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Polymer-Assisted Morphology Regulation Enables
18.3%—Efficiency in o-Xylene Processed All-Small-Molecule

Organic Solar Cells

Jia Wang, Wenying Zhou, Wenkai Zhao, Baofa Lan, Jiaying Wang, Wanying Feng,*
Miaomiao Li, Adiljan Wupur, Weifei Fu, Guankui Long, Bin Kan,* and Yongsheng Chen

All-small-molecule organic solar cells (ASM-OSCs) offer advantages in
structure definition and synthesis but suffer from morphology control
challenges due to donor-acceptor miscibility. Herein, a simple yet highly
effective morphology regulation strategy is introduced by incorporating a
small amount of polymer donor PM6 into the BTR-CI: Y6 binary system. The
chain structure of PM6 further directs epitaxial growth of the BTR-CI phase,
driving the formation of a continuous fibrillar network within the donor
domains. Consequently, additive-free and o-xylene processed devices exhibit
superior charge dynamics, significantly boosting short-circuit current density
and fill factor, achieving a champion efficiency of 18.3%—among the highest
for non-halogenated solvent processed small donor-small acceptor dominated
OSCs. Besides, introducing PM1 into the BTR-CI: Y6 system also achieved
18.0% PCE. Moreover, the devices also show exceptional thickness
insensitivity—retaining 96% of peak efficiency even at 300 nm active-layer
thickness. Leveraging the advantage with non-halogenated solvents,
large-area OSCs (13.5 cm?) achieving 12.2% PCE are successfully fabricated.
Flexible devices delivered 14.9% efficiency and maintained 92% initial PCE
after 800 bending cycles, primarily attributed to PM6’s long-chain structure,
enhancing the crack-onset strain of the active layer. This work provides a
facile morphology-regulation strategy for high-performance small donor-small
acceptor dominated OSCs.

Among the diverse organic photovoltaic
material systems, all-small-molecule
active layers have gained significant
attention due to their well-defined
structures and high batch-to-batch
reproducibility.[*# Through explorations
of strategies such as molecular mate-
rial design, interface optimization, and
device engineering, the PCEs of all-small-
molecule organic solar cells (ASM-OSCs)
have exceeded 18%.°1%) Note that the
advancement of high-performance OSCs
processed from environmentally benign
non-halogenated solvents is particu-
larly critical for scalable manufacturing
and commercial viability.") For ex-
ample, through synergistic application
of hot spin-coating and solvent vapor
annealing strategies, Li et al. optimized
the morphology of H31:Y6 blend film
and attained a PCE of 14.4% for the
toluene-processed ASM-OSCs.'?l  In
another study, Li et al. developed a new
small-molecular donor BM-CIEH and
demonstrated a 16.1% efficient THF-
processed OSC.[13] However, achieving
optimal active layer morphology in
these systems, particularly those based

1. Introduction

In recent years, advancements in device engineering, coupled
with innovations in polymer donors and non-fullerene small-
molecule acceptors, have propelled the power conversion ef-
ficiency (PCE) of organic solar cells (OSCs)OSCs to 21%.[1]

on small-molecular donors and acceptors, remains a significant
challenge. Consequently, the efficiency of devices processed with
non-halogenated solvents still lags behind that of devices using
halogenated solvents.[415]

This disparity primarily stems from significant differences in
molecular size, polarity, and volatility between non-halogenated
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and halogenated solvents.!'®] The high boiling point and slow
evaporation kinetics of non-halogenated solvents readily induce
excessive molecular aggregation, inhomogeneous phase sepa-
ration, and disordered molecular orientation within the active
layer.['”] These morphological defects ultimately impede exciton
dissociation, charge transport, and collection efficiency. Conse-
quently, critical device performance parameters, particularly the
fill factor (FF) and short-circuit current density (J5.), suffer from
constraints. And a significant efficiency decrease is also observed
under thick-film conditions (>300 nm).] Beyond these, enhanc-
ing the mechanical robustness of the active layer is equally cru-
cial for advancing the development of small molecule-dominated
OSCs. The inherent strong crystallinity of small molecules tends
to generate oversized phase-separated domains,!*®! while their
rigid molecular backbones and high crystallinity result in a crack-
onset strain (COS) substantially inferior to that of polymer-
based systems, posing challenges for flexible device develop-
ment. Therefore, designing effective strategies to precisely con-
trol the morphology of small molecule-dominated OSCs pro-
cessed from non-halogenated solvents, while simultaneously im-
proving the mechanical properties of the active layer, is urgently
needed. Such advancements are vital for promoting the devel-
opment of high-performance, stable, and large-area-fabricable
small molecule-dominated OSCs.[1314]

In this work, we proposed a simple yet highly effective mor-
phology regulation strategy by introducing a small amount of
polymer donor PM6 as a morphology regulator into the host
BTR-Cl: Y6 binary system (Figure 1a). Temperature-dependent
ultraviolet-visible (UV-vis) absorption and in situ UV-vis absorp-
tion measurements revealed that PM6 facilitates the formation of
favorable pre-aggregation states of BTR-Cl and Y6 components in
o-xylene (0-XY) solution. Furthermore, it accelerates film forma-
tion during spin-coating, mitigating excessive molecular aggre-
gation typically caused by slow drying kinetics associated with
non-halogenated solvents.!*! Crucially, PM6 incorporation pro-
motes preferential face-on molecular packing and yields more
uniform phase separation, in contrast to the excessive donor
aggregation and disordered orientations observed in the binary
film. Leveraging these combined advantages, the additive-free
BTR-Cl: PM6:Y6 device demonstrated superior carrier dynamics,
leading to significant enhancement in both J¢. and FF. Conse-
quently, a champion PCE of 18.3% was achieved, representing
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one of the highest values reported for small-molecular materi-
als dominated OSCs fabricated with non-halogenated solvents
(Table S1, Supporting Information). To further validate this strat-
egy, introducing PM1 into the BTR-Cl: Y6 system also achieved
a high PCE of 18.0%. The BTR-Cl: PM6:Y6 system also exhib-
ited excellent thickness insensitivity, achieving a notable PCE of
17.6% even when the active layer thickness was increased to 300
nm. The processing characteristics of the non-halogenated, high-
boiling-point solvent 0-XY also lay the foundation for large-area
module development, as evidenced by a 13.5 cm? mini-module
based on the BTR-Cl: PM6:Y6 blends that yields a PCE of 12.2%.
In terms of flexible applications, the device fabricated on PEN
substrate achieved a PCE of 14.9%, with PM6’s long-chain struc-
ture significantly improving the active layer’s COS and enabling
the device to retain 92% of its initial efficiency after 800 bend-
ing cycles. This work provides a convenient and effective mor-
phology control strategy to construct high-efficiency, stable, and
thickness-insensitive small molecule-dominated OSCs.

2. Results and Discussion

The UV-vis absorption spectra of these materials in dilute 0-XY
solutions and thin films are plotted in Figure 1b and Figure S1
(Supporting Information). BTR-Cl, Y6, and PM6 exhibit comple-
mentary absorption, ranging from the visible light to the near-
infrared region, ensuring excellent light-harvesting capability in
relevant ternary blends. Notably, significant red-shifts in the max-
imum absorption peaks were observed for small molecules BTR-
Cl and Y6 upon transitioning from dilute 0-XY solutions to the
thin-film state, measuring 75 and 137 nm, respectively, whereas
PM6 exhibited only a minimal shift of 5 nm. Excessive red-
shifts and pronounced aggregation of BTR-Cl and Y6 may indi-
cate the formation of overly large, pure donor or acceptor phase
domains.?>?2] Such domains are detrimental to the formation
of a nanoscale interpenetrating network structure, consequently
impairing the efficiency of exciton diffusion to the donor-acceptor
interface and subsequent dissociation.[2324]

Given that the distinct properties of PM6 may influence ag-
gregation behavior within the active layer solution, we conducted
temperature-dependent UV-vis absorption spectra on binary and
ternary dilute solutions during controlled cooling (Figure 1c,d).
The results show progressive red-shifts in the donor absorption
region as the solution temperature decreased, with shifts of 21
nm for the binary blend and 30 nm for the ternary blend. This
implies that the incorporation of PM6 may promote increased
J-aggregation during cooling and facilitate the formation of pre-
aggregates in solution.['7?52%] In contrast, during film formation
and solidification, PM6 predominantly functions as a morpho-
logical regulator. As shown in Figure le, the ternary blend film
absorption exhibits a slight blue-shift compared to the binary
blend, indicating that PM6 suppresses excessive aggregation of
BTR-Cl and weakens the strong intermolecular interactions be-
tween BTR-Cl and Y6.127]

To further investigate molecular packing and film crystallinity,
we conducted grazing-incidence wide-angle X-ray scattering
(GIWAXS).[28] The 2D GIWAXS patterns (Figure 1f,g) show
that the binary blends exhibit distinct diffraction peaks along
both in-plane (IP) and out-of-plane (OOP) directions, suggest-
ing relatively disordered molecular orientations of BTR-Cl and
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Figure 1. a) Schematic of the morphology and structure of the BTR-Cl: Y6 and BTR-Cl: PM6:Y6 films. b) Normalized UV-vis absorption spectra of BTR-CI,
PM6, and Y6 in 0-XY solutions. Temperature-dependent UV—vis absorption spectra of c) BTR-Cl: Y6 and d) BTR-Cl: PM6:Y6 in o-XY solution at 100 °C to
25 °C, respectively. e) Normalized UV-vis absorption spectra of BTR-Cl: Y6 and BTR-Cl: PM6:Y6 blended films. (f, g) The 2D GIWAXS patterns of BTR-Cl:

Y6 and BTR-Cl: PM6:Y6, respectively.

Y6. In contrast, the ternary blend displays a predominantly face-
on molecular orientation. This orientation is likely facilitated by
PM6’s polymeric backbone, which suppresses disordered aggre-
gation of BTR-Cl and promotes 7—z stacking among the small
molecules.!?! Analysis of the OOP (010) diffraction peak (Figure
S2 and Table S2, Supporting Information) reveals that incorpo-
rating PM6 reduces the coherence length (CL) from 29.7 to 22.6
A. This suggests that the BTR-Cl: PM6:Y6 system maintains or-
dered molecular packing while minimizing film defects.?%3!]
OSCs with a conventional architecture of indium tin oxide
(ITO)/ 3,8-difluoroindolo|2,3-a]carbazole-11,12-diyl)bis(propane-
3,1-diyl))bis(phosphonic acid) (3-BPIC-F)/active layer/ N,N’-
bis[3-[3-(dimethylamino)propylamino]propyl]perylene-3,4,9,10-
tetracarboxylic diimide (PDINN)/silver (Ag) were fabricated
to systematically explore the effect of PM6 incorporation on
device photovoltaic characteristics. The device performance was
carefully optimized through precise control of critical parame-
ters, including the donor-to-acceptor ratio, thermal annealing
temperature, along with the spin-coating conditions of the active
layer (Tables S3 and S4, Supporting Information). Notably, all
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devices were fabricated with 0-XY solvent without any additive.
We observed that incorporating PM6 at a ratio as low as 10
wt.% (relative to Y6) led to an obvious enhancement in device
performance, which continued to improve with increasing
PM6 content and reached a maximum at 30wt.%. Beyond this
threshold, further PM6 addition caused rapid performance
deterioration. This behavior suggests that while moderate PM6
addition effectively optimizes phase morphology and suppresses
excessive crystallization, excessive PMG6 disrupts the optimal
molecular packing of the host system, confirming its role pri-
marily as a morphological modulator rather than a dominant
photoactive component. The current density-voltage (J-V) char-
acteristics are presented in Figure 2a, with the photovoltaic
parameters of optimized devices summarized in Table 1. The
binary devices (BTR-Cl: Y6 = 1.3:1) achieved a PCE of 15.5%,
with Vo of 0.842 V, Joc of 26.72 mA cm™, and FF of 69.1%.
With 30wt.% PM6 incorporated into the active layer, the BTR-CI:
PM6:Y6 device exhibited a superior PCE of 18.3%, attributed
to simultaneous enhancements in both Ji. (28.40 mA cm™2)
and FF (78.4%). To evaluate thickness tolerance, we fabricated
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Figure 2. a) The J-V characteristics, b) EQE spectra, and c) Statistical particle size distribution diagrams of BTR-Cl: Y6 and BTR-Cl: PM6:Y6 OSCs with
different photoactive film thicknesses. d) J,p-Ve curves, e) Transient photocurrent measurements. f) Hole and electron mobilities for BTR-Cl: Y6 and

BTR-Cl: PM6:Y6 OSCs.

Table 1. Photovoltaic performance parameters of the devices based on BTR-Cl: Y6 and BTR-Cl: PM6:Y6 with different photoactive film thicknesses,
respectively. The average PCEs are obtained from 10 devices.

BH) Thickness[nm] Ve Jse jscca' FF PCE ay/avg
W [mA em~?] [mA em~?] (%] (%]
BTR-Cl:Y6 120 0.842 26.72 26.06 69.1 15.5
(0.834 + 0.009) (26.05 + 0.85) (69.4 +2.7) (15.1+£0.2)
BTR-Cl:PM6:Y6 130 0.822 28.40 27.25 78.4 18.3
(0.819 + 0.004) (28.32 £0.17) (78.5 £ 0.4) (18.2+£0.7)
200 0.800 29.83 28.57 74.1 17.7
(0.802 + 0.006) (29.06 + 0.90) (74.9 + 1.6) (17.4+02)
300 0.798 30.39 29.09 72.6 17.6
(0.799 + 0.003) (29.80 + 0.42) (72.1+0.7) (17.2+£0.2)

BTR-Cl: PM6:Y6-based devices with active layer thicknesses
ranging from 130 to 300 nm (Figure S3, Supporting Infor-
mation). Although PCE generally decreased with increasing
thickness, this system demonstrated remarkable stability — the
maximum PCE only declined from 18.3% to 17.6% (Tables S5
and S6, Supporting Information). The Ji. values of OSCs are
also validated by the EQE spectra (Figure 2b), in which the
calculated current densities align well with the trend attained
from the J-V measurement. Although both of binary and ternary
devices had the same photo response region from 300-960 nm,
the BTR-Cl: PM6:Y6-based device exhibits slightly higher EQE
responses within the 320-840 nm range than the binary device,
suggesting a more efficient photoelectric conversion process in
the ternary optimal device.’? Furthermore, the EQE response
exhibited both enhancement and red-shift with increasing active

Adv. Energy Mater. 2025, 15, e04576
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layer thickness in ternary devices, consistent with the observed
Jsc improvement.[°l Figure 2c shows the statistical analysis of
PCE distributions across 10 independent devices, confirming
the excellent reproducibility for both binary and ternary systems.

Based on the optimized BTR-Cl: PM6:Y6 ternary blends, we
successfully fabricated a series-connected module comprising six
sub-cells with an effective area of 13.5 cm?. The device adopts the
structure of glass/ITO/3-BPIC-F/BTR-Cl: PM6:Y6/PDINN/Ag
(Figure S4, Supporting Information). As shown in Figure S5
(Supporting Information), the champion mini-module demon-
strated outstanding performance metrics with a PCE of 12.2%,
suggesting the promising potential of such ternary blends for ap-
plication in large-area devices. To further verify the universality
of this morphology modulation strategy, we replaced PM6 with a
structurally different polymer PM1 (chemical structure shown in
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Figure S6, Supporting Information), and investigated its influ-
ence on device performance in the BTR-Cl: Y6-based OSCs.[%
As shown in Table S7 and Figure S7 (Supporting Information),
varying the blending ratio of PM1 systematically modulated the
photovoltaic properties. With increasing PM1 content, the PCE
improved gradually, reaching a peak of 18.0% at the optimal
BTR-Cl: PM1:Y6 ratio of 0.9:0.4:1. This improvement was pri-
marily attributed to a higher Js. of 27.48 mA~=2 and FF of 78.3%,
both of which are comparable to the best-performing PM6-based
devices. The corresponding EQE spectra confirmed enhanced
photo-response across 300-900 nm, aligning well with the J-V
measurements. These results indicate that PM1, like PMG6, effec-
tively modulates phase morphology and facilitates charge gen-
eration and transport. Despite structural differences, both poly-
mers yield similar performance improvements, suggesting that
the key lies in disrupting excessive crystallinity and optimizing
donor-acceptor interfaces rather than relying on specific chemi-
cal interactions.[>*3*] This strategy offers a versatile pathway for
designing polymeric morphology regulators tailored to various
small-molecule systems, enabling the development of efficient
and scalable small donor-small acceptor dominated OSCs.

To explore the difference in opto-electrical properties between
BTR-Cl: Y6 and BTR-Cl: PM6:Y6 devices, a comprehensive analy-
sis of carrier dynamics was conducted, including exciton dissoci-
ation, charge carrier transport, and recombination mechanisms.
The dependence of Ji and V. under varied illumination inten-
sity was analyzed to investigate the bimolecular recombination
behavior in optimized devices (Figure S8, Supporting Informa-
tion). The charge recombination dynamics of these OSCs were
evaluated by employing the equation Jsco<Pyg,*, where a indi-
cates the degree of bimolecular recombination within the device.
The a values for the binary and ternary devices were determined
to be 0.991 and 0.992, respectively. The slightly higher a value for
the BTR-Cl: PM6:Y6 device suggests a lower degree of bimolec-
ular recombination compared to the binary counterpart.3¢37]
The relationship between Vo and Py, can be used to dis-
tinguish whether bimolecular recombination (slope of kT g7/,
where k is Boltzmann’s constant and T represents the absolute
temperature) or trap-assisted recombination (2 kT g~!) domi-
nates the recombination mechanism.[*®3°1 The BTR-Cl:PM6:Y6
devices show a small slope of 1.02 kT q~!, where the BTR-CL:Y6
blends show a large slope of 1.04 kT g~!, suggesting weak trap-
assisted recombination of BTR-CL:PM6:Y6 devices.

Besides, the exciton dissociation and charge collection effi-
ciency of OSCs were analyzed by plotting photocurrent (J,,)
against the effective applied voltage (V.q) to understand the dif-
ference of the J of these devices (Figure 2d). The exciton disso-
ciation (Py,) and charge collection efficiencies (P,,;) of the BTR-
Cl: PM6:Y6 device were estimated to be 96.9%/89.9%, which is
slightly higher than the BTR-C: Y6 device (94.6%/86.5%). This
result indicates that more efficient photogenerated exciton and
charge collection occurred in the ternary device, consistent with
its higher J..*") To further quantitatively analyze the charge
recombination and extraction behaviors, transient photocurrent
(TPC) and transient photovoltage (TPV) were applied to charac-
terize the blend films of BTR-Cl: Y6 and BTR-Cl: PM6:Y6. TPC
is employed to assess the photocurrent decay under the short-
circuit condition, which reflects the capability of the charge ex-
traction. As shown in Figure 2e, the device of BTR-Cl: PM6:Y6
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shows a faster extraction time of 0.35 s, shorter than that of
the BTR-Cl: Y6 device (0.46 ps), manifesting the more efficient
charge extraction. The carrier lifetimes (z) are recorded by TPV
decay dynamics under the open-circuit voltage condition, which
can further elucidate the recombination of photocarriers. The
7 values of BTR-Cl: Y6 and BTR-Cl: PM6:Y6 devices are 92
and 112 us (Figure S9, Supporting Information), respectively,
and the longer 7 of the ternary blend illustrates its suppressed
charge recombination.l*!l The relatively shorter extraction time
and longer carrier lifetime of the BTR-Cl: PM6:Y6 devices can
well explain its improved Jg. and FF as compared with the binary
one. Moreover, the space-charge-limited current (SCLC) method
was used to assess the carrier mobility variation of the blend
films (Figure S10, Supporting Information).*”) The u;, and u, of
ternary-based devices are 4.51 X 10~* and 4.85 x 10™* cm? V!
s71, which were higher than those of binary-based devices (2.12
x 107 and 2.63 x 10™* cm? V! s7'), as well as more balanced
charge transport (u, /uy, = 1.07) (Figure 2f and Table S8, Support-
ing Information). The more balanced charge transport and sep-
aration supported excellent photovoltaic performance with supe-
rior Ji- and FF values of the BTR-Cl: PM6:Y6-based device. In
addition, the detailed energy loss (E,,,) analysis (Figures S11 and
S12 and Table S9, Supporting Information) shows that introduc-
ing PMG6 slightly increases the total E,; from 0.552 to 0.572 eV,
mainly due to an increase in non-radiative loss (AE;). This mod-
erate rise in E;  accounts for the small V,,. decrease, while the
concurrently enhanced J,. and FF still lead to an overall efficiency
improvement.

Device stability is quite an important indicator that can be used
to evaluate the performance of OSCs. The thermal stability of
the devices was evaluated under continuous heating at 60 °C. As
shown in Figure S13 (Supporting Information), the optimized
BTR-Cl: PM6:Y6 devices exhibited superior stability compared to
the BTR-Cl: Y6 devices. Specifically, the BTR-Cl: PM6:Y6 device
retained 80% of its initial PCE after 900 h, whereas the binary
BTR-Cl: Y6 device decayed to the same level within 700 h. Further-
more, to evaluate the operational stability of the devices, we con-
ducted photo-stability measurements under continuous one-sun
illumination, with measured under light-aging under max power
point (MPP) tracking in a nitrogen-filled glovebox. As shown in
Figure S14 (Supporting Information), the binary BTR-CI: Y6 de-
vice exhibits a rapid initial degradation, retaining only 80% of its
initial PCE after 50 h and further declining to 68% after 180 h.
In contrast, the ternary BTR-Cl: PM6:Y6 device maintains 80% of
its initial PCE even after 180 h. These results indicate that the in-
corporation of PM6 significantly enhances the intrinsic stability
of the devices, further highlighting the practical potential of this
strategy.

To elucidate the film formation dynamics and crystallization
behavior of active layers, we performed in situ UV-vis absorp-
tion spectroscopy during spin-coating for both BTR-CL: Y6 and
BTR-Cl: PM6:Y6 blend films (Figure 3a—c). The film formation
process exhibits three distinct stages: (I) Solution state with in-
variant donor/acceptor absorption peaks; (II) Nucleation/growth
stage characterized by red-shifting peaks during solvent evapora-
tion and molecular aggregation; and (III) Stable film state after
complete solvent removal.[*}] Notably, the duration of Stage II dif-
fers significantly between the two systems. In the binary BTR-Cl:
Y6 blend, the aggregation time for Y6 is »1.06 s, while BTR-CI
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exhibits a nucleation duration of 1.29 s. In contrast, the BTR-
Cl: PM6:Y6 blend shows markedly faster crystallization behavior,
with the Y6 peak stabilizing within 0.54 s and the donor transi-
tion completing in 1.12 s. This shortened crystallization time sug-
gests that the incorporation of PM6 facilitates faster molecular
ordering and mitigates excessive molecular aggregation typically
caused by slow drying kinetics associated with non-halogenated
solvents.[?] In the ternary blend, the donor absorption peak ex-
hibits a two-step red-shift behavior during Stage II. The initial
rapid red-shift likely corresponds to local nucleation and short-
range aggregation, promoted by the interaction between PM6
and BTR-Cl. This is followed by a brief plateau, where the red-
shift temporarily slows down, possibly due to spatial constraints
or kinetic stabilization. Subsequently, a second red-shift occurs,
which can be attributed to further molecular rearrangement and
the development of long-range order.*¥ This two-step evolution
reveals that PM6 induces a multi-stage packing process, which
not only accelerates crystallization but also enables a more re-
fined and ordered morphology.!'#2%35] These kinetic advantages
synergistically enhance exciton dissociation and charge trans-
port, directly correlating with the superior photovoltaic perfor-
mance of ternary OSCs. Complementary in situ thermal anneal-
ing UV-vis measurements (Figure S15, Supporting Information)
reveal the donor absorption decay time shortens from 2 to 1 s
in ternary blends, further evidencing PM6’s role in accelerat-
ing molecular aggregation throughout the entire film evolution
process.

Furthermore, atomic force microscopy (AFM) was employed
to investigate the effect of PM6 on the surface morphology of
the blends. As demonstrated in Figures S16 and S17 (Support-
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ing Information), the ternary blend exhibited a significantly lower
root-mean-square roughness (R;) value (1.25 nm) compared to
the binary blend (1.71 nm). This reduction in surface roughness
suggests that PM6 promotes finer mixing and suppresses the
formation of large-scale aggregates within the blend.[*! This re-
sult is consistent with the accelerated and more controlled crys-
tallization dynamics revealed by the in situ spin-coating UV—
vis measurements. To further elucidate the nanoscale phase
structure of the active layers, AFM-IR was performed using the
characteristic absorption at 1059 cm™ to selectively probe the
donor BTR-CI (Figure S18, Supporting Information). As shown
in Figure 3d,e, the red regions represent the distribution of BTR-
Cl, while the blue regions correspond to Y6 or Y6/PM6 in the
two respective blend films. Strikingly distinct morphologies were
observed between the two blends. The binary blend displayed
a morphology dominated by large and irregular crystalline do-
mains, consistent with the high crystallinity and strong aggrega-
tion tendency of both small-molecule components. In contrast,
the BTR-Cl: PM6:Y6 film exhibited a more continuous and in-
terconnected morphology with reduced domain size. This mor-
phological transition can be attributed to the incorporation of
PM6, whose flexible polymer backbone effectively suppresses
the over-crystallization of BTR-CI and facilitates better miscibil-
ity with Y6. As quantified in Figure 3f and Figure S19 (Sup-
porting Information), the fibril diameter in the ternary blend
(18.4 + 3.7 nm) is slightly smaller and more uniform than that in
the binary blend (20.1 + 7.5 nm), indicating improved phase re-
finement and suppressed macro-phase separation.[**#’] Contact-
angle analysis indicates that PM6 exhibits an intermediate sur-
face energy between BTR-Cl and Y6, enabling it to act as an
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films probed at 630 nm, and f) the values of 7, and 7, in the blend films.

interfacial compatibilizer. This reduces donor—acceptor interfa-
cial tension, improves miscibility, and correlates well with the
refined morphology and improved photovoltaic performance ob-
served in the ternary devices (Figure S20 and Table S10, Support-
ing Information). These findings, in conjunction with the AFM
height mapping and in situ UV-Vis results, suggest that PM6
plays a critical role in regulating the crystallization kinetics and
promoting a finely mixed morphology favorable for efficient ex-
citon dissociation and charge transport.

To gain molecular-level insights into the aggregation behav-
ior of the active layer components, molecular dynamics (MD)
simulations were performed for both the BTR-Cl: Y6 and BTR-
Cl: PM6:Y6 blends.['73447] As shown in Figure S21 (Support-
ing Information), the binary blend exhibits large, well-defined
crystalline domains, indicating strong intermolecular interac-
tions and pronounced aggregation between the small-molecule
donor BTR-Cl and acceptor Y6. In contrast, the BTR-Cl domains
in the BTR-Cl: PM6:Y6 blend film are significantly reduced,
while forming more D/A interfaces with Y6. This observation is
consistent with the experimental findings; the incorporation of
PM6 disrupts the extended crystallization of BTR-Cl and mod-
erates the strong phase separation between donor and acceptor
domains.[?*%] The polymer chains of PM6 act as a capitalizing
agent, disturbing excessive ordering while promoting more ho-
mogeneous mixing and better donor-acceptor interface contact.
These molecular simulation results align well with the experi-
mental observations and further confirm that PM6 plays a cru-
cial role in modulating molecular packing, reducing domain size,
and achieving a more refined morphology beneficial for charge
transport and device performance.

Adv. Energy Mater. 2025, 15, e04576
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We employed ultrafast transient absorption (TA) spectroscopy
to gain deeper physical insights into the exciton dynamics and
charge transfer processes. The 2D color plots depicting the TA
images for the blend films are presented in Figure 4a,b, while the
corresponding kinetic curves at 630 and 850 nm are displayed
in Figure 4c,d. An excitation wavelength of 800 nm was used
to selectively excite Y6 molecules in the blend films, both with
and without PM6 addition. From the TA profiles at various delay
times, it is evident that as the acceptor ground-state bleach (GSB)
signal at ~ 850 nm decays, the bleaching peak (850 nm) of the ac-
ceptor decreases with time, while the GSB peak of the donor in-
creases, indicating an effective hole-transfer process from the ac-
ceptor to the donor. The exponential fitting of the GSB kinetics at
630 nm, shown in Figure 4e f, demonstrates the hole transfer dy-
namics. The fast component (z,) was attributed to exciton dissoci-
ation dynamics at the mixing domain or interface, while the slow
component (r,) represented diffusion-mediated processes within
the crystalline domain.5#8] The hole transfer process in the bi-
nary and ternary blend films showed 7, values of 0.88 and 0.64
ps, and 7, values of 19.01 and 14.50 ps, respectively (Table S11,
Supporting Information). The relatively smaller 7, and 7, values
for the BTR-Cl: PM6:Y6 blend indicate that exciton dissociation
and diffusion are efficient, which is conducive to suppressing re-
combination and thus enhancing [, and FF. According to Mar-
cus theory, the rate of charge transfer depends on the electronic
coupling (Hp,) between donor and acceptor molecules, which is
highly sensitive to their intermolecular distance.**] Therefore,
the significantly reduced 7, in the BTR-Cl: PM6:Y6 blend can be
attributed to a more condensed intermixed morphology that facil-
itates faster exciton dissociation at the donor—acceptor interface,
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Y6 and BTR-Cl: PM6:Y6-based flexible devices. f) Normalized PCE value for the flexible devices as a function of bending cycles with a radius of 5 mm.

Table 2. Photovoltaic performance parameters of the flexible devices based on BTR-Cl: Y6 and BTR-Cl: PM6:Y6, respectively. The average PCEs are

obtained from 10 devices.

BH) Voc Jse Joc™ FF PCE ax/avg

W\ [mA cm™?] [mA cm™2] [%] [%]

BTR-Cl:Y6 0.819 23.67 23.14 63.2 123
(0.823 + 0.006) (23.75 £ 0.23) (59.8+1.7) (11.7+£0.3)

BTR-Cl:PM6:Y6 0.815 25.92 24.60 70.7 14.9
(0.811 +0.002) (25.99 +£0.12) (69.4 +0.8) (14.6 +0.2)

as demonstrated in the preceding morphology analysis. Mean-
while, the shortened 7, indicates more efficient charge transport
within the ordered domains, likely due to reduced phase sepa-
ration. These results collectively demonstrate that the incorpora-
tion of PM6 promotes more favorable morphology and charge
dynamics, leading to more efficient charge generation and con-
tributing to the observed improvements in Js. and FF.

Flexible OSCs based on all-small-molecule systems typi-
cally suffer from poor mechanical robustness due to the in-
trinsic brittleness and excessive crystallinity of small-molecule
semiconductors.!®2%2¢] In this work, a small amount of polymer
PM6 was added to the BTR-CL: Y6 system, where it could si-
multaneously act as a morphological and mechanical modulator.
To quantitatively assess the mechanical enhancement, we evalu-
ated the COS of blend films using the film-on-elastomer (FOE)
method.152] As shown in Figure 5a,b, the BTR-CL:Y6 film ex-
hibited a low COS of (4.1 + 0.6)%, while the BTR-CL:PM6:Y6
film showed a significantly increased COS of (7.6 + 1.5)%, con-
firming improved ductility of the active layer upon PM6 incor-

Adv. Energy Mater. 2025, 15, e04576
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poration. The enhanced mechanical flexibility is attributed to
the disruption of excessive crystalline domains and the forma-
tion of a more resilient polymer network within the blend. With
those in mind, we fabricated flexible OSCs by replacing rigid
glass/ITO with flexible polyethylene naphthalate (PEN)/ITO sub-
strates, while keeping other layers and fabrication conditions un-
changed (Figure 5c). As shown in Figure 5d and Table 2, the bi-
nary flexible device achieved a PCE of 12.3% (J. = 23.67 mA
cm~2, FF = 63.2%). Upon introducing PM6, the ternary device
exhibited an enhanced PCE of 14.9%, with a higher . of 25.92
mA cm~2 and FF 0f 70.7%, closely matching the performance ob-
served in rigid counterparts. Detailed photovoltaic parameters of
optimal BTR-Cl: Y6 and BTR-Cl: PM6:Y6-based flexible devices
are summarized in Table S12 (Supporting Information). The cor-
responding EQE spectra (Figure 5e) also showed improved re-
sponse in the 400-850 nm range for the ternary devices, consis-
tent with the trend of its enhanced photocurrent. Finally, bend-
ing durability tests (r = 5 mm) were carried out to evaluate long-
term mechanical reliability. As illustrated in Figure 5f, the ternary
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flexible device retained ~92% of its initial efficiency after 800
bending cycles, while the binary counterpart dropped to ~78%
after 600 cycles. These results clearly demonstrate that polymer
incorporation not only improves mechanical resilience but also
enables flexible OSCs with high efficiency and excellent stabil-
ity, offering a practical solution for the mechanical limitations of
all-small-molecule systems in flexible electronics.

3. Conclusion

In summary, the introducing of a small amount of polymer PM6
into small donor-small acceptor dominated OSCs, successfully
addresses a long-standing critical challenge in this field. It ef-
fectively regulates the difficulty in achieving ideal phase sepa-
ration between small-molecular donor and acceptor, which is
often hindered by their high miscibility. This regulation opti-
mizes the active layer morphology and significantly enhances ex-
citon dissociation and charge transport efficiency by promoting
face-on orientation and the formation of continuous fiber net-
works, resulting in a high efficiency of 18.3% for the BTR-Cl:
PM6:Y6-based device. This efficiency ranks among the highest
reported for small donor-small acceptor dominated OSCs pro-
cessed from non-halogenated solvents. The BTR-Cl: PM6:Y6 sys-
tem also demonstrates excellent thickness insensitivity and po-
tential for large-area fabrication (a 13.5 cm? mini-module with an
efficiency of 12.2%). Enabled by PM6’s long-chain structure, the
flexible ternary device achieved a high PCE of 14.9% while main-
taining 92% initial efficiency over 800 bending cycles. Further-
more, the incorporation of polymer PM1 into the BTR-Cl: Y6 sys-
tem achieved a PCE of 18.0%, further validating the effectiveness
of this strategy. Although PM6/PM1-polymer demonstrates ad-
vantages in enhancing multiple aspects of small donor-small ac-
ceptor dominated active layer devices, its batch-to-batch variation
remains a significant challenge. Oligomers combine the struc-
tural precision and batch reproducibility of small molecules with
the superior film-forming capability and morphological stability
of polymers, making them ideal candidates for morphology con-
trol in small donor-small acceptor dominated OSCs. Therefore,
designing oligomeric materials that combine the morphology-
regulating advantages of polymers with the high purity and facile
crystallizable of small molecules will be a crucial direction for fur-
ther enhancing the overall performance of small donor-small ac-
ceptor dominated OSCs and realizing more efficient and stable
devices.

Supporting Information

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