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Abstract

In bulk heterojunction (BHJ) organic solar cells (OSCs) employing perylene diimide (PDI)-
based non-fullerene acceptors, excessive intermolecular interactions among PDI units lead
to severe aggregation and pronounced donor–acceptor phase separation, both of which
critically limit device performance. To address these issues, numerous structurally engi-
neered PDI derivatives have been developed. In particular, twisted multi-PDI architectures
designed to suppress intermolecular aggregation have shown improved morphological
control; however, such twisted structures are often highly amorphous, which reduces
electron-transport efficiency and constrains OSC performance. In this work, we introduce a
mixed-acceptor strategy combining a twisted PDI dimer (SF-PDI2) with a planar monomeric
PDI (m-PDI) to balance aggregation and morphological uniformity. Ternary blend OSCs
consisting of PTB7-Th as the donor and these two PDI acceptors exhibit systematic per-
formance variations depending on their relative ratios. At the optimized composition
(SF-PDI2:m-PDI = 90:10 by weight), the device outperforms single-acceptor systems, which
is attributed to controlled aggregation arising from the complementary structural features
of the two PDI acceptors. This study demonstrates that combining mixed PDI acceptors
with similar molecular moieties enables precise control of aggregation, improving both
morphology and photovoltaic performance.

Keywords: non-fullerene acceptors; perylene diimides; molecular aggregation; organic
solar cells; blend morphology

1. Introduction
Organic solar cells (OSCs) have emerged as promising next-generation photovoltaic

technologies owing to their lightweight, various form factors, mechanical flexibility, tun-
able absorption, and compatibility with solution processing [1–4]. Recent advances in
non-fullerene acceptors have significantly improved device efficiency and operational sta-
bility, largely driven by molecular design strategies, morphology optimization, and multi-
component device architectures such as ternary bulk heterojunction and layer-by-layer
configurations [5–13]. Among non-fullerene acceptors, perylene diimide (PDI) derivatives
have attracted considerable attention because of their strong electron affinity, excellent
thermal stability, and synthetic tunability, enabling widespread application in organic
electronics [9,14–19].
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Despite these advantages, many planar monomeric PDI derivatives exhibit strong
π–π stacking tendencies due to their highly planar structures, often resulting in excessive
aggregation in thin films. Such aggregation typically induces large crystalline domains
and poor intermixing with polymer donors, hindering exciton dissociation and consequent
charge photogeneration. Previous studies examining planar PDI acceptors have reported
poor device performance caused by aggregation-driven phase separation [15,20–22]. Thus,
controlling the aggregation behavior of PDI-based acceptors remains one of the central
challenges in their use for OSCs.

To address these issues, numerous multi-PDI and twisted PDI structures have been de-
veloped [14,21,23–30]. Bay-linked and imide-linked PDI dimers, as well as multi-branched
architectures, introduce steric hindrance to suppress long-range aggregation. Among
these, spiro-linked PDI dimers such as SF-PDI2 and SF-iPDI2 represent unique structural
innovations where a rigid spiro-bifluorene core enforces an orthogonal geometry between
PDI planes, effectively reducing π–π interactions and yielding smoother, more amorphous
films [8,16,22,31,32]. While these twisted structures improve morphological uniformity,
their amorphous nature can limit long-range electron transport, resulting in trade-offs
between aggregation suppression and electron mobility [5,11,32,33].

In this context, we propose a mixed-acceptor strategy that combines planar and
twisted PDI acceptors in ternary blend systems. The mixed-acceptor approach provides
an additional degree of control over the aggregation behavior of PDI acceptors, thereby
enabling potential improvements in OSC performance beyond what can be achieved with
single acceptor formulations [34–36]. To investigate this concept, we employ both a pla-
nar monomeric PDI (m-PDI) and a twisted spiro-linked PDI dimer (SF-PDI2) as electron
acceptors in donor polymer:PDI acceptor bulk heterojunction OSCs. These two acceptors
exhibit intrinsically contrasting aggregation tendencies: m-PDI tends to form ordered
molecular stacking that facilitates electron transport, whereas SF-PDI2 suppresses excessive
crystallization and helps maintain morphological uniformity. To systematically assess the
impact of mixing PDI acceptors with complementary aggregation characteristics on the
morphology and device performance of OSCs, comprehensive electrical, microscopic, and
spectroscopic characterizations were conducted on donor:acceptor blends with varying
m-PDI:SF-PDI2 ratios. As a result, we demonstrate that optimizing the blending ratio be-
tween these complementary PDI acceptors enables precise control of aggregation behavior,
ultimately leading to maximized device performance.

2. Materials and Methods
2.1. Materials

Poly([2,6′-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,3-b]dithiophene]{3-fluoro-2[(2-eth-
ylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}) (PTB7-Th) was purchased from 1-Material
Inc. (Dorval, QC, Canada). The PDI-based acceptors, SF-PDI2 and m-PDI, were synthe-
sized following previously reported procedures with minor modifications [8,16,31,32]. All
chemicals, including chlorobenzene (CB) used as the solvent for preparing and coating the
donor:acceptor blend solutions and the reagents required for the fabrication of the zinc
oxide (ZnO) interlayer, were purchased from Sigma Aldrich (Burlington, MA, USA) and
used as received without further purification. The hole transport layer material, MoO3,
was purchased from Tokyo Chemical Industry (Tokyo, Japan).

2.2. Fabrication of Devices

Organic solar cells were fabricated in an inverted device architecture of ITO/ZnO
(50 nm)/active layer (PTB7-Th:mixed-PDI blend)/MoO3 (3 nm)/Ag (80 nm). ITO-coated
glass substrates were cleaned by sequential ultrasonication in detergent solution, distilled
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water, acetone, and isopropanol for 15 min each, followed by UV–ozone treatment for
20 min. A ZnO electron-transport layer was deposited by spin coating a ZnO precursor
solution onto the substrate at 4000 rpm, followed by thermal annealing at 180 ◦C for
10 min. The ZnO precursor solution was prepared by dissolving zinc acetate dehydrate,
monoethanolamine, and 2-methoxyethanol with stirring for 8 h, following a procedure
reported previously [37]. Active layer solutions were prepared in CB at 55 ◦C, dissolving
PTB7-Th at a concentration of 10 mg mL−1 and mixed PDI acceptors at a total concentration
of 10 mg mL−1. The donor to acceptor weight ratio was fixed at 1:1, as prior studies on PDI
acceptor-based OSCs have commonly reported optimal donor to acceptor ratios around this
value [27,31,32]. While the relative ratio between the two acceptors within the mixed-PDI
acceptor system was varied, the overall donor to total acceptor ratio was intentionally
kept constant at 1:1. This design choice was made to more clearly isolate and examine
the effects of PDI acceptor mixing on aggregation behavior and blend morphology. For
the mixed-PDI acceptor system, four blend ratios of SF-PDI2 to m-PDI (100:0, 90:10, 80:20,
and 0:100) were investigated. The warm solutions were spin-coated onto the ZnO-coated
substrates at speeds ranging from 700 to 4000 rpm. After active layer deposition, a 3 nm
thick MoO3 layer and an 80 nm thick Ag electrode were sequentially deposited by thermal
evaporation under high vacuum conditions below 4 × 10−6 Torr. Electron-only devices
for space-charge-limited current (SCLC) measurements were fabricated with a device
configuration of ITO/ZnO/active layer (mixed-acceptor-only)/LiF (6 Å)/Al (80 nm). LiF
and Al were deposited by thermal evaporation under the same high vacuum conditions.

2.3. Characterizations

Current density–voltage (J-V) characteristics of devices were recorded using a Keithley
2400 source meter (Tektronix, Beaverton, OR, USA). Photovoltaic performance of the solar
cell devices was measured under AM1.5G illumination at an intensity of 100 mW cm−2

generated by an Oriel 1 kW solar simulator, which was calibrated using a certified silicon
reference cell (Newport). SCLC measurements of electron-only devices were performed in
the dark, and the dark J-V curves were fitted using the Mott–Gurney law to extract electron
mobilities. All electrical measurements were carried out inside a nitrogen-filled glove-
box. UV–vis absorption spectra were recorded using a CARY-5000 spectrometer (Varian,
Palo Alto, CA, USA). External quantum efficiency (EQE) measurements were obtained us-
ing an Oriel IQE-200 system (Newport, Irvine, CA, USA). Atomic force microscopy (AFM)
images were obtained using an NX-10 atomic force microscope (Park Systems, Suwon,
Republic of Korea) operated in the non-contact mode.

3. Results and Discussion
3.1. Molecular Structure of PDI Acceptors

The molecular structures of the donor and acceptor materials used in this study are
shown in Figure 1. PTB7-Th was employed as the donor polymer owing to its broad
absorption in the visible region, suitable energy-level alignment, and well-documented
performance in various OSC systems. Two structurally distinct PDI acceptors, m-PDI
and SF-PDI2, are also presented. Based on prior reports [8,27,31,32], the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels
of PTB7-Th are reported to be approximately −5.2 and −3.3 eV, respectively, and the HOMO
and LUMO energy levels of PDI acceptors vary slightly depending on their molecular
structures, but are generally around −6.0 and −3.8 eV, respectively. That is, the LUMO
levels of both PDI acceptors are sufficiently lower than that of PTB7-Th, while their HOMO
levels are also positioned deeper than the HOMO of PTB7-Th. This favorable energy-level
alignment provides adequate driving forces for electron transfer from the donor to the
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acceptor and hole transfer from the acceptor to the donor, thereby enabling efficient exciton
separation at the donor–acceptor interface.

Figure 1. Molecular structures of PTB7-Th, SF-PDI2, and m-PDI.

The m-PDI acceptor possesses a fully planar conjugated core with symmetric branched
alkyl chains at both imide positions. The high planarity of m-PDI promotes strong π–π
interactions, leading to persistent intermolecular stacking and pronounced aggregation.
Numerous studies have reported that planar PDI derivatives readily form large crystalline
domains in thin films, which results in unfavorable phase separation in OSCs [20,22]. Such
structural characteristics often limit photocurrent generation due to the reduced interfacial
area between the donor and acceptor phases. In contrast, SF-PDI2 consists of two PDI units
connected at the bay positions through a rigid spiro-bifluorene scaffold, which enforces
a nearly orthogonal orientation between the two fluorene moieties [16]. This twisted
three-dimensional geometry effectively disrupts π–π stacking between adjacent PDI planes
and suppresses long-range crystallization, leading to smoother and more amorphous film
morphologies. The reduced aggregation behavior of SF-PDI2 is advantageous for achieving
uniform donor–acceptor mixing within the bulk heterojunction [38].

Because planar m-PDI facilitates electron transport through localized aggregation,
whereas twisted SF-PDI2 suppresses excessive stacking and preserves nanoscale morpho-
logical uniformity, blending these two acceptors is expected to produce complementary
morphological effects. We therefore hypothesized that incorporating a small fraction of
m-PDI into an SF-PDI2-rich matrix would introduce controlled aggregation that enhances
electron transport, while the dominant SF-PDI2 fraction prevents the formation of large
crystalline domains. This complementary interaction constitutes the conceptual basis of
our mixed-acceptor strategy.

Bulk heterojunction active layers were fabricated using PTB7-Th as the donor and
mixtures of SF-PDI2 and m-PDI as the acceptors. The donor-to-acceptor weight ratio was
fixed at 1:1, while the relative weight ratios of the two PDI acceptors were systematically
varied (SF-PDI2:m-PDI = 100:0, 90:10, 80:20, and 0:100), as described in the Materials and
Methods section. For convenience, the acceptor mixtures with SF-PDI2:m-PDI ratios of
100:0, 90:10, 80:20, and 0:100 are hereafter referred to as the “100% SF-PDI2,” “90% SF-
PDI2,” “80% SF-PDI2,” and “0% SF-PDI2” acceptors, respectively. These compositions
were selected to examine how the gradual introduction of planar m-PDI influences film
morphology and device characteristics. High fractions of m-PDI were expected to intensify
aggregation and degrade device performance. Accordingly, SF-PDI2 was used as the major
acceptor component, with m-PDI introduced only in minor amounts. The incorporation of
a small amount of m-PDI was anticipated to enhance π–π stacking between PDI molecules
within the mixed-acceptor system without significantly compromising the smooth and
uniform blend morphology primarily provided by SF-PDI2. It is worth noting that, given
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the high compatibility between m-PDI and SF-PDI2, our system falls into the category of
one-donor–two-acceptor alloy-type ternary OSCs [39], where the particular focus of this
work lies on finely controlled molecular aggregation within the alloyed PDI acceptor phase.

3.2. Aggregation Behavior of Mixed-Acceptor Systems

The UV–vis absorption spectra of PTB7-Th-only, mixed-PDI-only, and PTB7-Th:mixed-
PDI blend films are shown in Figure 2. PTB7-Th exhibits strong absorption in the 500 to
800 nm range, whereas PDI-based acceptors primarily absorb between 400 and 600 nm. The
m-PDI-only film (0% SF-PDI2) displays pronounced vibronic shoulder features at 520 to
560 nm, reflecting the ordered aggregation and strong π–π stacking tendency of the planar
PDI units [20,40]. In contrast, films containing SF-PDI2 exhibit much smoother absorption
features, indicative of their largely amorphous nature with suppressed molecular packing.
Notably, even in the 90% SF-PDI2 film, weak shoulder-like features are observed, suggesting
that the incorporation of m-PDI induces controlled and moderate aggregation. Such subtle
aggregation is expected to promote electron transport pathways while preserving overall
film uniformity [41–43]. Absorption features associated with m-PDI induced aggregation
are observed not only in mixed-PDI-only films but also in the absorption spectra of PTB7-
Th:mixed-PDI blend films.

Figure 2. UV–vis absorption spectra of the materials used in this study in the solid film state. (a) PTB7-
Th-only film. (b) Mixed-PDI-only films. (c) PTB7-Th:mixed-PDI blend films. The mixed-PDI acceptors
have various weight ratios of SF-PDI2:m-PDI, 100:0 (100% SF-PDI2), 90:10 (90% SF-PDI2), 80:20 (80%
SF-PDI2), and 0:100 (0% SF-PDI2).

AFM height images of the mixed-PDI-only and PTB7-Th:mixed-PDI blend films
(Figure 3) provide direct insight into the morphological evolution as a function of m-
PDI content. The pure SF-PDI2 film exhibits a very smooth surface with a root-mean-square
(rms) roughness (Rrms) of 0.29 nm, consistent with its amorphous character. The introduc-
tion of small amounts of m-PDI leads to a gradual increase in Rrms for the mixed-PDI-only
films, with values of Rrms = 0.36 nm and 0.64 nm for the 90% SF-PDI2 and 80% SF-PDI2

films, respectively. These results clearly indicate that the m-PDI induces molecular ag-
gregation, which contributes to increased surface roughness. It is important to note that,
although the addition of small amounts of m-PDI leads to the formation of fine scale aggre-
gation of PDI acceptors, it does not result in pronounced crystallization of m-PDI or phase
separation between m-PDI and SF-PDI2 within the composition range examined. Similar
morphological trends are observed in the PTB7-Th:mixed-PDI blend films. Specifically,
the Rrms values increase gradually with increasing m-PDI content, reaching 1.43, 1.96,
and 2.15 nm for blend films containing 100% SF-PDI2, 90% SF-PDI2, and 80% SF-PDI2

acceptors, respectively, without showing any sign of phase separation or excessively grown
m-PDI crystalline domains. These morphological observations are in good agreement with
the UV-vis absorption results, supporting the effectiveness of the mixed-PDI strategy in
enabling fine control over molecular aggregation in the blend films.
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Figure 3. AFM height images of (a) mixed-PDI-only films and (b) PTB7-Th:mixed-PDI blend films
with different SF-PDI2:m-PDI ratios, together with the corresponding rms roughness values. Scale
bar: 1 µm.

3.3. Photovoltaic Performance

Figure 4a presents the J-V characteristics of the OSC devices with various mixed-PDI
acceptor compositions measured under AM1.5G one-sun illumination. The corresponding
photovoltaic parameters, including short-circuit current density (JSC), open-circuit voltage
(VOC), fill factor (FF), and power conversion efficiency (PCE), are summarized in Table 1.

Figure 4. Photovoltaic characteristics of the PTB7-Th:mixed-PDI blend-based OSCs with different
SF-PDI2:m-PDI acceptor ratios. (a) J-V characteristics. (b) EQE spectra.

Table 1. Photovoltaic parameters of PTB7-Th:mixed-PDI OSC devices measured under AM1.5 one-sun
illumination. Values are averaged over at least five devices, with standard deviations in parentheses.

JSC VOC FF PCE
Device

[mA cm−2] [V] [%]
100% SF-PDI2 2.67 (±0.154) 0.830 (±0.027) 0.282 (±0.004) 0.624 (±0.042)
90% SF-PDI2 3.28 (±0.139) 0.845 (±0.050) 0.303 (±0.005) 0.840 (±0.072)
80% SF-PDI2 2.39 (±0.115) 0.773 (±0.012) 0.294 (±0.004) 0.544 (±0.026)
0% SF-PDI2 1.62 (±0.163) 0.567 (±0.012) 0.313 (±0.003) 0.287 (±0.022)
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The best performance was achieved for the device incorporating the 90% SF-PDI2

accepter. This device exhibited an approximately 22% increase in JSC compared to the de-
vice with the 100% SF-PDI2 acceptor, indicating that m-PDI-induced aggregation enhances
photocurrent generation [41–43]. Further increasing the m-PDI content led to a deteriora-
tion in device performance. Specifically, the device containing the 80% SF-PDI2 acceptor
showed lower JSC and PCE values than the device with the 100% SF-PDI2 acceptor. This
performance degradation at m-PDI content exceeding the optimal level is likely attributable
to excessive acceptor aggregation induced by m-PDI. Meanwhile, the device based on the
0% SF-PDI2 acceptor, corresponding to 100% m-PDI, exhibited substantially reduced JSC,
VOC, and PCE values, confirming that excessive aggregation of m-PDI is detrimental to
device performance.

The EQE spectra of the devices are shown in Figure 4b. The spectral profiles of the
EQE spectra closely follow those of the UV-vis absorption spectra. The device incorporating
90% SF-PDI2 exhibits the highest EQE values, reaching up to approximately 18% across
the visible range, followed by devices with 100% SF-PDI2, 80% SF-PDI2, and 0% SF-
PDI2 acceptors. This trend is in good agreement with the JSC values extracted from the
J-V measurements.

Overall, the photovoltaic characteristics shown in Figure 4 demonstrate that moderate
PDI aggregation in the 90% SF-PDI2 blend effectively facilitates efficient photocurrent
generation, consistent with our hypothesis. Devices based on 100% SF-PDI2 exhibit slightly
lower JSC and EQE values, likely because the absence of aggregation limits the formation of
efficient electron transport pathways. In contrast, devices containing 80% or less SF-PDI2

show significant reductions in EQE as a result of excessive m-PDI aggregation, which
disrupts the optimal donor–acceptor interpenetrating network.

To support our interpretation, electron-only SCLC measurements were performed
on mixed-PDI-only films (Figure 5). The electron mobilities were extracted by fitting the
SCLC J-V characteristics using Mott-Gurney law [44,45]. The extracted electron mobility
values were 1.86 × 10−4, 3.87 × 10−4, 4.15 × 10−4, and 1.28 × 10−3 cm2 V−1 s−1 for the
films containing 100% SF-PDI2, 90% SF-PDI2, 80% SF-PDI2, and 0% SF-PDI2 acceptors,
respectively. The approximately twofold enhancement in electron mobility observed for
the 90% SF-PDI2 film compared to the 100% SF-PDI2 film clearly demonstrates that the
introduction of a small amount of m-PDI indeed facilitates electron transport within the PDI
acceptor phase through controlled aggregation. Meanwhile, because m-PDI and SF-PDI2

have comparable LUMO energy levels, their mixing is unlikely to substantially alter the
energy landscape of the acceptor phase. This enhanced electron transport contributes
directly to the improved performance of OSC devices based on the 90% SF-PDI2 acceptor.
In contrast, the similar electron mobility values obtained for the 90% SF-PDI2 and 80% SF-
PDI2 films indicate that further increasing the m-PDI content does not lead to a continuous
improvement in electron transport within the mixed PDI acceptor system.

Taken together, the results from UV-vis absorption, EQE, morphology, and charge
transport analyses demonstrate that the complementary molecular structures of m-PDI and
SF-PDI2 enable fine tuning of aggregation behavior and film morphology in the photoac-
tive layer. This synergistic effect leads to enhanced overall photovoltaic performance in
mixed-acceptor devices when the blending ratio between the complementary acceptors is
optimally controlled.

Finally, we note that the PCEs of the devices reported in this study are lower than
those reported in some PDI-based OSC literature demonstrating high PCE values. Device
performance could be further improved through various approaches, such as changing
the donor polymer, adjusting the donor to acceptor ratio, introducing solvent additives to
control the nanoscale morphology, or employing alternative interlayer materials. However,
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the primary objective of this study is not to achieve record high PCE, but rather to validate
the concept of mixing PDI acceptors with complementary molecular structures and to
elucidate its effect on aggregation behavior and morphology. Therefore, we deliberately
employed an experimental system that allows the effects of mixing two PDI acceptors to be
clearly and unambiguously observed, even at the expense of device PCEs. As evidenced by
the consistent trends across multiple datasets, our results demonstrate the reliability of our
experimental observations and confirm the effectiveness of the mixed-PDI acceptor strategy.

Figure 5. Electron-only SCLC characteristics of mixed-PDI-only devices. The thickness of the mixed-
PDI layers was ~35 nm for all samples.

4. Conclusions
In summary, this study demonstrates a mixed-acceptor strategy that combines pla-

nar and twisted PDI acceptors as an effective approach to control molecular aggregation
behavior and optimize photoactive layer morphology in OSCs. The motivation of this
work arises from the intrinsic trade-off in PDI-based acceptors, where strong aggrega-
tion of planar molecular structures leads to excessive aggregation of PDI molecules and
pronounced phase separation between the donor and acceptor, whereas highly twisted
molecular structures suppress excessive phase separation but can limit efficient electron
transport. By blending m-PDI and SF-PDI2, two acceptors with complementary molecular
geometries, we aimed to balance these opposing effects within a single photoactive layer.
Systematic variation in the acceptor composition revealed that introducing a small amount
of planar m-PDI into an amorphous SF-PDI2-rich matrix induces controlled and moderate
aggregation without causing severe crystallization or phase separation. Spectroscopic and
morphological analyses confirmed that this subtle aggregation enhances molecular packing
while preserving overall film uniformity. As a result, devices incorporating the optimized
mixed-acceptor composition exhibited improved photocurrent generation and EQE com-
pared to devices based on a single acceptor system. The best photovoltaic performance was
achieved for the blend containing 90% SF-PDI2, which showed a clear enhancement in JSC

and PCE. Electron-only transport measurements further revealed that this improvement
originates from enhanced electron mobility enabled by controlled aggregation in the accep-
tor phase. In contrast, higher m-PDI contents led to excessive aggregation and degraded
device performance, emphasizing that aggregation must be precisely tuned.

Overall, this work establishes acceptor blending with complementary aggregation
behavior as a simple and versatile strategy to engineer molecular aggregation in OSCs
without the need for complex molecular redesign. We believe this concept can be readily
extended to other non-fullerene acceptor systems that face similar structure–property
trade-offs.
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