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The crucial role of end group planarity for fused-
ring electron acceptors in organic solar cells†
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Newly developed fused-ring electron acceptors (FREAs) have proven to be an effective class of materials

for extending the absorption window and boosting the efficiency of organic photovoltaics (OPVs). While

numerous acceptors have been developed, there is surprisingly little structural diversity among high

performance FREAs in literature. Of the high efficiency electron acceptors reported, the vast majority

utilize derivatives of 2-(3-oxo-2,3-dihydroinden-1-ylidene)malononitrile (INCN) as the acceptor moiety.

It has been postulated that the high electron mobility exhibited by FREA molecules with INCN end

groups is a result of close p–p stacking between the neighboring planar INCN groups, forming an effective

charge transport pathway between molecules. To explore this as a design rationale for electron acceptors,

we synthesized a new fused-ring electron acceptor, IDTCF, which has methyl substituents out of plane

to the conjugated acceptor backbone. These methyl groups hinder packing and expand the p–p stacking

distance by B1 Å, but have little impact on the optical or electrochemical properties of the individual FREA

molecule. The extra steric hindrance from the out of plane methyl substituents restricts packing and

results in large amounts of geminate recombination, thus degrading the device performance. Our results

show that intermolecular interactions (especially p–p stacking between end groups) play a crucial role in

performance of FREAs. We demonstrated that the planarity of the acceptor unit is of paramount impor-

tance as even minor deviations in end group distance are enough to disrupt crystallinity and cripple device

performance.

Introduction

The efficiency of bulk heterojunction (BHJ) organic photovoltaics
(OPVs) has recently observed a surge in record high efficiency
(over 16% for single junction and over 17% for tandem
devices),1–8 largely from the emergence of non-fullerene accep-
tors (NFAs).1–3,6,9–13 Along with the benefits of solution process-
ability, low cost, and semi-transparency, OPV blends with NFAs
can now achieve efficiencies higher than those of fullerene-based
blends due to their complementary absorption and tunable

energy levels.14–21 The most common class of NFAs are fused-ring
electron acceptors (FREAs), which have a characteristic acceptor–
donor–acceptor (A–D–A) architecture, such as ITIC (i.e., 3,9-bis(2-
methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11-tetrakis-
(4-hexylphenyl)-dithieno[2,3-d:2 0,30-d0]-s-indaceno[1,2-b:5,6-b0]-
dithiophene).11 ITIC was first reported by Xiaowei Zhan’s group
in 2015, and this publication helped catalyze the synthesis of
many new FREAs. In fact, ITIC and its derivatives have become
the center of focus for many research groups.6,22–28

While device efficiencies have shown great improvement,
the structural changes in new FREAs have become increasingly
minor and the locations for new functionalization are becoming
sparse. In short, the field has become saturated with ITIC and
its derivatives, which has limited the synthesis of new and
novel structures. In particular, the acceptor moiety, 2-(3-oxo-
2,3-dihydroinden-1-ylidene)malononitrile (INCN), has only seen
minor development. However, it is important to note that some
of these changes have shown substantial improvements in the
BHJ device efficiency, such as IT-M and IT-4F,29,30 compared to
the original ITIC. Indeed, these works have pushed the efficiency
levels forward in great strides, but to continue forward at this
pace, new materials will need to be explored, and understanding
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the molecular engineering requirements of FREAs is vital to this
process.

Analyzing the shared structural features of notably high-
performing FREAs can offer clues on the molecular engineering
requirements. These include: (a) A–D–A architecture for tunabil-
ity of band gap and energy levels; (b) conjugated ladder core to
serve as an intermolecular charge transport channel; (c) alkyl
side chains connected to a tetrahedral carbon on the donor unit
to increase solubility, processability, and prevent excessive aggre-
gation; (d) planar exposed electron deficient end groups that can
form charge transport channels with neighboring acceptor
molecules, presumably via the end-group interaction between
different FREAs.14–21,27,31–34 However, a more in-depth under-
standing of these requirements is lacking. For example, there
have been many studies on the synthesis and performance of
new FREAs,1,12,13,23,35–43 but little work has focused on the
molecular packing of these materials (i.e., requirement (d)
above). To obtain high efficiency, OPV electron acceptors need
a high electron mobility in order to extract electrons from the
active layer and transport them to the cathode before they
recombine. It is thought that the high electron mobility exhibited
by small molecule NFAs is a result of close p–p stacking between
neighboring acceptor end groups, which facilitate intermolecular
p-orbital interactions and form charge transport pathways across
neighboring NFA molecules.27,31

Based on the shared structural features, a few groups have
proposed diagrams to show the molecular packing of FREAs;32–34

however, the direct observation and limits of these models have
often not been tested. For example, charge transport between
acceptors is believed to occur at the FREAs acceptor end groups,
and the distance between acceptor end groups (i.e., p–p stacking
distance) needs to be sufficient for charge transport to occur.
Values for efficient charge transport are often estimated to be
within the 3–4 Å range, but most models don’t offer further
insight on this distance requirement. These models come in part
from grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurements, which typically show lamellar and p–p stacking
in FREAs, but this information alone lacks the details needed for

a complete understanding. Very recently, Lu and co-workers
used measurements such as GIWAXS to experimentally illustrate
the formation of charge transport pathways via the interactions
of the INCN end groups of ITIC and ITIC-Th.44 This work serves
as a strong example to validate the design of such models. While
each model shows this favorable p–p stacking of the INCN end
groups as the charge pathway between two acceptors, none
include the limits of this interaction (i.e., maximum p–p stacking
distance possible while maintaining efficient charge transport).
Understanding the limits of the packing is important to the
design of new NFAs, as clear structural design criterion can
streamline the development of new high performance FREAs.

As previously mentioned, there was no strict consensus on
the specific values of distance that FREAs would have to reach in
order to achieve high performance in OPVs; thus, we conducted
a quick literature survey of a large variety of high performance
FREAs,1,23,28,35,36,45–65 and organized the data on p–p stacking
distance in Fig. 1a. The p–p stacking distance was reported for
each of these materials through crystal structure, neat XRD, or
GIWAXS measurement, and a table summarizing these values
along with the chemical structures of each FREA is shown in the
ESI† (Table S1 and Fig. S1). It is important to note that these
values come from the neat, small molecule only films; once
blended with a donor polymer, the range of p–p stacking
distances varies based on the miscibility and interaction
between the components of the active layer. Nevertheless,
Fig. 1a clearly shows that high performance FREA-based blends
reported in literature display a close p–p stacking distance of
B3.5 Å between acceptor end units forming the charge transport
pathways. This very narrow distribution of distance between end
groups of these FREAs, centering around 3.5 Å, presents an
interesting and important question: Is this distance, B3.5 Å, a
prerequisite or key criterion in designing new FREAs? Or, if
everything else was equal, would a significant deviation from
this distance of 3.5 Å lead to a decrease in photovoltaic perfor-
mance? To address these questions, we designed a new sterically
hindered FREA (i.e., IDTCF, structure in Fig. 1b) which would
have a p–p stacking distance outside the range shown by current

Fig. 1 (a) Histogram of p–p spacing distances reported in literature of high performance FREAs and (b) chemical structures of fused-ring electron
acceptors: IDIC and IDTCF.
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high performance FREAs (B3.3 Å toB3.7 Å). By further studying
the tolerance with the end group interaction, a sharper under-
standing of the molecular design requirements can help facil-
itate the design of new high performance NFAs.

Herein, we present two FREAs, IDIC and IDTCF (structures
in Fig. 1b), with distinct chemical structures that produce
different p–p stacking distances between the FREA end groups
and show that the chemical structure of the end groups are
indeed responsible for the p–p stacking distances seen in these
FREAs. The increased stacking distance was expected to have a
strong limit on the end group interaction, which would signifi-
cantly impact the device performance. IDTCF is a new A–D–A-
type FREA which consists of an indacenodithiophene (IDT)
donor core and two tricyanovinyldihydrofuran (TCF) acceptor
end groups. Unlike the INCN end group in the case of IDIC, the
TCF end group in IDTCF has two methyl substituents which are
out of the plane of the backbone, making it more difficult for
the IDTCF to pack closely. Given the same IDT core and A–D–A
structure, IDIC and IDTCF have similar optical and electroche-
mical properties, but IDTCF has a larger intermolecular p–p
stacking distance (4.40 Å) due to steric hindrance from the out-
of-plane methyl substituents. The hindered packing of IDTCF
extends the minimum packing distance by B1 Å; however, the
device performance for the IDTCF-based OPV device is drastically
(B10�) lower than that of IDIC-based one. The origin of the
different efficiencies for each acceptor was carefully analyzed, and
our results clearly manifest the importance of close p–p stacking
distance and planarity of the end groups of FREAs, providing an
important design criterion to consider when developing new
FREAs for higher device efficiencies.

Results and discussion
Materials

The chemical structure for each acceptor material in this study is
depicted in Fig. 1b, and the full synthetic route for each of the
FREAs (IDTCF and IDIC) is shown in Fig. S2 (ESI†). The indaceno-
dithiophene (IDT) core, INCN, and TCF acceptor end groups
were synthesized according to previous literature reports,11,39,66

and a Knoevenagel condensation between IDT and INCN or TCF

afforded the IDIC or IDTCF in 75% and 52% yields, respectively.
The structure of each FREA was confirmed by nuclear magnetic
resonance (NMR) (Fig. S3 and S4, ESI†) and mass spectroscopy
(see ESI†), and each FREA showed good solubility in common
solvents such as chloroform, toluene, and chlorobenzene.

Photovoltaic performance

We first explored the relationship between photovoltaic perfor-
mance and end group stacking distance by pairing each acceptor
with a wide bandgap donor polymer, FTAZ,67 in bulk hetero-
junction (BHJ) solar cells. Devices were prepared with an
inverted architecture of ITO/ZnO/FTAZ:acceptor/MoO3/Al, a
donor : acceptor (D : A) ratio of 1 : 1, and chlorobenzene as the
solvent. Details of solvent optimization can be found in Table S2
(ESI†). Representative J–V curves are displayed in Fig. 2a, and the
photovoltaic characteristics are outlined in Table 1. From these
results, it is clear that the IDIC-based devices outperform those
based on IDTCF. IDIC-based devices show a higher short-circuit
current density ( Jsc), open-circuit voltage (Voc), and fill factor
(FF), leading to an overall power conversion efficiency (PCE)
nearly ten times greater than that of the IDTCF-based ones. The
external quantum efficiency (EQE) of each blend was also mea-
sured, and is shown in Fig. 2b. Both devices have a broad EQE
response; however, FTAZ:IDIC has a much higher EQE response
than FTAZ:IDTCF, with maximum values reaching B55% and
B15%, respectively.

We also synthesized two additional FREAs with an indaceno-
dithienothiophene (IDTT) core, yielding ITIC and ITTCF, whose
chemical structures are shown in Fig. S5a (ESI†). From the J–V
curves, shown in Fig. S5b (ESI†), with each of these new FREAs
paired with FTAZ in BHJ solar cells, it is clear that the same
decrease in performance is seen for all materials with the
hindered TCF acceptor moiety. This finding can eliminate
any performance decrease due to the choice in the donor core.

From these results, it is clear that the structural changes in
IDTCF (i.e., compared with the structure of IDIC) are detrimental
to the performance of BHJ solar cells, likely due to the hindered
packing of the TCF end groups (the only structural difference
between IDTCF and IDIC). To further corroborate this claim and
disclose more detailed structure–property correlation, we explored

Fig. 2 (a) Representative J–V curves and (b) EQE spectra for the FTAZ:IDIC and FTAZ:IDTCF devices.
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the electrochemical, optical, and morphological properties of
each FREA.

Electrochemical properties

We first investigated the electrochemical properties of these
materials, using cyclic voltammetry (CV) to measure their highest
occupied molecular orbital (HOMO) and lowest unoccupied mole-
cular orbital (LUMO) levels. The CV curves are displayed in Fig. 3a,
and the energy levels are summarized in Fig. 3b. As there is a
decrease in Voc for the IDTCF-based device, and the Voc is generally
related to the energy difference between the LUMO of the acceptor
and the HOMO of the donor, an understanding of these energy
levels would provide insight into this decrease of Voc. However,
both FREAs have a similar LUMO level (�3.99 eV for IDIC and
�3.98 eV for IDTCF), which would suggest that the lower Voc and
performance for the IDTCF-based device is not due to a differ-
ence in energetics, but to some other underlying cause. This Voc
loss will be further discussed in the charged transport section.

Optical properties

To explore the decrease in the Jsc for the IDTCF-based device, we
studied the optical properties of the FREAs. The absorption spectra
for IDIC and IDTCF in solution and thin films are shown in
Fig. S6a (ESI†) and Fig. 3c, respectively. The IDIC molecule shows
a strong intramolecular charge transfer (ICT) band at 682 nm, with
weaker shoulder absorption at 620 nm. Meanwhile, the IDTCF
molecule shows a broader absorption with amaximum absorbance
at 610 nm. The full width at half maximum (FWHM) for IDIC and
IDTCF are 106 nm and 184 nm, respectively. We previously claimed
the methyl substituents on the acceptor moiety of the IDTCF
molecule increase the steric hindrance and make packing more
difficult, which would lead to a large ensemble of orientations

which are present for IDTCF at any given point in time, as
illustrated by the 1.7 times larger FWHM. Conversely, the IDIC
has a more crystalline structure, resulting in fewer conforma-
tions, and therefore a smaller FWHM. Nevertheless, both FREAs
have similar optical bandgaps, determined by the absorption
onset, which helps corroborate the claim that the TCF and INCN
end groups have similar electron withdrawing strength.

The donor polymer, FTAZ, on the other hand, has the strongest
absorbance from 400–600 nm, which is complementary to the
absorption of the IDIC molecule. The IDTCF molecule, however,
has more overlap in its absorption with that of FTAZ. This is
further illustrated in the entire device absorbance, shown in
Fig. S6b (ESI†). While there is less absorbance in the range
beyond 600 nm for IDTCF blend, the absorption coefficient of
both the FTAZ:IDTCF and FTAZ:IDIC are similar across the
entire range. Therefore, absorption difference alone cannot
account for the observed huge difference between the Jsc value
of the FTAZ:IDTCF device and that of the FTAZ:IDIC one
(Table 1). In fact, the much diminished EQE response in the
region of 400 nm to 600 nm in the FTAZ:IDTCF device (Fig. 2b) –
where the FTAZ polymer would contribute the most – indicate
that there would exist significant issues with either charge
generation, charge transport, or both in the FTAZ:IDTCF device.

Computational modeling

To further understand the interactions between the electron
acceptors, we utilized computation and modeling to explore the
closest packing of both FREAs. We performed density functional
theory (DFT) calculations at the DFT wB97XD/6-31G(d) level of
theory using Gaussian 16 package, version A03. Wemodeled both
a single FREA molecule and a dimer system for both IDIC and
IDTCF, and to reduce the computation time yet still maintain the
chemical structure, the hexyl side chain was replaced with a
methyl substituent. Fig. S7a and c (ESI†) represent the most
stable conformation of both the single units, and the methyl
substituents of TCF are highlighted in red. The IDTCF has a
minimum energy conformation which is planar, as illustrated in
Fig. S7c (ESI†), while the IDIC has a slight bending at the end
groups. However, in the dimer system of IDIC, this slight twist is

Table 1 Photovoltaic characteristics of the FTAZ:IDIC and FTAZ:IDTCF
solar cells

Acceptor Jsc (mA cm�2) Voc (V) FF (%) PCE (%)

IDIC 10.79 � 0.18 0.954 � 0.004 50.6 � 1.5 5.21 � 0.19
IDTCF 2.10 � 0.12 0.705 � 0.034 39.6 � 1.8 0.59 � 0.06

Fig. 3 (a) Electrochemical measurements of HOMO and LUMO through cyclic voltammetry, (b) HOMO/LUMO energy diagram from CV results, and
(c) thin film UV-visible absorbance spectrum of each of the materials studied.
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matched by the next acceptor unit, which allows the IDIC
molecules to tightly pack. Fig. S7b (ESI†) shows the dimer system
for IDIC, and the distance between the INCN end groups was
calculated to be 3.58 Å. This value is further corroborated within
literature reports, where GIWAXS measurements of films of neat
IDIC show an in-plane (IP) p–p stacking distance of 3.45 Å.39 In
the dimer system of IDTCF, shown in Fig. S7d (ESI†), the FREAs
show more twisting and an expanded p–p stacking distance of
3.84 Å. It is important to note that this is the closest packing that
is possible for the IDTCF acceptors, and the distance between
end groups can be even larger in real films. Additionally, this
modeling was only done with a dimer system, so the effects from
more IDTCF molecules are unknown.

Furthermore, the computed electron distributions at the
ground and excited states of both FREAs are provided in Fig. S8
(ESI†). The electron distributions, showing the HOMO and LUMO
energy levels, for both IDIC and IDTCF show a similar distribution
of electron density across each molecule, which further confirms
the previous claim that both FREA end groups have similar
electron withdrawing strength when paired with the IDT core.

Packing of molecules in thin films

If there is a difference in the packing, as indicated by the
previous DFT calculations, we would expect to see a difference
in the order and crystallinity of the materials. The hindered
IDTCF small molecule was unable to form appropriate single
crystals for analysis, so we utilized X-ray diffraction and
GIWAXS measurements to explore these properties. We began
by performing X-ray diffraction (XRD) measurements of spun-
cast samples for each of the neat small molecule films, as
illustrated in Fig. S9 (ESI†). To begin with, Fig. S9a (ESI†) is the
out-of-plane (OOP) XRD scan for each FREA. For IDIC, we
identified two lamella scattering peaks at 3.31 and 5.01 two
theta peaks shown in Fig. S9a (ESI†). This further confirms the
packing and semi-crystalline nature of IDIC. In contrast, IDTCF
shows no scattering signal in the OOP direction. This lack of
signal helps further support the claim that the out-of-plane
methyl substituents on the TCF end group disrupt the packing
required for efficient charge transport. Next, Fig. S9b (ESI†) is
the in-plane (IP) XRD scan for each FREA. Similar to the OOP
scan, IDTCF shows no peaks, which again suggests no ordering in
the film. In the case of IDIC, a small peak is observed; however,
the XRD signal which would corresponds to p–p stacking, was
not identified. Overall, the XRD data clearly illustrates a loss of
ordering for the FREA containing the hindered TCF group,
further supporting the claim that IDTCF is unable to pack and
form charge transport pathways.

To confirm the larger p–p stacking distance, we also measured
the molecular packing and texture through synchrotron radiation-
based GIWAXS.68 We previously reported both neat IDIC and
FTAZ:IDIC blends with GIWAXS,39 and the neat IDTCF and blend
with FTAZ are shown in Fig. 4. In the neat IDTCF case, the GIWAXS
pattern illustrates a random orientation for IDTCF, as shown by the
diffuse halo in Fig. 4a, which further corroborates the XRD
data. The p–p stacking is shown by the (010) peak in the OOP, at
q = 1.43 Å�1, corresponding to a 4.40 Å p–p stacking distance.

This value is significantly larger than that of the (010) peak of IDIC,
at q = 1.82 Å�1 peak, which corresponds to a p–p stacking distance
of 3.45 Å. Additionally, when IDTCF is blended with FTAZ (Fig. 4c
and d), the (010) peak of the blend system shifts to q = 1.38 Å�1,
which corresponds to a p–p stacking distance of 4.56 Å.

The next interesting point is to look at the changes that occur to
the packing of FTAZ when blended with IDTCF. In the in-plane
blend film, the FTAZ contributes to the signals at q = 0.32 Å�1 and
q = 0.63 Å�1, which are (100) and (200) peaks. In the OOP direction,
when FTAZ is blended with a high performance non-fullerene
acceptor, the (010) peak was located between q B 1.7–1.8 Å�1

(3.5–3.7 Å),13,40,42,69,70 however, for the FTAZ:IDTCF blend film, the
(010) peak is shifted to q = 1.65 Å�1, which corresponds to a larger
p–p stacking distance of 3.81 Å. This illustrates that the IDTCF
acceptor also disrupts the packing of FTAZ, which may lower the
hole mobility of FTAZ (vide infra).

The GIWAXS results clearly illustrate that the end group
packing is expanded by B1 Å from the out of plane methyl
substituents of TCF, and compared to the materials outlined in
the literature survey conducted at the beginning of this work, the
4.40 Å p–p stacking distance of IDTCF is outside the range seen in
high performance FREAs. Additionally, as both IDIC and IDTCF
have similar optical and electrochemical properties, with the only
difference being the additional sterics of the TCF acceptor group,
we show the importance of the planarity of the end group acceptor
moieties and the impact on device performance.

Charge transport

While IDIC and IDTCF have stark differences in device perfor-
mance (e.g., Jsc, Voc, and FF), their optical and electrochemical

Fig. 4 (a and c) 2D GIWAXS patterns and (b and d) in-plane (IP) and out-
of-plane (OOP) profiles of neat IDTCF film and FTAZ:IDTCF blend film.
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properties are similar, indicating that inferior charge transfer
and/or charge transport in the IDTCF-based device may be
causing the lower performance; each of which can be attributed
to the inferior packing which was outlined in the previous
section. In many OPV systems, bimolecular recombination has
been shown to be the dominant recombination mechanism,
thus limiting charge transport and efficiency.71–73 Furthermore,
we have established that the IDTCF molecules have poor pack-
ing attributed to the out-of-plane methyl substituents, which
could lead to recombination issues. One technique to probe the
recombination mechanism is to look at the light intensity
dependence of both Jsc and Voc. It has been established that
the slope value (m) of the light intensity plots can help elucidate
the key recombination mechanisms present in the solar cell.74

For example, in a semi-log plot of Voc vs. light intensity, a slope
of 1 kT/q indicates that bimolecular recombination is the major
loss mechanism under open-circuit conditions. Values less than
1 kT/q signify surface recombination,75,76 and as the slope
approaches 2 kT/q, trap-assisted recombination becomes the
dominant recombination mechanism.77,78 In Fig. S10b (ESI†),
the slopes for both the FTAZ:IDIC and FTAZ:IDTCF blends
are very close to 1 kT/q, which indicates that bimolecular is
dominant in terms of non-geminate recombination mecha-
nisms. Next, Jsc is known to have a power law dependence on
light intensity, such that the slope of the log–log plot of Jsc vs.
light intensity indicates the strength of bimolecular recombina-
tion under short-circuit conditions. When the slope is close to
unity, only weak bimolecular recombination is present, which
is what we find for both FTAZ:IDIC and FTAZ:IDTCF blends in
Fig. S10a (ESI†). Consequently, the light intensity data in
Fig. S10 (ESI†) illustrate that both IDIC and IDTCF containing
blends have very similar and low bimolecular recombination.
This unexpected result suggests that the issue may be with
geminate recombination, which will be further explored with
photoluminescence studies.

To explore the charge transfer from FTAZ to the acceptors,
we measured the photoluminescence (PL) quenching of each
blend (Fig. S11, ESI†). Both IDIC (Fig. S11a, ESI†) and IDTCF
(Fig. S11c, ESI†) are able to quench the photoluminescence of
FTAZ nearly completely (495%), indicating efficient exciton
dissociation in both blends. This suggests that a key step in
charge generation, from exciton to the charge transfer (CT)
state, is not a major issue in either the IDIC- or IDTCF-based
device when FTAZ absorbs the incident photon. However, we
cannot rule out the possibility of losing mobile charge carriers
due to loss mechanisms including recombination to the ground
state from the CT state.

Next, as both IDIC and IDTCF play a role in absorbing
incident photons and thus generating excitons, we explore the

charge transfer from the acceptors to FTAZ through photo-
luminescence quenching as well. Unlike the previous case,
there is a distinct difference in the PL quenching when looking
at the acceptor excitation. To begin with, in the FTAZ:IDIC case
(Fig. S11b, ESI†) there is strong quenching of the IDIC fluores-
cence by FTAZ (B90%). However, for FTAZ:IDTCF (Fig. S11d,
ESI†) there is very poor quenching of the IDTCF fluorescence
(B20%). It is important to note that the overall PL of IDTCF is
lower in Fig. S11 (ESI†) because of the excitation wavelength.
For the excitation of the acceptor, a higher wavelength was
needed to avoid any absorbance of the incident photons by FTAZ,
therefore, just a shoulder of IDTCF was excited. The neat films
of both IDIC and IDTCF display strong PL when excited at a
more optimal wavelength, as demonstrated by their similar
photoluminescence quantum efficiency (PLQE), which will be
explored further in the next section. Most importantly, the
inability of FTAZ to quench the photoluminescence of IDTCF
suggests that geminate recombination is a major issue in the
FTAZ:IDTCF blend.

We also measured the PLQE for each of the materials. The
PLQE is the quantum efficiency for the photoluminescence
process (i.e., number of photons emitted/number of photons
absorbed). In the case of neat IDIC and IDTCF, both have
similar PLQE around 3%, as shown in Table S3 (ESI†). These
values are appropriate for similar organic materials. Neat FTAZ
films also have strong PL, but even lower PLQE (0.3%). The PL
spectra for each are shown in Fig. S12 (ESI†). When looking
at the blend films, FTAZ:IDIC has no PLQE, which further
illustrates the strong quenching of FTAZ PL by IDIC; however,
in the case of FTAZ:IDTCF, a PLQE similar to that of neat
FTAZ is found (0.4%). This agrees with the poor quenching
observed in the previously discussed PL experiments, and
indicates that there may be an issue with charge transfer in
the FTAZ:IDTCF system, which could lead to increased geminate
recombination.

Through these photoluminescence experiments (summar-
ized in Table 2), we have identified that geminate recombina-
tion may be a major issue for the FTAZ:IDTCF system.
Therefore, while both FTAZ and IDTCF have the ability to
absorb incident photons and generate excitons, there is not
much interaction between the two materials, likely caused by
the sterics of the IDTCF acceptor. Due to this lack of inter-
action, the excitons are more likely to undergo geminate
recombination rather than splitting into free charge carriers,
which would contribute to the much lower Jsc and FF measured
for the IDTCF-based devices.

The poor packing and interaction observed in the FTA-
Z:IDTCF system can also have an effect on the charge transport
in the device. To explore the charge transport properties of

Table 2 Summary of photoluminescence studies

Blend
Photoluminescence quench
efficiency@donor excitation

Photoluminescence quench
efficiency@acceptor excitation

Photoluminescence quantum
efficiency (PLQE)

FTAZ:IDIC 97.7% 89.4% 0.0%
FTAZ:IDTCF 95.5% 21.1% 0.4%
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these materials, we measured the mobility of the blends via
the space charge limited current (SCLC) method. We have
previously studied the hole and electron mobility for the
FTAZ:IDIC blend, which were measured to be 1.5 � 10�4 and
2.6 � 10�5 cm2 V�1 s�1, respectively.39 For the IDTCF-based
blend, hole- and electron-only devices were fabricated with the
structure of ITO/PEDOT:PSS/FTAZ:IDTCF/MoO3/Al and ITO/ZnO/
FTAZ:IDTCF/Ca/Al, respectively. The hole mobility of the FTAZ:
IDTCF blend wasmeasured to be 7.9� 10�6 cm2 V�1 s�1, which is
over two orders of magnitude lower than the hole mobility
generally observed for FTAZ-based blends.39–42,69,70,79–81 Recall
that the GIWAXS results found that IDTCF disrupts the packing
of the FTAZ chains as seen by the larger (010) peak in the blend
film. This effect will directly hinder the hole transport and would
contribute to the low Jsc value observed for the FTAZ:IDTCF device.
For the electron mobility, the measured dark current was
extremely low, and a mobility value was not able to be deter-
mined (i.e., could not reach SCLC range). This implies that the
electron transport is even more hindered than the hole trans-
port, and the actual mobility value is likely of an even lower order
of magnitude (o10�6 cm2 V�1 s�1). The poor electron transport
could be due to the disrupted packing of IDTCF molecules,
stemming from the steric hindrance imparted by the methyl
groups on the TCF unit.

Finally, we studied the charge collection by looking at the
charge collection probability (P(E,T)) for each blend (Fig. 5).
Experimentally, the photocurrent density ( Jph) was first mea-
sured as a function of the effective voltage (Veff) (Fig. 5a).

82 The
photocurrent density is defined as the difference between the
current densities in the dark and under illumination. The
charge collection probability can then be calculated by dividing
Jph by the saturation photocurrent ( Jph,sat). From Fig. 5a, it is
clear that for the IDTCF-based device, the photocurrent con-
tinues to rise (i.e., doesn’t saturate) even at high voltages (46 V),
suggesting that charges are still being extracted. Generally, at
higher applied voltages all generated excitons would split into
free charge carriers which are subsequently collected at the
electrodes, leading to a saturation of the photocurrent. The fact
that charges are still not completely extracted at such high
voltage values for the FTAZ:IDTCF device demonstrates the poor

charge transfer that occurs in the devices containing IDTCF as
an acceptor, which we have previously highlighted as a major
issue in this system. Additionally, at the short-circuit condition,
the IDIC-based device has a much higher P(E,T) than that of the
IDTCF-based device, 77% vs. 19%, respectively (Fig. 5b). These
results indicate that the charge collection process is far more
efficient in the IDIC system. There have beenmultiple works that
explore the effect of charge collection on device performance,
and it has clearly been outlined that issues with charge collection
results in Voc loss.77,83–85 Therefore, the low charge collection
probability observed for the FTAZ:IDTCF device can also help
explain the lower Voc measured for this system compared to
FTAZ:IDIC.

Conclusions

In summary, a hindered fused-ring electron acceptor, IDTCF,
was developed to probe the impact of sterics at the acceptor end
groups on the performance of non-fullerene acceptor (NFA)
based BHJ solar cells. Compared to the control FREA of IDIC,
IDTCF showed similar optical and electrochemical properties;
however, the photovoltaic performance of IDTCF was ten times
lower than that of IDIC. XRD, GIWAXS, and DFT calculations
illustrated a difference in packing (p–p stacking) of these materials,
and from a literature search of current high-performance FREAs,
a common value of B3.5 Å was found for p–p stacking. GIWAXS
measurements show that the IDTCF molecule has a larger p–p
stacking distance of 4.40 Å compared to the 3.45 Å of IDIC. We
identify geminate recombination and charge collection issues as
the major mechanisms that cause the poor performance of the
FTAZ:IDTCF system. Overall, these experiments provide a good
explanation for the superior performance of IDIC-based devices
compared to IDTCF. Particularly, we illustrated the importance
of planarity of the end group acceptor moieties of FREAs, as even
a methyl substituent out of the plane is enough to disrupt
the packing and drastically decrease the device performance.
Ultimately, this is one of the first works to concretely establish
planarity and close packing as part of the design requirements for
non-fullerene acceptors.

Fig. 5 (a) Photocurrent density and (b) charge collection probability (P(E,T)) of FTAZ:IDIC and FTAZ:IDTCF based solar cells.
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