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ABSTRACT

The performance of organic solar cells (OSCs) is governed by how molecular packing evolves into interconnected networks that

facilitate exciton dissociation and charge transport. Using an all-small-molecule blend DR3TSBDT:Y6 as a model system, we

study how local molecular stacking evolves into performance-relevant morphology during solvent vapor annealing (SVA) and

subsequent thermal annealing (TA). SVA promotes end-to-end stacking of amorphous acceptors to form interconnected fibrils,

while TA compacts inter-fibril spacing without disrupting favorable local order. Such molecular-to-morphological refinements

broaden light absorption, enhance charge transport, and markedly improve device efficiency. Extending this approach to
additional blend systems (D18:Y6, D18:L8-BO, and DR3TSBDT:L8-BO) yields similar structural evolution and performance gains,
with the D18:L8-BO system achieving up to 20.10% PCE. Our study establishes control over local stacking in amorphous acceptors

into fibrillar networks as a general and effective route to realize high-performance OSCs.

1 | Introduction

Organic solar cells (OSCs) have achieved remarkable progress in
recent years, with certified power conversion efficiencies (PCEs)
for single-junction devices surpassing 20% [1-4]. This advance
has been driven by the development of high-performance the Y-
series non-fullerene acceptors (NFAs) and by improved control
over active-layer morphology [5-9]. Within this context, fibrillar,
high-aspect-ratio domains are widely identified as a favorable
morphological motif, as they promote exciton dissociation, direc-
tional charge transport, and efficient collection [10-15]. Guided
by insights from single-crystal study, many research efforts have
focused on promoting favorable end-group or 77—7 stacking motifs
by molecular design strategies, including side-chain tuning,
backbone modification, and ternary blends [16-19]. In practice,

tailored backbone rigidity and side-chain structures in donors,
together with end-group and conjugated core design in NFAs,
allow precise control of molecular packing and phase-separated
morphology [20-23]. Introducing a third component to adjust
donor-acceptor (D/A) interfacial compatibility can further refine
molecular ordering and enhance device performance [24, 25].

Despite these advances in morphology control, a significant and
underappreciated limitation remains. The molecular packing of
NFAs in solution-processed active layers rarely reaches single-
crystals-like order, because rapid solvent evaporation kinetically
traps molecules into metastable configurations with substantial
packing dislocations and defects [26, 27]. Although processing
additives can modulate film-formation kinetics and generate
fibrillar morphologies that enhance device efficiency, a large
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fraction of amorphous states persists and continues to limit device
performance [28-30].

Post-treatments such as solvent vapor annealing (SVA) and
thermal annealing (TA) have therefore been used to tune such
metastable molecular packing [31-34]. TA promotes the face-on
molecular orientation and 7-7 stacking of Y6 [26, 35], yet most
studies on TA have focused mainly on optimizing the crystalline
phase, overlooking its role in fine-tuning molecular packing
in amorphous regions. SVA provides a kinetic pathway for
molecular rearrangement through the swelling effect of solvent
molecules, which adjust phase separation and packing motif [33,
36]. Prior SVA studies on Y6-based systems, typically focus on
the strengthening of crystalline phases, while the role of amor-
phous molecular packing in contributing to device performance
has remained largely unexplored. Therefore, advancing beyond
crystal-centric design rules, improving the amorphous local
molecular packing that can evolve into performance-relevant
fibrillar networks represents a crucial new direction to further
unlock the efficiency potential of OSCs.

Here, using an all-small-molecule blend DR3TSBDT:Y6 as a
model system, we elucidate how post-deposition treatments, SVA
alone or SVA sequentially followed by TA, can unlock the latent
performance potential of OSCs. These treatments induce subtle
yet crucial rearrangements of amorphous stacking of Y6 into
end-to-end contacts that propagates into a highly interconnected
fibrillar network. Building on these insights, we further applied
this strategy to the high-performing D18:Y6 and D18:L8-BO sys-
tems, achieving PCEs exceeding 19% and 20%, respectively. Our
findings highlight the critical role of manipulating amorphous
molecular packing in establishing functional mesoscale mor-
phology for advancing OSC efficiency beyond crystallinity-driven
design rules.

2 | Results and Discussion
2.1 | Photovoltaic Performance and Physical
Analysis

Figure la presents the chemical structures of the donor
DR3TSBDT and acceptor Y6. DR3TSBDT:Y6 is selected as a model
all-small-molecule system due to its simple chemical structure
and well-defined crystallization behavior, which eliminates poly-
mer chain effects and allows clear investigation of intrinsic Y6
packing and fibril formation. As shown in Figure 1b, the blend
thin films were prepared by spin-coating a chloroform solution
of DR3TSBDT:Y6 (1:0.8, w/w), followed by post-deposition treat-
ments. Carbon disulfide (CS,) was selected for SVA owing to its
low boiling point (46°C) and moderate solvation strength, which
enable controlled molecular reorganization without disrupting
the phase-separated morphology [37-39]. Based on systematic
optimization of the SVA solvent, TA temperature, and processing
time (Figure S1 and Tables S1-S3), the optimal treatments include
SVA with CS, for 50 s and then TA at 80°C for 5 min. For
simplicity, we refer to the single SVA treatment as “SVA” and
the combined treatment as “SVA+TA.” Normalized UV-vis-NIR
absorption spectra reveal that SVA induces a pronounced redshift
in the absorption of Y6, while SVA+TA slightly blue-shifts the
spectral features relative to the SVA-treated film and still exhibits

a redshift compared to the as-cast film (Figure 1c). Vibronic
analysis of the absorption spectra reveals that SVA significantly
increases the 0-0/0-1 intensity ratio of Y6 from 0.48 (as-cast)
to 1.00 (Tables S4 and S5), indicating a transition toward J-
type stacking. These spectral shifts indicate enhanced electronic
coupling and effective 7r-conjugation, associated with improved
molecular packing.

The current density-voltage (J-V) curves and corresponding
device metrics are summarized in Figure 1d and Table 1. The
as-cast device delivered a poor PCE of 0.44%, with an open-
circuit voltage (V) of 0.94 V, a short-circuit current density (Jgc)
of 2.14 mA cm™2, and a fill factor (FF) of 21.57%. In contrast,
the SVA-treated device exhibited a dramatically improved PCE
of 11.7%, with a tenfold increase in Jy- (23.34 mA cm~2) and
over twofold increase in FF (57.11%). The combined SVA+TA
treatment further enhanced the PCE to 12.32%. The increase in
Jsc aligns well with the enhanced external quantum efficiency
(EQE) across the absorption range (Figure 1e). Meanwhile, V¢
gradually decreased from 0.94 V (as-cast) to 0.88 V (SVA) and
0.86 V (SVA+TA). This reduction is attributed to the red-shifted
onset of absorption as well as EQE spectra, rather than an increase
in energetic losses, as all devices exhibit similar energy loss (E},)
values of ~0.55 eV (Figures 1f,g, S2, and S3 and Table S6) [40, 41].

To study recombination behavior, light-intensity (Py,,) depen-
dence of V. was analyzed via extracting the n factors with

Voc & nkTT In(Pyigr) [42], where k represents the Boltzmann
constant, T is the absolute temperature, g is the elementary
charge, and Py, refers to the incident light intensity. The
extracted n factors were 1.16 and 1.05 for the SVA and SVA+TA
devices, respectively, indicating suppressed trap-assisted recom-
bination (Figure 1h and Table S7) [43]. These findings are
consistent with the reduced energetic disorder observed in the
trap density of states (tDoS), as shown in Figure 1i. Exciton
dissociation and carrier collection efficiencies were evaluated
using the photocurrent density (J,,) versus effective voltage (V)
characteristics (Figure 1j) [44, 45]. The as-cast device exhibited
slow carrier release at high bias, indicative of severe trap-induced
recombination and charge loss. In contrast, the SVA and SVA+TA
devices showed saturation of Jy, in the high-bias region, con-
firming near-complete exciton dissociation and efficient charge
extraction. The ratio of J, to Jg,, under short-circuit conditions
increased to 89% for the SVA+TA device, further supporting
reduced trap density and enhanced collection efficiency. Charge
carrier transport was evaluated via the photo-CELIV method
(Figure 1k) [46]. The SVA and SVA+TA devices both exhibited
carrier mobilities of ~2 x 107*cm?V~'s™!, ~40 times higher
than the as-cast device (~5 x 107°cm? V~1s7!). Taken together,
the improvements in exciton dissociation, charge transport, and
carrier collection efficiency can be attributed to reduced energetic
disorder and suppressed trap-assisted recombination enabled by
the post-treatments.

To further justify the focus on SVA and SVA+TA treatments,
we compared the effects of TA-only and TA+SVA on device
performance (Figure S4). As summarized in Table S8, TA along
significantly improves the PCE of DR3TSBDT:Y6 devices to
11.39%. However, although TA+SVA leads to further performance
enhancement, its PCE remained lower than that obtained by
SVA+TA. This comparison highlights that TA alone cannot
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FIGURE 1 | (a)Chemical structures of DR3TSBDT and Y6. (b) Schematic illustration of post-treatment protocols: SVA followed by TA applied to
DR3TSBDT:Y6 blend films. (c) Normalized UV-vis-NIR absorption spectra of DR3ITSBDT:Y6 films under different post-treatments. (d) J-V curves, (e)
EQE spectra, (f) Ejoss analysis, (g) first derivative of EQE spectra, (h) light-intensity dependence of Vi, (i) tDoS, (j) Jon-Vesr characteristics, and (k)
photo-CELIV curves of DR3TSBDT:Y6 OSC devices with different post-treatments.

TABLE 1 | Photovoltaic parameters of DR3TSBDT:Y6 based OSC devices.

Device Voc? [V] Jsc? [mA cm—?] Jsc, poe” [MA cm~2] FF? [%] PCE? [%]

as-cast 0.94 (0.93 + 0.012) 2.14 (2.04 + 0.083) 2.09 21.57 (21.45 + 0.32) 0.44 (0.41 + 0.018)
SVA 0.88 (0.88 + 0.008)  23.34(23.22 + 0.33) 22.64 57.11 (56.79 + 0.57) 11.70 (11.54 + 0.20)
SVA+TA  0.86(0.86 + 0.005)  24.59 (24.26 + 0.29) 24.03 5824 (58.18 + 0.30)  12.32 (12.25 + 0.08)

#Measured by J-V curves with device of ITO/PEDOT: PSS/active layer/PDINO/Ag.
bIntegrated Jgc from EQE curves.
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FIGURE 2 |
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Contour maps of fs-TA spectra for DR3ITSBDT:Y6 blend films: (a) as-cast and (b) after SVA+TA treatment under 800 nm excitation.

Representative fs-TA spectra at selected delay times for (c) as-cast and (d) SVA+TA-treated films. (e) Hole transfer dynamics in the SVA+TA-treated
blends revealed by the GSB kinetics of DR3TSBDT at 500 nm and Y6 at 700 nm. (f) GSB kinetics at 550 nm for three blend films with corresponding

biexponential fits.

induce favorable local molecular stacking rearrangement,
whereas SVA initializes such stacking and enables TA to
effectively consolidate the morphology for maximizing device
performance.

2.2 | Exciton Diffusion and Dissociation

To elucidate the role of post-treatments on exciton dynamics,
femtosecond transient absorption (fs-TA) spectroscopy was used
to probe exciton diffusion and dissociation processes [47, 48].
Owing to the non-negligible absorption of Y6 at ~550 nm in
the steady-state spectra (Figure S5), excitation at this wavelength
would simultaneously populate both donor and acceptor states.
Therefore, an 800 nm pump was selected to selectively excite Y6
and initiate the hole-transfer process in the blend films. Under
800 nm excitation, fs-TA measurements of neat films show that
neat Y6 exhibits a distinct ground-state bleach (GSB) signal in the
650-750 nm with no response at 550 nm, whereas neat DR3TSBDT
displays no GSB in the 650-750 nm but has intrinsic absorption
characteristics at 550 nm (Figure S6). These spectral fingerprints
enable assignment of the 650-750 nm GSB to Y6 and the ~550 nm
GSB to DR3TSBDT in the blend films [49-51].

We then excited Y6 at 800 nm to initiate the hole-transfer
process from Y6 to DR3TSBDT. Figures 2a,b and S7a display the
2D contour images of fs-TA spectra for the as-cast, SVA+TA-
treated and SVA-treated films, while Figures 2¢,d and S7b present
representative spectra at selected time delays. In all cases, a
GSB signal corresponding to Y6 appears between 650-750 nm
immediately after excitation. Subsequently, a bleach feature
emerges ~550 nm, matching the absorption of DR3TSBDT. The

decay of the Y6 bleach coincides with the rise of the DR3TSBDT
bleach (Figure 2e), confirming ultrafast hole transfer from Y6 to
DR3TSBDT across the D/A interface.

Exciton dissociation dynamics were quantified by fitting the
decay kinetics at 550 nm with a biexponential model (Figure 2f).
The extracted time constants 7; and 7, correspond to exciton
dissociation at the D/A interface and exciton diffusion toward the
interface, respectively [52, 53]. In the as-cast film, 7; = 0.213 ps
and 7, = 1.053 ps. After SVA treatment, both values decrease
to 0.103 ps and 0.904 ps, and further reduce to 0.072 ps and
0.409 ps following SVA+TA processing. Notably, the subsequent
TA treatment after SVA leads to a more pronounced reduction
in the exciton diffusion time 7,, reduced by 61% relative to
the as-cast film and by 54.9% relative to the SVA-treated film
(Table S9). This indicates that TA treatment further consolidates
the molecular stacking and energetic landscape established by
SVA, thereby providing more efficient exciton diffusion and
dissociation pathways.

Photoluminescence (PL) spectroscopy (excitation at 550 nm,
Figure S8) was used to probe interfacial exciton quenching and
charge transfer process. In the blend films, the donor PL at 704 nm
is almost completely quenched, while a redshifted emission
appears at 814 nm, consistent with charge-transfer excitons. The
sustained strong PL quenching for the SVA and SVA+TA blends is
in agreement with the accelerated exciton dissociation observed
by fs-TA and the improved device performance. Therefore, the
modest improvement in exciton kinetics (Table S9), together with
enhanced charge mobility and reduced defect states, leads to
the substantial J;. and FF enhancements in the post-treated
devices. These findings suggest that SVA and SVA+TA improve
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FIGURE 3 | (a) GIWAXS patterns of DR3TSBDT, Y6, and DR3TSBDT:Y6 blend films under different post-treatments. GIWAXS I-q curves in the
(b) OOP and (c) IP directions. (d) AFM-IR images of DR3TSBDT:Y6 blend films. The scale bar represents 200 nm and the color bar corresponds to the
IR amplitude in arbitrary units (a.u.). (e) RSoXS I-q curves of DR3TSBDT:Y6 blend films.

the multiscale film structure, from local molecular stacking to
phase-separated morphology, facilitating more efficient charge
carrier generation.

2.3 | Molecular-to-Morphological Analysis

Grazing-incidence wide-angle X-ray scattering (GIWAXS) reveals
crystalline packing in neat and blend films (Figure 3a-c). In neat
films, DR3TSBDT exhibits an edge-on orientation, as indicated
by a strong 77— stacking reflection at 1.75 A~! in the in-plane (IP)
direction and high-order lamellar reflections in the out-of-plane
(OOP) direction. In contrast, Y6 adopts a face-on orientation, with
a - stacking peak at1.81 A~ in the OOP direction and a lamellar
(0.30 A™) reflection in the IP direction. In the blend films, the
scattering patterns are primarily associated with DR3TSBDT,
which preserves characteristic edge-on orientation with compara-

ble peak positions for both 7-7 stacking and lamellar reflections
after SVA and SVA+TA. SVA induces a modest enhancement in
the ordering of DR3TSBDT, as evidenced by the increased reflec-
tion intensity, whereas introducing TA after SVA does not lead
to further crystallinity enhancement (Table S10). Nevertheless,
the absence of high-order lamellar (200) and (300) reflections
in the blend films indicates that DR3TSBDT crystallites are
weakened or partially disrupted by blending, rather than being
altered by post-treatments. Meanwhile, UV-vis-NIR absorption
spectra of the blend films show a slight redshift accompanied by
the emergence of a shoulder feature for DR3TSBDT (~600 nm)
after post-treatment, suggesting improved chain packing and an
increased effective conjugation length associated with enhanced
short-range aggregation. However, such spectral evolution does
not translate into increased crystallinity. These results indicate
that the blend films consist of weak DR3TSBDT crystallites
embedded in a largely amorphous DR3TSBDT:Y6 matrix,
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FIGURE 4 | (a)Schematic of three representative Y6 dimer stacking configurations: CCTT, CTCT, and TT. (b) TD-DFT calculated vertical excited-
state levels and corresponding absorption spectra of different stacking configurations, where “M” represents single molecule. (c) Contour plots and (d)
line profiles of in situ UV-vis-NIR spectra of DR3TSBDT:Y6 blend films during CS,-SVA treatment. (e) Evolution of Y6 absorption peak position as a
function of SVA and TA time. (f) Schematic illustration of interconnected fibrils formed via local molecular stacking during SVA+TA treatment.

where the post-treatment-induced morphological optimization
predominantly arises from local molecular rearrangement.

The morphology of DR3TSBDT:Y6 blend films under as-cast,
SVA, and SVA+TA conditions was imaged by transmission
electron microscopy (TEM) and atomic force microscopy-infrared
(AFM-IR). In all cases, TEM images show pronounced light/dark
contrast arising from the electron density difference between the
donor and acceptor phases, evidencing clear phase separation
(Figure S9a-c). To obtain chemical-specific insight, AFM-IR
mapping of the 1295 cm™ vibrational mode was used to visualize
Y6 domains (Figures 3d, S10 and S11). In the as-cast film, Y6 forms
large aggregates, whereas SVA treatment induces interconnected
fibrillar structures bridging adjacent Y6 domains. Here, fibrillar
structures refer to elongated, interconnected domains arising
from directional molecular stacking [54, 55]. While DR3TSBDT
shows lamellar reflection enhancement and minor absorption
red-shifts, its contribution to these fibrillar features remains
uncertain. Subsequent SVA+TA processing further enlarges the
Y6 domains while preserving these fibrillar connections. Res-
onant soft X-ray scattering (RSoXS) at 285.4 eV supports this
trend (Figures 3e and S12-S14). The averaged I-q curves show
a strong low-q scattering feature for all blends, corresponding
to large-scale phase separation (~445 nm for as-cast and SVA;

~660 nm for SVA+TA). Crucially, SVA introduces an additional
feature at 0.033 A~! (~19 nm), attributed to the inter-fibril
spacing in-between Y6 aggregates, which TA reduces to ~15 nm
[56], densifying the fibrillar network. Collectively, these results
demonstrate that post-treatments promote preserve and densify
interconnected fibrillar networks that facilitate exciton dissocia-
tion and charge transport, thereby enhancing Ji- and FF in the
devices.

Given the largely amorphous character of Y6 in the blends,
the emergence of fibrils after post-treatment is most plausibly
driven by reorganization of amorphous Y6 across the phase-
separation scale, along with a pronounced red shift in the
absorption (~50 nm). To examine the molecular origin of
this spectral evolution, we performed time-dependent density
functional theory (TD-DFT) calculations of vertical excitation
energies for Y6 dimers in three representative stacking motifs,
including CCTT, CTCT, and TT, which have been previously
identified by molecular dynamics and single-crystal fragments
(Figure 4a) [57-59]. These motifs differ in the relative orientation
of the molecular core (C) and terminal (T) groups and thus
in the slip angle between transition dipoles. Our calculations
show a systematic red shift of the lowest allowed transition
in the sequence CCTT — CTCT — TT (Figure 4b), with the
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TT dimer exhibiting the smallest slip angle. Within the Kasha
framework, variations in transition-dipole geometry redistribute
oscillator strength between excitonic states: parallel dipoles
(H-type) favor higher-energy allowed transitions (blue shift),
whereas end-to-end dipoles (J-type) render the lower-energy
transition allowed (red shift) (Figure S15) [60-62]. The computed
trends in excitation energies and oscillator strengths therefore
align with the experimentally observed red shift, suggesting
that SVA promotes reorganization of Y6 toward J-type stack-
ing that enhances intermolecular conjugation in the thin film.
Additional TD-DFT calculations were conducted on DR3TSBDT
dimers with H-type, TT, and TDTD configurations (Figure S16).
While dimerization enhances absorption intensity and induces
a gradual red shift toward more J-like motifs, the magnitude
of the shift remains modest, matching the slight red shift
observed experimentally. These results reveal a clear asymmetry
in donor-acceptor responses: while both components undergo
local packing evolution, pronounced morphological and elec-
tronic reorganization occurs predominantly in the amorphous
acceptor phase.

In-situ UV-vis-NIR absorption spectroscopy during SVA reveals a
gradual red shift of the Y6 absorption peak following a sigmoidal
time dependence, characterized by an induction period, a rapid
transition, and subsequent saturation (Figures 4c-e and S17).
This kinetic profile indicates that SVA first nucleates J-type
packing, which then propagates cooperatively at the mesoscale.
The magnitude of the spectral shift, together with AFM-IR and
RSoXS evidence for increasing fibrillar connectivity and the TD-
DFT results, points to the reorganization of amorphous Y6 toward
a locally J-dominated packing. Among possible J-type configura-
tions, TT stacking is the most plausible motif, owing to minimal
alkyl-chain steric hindrance, as supported by single-crystal anal-
yses and our DFT calculations (Figure S18). TT stacking also
exhibits a relatively high electronic coupling (0.024 eV, compared
with 0.015 eV for CTCT and 0.029 eV for CCTT; Table Si1),
facilitating efficient intermolecular charge transport. Notably,
this TT stacking represents a local, short-range packing motif
occurring within largely amorphous Y6 domains, rather than a
long-range crystalline order. The extended 7-7 overlap of TT
dimers through multiple end-to-end contacts forms fibrillar Y6
networks that bridge larger-scale domains (Figure S19). Subse-
quent TA induces a slight blue shift without disrupting such
end-to-end packing, instead consolidating the fibrillar network
by reducing inter-spacing, reflecting geometric or electrostatic
adjustment rather than structural breakdown. These molecular
and morphological evolutions extend light-harvesting via red-
shifted end-to-end stacking and improve charge-carrier mobility
by strengthened 7-7 connectivity, rationalizing the enhanced
PCE of post-treated devices. A schematic illustration of the inter-
connected fibrillar networks formed during SVA+TA treatment
is shown in Figure 4f.

2.4 | Generality of Local Molecular Stacking
Control Guideline

To verify the generality of the local molecular stacking optimiza-
tion for efficient OSCs, we extended this guideline to two addi-
tional NFA-based systems: D18:Y6 and D18:L8-BO (Figure 5a).
The J-V curves and performance parameters of the OSC devices

are summarized in Figures 5b,c and S20 and Tables 2 and S12. For
D18:Y6 blend, the PCE increases from 17.83% (as-cast) to 18.27%
(SVA) and 19.10% (SVA+TA, Vi = 0.845V, Jyc = 28.10 mA cm™2,
FF = 80.44%). Similarly, the D18:L8-BO devices improve from
18.04% to 19.45% (SVA) and 20.10% (SVA+TA, Vi, = 0.910 V,
Jsc = 2735 mA cm™?, FF = 80.75%). Although V. slightly
decreases, the substantial gains in Jsc and FF drive the overall
PCE improvements. The EQE spectra show enhanced photocur-
rent response across the full wavelength range (Figure S21),
indicating more efficient charge generation and collection. The
20.10% efficiency achieved for D18:L8-BO devices represent a
new benchmark for this system without any processing additive
(Figure 5d and Table S13). The reduction in V. for DI18-
based devices after SVA and SVA+TA treatments is significantly
smaller than that observed in the DR3TSBDT:Y6 system. This is
primarily because DR3TSBDT:Y6 is an all-small-molecule blend,
where Y6 readily diffuses and reorganizes under SVA to form
strong J-type packing, leading to pronounced absorption redshift
and a substantial decrease in V. In contrast, in D18-based
polymer systems, the motion of acceptor molecules is constrained
by the polymer chains, limiting molecular reorganization and
resulting in weaker J-type packing and thus marginal V¢
loss.

For both systems, UV-vis-NIR absorption spectra reveal that
SVA induces a significant red shift of the NFA absorption,
followed by a slight blue shift after TA (Figure 5e,f), mirroring
the behavior observed for the DR3TSBDT:Y6 blend. Taking the
D18:L8-BO blend as an example, although the absorption of
D18 changes slightly, a distinct red-shift occurs in L8-BO. In
situ spectroscopy shows that the red shift of the L8-BO absorp-
tion during SVA has a sigmoidal time dependence (Figures 5g
and S22), consistent with the end-to-end packing nucleation
and cooperative propagation observed in the DR3TSBDT:Y6
system. AFM-IR maps of the L8-BO domains reveal anal-
ogous morphological transitions (Figure S23). As shown in
Figure 5i-k, after SVA, interconnected fibrillar structures bridg-
ing adjacent L8-BO domains appear, while SVA+TA further
enhances such domain interconnection. RSoXS supports these
trends (Figures 5h and S24-S26), with an interference feature
at 0.02 A1, corresponding to an inter-fibril distance of ~31 nm.
These results demonstrate that promoting end-to-end stacking
of amorphous acceptors, which propagates into interconnected
fibrillar networks, provides a general and practical guideline
for advancing diverse OSC blend systems toward their perfor-
mance limits. Thermal stability tests further show that after
216 h of aging at 80°C, the SVA+TA-treated DR3TSBDT:Y6 and
D18:L8-BO devices consistently exhibit enhanced PCE reten-
tion, compared to their as-cast and SVA-only counterparts
(Figure S27; Tables S14-S17). Such improved stability can be
attributed to the amorphous-dominated, interconnected fibrillar
network, where exciton dissociation and charge transport are
less sensitive to local packing fluctuations under thermal stress
(Figures S27, S28).

We further fabricated DR3TSBDT:L8-BO devices to validate the
generality of this strategy (Figure S29 and Table S18). Upon
SVA+TA treatment, the PCE enhances from 0.39% (as-cast) to
13.93%, with Jg. and FF improvements, further supporting the
general applicability of the local molecular stacking regulation
in OSCs. Based on the blend systems studied, the suitability
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FIGURE 5 | (a) Chemical structures of D18 and L8-BO. J-V curves of OSCs based on (b) D18:Y6 and (c) D18:L8-BO blends with different post-
p

treatments. (d) Reported PCE values of D18:L8-BO based OSCs. Normalized UV-vis-NIR absorption spectra of (e) D18:Y6 and (f) D18:L8-BO blend films
with different post-treatments. (g) Evolution of L8-BO absorption peak position as a function of SVA and TA time. (h) RSoXS I-q curves at 285.4 eV
of D18:L8-BO blend films. AFM-IR images of D18:L8-BO blend films with different post-treatments: (i) as-cast, (j) SVA, and (k) SVA+TA. The images
were measured 1344 cm™! vibrational mode to highlight the L8-BO domains. The scale bar represents 200 nm and the color bar corresponds to the IR

amplitude in arbitrary units (a.u.).

TABLE 2 | Photovoltaic parameters of D18:Y6 and D18:L8-BO based OSC devices.
Blend Device Voc® [V] Jsc? [mA cm™2] Jsc, poe” [MA cm™?] FF? [%] PCE? [%]
D18:Y6 as-cast 0.866 26.67 26.09 77.25 17.83
0.861 = 0.008 26.62 + 0.141 77.01 + 0.171 17.72 £ 0.117
SVA 0.854 27.32 26.82 78.27 18.27
0.850 = 0.005 27.15+ 0.174 78.11 + 0.289 18.2+0.14
SVA+TA 0.845 28.10 27.46 80.44 19.10
0.840 + 0.005 27.89 + 0.105 80.28 + 0.119 19.07 £+ 0.091
Dis: as-cast 0.933 25.55 25.05 75.69 18.04
L8-BO 0.929 + 0.004 25.43 £ 0.120 75.39 + 0.375 17.95 £ 0.095
SVA 0.914 26.92 26.26 79.03 19.45
0.911 + 0.003 26.87 £ 0.066 78.84+0.215 19.36 £ 0.090
SVA+TA 0.910 27.35 26.68 80.75 20.10
0.906 + 0.003 27.29 + 0.072 80.59 + 0.168 19.99 £ 0.110

#Measured by J-V curves with device structure of ITO/PEDOT: PSS/2PACz/active layer/PDINN/Ag.

bIntegrated Jgc from EQE curves.

of D:A combinations for this strategy can be assessed by three
guidelines: (1) the acceptor allows end-to-end rearrangement
and locally J-type stacking under post-treatment; (2) the D:A
pair maintains moderate phase separation during SVA, enabling
local rearrangement without morphological collapse; (3) a sig-
moidal red-shift evolution in in-situ UV-vis-NIR absorption
during SVA serves as a rapid indicator of fibrillar network
formation.

Conclusion

31

We demonstrate that controlled promotion of end-to-end packing
in amorphous NFAs drives the formation of performance-
relevant fibrillar morphology in OSCs. Such molecular-to-
morphological manipulation can be effectively achieved through
post-treatments like SVA and SVA+TA. The interconnected fibrils
formed via acceptor reorganization markedly enhance exciton
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dissociation and charge transport, thereby boosting device per-
formance. Extending this strategy to additional blends, including
D18:L8-BO, yields similar structural evolution and efficiency
improvements, achieving a 20.10% PCE. Our findings indicate
that controlling local molecular stacking in amorphous acceptors
to promote reorganization into interconnected fibrils represents
a general and effective route to unlock the efficiency potential of
OSCs.

4 | Experimental Section

See experimental details in the Supporting Information.
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