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“1+2” Alloy-Like Strategy: Restricting Molecular Diffusion
Enables Highly Thermally-Stable and Efficient Organic Solar
Cells

Jin Chen, Yao Wu, Liangliang Chen,* Yuchen Liao, Yanzhuo Zhu, Aziz Saparbaev,
Ming Wan, Jingnan Wu, Yuda Li, Huimin Xiang, Adolat Saidkulova, Xunchang Wang,*
and Renqiang Yang*

Achieving concurrent enhancement in both power conversion efficiency (PCE)
and long-term durability of organic solar cells (OSCs) is challenging for their
commercial applications. Despite the critical roles of small molecule acceptors
in achieving high photovoltaic performance, they suffer from inherent diffusion
tendencies under operational conditions due toweak intermolecular interaction
and small-sized structure, commonly leading to significant device degradation.
Herein, a “1+2” alloy-like strategy consisting of monomer L8-BO and
dimer D-Y3F in the ternary active blend is developed, which effectively realizes
molecular diffusion restriction and morphology stabilization while achieving
a remarkable PCE of 19.70%. The PM6:L8-BO:D-Y3F system demonstrates
exceptional thermal stability, retaining over 85% of its initial PCE after 200 h of
thermal aging at 85 °C. This alloy-like approach synergistically enhances device
performance and stability through multiple mechanisms: 1) controlling pre-
aggregation behavior and optimizing the nano-micromorphology to promote
exciton dissociation and charge transport; 2) suppressing severe molecular
diffusion by D-Y3F-induced robust network with enhanced 𝝅–𝝅 interaction
and molecular entanglement in the alloy-like composite; 3) regulating
relatively higher glass transition temperature to overcome the diffusion-driven
morphological evolution such as aggregation and phase separation.
The work provides a promising approach for realizing high-performance
OSCs while effectively mitigating diffusion-induced device degradation.
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1. Introduction

Bulk heterojunction (BHJ) organic solar
cells (OSCs) have garnered considerable
interest due to their desirable attributes,
such as flexibility, lightweight nature, and
customizable coloration.[1–8] Especially, the
materials evolution of the high-performing
small molecule acceptor (SMA) Y6 and
its derivatives (Y-series SMAs) as well
as device engineering have driven the
power conversion efficiency (PCE) of single-
junction OSCs exceeding 20%.[9–15] De-
spite these advancements, these state-of-
art Y-series SMAs still face critical chal-
lenges, particularly the apparent molec-
ular diffusion tendency during kinetic-
to-thermodynamic equilibrium transitions
owing to their relatively low glass tran-
sition temperature (Tg) and high diffu-
sion coefficient within the donor.[16–18]

Such diffusion behavior inevitably destabi-
lizes the optimal morphology during long-
term device operation, thus leading to re-
duced device stability. Therefore, develop-
ing an effective stabilization strategy to
restrict molecular diffusion is a crucial
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Figure 1. a) Chemical structures of PM6, L8-BO, and dimer D-Y3F, and schematic diagram of the microscopic morphology of “1+2” alloy-like model.
b) Normalized UV–vis absorption of PM6, L8-BO, D-Y3F and L8-BO:D-Y3F (1.1:0.1) films. c) The energy level diagrams of relevant materials and the
L8-BO:D-Y3Fmixedmaterials. d) Contact angles of water and DIM on the films of PM6, L8-BO, and D-Y3F. e) DSC curves of L8-BO, D-Y3F neat acceptors
and L8-BO:D-Y3F blend. The measurements of Tg values by fitting UV–vis deviation metric results of f) L8-BO, g) D-Y3F, and h) L8-BO:D-Y3F (1.1:0.1)
films.

requirement for realizing a balance between the stability and ef-
ficiency of OSCs.
Dimerized small-molecule acceptors (DSMAs) incorporate the

advantages of both small molecules and polymers with definite
chemical structures and low diffusion properties, offering a sat-
isfactory PCE comparable to SMAs, as well as the mitigated ten-
dency of molecular diffusion close to polymer acceptors.[19–27]

For example, Kim et al. connected two Y-series monomers by
vinylene unit to afford a dimeric acceptor DYV with a high
Tg of 134 °C, and the binary OSC device based on PM6:DYV
demonstrates a high PCE of 18.60% and excellent stability with
80% of their initial efficiency (T80) up to 4005 h under 1-sun
illumination.[28] Wei et al. dimerized two Y-seriesmonomers by a
thiophene unit, achieving a higher PCE of 18.19%, and enhanced
stability in comparison with its monomer.[29] Notably, DSMAs
and SMAs are structurally similar, which might synergistically
work together in the active layer by forming alloy-like composites
due to highmolecular compatibility and further enhance the PCE
and stability of OSCs.[30–38] For example, Alex et al. developed an
alloy-like acceptor dT9TBO:Y6 and the corresponding ternary de-
vice displays excellent thermal stability with negligible decay af-
ter 1800 h under 65 °C thermal stress.[31] These studies collec-
tively highlight the significance of the alloy-like phase, formed
of DSMA/SMA combination, in advancing the development of
high-performance OSCs. Therefore, it is necessary to further

explore the mechanism for the trade-off between efficiency and
stability by DSMAs-based alloy-like strategy. Moreover, quantita-
tive analysis of SMAs diffusion via comprehensive morphologi-
cal parameter analysis in high-efficiency systems to elucidate the
diffusion-thermal property relationship under long-term high-
temperature conditions for enhanced device stability is crucial,
which will take an important step toward enhancing OSCs effi-
ciency and stability.
In this work, we designed a “1+2” alloy-like strategy consist-

ing of L8-BO and its dimerized analog, D-Y3F (Figure 1a). With
stronger intermolecular interaction, the L8-BO:D-Y3F alloy-like
acceptor exhibits enhanced molecular packing behavior com-
pared to pure L8-BO, forming a more robust integrated network.
This structural reinforcement, coupled with increased molecu-
lar entanglement in the alloy-like composite, significantly ele-
vates the kinetic energy barrier formolecularmotion, and thereby
effectively suppresses the molecular diffusion process. High-
temperature morphology stability and thermal property mea-
surement reveal that this L8-BO:D-Y3F alloy-like phase exhibits
a significantly higher Tg of 116 °C compared to L8-BO (Tg =
91 °C) owing to incorporating of D-Y3F (Tg = 131 °C), resulting
in lowermolecular diffusion coefficient of L8-BO:D-Y3Fmixture,
which contributes to robust microstructure in PM6:L8-BO:D-
Y3F ternary system, thereby overcoming the morphological evo-
lution of the active layer at high temperature and dramatically
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improving thermal stability. The suppressed thermally-driven
phase separation via this dimer alloy-like strategy endows the
device with higher endurance under thermal stress, with a PCE
maintenance of over 85% after heating at 85 °C for 200 h. Mean-
while, the “1+2” alloy-like strategy is also found to promote exci-
ton dissociation and improve charge transport, resulting in an in-
creased PCE of 19.70% for PM6:L8-BO:D-Y3F system. This work
demonstrates that the “1+2” alloy-like strategy presented in this
study provides valuable insights on simultaneously boosting ef-
ficiency and stability in ternary OSCs.

2. Results and Discussion

2.1. Synthesis and Characterization of Materials

The synthetic details and corresponding characterizations of
dimer acceptor D-Y3F, including 1H and 13C NMR spectroscopy,
and mass spectra analysis are presented in the Supporting
Information (Scheme S1, and Figures S1–S5, Supporting In-
formation). The UV–vis absorption spectrum is depicted in
Figure 1b, which reveals that the absorption of D-Y3F and
the blended acceptors are marginally red-shifted relative to L8-
BO, which is attributed to the enhanced intermolecular interac-
tion and elongated conjugated length of dimerized molecules.
Moreover, D-Y3F exhibits a higher absorption coefficient of
1.65 × 106 M−1 cm−1 than that of L8-BO (0.99 × 106 M−1 cm−1),
demonstrating its stronger capability for light harvesting (Figure
S6 and Table S1, Supporting Information). Fourier-transform in-
frared spectroscopy (FTIR) was used to evaluate the interactions
between L8-BO and D-Y3F. As shown in Figure S7 (Supporting
Information), the stretching vibrations of C═O and ─CH2─ give
rise to distinct absorption peaks at 1694.2 and 2856.3 cm−1 for
L8-BO, and 1693.8 and 2854.0 cm−1 for L8-BO:D-Y3F, respec-
tively. The L8-BO:D-Y3F mixture exhibits blue shifts in absorp-
tion peaks compared to the L8-BO, suggesting strong van der
Waals interactions between L8-BO and D-Y3F.[14,39]

Considering the high similarity of the chemical structure of
D-Y3F and L8-BO, these two acceptors might exhibit good com-
patibility to form an alloy-like phase in the blend film.[40] To vali-
date the formation of alloy-like acceptor of D-Y3F and L8-BOmix-
ture, cyclic voltammetry was carried out to detect the variation
of energy levels with the different ratios of D-Y3F and L8-BO.
It can be found that the LUMO energy levels of L8-BO:D-Y3F
blends gradually increased with the increase of D-Y3F content,
which is considered as a common feature of forming an alloy-
like state (Figure 1c; Figures S8 and S9 and Table S2, Support-
ing Information).[41] Subsequently, contact angle tests were per-
formed to explore the compatibility and miscibility among PM6,
L8-BO, and D-Y3F. The surface energies (𝛾) of neat PM6, L8-BO
and D-Y3F are determined to be 32.36, 36.03, 37.78 mJ m−2, re-
spectively (Figure 1d). Meanwhile, the calculated Flory–Huggins
interaction parameters (𝜒) follow the trend of L8-BO:D-Y3F
(0.021 K) < PM6:L8-BO (0.098 K) < PM6:D-Y3F (0.210 K) (Table
S3, Supporting Information). The similar surface energies be-
tween L8-BO and D-Y3F and their lower 𝜒 parameter versus
PM6:L8-BO and PM6:D-Y3F blends indicate these two acceptors
have superior miscibility and prefer to form the alloy-like phase
in the ternary blend.[42]

To further verify the formation of the alloy-like state between
L8-BO and D-Y3F, the melting transition points (Tm) of these ac-
ceptors were assessed by differential scanning calorimetry (DSC,
Figure 1e), respectively. After blending L8-BO and D-Y3F, the
blend exhibits only an endothermic peak with Tm of ≈314 °C,
which is between the corresponding two Tms in pure materials
(the Tm of pure L8-BO and D-Y3F are ≈320 and ≈327 °C). The
significantly reduced Tm of the L8-BO:D-Y3F blend also provides
convincing evidence for their exceptional miscibility to form the
alloy-acceptor phase.[43]

To evaluate the potential of D-Y3F in optimizing the stability
of PM6:L8-BO based binary OSCs device, we assessed the Tg val-
ues for pure SMA and alloyed system by referring to the devi-
ation metric method (Figure 1f–h).[44,45] After analyzing the thin
film absorption spectra at various annealing temperatures, the Tg
values are determined to be 91 °C for L8-BO, 131 °C for D-Y3F,
and 116 °C for L8-BO:D-Y3F blend, respectively. The higher Tg of
dimer D-Y3F compared to pure L8-BO is attributed to the strong
intermolecular interaction induced by large dipolemoment (DFT
calculation in Figure S10, Supporting Information) and extended
conjugation backbone.[46] Besides, according to the electrostatic
potential (ESP) mapping, both L8-BO and D-Y3F exhibit nega-
tive potentials at their end-capping groups and relatively positive
potentials at their central cores. It implies that similar to the self-
packing of L8-BO, the possible interaction sites between L8-BO
and D-Y3F are still end-to-end and core-to-core.[47,48] In addition,
the high planarity of dimer and similar backbone structure be-
tween L8-BO and D-Y3F are feasible to obtain tight molecular
packing behavior (discussed in GIWAXS section below) in alloy-
like phase, limiting the molecular motion and immobilizing the
morphology in the blend film. These characteristics enable D-
Y3F to act as a multifunctional component that simultaneously
facilitates alloy-like phase formation and stabilizes blend mor-
phology by suppressing L8-BO diffusion, thus contributing to en-
hanced device stability.

2.2. Photovoltaic Properties and Working Mechanism

To investigate the photovoltaic performance based on L8-BO:D-
Y3F alloy-like acceptor, a conventional device structure of
ITO/2PACz/Active layer/PDINN/Ag was applied to fabricate
OSCs. The J–V characteristics of optimized binary and ternary
devices were measured under an AM 1.5G solar simulator, as
depicted in Figures 2a and S11 (Supporting Information), with
the relevant photovoltaic parameters summarized in Table 1 and
Table S4 (Supporting Information). The controlled binary device
based on PM6:L8-BO exhibits an optimized PCE of 18.40% with
an open-circuit voltage (Voc) of 0.876 V, a short-circuit current (Jsc)
of 26.69 mA cm−2, and a fill factor (FF) of 78.7%. Attributed to
narrower LUMO offset, the binary device based on PM6:D-Y3F
obtains the high Voc of 0.926 V, yet with a low PCE of 15.41%,
which may be attributed to the unfavorable morphology of the
corresponding film (discussed below). In contrast, the optimized
ternary PM6:L8-BO:D-Y3F device in a weight ratio of 1:1.1:0.1
(w/w) demonstrates synchronized enhancement in all photo-
voltaic parameters, boosting the PCE to 19.70%, ranking one of
the highest values for DMSA based ternary system.[24,43,44,49–56]

The external quantum efficiency (EQE) curves of the optimized

Adv. Funct. Mater. 2025, e08397 © 2025 Wiley-VCH GmbHe08397 (3 of 9)

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202508397 by R
enqiang Y

ang - Jianghan U
niversity , W

iley O
nline L

ibrary on [23/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 2. a) J–V characteristics for the binary and ternary devices. b) EQE curves of the corresponding OSCs. c) Electron and hole mobilities of the
devices obtained from SCLC measurements. d) Time-dependent contour maps of in situ UV–vis absorption spectra of the three BHJs. e) Time evolution
of the acceptor peak locations of the three BHJs. f) 2D GIWAXS images of the three BHJs. g) IP and OOP extracted line-cut profiles of the three BHJs.

devices are displayed in Figure 2b. The integrated Jsc values of
these devices from the EQE curves match well with those ob-
tained from J–V test (<5% deviation). Interestingly, the onset of
photo-response in PM6:L8-BO:D-Y3F shows sharper edges than
that of PM6:L8-BO devices, suggesting lower radiative loss in
ternary devices.[57]

To understand the remarkable enhancement in PCE achieved
by the “1+2” alloy-like strategy, the charge transport ability was
evaluated by space-charged limited current (SCLC) methods as
shown in Figure 2c, Figure S12 and Table S5 (Supporting Infor-
mation), from which the optimized hole mobilities (µh) and elec-
tron mobilities (µe) of blend films were assessed. The ternary de-
vice (µh = 6.10 × 10−4 cm2 V−1 s−1, µe = 5.90 × 10−4 cm2 V−1 s−1,

µh/µe = 1.03) shows more balanced and higher charge mobili-
ties than those of PM6:L8-BO (µh = 5.10 × 10−4 cm2 V−1 s−1,
µe = 4.68 × 10−4 cm2 V−1 s−1, µh/µe = 1.09), and PM6:D-Y3F
(µh = 4.87 × 10−4 cm2 V−1 s−1, µe = 2.60 × 10−4 cm2 V−1 s−1,
µh/µe = 1.87) device, which constrict bimolecular recombination
in the alloy-like system. The efficiencies of exciton dissociation
and charge collection were investigated via the dependence of
the photocurrent density (Jph) on the effective internal voltage
(Veff) (Figure S13, Supporting Information). Generally, the cur-
rent density of all devices saturates at low voltage (<0.5 V), in-
dicating low trap-assisted recombination. The PM6:L8-BO de-
vice and PM6:L8-BO:D-Y3F device have higher saturated pho-
tocurrent densities, which is consistent with the EQE spectra. In

Table 1. Photovoltaic parameters of the binary and ternary OSCs under the illumination of AM 1.5G at 100 mW cm−2.

Active Layer Voc [V] Jsc [mA cm−2] Jsc,cal
a) [mA cm−2] FF [%] PCE [%]

PM6:L8-BO 0.876 26.69 25.89 78.7 18.40 (18.13 ± 0.27)

PM6:D-Y3F 0.926 25.18 24.57 66.1 15.41 (15.01 ± 0.40)

PM6:L8-BO:D-Y3F 0.903 26.98 26.10 80.9 19.70 (19.39 ± 0.31)
a)
The Jsc,cal represents the integrated current density obtained from EQE spectra.
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addition, the alloy-like system improves the exciton dissociation
efficiency up to 99.2% in comparison with PM6:L8-BO (97.5%),
and PM6:D-Y3F (95.4%) system. The charge collection efficiency
is also slightly upshifted, which is 84.5% for PM6:L8-BO, 79.5%
for PM6:D-Y3F, and 85.7% for PM6:L8-BO:D-Y3F devices, re-
spectively. Notably, the alloy-like system has more efficient exci-
ton dissociation and charge collection, resulting in higher Jsc.
Moreover, the dependences of Voc and Jsc on Plight were mea-

sured to further elucidate the charge recombination mecha-
nism (Figure S14, Supporting Information). Compared with the
dimer-based binary device, the ternary device exhibited a smaller
Voc dependence on light intensity with a slope of 1.02 kT/q
than that of PM6:L8-BO device (1.06 kT/q), indicating that trap-
assisted recombination losses in the ternary device have been
suppressed.[58] Then we analyzed the total trap density (Nt) by the
SCLCmethod as shown in Figure S15 (Supporting Information).
The ternary device has the lowest Nt value of 3.37 × 1016 cm−3,
while the PM6:L8-BO device has a relatively high Nt value of
4.99 × 1016 cm−3, which further demonstrates lower trap-assisted
recombination losses in ternary device.
To further explore how the “1+2” alloy-like strategy affects

the pre-aggregation behaviors during the film formation pro-
cess, the in situ UV–vis absorption was conducted as shown in
Figure 2d and Figure S16 (Supporting Information). The pro-
cess of film formation could be divided into three stages: i) sol-
vent evaporation with invariant acceptor absorption peaks, ii) nu-
cleation/crystallization marked by rapid red-shifting peaks due
to molecular aggregation and enhanced intermolecular inter-
actions, and iii) stabilized film formation with constant peak
positions.[56] The crystallization time is defined by the dura-
tion of stage ii, as determined by in situ UV–vis spectral evo-
lution. According to the time evolution of the acceptor peak lo-
cations, the crystallization times of the films based on PM6:L8-
BO, PM6:D-Y3F, and PM6:L8-BO:D-Y3F are estimated to be 0.35,
0.31, and 0.47 s, respectively (Figure 2e). The prolonged aggrega-
tion time of the ternary blend might be attributed to the slow
co-crystallization kinetics of the alloy-like acceptor, which pro-
motes thermodynamically favorable molecular packing with re-
duced energetic disorder.[59] The pre-aggregation behavior could
further confirm the role of D-Y3F as an effective morphology sta-
bilizer that suppresses L8-BO diffusion.
Grazing-incidence wide-angle X-ray scattering (GIWAXS)

characterization was conducted to further explore the packing
behaviors in pristine and blend films, as shown in Figure 2f,g
and Figure S17 (Supporting Information), and corresponding pa-
rameters were summarized in Table S6. 2D GIWAXS patterns
reveal that the (010) peaks of D-Y3F, L8-BO, and alloy-like accep-
tor are pronounced in the out-of-plane (OOP) direction, corre-
sponding to 𝜋–𝜋 stacking in the face-on direction (Figure S17,
Supporting Information). The profiles of their (010) peaks ex-
hibit almost no difference, resulting in a similar crystal coher-
ence length (CCL) ≈17 Å, indicating these acceptors show high
crystallinity. The qz values of (010) peaks of L8-BO,D-Y3F, and the
alloy-like acceptor are estimated to be 1.722, 1.663, and 1.747 Å−1,
corresponding to the 𝜋–𝜋 packing distances (d

𝜋-𝜋) of 3.65, 3.78,
and 3.60 Å, respectively. These results indicate that the L8-BO:D-
Y3F alloy-like phase exhibits enhancedmolecular packing behav-
ior through stronger 𝜋-𝜋 interactions compared to pure L8-BO,
which forms a more tightly integrated network and has great po-

tential for restricting the L8-BO from diffusion in solid state. In
the blend films, the (010) peak in OOP direction of the ternary
blend exhibits a slightly larger qz value corresponding to a closer
𝜋–𝜋 stacking distance (d

𝜋-𝜋 = 3.59 Å) and a shaper profile with
larger CCL of 18.23 Å compared to the those of PM6:D-Y3F (d

𝜋–𝜋
= 3.73 Å, CCL = 15.03 Å) and PM6:L8-BO (d

𝜋–𝜋 = 3.64 Å, CCL
= 17.55 Å). This indicates that the dimer structure, D-Y3F, has
a promoting effect on the tighter molecular packing of the host
acceptor L8-BO, which subtly optimizes the morphology of the
ternary blend and contributes to excellent device performance.

2.3. Device Stability and Molecular Diffusion Thermally Dynamic

Considering that OSCs release a lot of heat during long-term op-
eration, the excellent thermal stability of OSCs is also a prereq-
uisite for their commercialization. As depicted in Figure 3a, the
thermal stability of the binary and ternary devices was evaluated
under thermal annealing at 85 °C. The PM6:L8-BO and PM6:D-
Y3F binary devices suffered from a dramatic drop to 68.5% and
82.3% of its initial PCE value after thermal aging for 200 h,
while the “1+2” alloy-like ternary device demonstrated signifi-
cantly enhanced stability under the same conditions, retaining
86.8% of its initial efficiency after 200 h of continuous thermal ag-
ing. Photovoltaic parameters analysis revealed that the efficiency
degradation predominantly originated from diminished FF val-
ues (Figure S18, Supporting Information). The obvious discrep-
ancy of stability confirms that the dimer small molecule D-Y3F
with higher Tg, when incorporated into the PM6:L8-BO system,
can effectively mitigate the intrinsic thermodynamic instability
under thermal stress.
To further demonstrate the reason and mechanisms of “1+2”

alloy-like strategy in suppressing heat-induced morphological
degradation, some detailed comparisons and analysis ofmorpho-
logical behaviors of thin films under thermal stress were con-
ducted through atomic force microscopy (AFM), transmission
electron microscopy (TEM) and GIWAXS measurements. AFM
and TEM images reveal that all the binary and alloy-like ternary
blends stored at ambient temperature possessed homogeneous
morphology without obvious aggregation (Figure 3b–e). After
applying thermal stress (150 °C for 200 h) to the correspond-
ing films, it is evident of the AFM images that PM6:L8-BO film
shows plenty of coarse fiber particles with significant molecu-
lar aggregation and large roughness (Figure 3f). Such aggrega-
tion behavior is dramatically suppressed in PM6:L8-BO:D-Y3F
blend treated under the same condition (Figure 3h). The root-
mean-square roughness (Rq) value of PM6:L8-BO increases from
1.24 to 8.56 nm (Figure 3b,c). Correspondingly, the TEM images
also reveal a broader distribution of domain sizes accompanied
by distinct cloud-like aggregate structures (Figure 3d,e). In stark
contrast, the PM6:L8-BO:D-Y3F blend exhibits dramatically dis-
tinct morphological evolution from PM6:L8-BO. After thermal
annealing, the alloy-like ternary system exhibits increased sur-
face roughness from 1.19 to 1.90 nm, accompanied by moderate
domain coarsening (Figure 3h). The TEM image also reveals well-
maintained nanomorphology with minor cloud-like aggregates,
and a uniform D/A mixing appeared. Therefore, both AFM and
TEM characterizations demonstrate that incorporating D-Y3F to
PM6:L8-BO system can effectively suppress the migration and
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Figure 3. a) Normalized PCE of the corresponding OSCs after annealing at 85 °C. AFM images of the b) fresh and c) aged corresponding blend films
(after annealing at 150 °C for 200 h, 2 μm × 2 μm). TEM images of the d) fresh and e) aged corresponding blend films (after annealing at 150 °C for
200 h). f–h) The distribution histogram of domain size along the arrow direction in AFM images of the corresponding fresh and aged blend films.

aggregation of L8-BO molecules and maintain the original blend
morphology to a certain extent.
Additionally, we conducted the GIWAXS measurements with

the fresh and thermal-aged active layers to investigate their vari-
ation of crystallization and intermolecular packing behavior. The
diffraction patterns of the related blends are depicted in Figure
4a,b and corresponding 1D line-cut profiles are shown in Figure
S19 (Supporting Information), with the corresponding fitting pa-
rameters summarized in Table S7 (Supporting Information). It
should be noted that the significantly sharper (010) crystalline
peak is observed in the PM6:L8-BO blend after 150 °C ther-
mal annealing treatments for 200 h, demonstrating reduced
half-widths and extended coherence lengths compared to the
PM6:L8-BO:D-3YF blend. To quantify crystallinity evolution dur-
ing aging, we define a normalized coherence length change pa-
rameter: KCCL = (CCLaged − CCLfresh)/CCLfresh.

[60] As shown in
Figure 4c, the KCCL values in the OOP direction demonstrate dis-
tinct aging behaviors: PM6:L8-BO (32.8%) > PM6:D-Y3F (8.1%)
> PM6:L8-BO:D-Y3F (5.4%). The quantitative analysis reveals
markedly different thermal-aging-induced crystallization dynam-
ics: PM6:L8-BO blend undergoes substantial crystallinity reor-
ganization, while the PM6:L8-BO:D-Y3F system maintains opti-
mal molecular packing after thermal aging. In addition, PM6:L8-
BO:D-Y3F blend exhibits reduced (100) lamellar stacking inten-
sity after thermal aging, in contrast to the behavior observed in

PM6:L8-BO. This variation trend likely originates from enhanced
side-chain entanglement within the thermally stabilized accep-
tor alloy-like phase, which effectively suppresses small-molecule
diffusion, and thus does not experience significant performance
attenuation under prolonged thermal stress. Thus, the above
results further demonstrate that the strategy effectively stabi-
lizes the nanoscale morphology in the solid state by suppressing
diffusion-induced degradation, thereby simultaneously enhanc-
ing both device stability and photovoltaic performance.
To verify the dimer-induced entanglement effect in ternary

blends, we conducted pseudo-free-standing tensile testing on the
water surface, enabling direct measurement of mechanical prop-
erties through stress-strain (S-S) curves. Figure 4d displayed the
S-S curves of binary and ternary films, with quantitative crack-
onset strain (COS) analysis provided in Figure S20 (Support-
ing Information). It can be noted that the alloy-like ternary film
demonstrates superior mechanical properties with 3.61% elon-
gation, representing a 36% increase over the binary PM6:L8-BO.
This enhanced ductility confirms improved film-forming char-
acteristics through strengthened intermolecular chain entangle-
ment in the alloy-phase system.[32]

Based on the comprehensive data obtained from the afore-
mentioned tests, we propose a mechanistic model (Figure 4e,f)
illustrating how the “1+2” alloy-like strategy governs BHJ mor-
phological evolution. In the initial active layer, the binary and
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Figure 4. 2D GIWAXS patterns of a) fresh and b) aged corresponding blend films. c) Histograms of CCL and KCCL of the fresh and aged corresponding
blend films. d) Representative stress-strain curves of the corresponding blend films. Schematic diagram of the changes in active layer morphology before
and after thermal stress for e) PM6:L8-BO system and f) PM6:L8-BO:D-Y3F system.

alloy-like ternary systems exhibit appropriate phase separation
and interconnected networks, enabling efficient exciton disso-
ciation and charge transport. However, under thermal stress,
the donor/acceptor phases in the binary system inevitably mi-
grate toward thermodynamic equilibrium due to the lower Tg
of L8-BO, resulting in excessive molecular aggregation, severe
phase separation (Figure 3b–e and 4e), and consequently de-
graded photovoltaic performance. In contrast, for ternary blends,
the excellent miscibility between the host (L8-BO) and guest
acceptors (D-Y3F) in the alloy-model acceptor leads to the for-
mation of a tight and uniform phase between them, which
achieves a fixed morphology due to the intermolecular inter-
actions or chain entanglements in the “1+2” alloy-like system.
The large dimer molecules with high Tg not only act as an ad-
hesive to elevate the kinetic energy barrier of molecular mo-
tion, mitigating the molecular diffusion process, but also opti-
mize the pre-aggregation andmolecular packing behavior to pro-
mote exciton dissociation and improve charge transport, result-
ing in a synergistic improvement of device efficiency and thermal
stability.

To illustrate the advantages from the commercial or scalability
standpoint of our “1+2” alloy-like strategy, we calculate the figure-
of-merit (FOM) value, which has been widely used to quantita-
tively assess the cost-performance of photovoltaic materials used
in possible OSC applications.[61,62] Compared with those of the
representative high-performing binary system (PM6:Y6, PM6:L8-
BO and PM6:BTP-eC9), a high FOM value of 0.265 was achieved
based onPM6:L8-BO:D-Y3F system,whichwasmainly attributed
to the fact that we have achieved the improvement of PCE by us-
ing a very small amount (PM6:L8-BO:D-Y3F = 1:1.1:0.1, w/w),
thus having a very small impact on the cost but greatly improving
PCE (Figure S21 and Tables S8 and S9 (Supporting Information).
The lower FOM value demonstrates that D-Y3F has a good indus-
trial application prospect in improving efficiency and stability.

3. Conclusion

In summary, we reported a “1+2” alloy-like strategy by intro-
ducing dimer D-Y3F as a functionalized third component into
the PM6:L8-BO system to effectively enhance both the efficiency
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and stability of OSCs. In terms of efficiency, the incorporation
of D-Y3F not only precisely controls pre-aggregation behavior
during the film-formation process, but also optimizes the nano-
micromorphology to promote exciton dissociation and charge
transport, resulting in an improved PCE of 19.70% in PM6:L8-
BO:D-Y3F based OSCs. Regarding stability, we resolve the se-
vere molecular diffusion issue of PM6:L8-BO system by D-Y3F-
induced robust integrated network with enhanced 𝜋–𝜋 interac-
tions and molecular entanglement in the alloy-like composite.
Moreover, the elevated Tg of 116 °C of the alloy-like phase, com-
pared to L8-BO (Tg = 91 °C), facilitates the formation of a ther-
mally robust microstructure in the alloy-like ternary system, ef-
fectively overcoming the morphological evolution of the active
layer and dramatically improving thermal stability. Consequently,
the PM6:L8-BO:D-Y3F system exhibited superior stability, retain-
ing over 86.8% of its initial efficiency after continuous 85 °C ag-
ing for 200 h, while the PCE of the PM6:L8-BO declined to 68.5%
under the same condition. We believe the “1+2” alloy-like strat-
egy developed in this work establishes a new design paradigm for
molecular diffusion restriction and morphology fixation, achiev-
ing concurrent enhancement in both power conversion efficiency
and operational stability–a critical step toward practical photo-
voltaic applications.

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