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Abstract
Acceptor‐donor‐acceptor (A‐D‐A) type ultra‐narrow bandgap acceptors
demonstrate promising potential for organic solar cells (OSCs) due to their
strong near‐infrared (NIR) absorption. However, further performance im-
provements are severely constrained by the insufficient exciton dissociation
driving force caused by a small donor‐acceptor electrostatic potential (ESP)
difference, as well as pronounced energy losses governed by the energy‐gap
law. To address these challenges, this work reports a synergistic molecular
design strategy that combines central core fluorination, selenophene substi-
tution, and side‐chain engineering, yielding two novel acceptors, namely
6TFSe‐4F and 6TFSe‐4Cl. The central core fluorination effectively enhances
the donor‐acceptor ESP difference and thus strengthens the exciton dissocia-
tion driving force, while the incorporation of selenophene compensates for the
fluorination‐induced weakening of intramolecular charge transfer, thereby
preserving strong near‐infrared absorption without undesirable blue‐shifting.
Compared to PM6:6TFSe‐4Cl, the PM6:6TFSe‐4F blend exhibits stronger
crystallinity, which is conducive to efficient charge transport. Consequently,
the PM6:6TFSe‐4F‐based device delivers a remarkable power conversion ef-
ficiency (PCE) of 14.4% with an exceptional short‐circuit current density (JSC)
of 27.14 mA cm−2, significantly outperforming the PM6:6TIC‐4F‐based device.
Notably, both the PCE and JSC represent the highest values reported to date for
binary OSCs employing A‐D‐A‐type selenium‐substituted acceptors. These
results demonstrate that the proposed synergistic molecular design strategy
simultaneously enables efficient exciton dissociation and suppressed energy
loss through precise modulation of molecular ESP and optimized packing
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behavior, thereby providing valuable guidelines for the rational design of next‐
generation high‐performance NIR acceptors.

K E Y W O R D S
energy loss, exciton dissociation, organic solar cells, selenophene substitution, ultra‐narrow
bandgap

1 | INTRODUCTION

Organic solar cells (OSCs) feature unique advantages such
as solution processability, mechanical flexibility, and
tunable optical properties, making them highly promising
alternatives to conventional photovoltaics in the context of
the rising global demand for renewable energy.1–7 In recent
years, rapid developments have been driven by continuous
material innovations and device engineering optimiza-
tions, pushing the power conversion efficiency (PCE) past
20%.8–11 In particular, acceptor‐donor‐acceptor (A‐D‐A)
type fused‐ring thiophene‐based ultra‐narrow bandgap
acceptors have attracted considerable attention owing to
their ability to extend the spectral response into the near‐
infrared (NIR) region, thereby enabling high short‐circuit
current density (JSC).12–14 Motivated by this potential,
significant research efforts have been devoted to
enhancing their photovoltaic performance through
rationalmolecular design. For example, in 2017, IEICO‐4F
was developed by incorporating alkoxy groups and fluo-
rine atoms into the D and A units, respectively, which
strengthened the intramolecular charge transfer (ICT) ef-
fect and enabled a PCE of 10.0%.15 Subsequently, the ultra‐
narrow‐bandgap acceptor 6TIC‐4F was developed by
replacing the benzene ring in the central corewith a thieno
[3,2‐b]thiophene unit. This structural modification affor-
ded an ultra‐narrow bandgap of 1.24 eV and promoted
favorable crystalline stacking, enabling a PCE of 11.14% in
combination with PBDB‐T.16 In 2019, alkyl side‐chain
engineering was employed to construct 3TT‐OCIC,
affording more controlled molecular interactions and ag-
gregation behavior and delivering a PCE of 12.43% with
PCE10.17

Despite these advances, two fundamental challenges
remain. To enhance the ICT effect and achieve a redshift
in absorption, the central core of ultra‐narrow‐bandgap
acceptors is often constructed with strong electron‐
donating units.18,19 However, this approach inevitably
weakens the overall electron‐deficient property of the
acceptor, resulting in an insufficient electrostatic poten-
tial (ESP) difference between donor and acceptor.
Meanwhile, further redshifting of absorption and nar-
rowing of the bandgap are intrinsically constrained by the
energy‐gap law, leading to pronounced non‐radiative

recombination losses and a concomitant reduction in
the open‐circuit voltage (VOC).15,20,21 As a result, current
research efforts are largely centered on single‐point
structural modifications, which often suffer from
intrinsic trade‐offs, where improvements in one param-
eter are achieved at the expense of others. Overcoming
these limitations requires the rational integration of
multiple molecular engineering strategies and a system-
atic exploration of their synergistic effects, offering a
promising avenue for breaking existing performance
bottlenecks in OSCs.

Previous studies have shown that central core fluori-
nation can fine‐tune the energy levels to promote the
exciton dissociation. In addition, fluorination induces
intermolecular hydrogen bonds (F–H⋅⋅⋅F) and F⋅⋅⋅S, F⋅⋅⋅π
non‐covalent interactions, promoting closer molecular
packing and guide molecules toward more ordered ar-
rangements, thereby improving crystallinity and carrier
mobility.19,22,23 However, due to the strong electron‐
withdrawing nature of fluorine atoms, the electron‐
donating ability of the central core is weakened, which
attenuates the ICT effect and results in a blue‐shifted
absorption.24 In contrast, the incorporation of seleno-
phene offers a complementary strategy. The larger atomic
radius and looser electron cloud of selenium (Se) atom
can reduce the overlap with adjacent p‐orbitals, signifi-
cantly lowering the aromaticity energy and imparting
stronger quinonoid character to the molecule in the
ground state, which effectively enhances the ICT effect.25

Moreover, the pronounced spin‐orbit coupling associated
with selenium facilitates intersystem crossing, which not
only improves the utilization rate of triplet excitons but
also effectively reduces non‐radiative recombination los-
ses.26,27 Meanwhile, the high polarizability of Se atom can
enhance intermolecular interactions, further benefiting
charge transport.28 Beyond heteroatom engineering, alkyl
side‐chain introduction plays a critical role in regulating
solution processability and solid‐state morphology.
Appropriately designed alkyl chains improve solubility
while suppressing excessive aggregation.17,29 Besides, a
high rotational barrier restricts the free rotation of ter-
minal units, reducing conformational freedom and the
number of accessible molecular conformations, which
helps lower energetic disorder and suppress energy loss.30
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Therefore, a feasible collaborative molecular design
strategy was identified to overcome the intrinsic trade‐
offs associated with single‐point structural modification.
In this work, two novel acceptors, 6TFSe‐4F and 6TFSe‐
4Cl, were rationally designed and synthesized by simul-
taneously integrating central core fluorination, seleno-
phene substitution, and alkyl side‐chain engineering
based on the near‐infrared‐absorbing benchmark mole-
cule 6TIC‐4F/F8IC (Figure 1A).16,31 Notably, the intro-
duction of selenophene effectively compensated for the
absorption blue shift induced by central core fluorination,
thereby preserving strong near‐infrared absorption.
Meanwhile, the energy levels were finely tuned to ach-
ieve improved energetic alignment with the donor PM6.
Density functional theory (DFT) calculations combined
with single‐crystal structural analysis revealed that this
collaborative strategy significantly strengthens intermo-
lecular interactions and promotes favorable molecular
packing. Energy loss analysis further confirmed that the
synergistic design effectively reduced energy loss. As a
result, the PM6:6TFSe‐4F‐based device achieved a

superior PCE of 14.4% together with an exceptional JSC of
27.14 mA cm−2. It is notable that both the PCE and JSC
represent the highest values reported to date for binary
OSCs utilizing A‐D‐A‐type selenium‐substituted accep-
tors, fully demonstrating the effectiveness and generality
of this collaborative design concept. To further explore
the influence of terminal halogen substitution, 6TFSe‐4Cl
was designed following the same molecular framework,
with chlorine atoms replacing fluorine on the terminal
electron‐withdrawing units. This modification was
intended to exploit the low‐lying vacant 3d orbitals of
chlorine to enhance π‐electron delocalization and further
strengthen the ICT effect.32 Unexpectedly, however, the
PM6:6TFSe‐4Cl‐based device exhibited a markedly
reduced PCE of only 11.6%. Grazing incidence wide‐angle
X‐ray scattering (GIWAXS) measurements revealed that
PM6:6TFSe‐4Cl possesses inferior crystallinity compared
to PM6:6TFSe‐4F, leading to less efficient charge trans-
port and ultimately compromising device performance.
This work proposes an effective collaborative molecular
design strategy to promote exciton dissociation and

F I G U R E 1 (A) The design strategy and chemical structures of 6TFSe‐4F and 6TFSe‐4Cl; (B) The UV‐vis absorption spectra of 6TFSe‐
4F and 6TFSe‐4Cl in chloroform solution and (C) in pure film; (D) Energy levels of PM6, 6TFSe‐4F, and 6TFSe‐4Cl.
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suppress energy loss, thereby addressing the prevailing
challenges in A‐D‐A‐type ultra‐narrow bandgap accep-
tors and offering profound insights and valuable refer-
ence paradigms for future material design in OSCs.

2 | RESULTS AND DISCUSSION

The synthetic routes for 6TFSe‐4F and 6TFSe‐4Cl are
showed in Supporting Information S1: Scheme S1. The
6TFSe‐CHO was prepared according to previously re-
ported procedures.33 Subsequently, 6TFSe‐4F and 6TFSe‐
4Cl were synthesized via Knoevenagel condensation.34

The structures of both compounds and their precursor
(6TFSe‐CHO) were verified by 1H NMR, 13C NMR, and
mass spectrometry (Supporting Information S1: Figure
S1–S9). Besides, the molecular structure of 6TFSe‐4Cl
was unambiguously confirmed by single‐crystal X‐ray
diffraction analysis (as discussed below). According to
thermogravimetric analysis (Supporting Information S1:
Figure S10), the 5% weight‐loss decomposition tempera-
tures for 6TFSe‐4F and 6TFSe‐4Cl were measured at 338
and 312°C, respectively, indicating their thermal stability
at elevated temperatures. Both acceptors exhibit good
solubility in chloroform (CF), and chlorobenzene solvent,
facilitating their solution‐processability.

The optical properties of 6TFSe‐4F and 6TFSe‐4Cl in
solution and thin films were investigated using
ultraviolet‐visible (UV‐vis) absorption spectroscopy, as
shown in Figure 1B,C, and the details are summarized in
Table 1. In solution, both compounds exhibited pro-
nounced and broad absorption in the range of
600–850 nm. Their maximum absorption peaks are
redshifted by 29 and 45 nm, respectively, relative to 6TIC‐
4F,16 indicating an enhanced ICT effect and demon-
strating that the incorporation of selenophene effectively
compensates for the blue shift caused by central core
fluorination. In thin films, the absorption bands further
broaden, covering a range from 600 to 1000 nm, with
their absorption edges extending to 945 and 984 nm,
respectively. The further red shift of 6TFSe‐4Cl suggests

enhanced intermolecular interactions. Cyclic voltamme-
try (CV) measurements (Supporting Information S1:
Figure S11) were used to determine the highest occupied
molecular orbital (HOMO) and lowest unoccupied mo-
lecular orbital (LUMO) energy levels of the two accep-
tors, while the corresponding PM6 values were taken
from the literature.35 The calculated HOMO/LUMO
levels are −5.56/–4.05 eV for 6TFSe‐4F and −5.52/
–4.06 eV for 6TFSe‐4Cl (Figure 1D). The narrower band
gap of 6TFSe‐4Cl is consistent with its more extended
absorption edge. Compared to 6TIC‐4F, both 6TFSe‐4F
and 6TFSe‐4Cl exhibit downshifted HOMO energy
levels (Table 1), likely due to the electron‐withdrawing
effect of fluorine in the central core, which enhances
the driving force for exciton dissociation.

To understand how this synergistic design influences
molecular orbitals, geometric structure, dipole moments,
and molecular electrostatic potential (ESP) distributions,
density functional theory (DFT) calculations were per-
formed at the B3LYP/6‐31G(d,p) level.36,37 Compared to
6TIC‐4F, both 6TFSe‐4F and 6TFSe‐4Cl exhibit lowered
HOMO energy levels, with 6TFSe‐4Cl displaying the
narrowest bandgap among the three (Supporting Infor-
mation S1: Figure S12), consistent with the CV mea-
surements discussed above. All three molecules maintain
excellent planarity, with dihedral angles between the
central core and end groups of only 0.04°, 0.13°, and 0.14°
for 6TIC‐4F, 6TFSe‐4F, and 6TFSe‐4Cl, respectively
(Figure 2A–C). The calculated dipole moments increase
from 0.08 D for 6TIC‐4F to 0.30 D for 6TFSe‐4F and 0.39
D for 6TFSe‐4Cl, while the corresponding average ESP
values are 3.04, 3.64, and 3.76 kcal/mol (Figure 2D–I).
Detailed ESP distributions and area mappings are pro-
vided in Supporting Information S1: Figure S13, with full
parameters listed in Supporting Information S1: Table S1.
The enlarged molecular surface area in 6TFSe‐4F and
6TFSe‐4Cl correlates with a broader electrostatic poten-
tial distribution, most notably in the positive regions.
This favors a larger interfacial contact area and stronger
intermolecular interactions with the donor, contributing
to efficient exciton dissociation. Furthermore, the

T A B L E 1 Photoelectronic parameters of 6TIC‐4F, 6TFSe‐4F, and 6TFSe‐4Cl.

Acceptor λmax [nm]a λmax [nm]b λonset [nm]b Eg
opt [eV]c HOMO [eV] LOMO [eV] Eg [eV]d Ref.

6TIC‐4F 765 829 980 1.27 −5.45 −4.14 1.31 16

6TFSe‐4F 794 838 945 1.31 −5.56 −4.05 1.51 This work

6TFSe‐4Cl 810 884 984 1.26 −5.52 −4.06 1.46 This work
aMeasured in solution.
bMeasured in pure film.
cEg

opt = 1240/λonset
b.

dEg = ELUMO−EHOMO.
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gradually increasing positive ESP variance indicates
enhanced charge distribution inhomogeneity within the
electron‐deficient regions, suggesting that the acceptors
are more inclined to interact with the donor through
their electron‐deficient regions, thereby forming a stron-
ger interfacial electric field. These results indicate that
the synergistic strategy of core fluorination, selenophene
incorporation, and side‐chain engineering effectively en-
hances dipole moments and ESP differences with the
donor, thereby reinforcing intermolecular interactions
and potentially facilitating more efficient exciton disso-
ciation and charge transport.

To further corroborate the enhancement of intermo-
lecular interactions by this synergistic effect, we initially
attempted to grow single crystals of 6TFSe‐4F via liquid‐
liquid diffusion, aiming to investigate the molecular
spatial arrangement and packing. Methanol was used as a
poor solvent and slowly diffused into the chloroform so-
lution containing the sample to reduce solubility and
induce crystallization. However, repeated attempts yiel-
ded only poor‐quality crystals unsuitable for subsequent
structural analysis. Therefore, we switched to growing
single crystals of 6TFSe‐4Cl using the same method.
Benefiting from its stronger crystallinity (as evidenced by
GIWAXS below), high‐quality single crystals were suc-
cessfully obtained, crystal data and structure refinement
details are listed in Supporting Information S1: Table S2.

Here, we use 6TFSe‐4Cl (CCDC:2500152) as a model
compound and compare it with the previously reported
single‐crystal structure of 6TIC‐4F16 (CCDC:1818232) to
explore the structural changes induced by this synergistic
effect. Figure 3A,B show the side and top views of 6TIC‐
4F and 6TFSe‐4Cl, respectively. The torsions of the two
molecules are 5.06° and 5.31°, respectively, both exhib-
iting good planarity, consistent with the trend predicted
by DFT calculations. Additionally, the bond angles be-
tween the central core and end groups are 131.12° and
133.32°, further confirming their similar molecular
backbone structures. Although the atomic radius of Se is
larger than that of sulfur (S), the Se⋅⋅⋅O noncovalent bond
length in 6TFSe‐4Cl (2.659 Å) is significantly shorter than
the S⋅⋅⋅O bond length in 6TIC‐4F (2.702 Å), indicating
stronger noncovalent interactions in 6TFSe‐4Cl. As
shown in Supporting Information S1: Figure S14, both
6TIC‐4F and 6TFSe‐4Cl exhibit two distinct molecular
packing modes. In 6TIC‐4F, the first mode involves
“head‐to‐head” packing between end groups, along with
π–π stacking between central thiophene units. The two
corresponding π–π stacking distances are 3.530 and
3.526 Å, respectively. The second pattern features “head‐
to‐tail” stacking between end groups with a π–π stacking
distance of 3.362 Å. In contrast, the molecular packing of
6TFSe‐4Cl differs significantly. This divergence is mainly
attributed to the combined steric hindrance caused by the

F I G U R E 2 (A–C) DFT‐calculated dihedral angles of 6TIC‐4F, 6TFSe‐4F and 6TFSe‐4Cl; (D–F) The corresponding molecular dipole
moments; (G–I) The corresponding molecular surface ESP maps and average ESP values.
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central benzene ring and the long alkyl side chains,
which prevents the five‐membered rings in the central
core from engaging in typical π–π interactions such as
“core to core” or “core to end group” stacking.38 The
absence of such interactions may explain why 6TFSe‐4Cl
does not form a three‐dimensional network packing as
observed in 6TIC‐4F (Figure 3C), but instead adopts a
highly ordered parallel arrangement (Figure 3D). Never-
theless, two distinct packing motifs are still observed in
6TFSe‐4Cl. The first involves π–π interactions between
terminal groups with a stacking distance of 3.513 Å. The
second corresponds to unusual interactions between the
phenyl rings attached to the cyclopentadiene units,
featuring an exceptionally short distance of 2.368 Å,
which is significantly smaller than typical π–π stacking
distances. These unique packing characteristics arise
from the cooperative effects of central core fluorination,
selenophene substitution, and alkyl side‐chain engineer-
ing. Importantly, the reduced stacking distances observed
in both packing modes of 6TFSe‐4Cl further confirm that
this synergistic molecular design effectively enhances
intermolecular interactions and promotes more ordered
molecular packing, which is expected to be beneficial for
charge transport in OSC devices.

To validate the effectiveness of the cooperative molec-
ular design strategy, the photovoltaic performances of
these acceptors were evaluated in OSCs with the device
architecture of ITO/2PACz/active layer/PDINN39/Ag
(Figure 4A), using PM6 as the donor. The corresponding
parameters are summarized in Table 2, with the data of the
PM6:6TIC‐4F reference device taken from the literature for
comparison.35 As shown in the current density‐voltage
(J‐V) curves (Figure 4B), the PM6:6TFSe‐4F‐based
optimal device delivers outstanding performance,
achieving a VOC of 0.79 V, a remarkably high JSC of
27.14mA cm−2, and a fill factor (FF) of 0.67, resulting in an
impressive PCE of 14.4%. Notably, both the PCE and JSC
represent the highest values reported to date for binary
OSCs based on A‐D‐A‐type selenophene‐substituted ac-
ceptors (Figure 4C and Supporting Information S1: Table
S3). Moreover, this performance significantly surpasses
that of the PM6:6TIC‐4F‐based device (VOC = 0.76 V,
JSC = 23.0 mA cm−2, FF = 0.70, PCE = 12.2%), featuring a
remarkably enhanced JSC that contributes to the higher
PCE, thus strongly confirming the effectiveness of the
proposed cooperativemolecular design strategy. However,
replacing the terminal fluorine atomswith chlorine results
in a pronounced deterioration in device performance.

F I G U R E 3 (A, B) The crystal structures of 6TIC‐4F and 6TFSe‐4Cl, showing the side view, top view, and stacking distance; (C, D) 3D
packing diagrams of 6TIC‐4F and 6TFSe‐4Cl.
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Although the PM6:6TFSe‐4Cl‐based device maintains a
relatively highVOC of 0.78V and a JSC of 25.28mAcm−2, its
PCE drops to 11.6%, primarily due to a significantly
reduced FF of 0.59. While terminal chlorination is ex-
pected to strengthen the ICT effect and enhance light
harvesting, the reduced device efficiency suggests that this
modification may simultaneously induce unfavorable
changes in active layer morphology, or charge transport
balance, thereby increasing recombination losses and
suppressing the FF (vide infra). To verify the accuracy of
the JSC, we measured external quantum efficiency (EQE).

As shown in Figure 4D, both devices exhibit broad pho-
toresponse spanning from 300 to 1000 nm range. In
particular, the PM6:6TFSe‐4F‐based device shows an EQE
exceeding 80% in the regions of 550–650 nm and
760–880 nm,which directly contributes to its exceptionally
high JSC. By integrating the EQE spectra, the obtained JSC
values are 26.07 mA cm−2 and 24.35 mA cm−2 for
PM6:6TFSe‐4F and PM6:6TFSe‐4Cl‐based devices,
respectively (Table 2). These values deviate by less than 5%
from those derived from the J‐V curves, confirming the
reliability of the JSC. To gain further insight into the origin

F I G U R E 4 (A) Device Structure; (B) J‐V curves; (C) PCE‐λonset
film and JSC−λonset

film profiles of devices based on 6TFSe‐4F and other
A‐D‐A‐type selenophene‐containing NFAs; (D) external quantum efficiency spectra; (E) Jph−Veff curves; (F, G) VOC−Plight and JSC−Plight

curves; (H, I) Electron and hole mobility.

T A B L E 2 Photovoltaic parameters for OSCs based on 6TFSe‐4F and 6TFSe‐4Cl.

Active layer VOC [V] JSC [mA cm−2] JSC
cal [mA cm−2]a FF PCE [%]b Eloss [eV]c

PM6:6TFSe‐4F 0.79 (0.790 ± 0.003) 27.14 (26.99 ± 0.15) 26.07 0.67 (0.66 ± 0.01) 14.4 (14.20 ± 0.17) 0.52

PM6:6TFSe‐4Cl 0.78 (0.773 ± 0.004) 25.28 (25.08 ± 0.20) 24.35 0.59 (0.57 ± 0.02) 11.6 (11.36 ± 0.24) 0.48
aIntegrated from the EQE spectra.
bAveraged over at least 10 devices.
cEloss = Eg−eVOC.
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of the device performance differences, particularly the
unexpectedly highVOC of thePM6:6TFSe‐4Cl‐based device
despite its ultra‐narrow bandgap, we evaluated the energy
loss (Eloss) using the empirical relation:40

Eloss = Eg
opt − eVOC (1)

The calculated Eloss values are 0.52 eV for PM6:6TFSe‐
4F and 0.48 eV for PM6:6TFSe‐4Cl‐based device, both of
which are lower than the 0.53 eV previously reported for
the reference PM6:6TIC‐4F‐based device.35 This reduc-
tion in Eloss can be primarily attributed to the synergistic
effects of selenophene substitution and alkyl side‐chain
engineering, which collectively enhance intermolecular
interactions and suppress non‐radiative recombination
pathways. Notably, the substantially reduced Eloss in the
6TFSe‐4Cl system provides a reasonable explanation for
its relatively unchanged VOC, despite possessing the
narrowest optical bandgap among the three acceptors.
These results highlight that terminal halogen modifica-
tion not only influences light absorption and energy
levels but also plays a critical role in regulating Eloss

pathways. However, the pronounced performance diver-
gence arising solely from replacing terminal fluorine with
chlorine, especially the severe FF reduction, suggests that
additional factors beyond energy loss, such as
morphology evolution and charge‐transport balance, are
also involved. Therefore, the following sections will sys-
tematically investigate the underlying mechanisms
responsible for this performance discrepancy.

To elucidate the origin of the higher JSC and FF
observed in 6TFSe‐4F‐based device compared to its
6TFSe‐4Cl counterpart, we first investigated the exciton
dissociation and charge collection processes. By
analyzing the relationship between photocurrent density
(Jph) and effective voltage (Veff), the exciton dissociation
probability (Pdiss) and charge collection efficiency (Pcoll)
were quantitatively calculated.41 As shown in Figure 4E,
the Pdiss values for PM6:6TFSe‐4F and PM6:6TFSe‐4Cl
are 95.5% and 93.3%, respectively, while the correspond-
ing Pcoll values are 77.6% and 73.3%. These results indi-
cate that both systems achieve highly efficient exciton
dissociation, which aligns with the strong donor‐acceptor
electrostatic interactions predicted by the DFT calcula-
tions, validating the effectiveness of the cooperative mo-
lecular design strategy. Notably, the marginally higher
Pdiss and Pcoll values of the PM6:6TFSe‐4F‐based device
are consistent with its increased JSC. The light intensity
(Plight) dependent measurements of VOC and JSC were
carried out to study the charge recombination dynamics,
as depicted in Figure 4F,G. In the semi‐logarithmic plot
of VOC versus Plight, the slope of VOC against ln(Plight) is

proportional to n(kT/q).42 The PM6:6TFSe‐4F‐based de-
vice exhibits a slope of 1.02 kT/q, which is closer to unity
than that of PM6:6TFSe‐4Cl (1.11 kT/q), indicating a
weaker dependence of VOC on Plight and thus more
effectively suppressed monomolecular or trap‐assisted
recombination.43 In addition, the bimolecular recombi-
nation behavior was evaluated by fitting the double‐
logarithmic plots of JSC versus Plight according to the
relation:44

JSC ∝ Plight
α (2)

The PM6:6TFSe‐4F‐based device shows an α value of
0.998, closer to the ideal value of unity than that of the
PM6:6TFSe‐4Cl‐based device (0.995), suggesting a lower
degree of bimolecular recombination.44,45 The suppressed
recombination losses enable more efficient charge
transport and extraction, which directly contributes to
the higher FF. Beyond exciton dissociation and recom-
bination dynamics, charge transport properties were
further examined by measuring the electron and hole
mobilities using the space‐charge‐limited current (SCLC)
method (Figure 4H,I, Supporting Information S1: Table
S4).46 The PM6:6TFSe‐4F‐based device exhibits an elec-
tron mobility (μe) of 1.37 × 10−3 cm2 V−1 s−1 and a hole
mobility (μh) of 1.20 × 10−3 cm2 V−1 s−1, whereas the
corresponding values for PM6:6TFSe‐4Cl are 1.26 × 10−3

and 0.99 × 10−3 cm2 V−1 s−1, respectively. Consequently,
the μe/μh ratio of the PM6:6TFSe‐4F‐based device (1.14) is
closer to unity than that of the PM6:6TFSe‐4Cl‐based
device (1.27), indicating more balanced charge transport.
The higher and more balanced carrier mobilities in the
PM6:6TFSe‐4F system further account for its superior FF
and overall device performance.

It is well established that charge mobility is closely
related to the morphology and crystallinity of the active
layer, both of which are strongly governed by the film
formation kinetics. Therefore, we first employed in situ
UV‐vis absorption spectroscopy to study the phase tran-
sition dynamics from solution to solid state.47

Figure 5A–D present the time‐resolved absorption spectra
and corresponding spectral profiles of the two blend
films. The film formation process can be divided into
three stages. In the first stage, corresponding to the initial
solvent evaporation process, a gradual decrease in ab-
sorption intensity at both the donor and acceptor char-
acteristic peaks is observed, as evidenced by the color
transition from red to green in the time‐resolved spectra.
This is attributed to the initially high local concentration
of solutes right after drop‐casting, which subsequently
disperses uniformly during spin‐coating.48,49 During this
stage, the peak positions of both components remain
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essentially unchanged, indicating the absence of pro-
nounced molecular aggregation. In the second stage, as
solvent evaporation continues and solute concentration
reaches saturation, a red‐shift in the acceptor peak sug-
gests rapid and ordered molecular aggregation, nucle-
ation, and growth. The third stage is marked by
stabilization of the donor and acceptor absorption,
signifying the completion of film formation. Among these
stages, the second stage is the most critical for film for-
mation. As shown in Figure 5E,F, analysis of the tem-
poral evolution of the acceptor's maximum absorption
peak reveals that the crystal growth time of the
PM6:6TFSe‐4F blend film is approximately 80 ms, which
is notably longer than that of the PM6:6TFSe‐4Cl film
(~60 ms). Generally, a prolonged crystal growth time
implies a slower crystallization process, which is condu-
cive to the formation of a microstructure with enhanced
crystallinity. Accordingly, the PM6:6TFSe‐4F blend film
possesses stronger crystallinity than its PM6:6TFSe‐4Cl
counterpart, providing a plausible morphological origin
for the superior charge transport properties observed in
the former system.

To further confirm the stronger crystallinity of
PM6:6TFSe‐4F, we analyzed the molecular crystallization
orientation and packing behavior using GIWAXS. As
shown in Figure 6A–E, both 6TFSe‐4F and 6TFSe‐4Cl neat
films exhibit strong diffraction peaks in the out‐of‐plane
(010) and in‐plane (100) directions, indicating a predomi-
nantly face‐on orientation with respect to the substrate.

Notably, compared with 6TFSe‐4Cl, the 6TFSe‐4F neat
film shows stronger diffraction signals at the out‐of‐plane
(100) and in‐plane (010) positions, suggesting the coexis-
tence of multiple molecular orientations. This behavior is
likely associated with the diverse noncovalent interactions
introduced by the multiple fluorine atoms in 6TFSe‐4F,
which promote more complex packing motifs. Given the
dominant face‐on orientation, quantitative fitting was
performed for the out‐of‐plane (010) and in‐plane (100)
diffraction peaks, with the extracted parameters summa-
rized in Supporting Information S1: Table S5. The results
reveal that 6TFSe‐4Cl possesses a larger d‐spacing and a
longer crystal coherence length (CCL) in its neat film,
implying a higher ordered molecular packing. This
observation is consistent with the highly parallel and or-
deredpackingmotif observed in its single‐crystal structure.
Additionally, both acceptors exhibit a diffraction ring near
q = 1.3 Å−1 in both in‐plane and out‐of‐plane directions,
which can be attributed to the coexistence of core‐to‐core
and terminal‐to‐terminal stacking modes. Compared to
the conventional terminal‐to‐terminal stacking, such
mixed stacking configurations are generally considered
more disordered.50 Due to the broad peak width and the
significant overlap between the diffraction features and
background scattering, reliable peak deconvolution is
challenging and subject to large fitting uncertainties.51

Therefore, no further quantitative analysis of these fea-
tures was attempted. After blending with PM6, the
GIWAXS patterns of both blend films exhibit enhanced

F I G U R E 5 (A, B) Time‐resolved absorption spectra of PM6:6TFSe‐4F and PM6:6TFSe‐4Cl; (C, D) The corresponding in situ UV‐vis
absorption line profiles; (E, F) Time evolution of the acceptor absorption peak positions for the two blends.
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out‐of‐plane (100) diffraction intensity, originating from
the donor polymer and indicative of an increased edge‐on
orientation contribution. Nevertheless, the overall molec-
ular orientation of the blended films remains predomi-
nantly face‐on, which is favorable for vertical charge
transport in OSC devices. 1D line‐cut analysis of the
GIWAXS profiles (Figure 6E) reveals that the PM6:6TFSe‐
4Cl blend film exhibits larger π–π stacking distances and
shorter CCL values in both in‐plane and out‐of‐plane di-
rections compared with the PM6:6TFSe‐4F blend film,
indicative of weaker crystallinity in the blend films.
Interestingly, this trend is opposite to that observed in the
neat films. Such a reversal can be rationalized by the
stronger intermolecular interactions and improved misci-
bility between 6TFSe‐4Cl and PM6, as suggested by their
larger ESP difference. To further verify this hypothesis,
contact angle measurements were conducted to quantita-
tively assess the D/A miscibility. As shown in Supporting
Information S1: Figure S15 and Table S6, the surface en-
ergy (γ) values of PM6, 6TFSe‐4F, and 6TFSe‐4Cl were
determined to be 34.47, 40.36, and 38.85 mN m−1, respec-
tively. The Flory‐Huggins interaction parameter (χ) be-
tween donor and acceptor was subsequently calculated
according to the equation:52

χ =
( ̅̅̅̅̅̅̅̅̅̅̅̅

γdonor
√ −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
γacceptor

√ )2
(3)

The PM6:6TFSe‐4Cl blend exhibits a significantly
lower χ value (0.131) than the PM6:6TFSe‐4F blend

(0.232), indicating superior miscibility between 6TFSe‐
4Cl and PM6. Nevertheless, such overly high miscibility
tends to induce excessively fine phase separation and
diminished phase purity in the blend film. This, in turn,
can hinder the formation of continuous charge transport
pathways, ultimately resulting in lower charge carrier
mobility, in good agreement with the SCLC‐derived
mobility results.

Based on the above analysis, it is evident that
PM6:6TFSe‐4F and PM6:6TFSe‐4Cl exhibit different crys-
tallinity, which can affect charge separation and transport
dynamics. To further probe this, steady‐state photo-
luminescence (PL) spectra of the PM6 neat film and the
corresponding blend films were recorded under 560 nm
excitation (Supporting Information S1: Figure S16).
Compared to the PM6 neat film, significant fluorescence
quenching was observed in both blends, with quenching
efficiencies of 98.33% for PM6:6TFSe‐4F and 97.80% for
PM6:6TFSe‐4Cl, indicative of highly efficient electron
transfer from PM6 to the acceptors. The slightly higher
quenching in PM6:6TFSe‐4F reflects more effective
excitondissociation in this system.Togain in‐depth insight
into the charge transport behavior in the blend films, time‐
resolved photoluminescence (TRPL) mapping was
employed, integrating lifetime imaging and carrier lifetime
distribution analysis. Using 780 nm excitation to selec-
tively target the acceptors, wemeasured the PL intensity of
both 6TFSe‐4F and 6TFSe‐4Cl neat films and their corre-
sponding blend films. All films demonstrated smooth
surfaces and homogeneous PL intensities (Figure 7A–D).

F I G U R E 6 (A–D) 2D grazing incidence wide‐angle X‐ray scattering images for the neat films of acceptors 6TFSe‐4F and 6TFSe‐4Cl, as
well as for their corresponding blend films with the donor PM6; (E) The corresponding 1D line‐cut profiles along the in‐plane and out‐of‐
plane directions.
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The lifetime images of these films were analyzed using a
single‐exponential fitting model, with the corresponding
2D lifetimedistributionmaps and statistical histograms are
presented in Figure 7E–L. The 6TFSe‐4F and 6TFSe‐4Cl
neat films exhibit lifetimes of 0.631 and 0.668 ns, respec-
tively, which decrease to 0.567 and 0.601 ns in the corre-
sponding blends due to the formation of donor‐acceptor
interfaces facilitating faster exciton quenching. Impor-
tantly, the consistently shorter fluorescence lifetimes of
6TFSe‐4F relative to 6TFSe‐4Cl, observed in both neat and
blend films, indicate faster hole transfer andmore efficient
charge separation. This finding aligns well with the SCLC‐
derived mobility measurements and provides a mecha-
nistic explanation for the higher JSC and FF observed in
PM6:6TFSe‐4F devices.

3 | CONCLUSION

In summary, two novel narrow bandgap non‐fullerene
acceptors, 6TFSe‐4F and 6TFSe‐4Cl, were rationally
designed and synthesized through a synergistic strategy
combining central‐core fluorination, selenophene incor-
poration, and alkyl side‐chain engineering. This coopera-
tive approach effectively enhanced the exciton dissociation
driving force, strengthened intermolecular interactions,

and reduced energy loss. Importantly, central‐core fluori-
nation increased the molecular electrostatic potential dif-
ference between donor and acceptor, reinforcing the
intermolecular electric field and promoting more efficient
charge separation. When blended with PM6, 6TFSe‐4F
exhibited stronger crystallinity than 6TFSe‐4Cl, resulting
in more efficient exciton dissociation, suppressed charge
recombination, and improved charge transport. Conse-
quently, the PM6:6TFSe‐4F‐based device delivered the
highest performance, achieving a decent PCE of 14.4% and
an outstanding JSC of 27.14 mA cm−2. These values are the
highest reported for binary OSCs utilizing A‐D‐A‐type
selenium‐substituted acceptors. Moreover, this study also
elucidates why subtle changes in terminal halogen atoms
canprofoundly affect device performance, highlighting the
critical interplay between molecular structure, packing,
and charge dynamics. Overall, this synergistic design
strategy not only advances the development of ultra‐
narrow bandgap materials but also provides valuable
guidance for future molecular engineering in high‐
performance OSCs.
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