullerene electron acceptor PCBM,
it was reported that PCBM aggregation resulted in an increase in
electron affinity, providing an additional energetic offset between
molecular mixed and pure PCBM domains that facilitates the
separation of free electron and holes.[11] Consequently, it is im-
portant to understand how NFA molecular design impacts upon
whether an analogous energetic offset exists between molecular
mixed and pure NFA domains, and how this impacts device PCE.
The behavior of charge carriers between mixed and pure

phases remains rather poorly understood, particularly in recently
developed NFA-based solar cells.[12] One strategy to adjust the
proportion of mixed and pure domains is by varying the D:A
ratio within the BHJ. Studies investigating the ratio of D to A
provide not only fundamental insights into the role of mixed
and pure domains but are also important for establishing com-
position and processing windows for commercial applications.
In blends with high NFA content, NFA aggregation often pre-
dominates due to strong intermolecular interactions.[13,14] It has
also been suggested that such aggregation can positively influ-
ence charge separation.[15] Additionally, low donor content poly-
mer:NFA blends can be of particular interest due to their lower
visible light absorption, making them suitable for OPV window
applications.[16] For these reasons, we employ herein BHJ films
with varying donor polymer:NFA ratios to explore the effects of
pure andmixed domains on exciton behavior and free charge car-
rier generation and recombination. We then examine how these
factors influence overall device performance.
In this study, we investigated BHJ films and solar cells com-

prising the donor polymer PM6 and two NFAs, IDIC and Y6
(see Figure S1, Supporting Information for chemical names
and structures). These NFAs have been widely studied for
their potential to achieve high performance in OPVs, with Y6
demonstrating stronger intermolecular couplings compared to
IDIC, including those arising from its unusually high molecular
quadrupole.[17–19] Recent ultrafast exciton annihilation measure-
ments indicate that these NFAs exhibit diffusion lengths rang-
ing from 15 to 40 nm, a significant advantage over fullerene ac-
ceptors, allowing excitons to traverse longer distances to reach
a charge separation interface.[20,21] We examine the interplay be-
tween blend ratio and charge carrier densities, energetics, and re-
combination dynamics in order to identify the underlying mech-
anisms driving the variation in device performance across dif-
ferent blend ratios, employing a range of morphological, optical,
and optoelectronic analyses.

2. Results and Discussion

To evaluate the performance of OPVs as a function of the ratio
of donor polymer (PM6) and NFAs in PM6:IDIC and PM6:Y6
blend films, we conducted current density-voltage (J-V) charac-

terization and external quantumefficiency (EQE)measurements,
as shown in Figure 1. All data were collected using an inverted
device architecture, with MoO3 and ZnO as the hole and elec-
tron transport layers, respectively. Full details regarding device
fabrication are provided in the Materials and Methods section
in the supplementary information. The device J–V performance
across the 1:1 to 5:1 ratio in both PM6:IDIC and PM6:Y6 are
presented in Figure 1a,b. Both blends exhibited optimal perfor-
mance at a D:A ratio of 1:1, with PM6:Y6 yielding a higher PCE
than PM6:IDIC, consistent with previous reports.[22–25] As the ac-
ceptor content is decreased in both blend systems, we observed a
rise in VOC, accompanied by declines in JSC and fill factor (FF). It
is however noticeable that the decline in PCE with decreasing ac-
ceptor content is more pronounced for PM6:Y6 than PM6:IDIC,
resulting in PM6:IDIC devices outperforming PM6:Y6 for D:A
ratios of 3:1 or higher (see also Table S1, Supporting Informa-
tion). These trends can be ascribed to a combination of morphol-
ogy changes, alterations in energetics, and variations in charge
carrier lifetimes, which we will elucidate further below.[11]

As illustrated in Figure 1c,d, device EQE’s display a notable de-
cline as the content of the PM6 donor increases, even within the
absorption region of PM6. As such, the reductions in EQE can-
not be assigned primarily to a lower light absorption but are due
to a decrease in internal quantum efficiency. The EQE and cur-
rent losses associated with a decreasing acceptor concentration
(and thus an increasing donor content) are markedly more pro-
nounced in devices employing Y6 than in those utilizing IDIC.
Overall trends in device performance characteristics are sum-
marized in Figure 1e. For both NFA’s, lowering the PM6 donor
content below 1:1 shows only relatively minor changes in perfor-
mance compared to lower acceptor content devices, therefore we
focus herein on low acceptor content inNFAdevices; we also note
low donor content devices have already been extensively stud-
ied in the literature.[26] As we discuss further below, we find that
the loss of performance with lower acceptor content is correlated
with a loss of acceptor aggregation, with this having the greatest
impact on device performance for PM6:Y6 devices.
The EQE spectra shown in Figure 1c,d show distinct trends

in the onset wavelength for IDIC and Y6 blends as a func-
tion of blend composition (see also Figure S2, Supporting
Information).[27,28] In the case of IDIC blends, the onset, a mea-
sure of the acceptor optical bandgap, remains invariant,[28] whilst
for Y6 blends, this onset blueshifts to higher energy with lower
acceptor content. This blueshift for Y6 is consistent with pre-
vious reports of Y6’s absorption onset shifting to longer wave-
lengths with increased aggregated/crystalline domains.[27,29] This
blueshift therefore results from lower Y6 content which sup-
presses Y6 aggregation/crystallization, consistent with a reduced
proportion of pure Y6 domains, and greater dominance ofmolec-
ularly mixed PM6:Y6. In contrast, the absence of such spectral
shifts for PM6:IDIC blends is consistent with the previously re-
ported weaker charge transfer character and lower crystallinity of
IDIC.[30] It is notable that the optical bandgap trends evidenced
by these EQE data correlate with trends in VOC (Figure 1e), with
PM6:Y6 devices showing the most prominent increase in opti-
cal bandgap and the largest increase in VOC with lower acceptor
content.[16,28]

We turn now to GIWAXS analysis of the molecular packing
structures within thin PM6:IDIC and PM6:Y6 blend films. As
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Figure 1. Device performance and electrical parameters comparison. J–V characteristics of a) PM6:IDIC and b) PM6:Y6 solar cells. EQE spectra of c)
PM6:IDIC and d) PM6:Y6 solar cells. e) Comparison of device parameters (VOC, JSC, FF, and PCE) for PM6:IDIC and PM6:Y6 solar cell devices.

illustrated in the 2D diffraction patterns and the accompanying
line cut profiles (Figures S3 and S4 and Table S3, Supporting In-
formation), both neat NFAs exhibit a pronounced (010) diffrac-
tion peak at circa 1.8 Å−1, reflecting a predominant face-on ori-
entation, as well as 𝜋–𝜋 stacking peak at circa 1.7 Å−1 in blend. It
is notable that Y6 thin films exhibited stronger diffraction peaks
than IDIC,[31] consistent with its previously reported higher crys-
tallinity and stronger molecular interactions.[30] The PM6 poly-
mer film shows a comparatively weaker, face-on arrangement.
In the case of the blends, PM6:Y6 thin films primarily reflected
the diffraction patterns of Y6, as observed in Figure S4 (Sup-
porting Information). For both fullerene and NFAs, several stud-
ies have previously reported that reducing the acceptor content
leads to a suppression of acceptor domain size[32–34] and crys-
tallinity. Consistent with this conclusion, as the NFA content is
reduced in PM6:Y6 blends, the intensity of the Y6 (010) peak de-
creases, whilst retaining a stronger face-on structure,[35] consis-
tent with a suppression of crystalline Y6 domains in high donor
content films. On the other hand, the 2D diffraction pattern for
PM6:IDIC exhibits a weaker composition dependence. These GI-
WAXS data show that crystalline acceptor domains are present in
1:1 PM6:Y6 films but suppressed in films with lower Y6 content.
In contrast, for IDIC, the formation of such crystalline domains
is less significant even in the 1:1 blend films, consistent with its
previously reported lower intermolecular interactions.[29,30,36]

UV–vis absorption (Figure S5, Supporting Information) and
photoluminescence (PL) (Figure 2c,d) spectra were measured to
determine the correlations between optical properties with mor-
phological and device parameters. Both the absorption and PL
data exhibit analogous trends in bandgapwith blend composition
to the EQE data discussed above; as the Y6 content is reduced,

the absorption and PL onsets (reflecting the optical bandgap)
blueshift by circa 50 meV, whilst for IDIC the absorption and
PL onsets are rather invariant with blend composition. A higher
IDIC LUMO energy level relative to Y6 has been reported in the
literature from cyclic voltammetry analyses (Figure 2a).[37–39]

However, the associated higher IDIC optical bandgap also re-
sults in a lower solar light absorption (Figure 2b), contribut-
ing to the reduced JSC and PCE for optimized PM6:IDIC so-
lar cells (Figure 1). The PL spectra in Figure 2c show that
PM6:IDIC blends exhibit more pronounced longer wavelength
(≈900 nm) PL than neat IDIC. This corresponds to redshifted
PL from interfacial charge transfer states in these blends, con-
sistent with previous literature.[40] In contrast, no such pro-
nounced longer wavelength PL is observed for PM6:Y6 blends
(Figure 2d), consistent with the absence of coulombically bound,
emissive interfacial charge transfer (CT) states in this blend.[41]

The absence of such bound CT states has been suggested to
be a key factor behind the high performance of PM6:Y6 solar
cells.[42]

To investigate the charge generation and separation processes
in PM6:IDIC and PM6:Y6 blends, ultrafast transient absorption
spectroscopy (TAS) measurements were employed, as shown in
Figure 3. The investigations focused on blend films within the
spectral range of 850–1400 nm, employing NFA excitation at
700 nm to initiate the hole transfer process from NFA to PM6
(see also Figure S6, Supporting Information for the correspond-
ing UV–vis region (400–800 nm) TAS spectra). In the PM6:IDIC
(1:1) blend, depicted in Figure 3a, an initial photoinduced ab-
sorption (PIA) at ≈870 nm, assigned to IDIC excitons,[42] evolves
within a few picoseconds to a redshifted absorption at ≈950 nm,
assigned to CT / charge pair states. This rapid transition
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Figure 2. The energy level and study state optical analysis. a) Approximate electronic energy levels of the materials used in this work in thin films,
obtained from the literature measured by cyclic voltammetry;[37–39] b) Normalized UV–vis absorption spectra for neat material films. Normalized PL
spectra with 532 nm excitation wavelength of c) PM6:IDIC and d) PM6:Y6 films with varying D:A ratio, including neat materials.

Figure 3. Ultrafast transient absorption study. Transient absorption spectra with respect to wavelength as a function of time delay for PM6:IDIC blends
with a) 1:1 and b) 5:1 ratio and PM6:Y6 blends with c) 1:1 and d) 5:1 ratio excited at 700 nm, 10 μJ cm−2.
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Figure 4. Kinetic response of ultrafast transient study. Pump fluence-dependent transient absorption traces of PM6:IDIC blends with a) 1:1 and b) 5:1
ratios excited at 700 nm, probed at 948 nm, and PM6:Y6 blends with c) 1:1 and d) 5:1 ratios excited at 700 nm, probed at 1000 nm. For both blend
systems, the probe wavelengths correspond to CT/charge pair photoinduced absorption.

underscores an efficient exciton separation process. Likewise,
for the 1:1 PM6:Y6 blend shown in Figure 3c, exciton PIA is
initially detected at ≈920 nm and evolves into charge PIA state
at ≈980 nm within a few picoseconds, consistent with previous
literature.[41] We note Y6 excitons may also exhibit significant CT
character,[43] although even in this case, charge separation still
primarily occurs at PM6 / Y6 interfaces. For both 5:1 blends,
only minor acceptor exciton PIA is observed, with the transient
spectra already being dominated by CT / charge pair PIA from
200 fs (our instrument response), demonstrating exciton sepa-
ration within our 200 fs instrument response. This is consistent
with the 5:1 NFA content blends being dominated by molecu-
larly mixed PM6:NFA domains, such that there is no exciton
diffusion required for charge generation, and shows underlying
hole transfer kinetics of <200 fs. Such ultrafast charge transfer
demonstrates efficient charge generation in all the blends stud-
ied, showing that the trends in device performance trends in
Figure 1 do not originate from trends in charge separation ef-
ficiency. We note that Y6 has the potential to form intermolec-
ular charge transfer (ICT) excitons due to strong electronic cou-
pling between Y6 molecules.[30,44] However, the contribution of
ICT excitons generated within the pure Y6 domain to overall
charge generation is expected to beminor compared to interfacial
charge separation. The pronounced 920 nm excitonic signal in
the PM6:Y6 1:1 blend suggests a greater presence of pure Y6 ag-
gregated/crystalline domains[31] compared to the suppressed ini-
tial excitonic signal in the 5:1 blend. Figure 4 depicts the decay dy-

namics of CT/charge pair photoinduced absorption in 1:1 and 5:1
blends as a function of excitation density. For the 1:1 PM6:IDIC
blend, the decays are observed to accelerate with increasing laser
intensity, indicating a dominance of the bimolecular recombina-
tion of separated charges. In contrast, the 5:1 PM6:IDIC blend
exhibits intensity-independent kinetics, showing the dominance
of monomolecular (i.e., geminate) recombination of bound inter-
facial CT states. This is consistent with the 5:1 blend exhibiting
a more molecular mixed morphology, as discussed above; previ-
ous studies of other D:A blends have highlighted how the sup-
pression of pure domains, and increased presence of molecular
mixed domains, results in the greater dominance of monomolec-
ular CT state recombination and suppression of bimolecular
recombination.[40,45,46] Whilst ultrafast bimolecular recombina-
tion is a consequence of the high laser intensities employed in
ultrafast-TAS studies, the observation of significant geminate (CT
state), intensity-independent, recombination in the 5:1 blend is
likely to be a significant factor behind the lower EQE and JSC’s
observed for the 5:1 PM6:IDIC blend. Analogous behavior is also
observed for the PM6:Y6 blends, although significant intensity
dependence of the decay kinetics is still observed in the 5:1 blend,
reflecting less dominant geminate CT recombination, consistent
with the absence of CT state photoluminescence (Figure 2). It is
also noticeable that as monomolecular (CT state) recombination
is less dominant for the 5:1 PM6:Y6 blend than the PM6:IDIC
blend, differences in CT geminate recombination losses cannot
explain the lower PCE of 5:1 PM6:Y6 solar cells. As such we now
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Figure 5. Intensity-dependent device analysis. Light intensity-dependent short circuit current of a) PM6:IDIC and b) PM6:Y6 solar cells with various D:A
ratios. Light intensity-dependent open circuit voltage measured (circle) and reconstructed (cross)[47] of c) PM6:IDIC and d) PM6:Y6 solar cells with
various D:A ratios blend.

turn to an analysis of the charge collection efficiencies of these
devices.
In order to analyze charge collection efficiency, we consider

first analyses of device performance as a function of light inten-
sity. Figure 5a,b show log–log plots of JSC versus light intensity
for PM6:IDIC and PM6:Y6 devices respectively. These plots show
the typical power law behavior, JSC ∝ I𝛼 , where 𝛼 corresponds to
the gradient of these log:log plots. 𝛼 = 1 corresponds to the ab-
sence of non-linear losses, and therefore the absence of bimolec-
ular recombination losses during charge collection. The presence
of bimolecular losses limiting short circuit collection efficiency
results in gradients 𝛼 <1.[48] For the PM6:IDIC (1:1 and 3:1) de-
vices, the gradients approach unity (𝛼 = 0.96 and 0.94), indicat-
ing only minor bimolecular recombination within this device at
a short circuit. For the 5:1 device, a lower gradient was observed
(𝛼 of 0.80), reflecting bimolecular loss-dominated charge collec-
tion, consistent with its more molecularly mixed nanomorphol-
ogy. In contrast, whilst the 1:1 PM6:Y6-based device exhibits a
unity gradient of 𝛼 = 1.0, showing negligible bimolecular recom-
bination losses during extraction, this gradient is substantially
lowered as the NFA content is lowered, with 𝛼 = 0.76 and 0.73
for 3:1 and 5:1 respectively (see also Figure S7, Supporting In-
formation for current linearity with respect to light intensity).
These results indicate that whilst the 1:1 PM6:Y6 device has a
near-unity collection efficiency, this collection efficiency is sub-
stantially degraded as the Y6 content is lowered, consistent with
the JSC and EQE data trends in Figure 1. These data thus indi-
cate that the primary reason for device PCE drops off with lower

NFA content is more severe for PM6:Y6 devices than PM6:IDIC
devices due to a more significant drop off in charge collection
efficiency.
Charge extraction (CE) and transient photovoltage (TPV) mea-

surements were undertaken on the device studied to determine
the underlying charge carrier energetics,mobilities, and bimolec-
ular recombination kinetics.[49] The average charge carrier den-
sities (n) of the active layer at an open circuit, obtained from CE
measurements as a function of VOC, are depicted in Figure 6a,b.
At open circuits in organic solar cells, VOC primarily corresponds
to the quasi-Fermi level splitting within the photoactive layer, as
such plots of n versus VOC serve as an in situ assay of the effec-
tive electronic bandgap of the blend. It is clearly noticeable that
for PM6:IDIC devices n versus VOC are almost independent of
blend composition, showing that the blend electronic bandgap
is independent of blend composition. This is consistent with
our observation above the optical bandgap of these IDIC blends
was also independent of blend composition, attributed to rela-
tively weak electronic interactions between IDIC molecules even
in aggregated IDIC domains. In contrast, the PM6:Y6 devices,
as shown in Figure 6b, the relationship between n and VOC is
strongly composition-dependent, with VOC at a given charge den-
sity decreasing with increasing Y6 content. At matched charge
densities, the measured VOC is reduced with increased Y6 con-
tent, indicative of a substantial reduction by ∼ 250 meV in elec-
tronic bandgap. In contrast for PM6:IDIC devices, the equivalent
reduction in electronic bandgap is <50 meV. It can thus be con-
cluded that increased dominance of pure aggregated/crystalline
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Figure 6. Charge carrier density and lifetime study in devices at open circuit voltage. Charge extraction data as a function of light intensity allow de-
termination of charge density versus open circuit voltage, as plotted for a) PM6:IDIC and b) PM6:Y6 solar cells for different D:A ratios. Charge carrier
lifetime versus charge carrier density determined from charge extraction and transient photovoltage measurements for different donor-acceptor ratios
for c) PM6:IDIC and d) PM6:Y6 solar cells.

Y6 domains with increasing Y6 content in PM6/Y6 devices
results in a ≈250 meV reduction in the electronic bandgap of
these devices.
Figure 6c,d plots charge carrier lifetimes determined from

transient photovoltage decays versus the carrier densities deter-
mined from charge extraction data, bothmeasured at open circuit
as a function of light intensity. We note the excitation conditions
employed in these TPV measurements result in charge carrier
densities comparable to solar irradiation, in contrast to the pulsed
excitation conditions employed in our TAS above, and thus yield
much longer, and device-operation relevant, carrier lifetimes. For
the PM6:IDIC devices, these charge carrier lifetimes are rather
independent of blend composition (being slightly slower recom-
bination for the 3:1 and 5:1 blends). In contrast, the charge car-
rier lifetimes in PM6:Y6 devices are strongly charge density-
dependent, exhibiting much slower recombination at matched
charge densities as the Y6 content is increased. This observation
indicates that increasing the Y6 content from 5:1 to 1:1 results in
a significant (≈10 fold) reduction in bimolecular recombination.
Reconstructed VOC’s, determined from these charge density and
recombination data versus device JSC were found to be in excel-
lent agreement with directly measured VOC’s (Figure 5c,d), con-
firming the validity of these data. Average effective mobility for
electrons and holes determined from charge extraction at short
circuit (Figure S8, Supporting Information),[50,51] indicate that
whilst average charge mobilities for PM6:IDIC devices are es-
sentially independent of blend composition, for PM6:Y6 devices
charge carrier mobilities increase with increasing acceptor con-
tent. Charge collection efficiency in organic solar cells is primar-

ily determined by kinetic competition between charge transport,
determined by drift mobilities, and charge density-dependent bi-
molecular recombination. For PM6:IDIC devices, both charge
mobility and bimolecular recombination are rather independent
of blend composition, resulting in charge collection efficiency be-
ing relatively independent of blend composition. However, for
PM6:Y6 devices, lowering the Y6 content results in an accelera-
tion of bimolecular recombination and reduction of carrier mo-
bility, leading to a rapid drop off in collection efficiency (we note
that space charge limitations may also impact on the photocur-
rent densities for low Y6 content devices, see Figure S9, Sup-
porting Information).[52,53] This acceleration of sharp drop off’s
of EQE, FF, and JSC with decreasing Y6 content in PM6:Y6 de-
vices is shown in Figure 1.
The reduction in electronic bandgap with increasing Y6 con-

tent in PM6:Y6 devices determined from our charge extraction
data is particularly striking. It is analogous to that reported
previously for P3HT:PCBM devices,[11] and assigned, as previ-
ously, to acceptor aggregation/crystallization, as supported by our
morphology data discussed above. This reduction in electronic
bandgap is the origin of the decrease in deviceVOC from5:1 to 1:1,
although as highlighted above, this effect is partially mitigated
by the increase in carrier lifetimes with increasing Y6 content,
as discussed further below. This reduction in electronic bandgap
can be assigned to a lowering of the Y6 LUMO level with Y6 ag-
gregation, consistent with the corresponding reduction in optical
bandgap, it results in a ≈250 meV LUMO level electronic offset
between molecular mixed PM6/Y6 and aggregated / crystalline
Y6 domains.
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Figure 7. Illustration of the proposed model for NFA-based bulk-
heterojunction film. a) Spatial separation of electrons and holes are as-
sisted by localization of electrons in aggregated crystalline Y6 domains,
driven by a Y6 LUMO level energetic offset between mixed and pure do-
mains. b) Weaker IDIC electronic interactions result in the absence of a
significant energetic offset between mixed and pure domains. The green
long lines indicate PM6, and small red and blue line segments indicate Y6
and IDIC molecules respectively.

Figure 7 summarizes our understanding of the role of
Y6 aggregation/crystallization in suppressing bimolecular re-
combination in optimized PM6:Y6 devices. Strong electronic
interactions between Y6 molecules in pure domains result in
smaller optical and, in particular, electronic bandgaps and thus
a lower LUMO level. The resulting LUMO energetic offset be-
tween the mixed PM6:Y6 and aggregated Y6 domains serves
as an energetic offset to spatially localize photogenerated elec-
trons in pure Y6 domains, increasing the spatial separation of
these electrons and from PM6 holes, thus suppressing bimolec-
ular recombination. This results in the recombination becoming
more “non-Langevin” (we note that the charge carrier mobili-
ties increase with increasing Y6 content, so cannot explain the
slower recombination). This retardation of recombination kinet-
ics is the dominant reason for the significant increases in de-
vice FF, JSC, and PCE as the Y6 content is increased from 5:1
to 1:1. In contrast, the absence of a significant LUMO energetic
offset between mixed PM6:IDIC and aggregated IDIC domains
results in the weaker composition dependence of PM6:IDIC de-
vice performance highlighted above.We have previously reported
that Y6’s high quadrupole moment suppresses recombination in
PM6:Y6 bilayer devices.[15] As such, the stronger electronic in-
teractions between Y6 molecules compared to IDIC are likely to
result, at least in part, from Y6’s higher molecular quadrupole
moment,[17] with this high quadrupole moment contributing to
the energetic offset betweenmixed and pure domains we observe
herein. It is striking that the LUMO energetic offset we report
herein betweenmixed and pure Y6 domains, and its impact on bi-
molecular recombination kinetics, is very similar to that we have
previously proposed for the most successful fullerene acceptor,

PCBM.[11] We have also reported evidence for an analogous off-
set with the wider bandgap NFA, IDTBR.[54] This energetic off-
set has the downside of reducing VOC as it lowers the device elec-
tronic bandgap. However, it is apparent that this downside is out-
weighed by its beneficial effect in aiding the spatial separation
of charges, and thereby suppressing bimolecular recombination
losses, increasing device JSC and FF, as well as mitigating the re-
duction in VOC. It thus appears that this energetic offset between
mixed and pure domains is a key design requirement for both
high-performance fullerene and non-fullerene electron acceptors
in organic solar cells.

3. Conclusion

Several key features have been identified as critical to the high
performance of PM6:Y6 BHJ organic solar cells. These include
the long exciton lifetime of Y6,[55] low energetic disorder,[41] and
the absence of bound interfacial charge transfer states.[56,57] The
study herein suggests an additional feature of this system is criti-
cal to its high performance. LUMO level energetic offset between
mixed PM6:Y6 and pure Y6 domains which aids the spatial sepa-
ration of electron and holes, thereby suppressing recombination
losses in the photoactive BHJ. This energetic offset results from
strong electronic interactions between Y6 molecules in pure Y6
domains, including those resulting from its high quadrupolemo-
ment. This LUMO energetic offset between mixed and pure do-
mains highlighted for Y6 herein is analogous to that we have
previously reported for BHJ employing the fullerene acceptor
PCBM.[11] As such this study highlights both the importance of
BHJ nanomorphology, and in particular the presence of not only
mixed but pure domains in high-performance NFA bases OPV
devices, and in particular the design requirement for efficient
fullerene and non-fullerene acceptors that pure acceptor domains
should exhibit a larger electron affinity than the acceptor dis-
persed in mixed donor/acceptor domains. This larger electron
affinity, resulting from acceptor/acceptor molecular interactions
in the pure acceptor domains, stabilizes electrons in these do-
mains, thereby suppressing recombination losses and enhancing
device performance.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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