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ABSTRACT

Developing organic solar cells (OSCs) simultaneously possessing high efficiency and robust mechanical properties is one of crucial
tasks to ensure their operational reliability and applicability for emerging wearable devices. However, enhancing their mechanical
properties without compromising the electrical properties of high-performance active materials remains a challenge. This work
presents a method that overcomes this limitation by embedding a dual liquid rubber (DLR) matrix consisting of tetra-fluorophenyl
azide and penta-fluorophenyl end-capped polybutadienes, PFFA and PFF, into layer-by-layer (LBL) films, which enables by a finely
controlled film morphology built on strong noncovalent interactions and azide cross-linking chemistry. The resulting LBL film
demonstrates a significantly improved stretchability and reduced stiffness of the active layer, with a crack initiation strain that
is approximately eight times higher than that of pristine film. The potential of the DLR strategy is demonstrated in PM6:L8-BO
flexible solar cells with a power conversion efficiency of 17.7%, which is among the highest efficiencies for flexible OSCs to date.
More importantly, the DLR strategy also enables significant bending durability of flexible LBL OSCs that retain 84.2% of their initial
performance after 5000 bending cycles. This design concept offers a new strategy for achieving highly efficient and stretchable LBL
OSCs.

1 | Introduction operational reliability and applicability of future-generation

Organic solar cells (OSCs) have attracted considerable attention
as a promising energy technology due to their lightweight,
solution processing, flexibility, and semitransparency advantages
[1-8]. OSCs with high efficiency and mechanical robustness
are considered an indispensable prerequisite for ensuring the

building/vehicle-integrated photovoltaics, self-powered wearable
electronics, and portable energy systems [9-12]. Thanks to the
significant progress of molecular design, such as BDT-based
polymer donors and Y-series small-molecule nonfullerene accep-
tors, and device engineering, the power conversion efficiencies
(PCEs) of OSCs have approached 20% [13-19]. Unfortunately,
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the mechanical properties of these highly efficient OSCs remain
far from the requirements on flexible devices, which has been
mainly attributed to state-of-art active layers possessing brittle
mechanical properties with crack onset strain (COS) values of less
than 5% [20-24]. Therefore, there is an urgent need to develop an
effective method to enhance the mechanical robustness of OSCs
while maintaining high PCE values.

The mechanical properties of active layers strongly depend on
the dissipation of strain energy by controlling the molecular
backbone conformation and packing motifs [25-28]. From a
chemical molecular design perspective, several strategies have
been reported to improve the mechanical properties of active
layers, such as the incorporation of a flexible conjugation-break
spacer in the polymer backbone, the synthesis of molecules that
partly embed dynamic bonding in terpolymers, and the construc-
tion of single-component active materials containing covalently
linked donor and acceptor moieties [29-34]. However, flexible
conjugation-break space and dynamic bonding components are
typically incorporated as random comonomers, resulting in a
randomized distribution of conjugation lengths and specific
functional groups, which impact the synthetic batch-batch
repeatability of materials. In addition, single-component OSCs
have limitations in the form of relatively low PCE values, due to
the difficulty of optimizing morphology [35-59]. Another strategy
to straightforwardly increase the stretchability of active layers
involves the introduction of rubbery insulating polymers, such as
PS-b-poly(ethylene-butylene)-b-PS polymers and poly(aryl ether
ketone) resins, into binary blends [38-44]. Considering their
high ductility but lack of inherent charge transport ability, the
selection of material type and the determination of the proportion
to incorporate into the blended film serve as critical strategies
for improving the stretchability and PCE of OSCs [45-48]. For
example, Ye et al. found that PM6:L8-BO blends with 5 wt% PS-b-
poly(ethylene-rbutylene)-b-PS polymers achieved simultaneous
increases in PCE (15.57%) and COS (9.5%) values compared to
blends without the introduction of rubbery insulating polymers
(15.42% PCE and 6.9% COS) [50]. Chu et al. showed that the
addition of 30% poly(aryl ether ketone) resins into PM6:L8-BO
blends afforded a significant enhancement of elongation-at-break
from 5.75% to 25.07% while maintaining a superior PCE of
the OSCs (15.8%) [44]. Inspired by these studies, establishing
a molecular design approach for rubbery insulating polymers
that can reinforce the mechanical properties of the active layer
without sacrificing electrical performance is worthy of a more
in-depth exploration.

Chemical cross-linking serves as a viable approach, generating
covalent cross-links in polymer electronic materials, resulting
in polymers with higher strain and toughness [49-52]. Unfor-
tunately, few studies have successfully reported high-efficiency
cross-linked OSCs because cross-linking agents may deteriorate
optoelectronic performance [52]. Other than chemical cross-
linking, noncovalent interactions (hydrogen bonds or coordina-
tion bonds) are typically introduced to form dynamic networks as
energy-dissipating sacrificial linkages and reinforce the mechan-
ical properties of films [53-55]. In addition, the establishment of
noncovalent interactions between commonly designed additive
and active materials can facilitate the formation of preferable ver-
tical component distributions, enhance molecular crystallinity,
and provide better charge transport properties, thus improving

the photovoltaic performance [56-58]. Therefore, we suppose that
designing insulating polymers with combined multisite cross-
links and strong noncovalent bonding could serve as an effective
strategy for enabling efficient OSCs with excellent mechanical
robustness.

In this work, we synthesized two liquid rubber (LR) matrices
consisting of tetra-fluorophenyl azide and penta-fluorophenyl
end-capped polybutadienes, PFFA and PFF, which were used
as insulating polymers-based additives to realize the improved
stretchability and reduced stiffness of the layer-by-layer (LBL)
PM6:L8-BO-blended film and simultaneously maintain its high
efficiency. The azide-containing end groups of PFFA had the
ability to cross-link the alkyl side chains on PM6 through
azide/C-H insertion to form a stretchable and elastic PM6-PFFA
matrix, which dramatically reinforced the mechanical properties
of the composite films [59]. In addition, the presence of strong
intermolecular interactions within the composite film due to the
utilization of tetra- and penta-fluoro terminal groups in these
two LRs possibly provided sufficient dynamic bonds, which could
dissipate stress from mechanical deformation, obviating the need
to dissipate energy from fracture [60]. In addition, molecular
dynamics (MD) simulations and synchrotron x-ray scattering
revealed that the tetra-fluorophenyl or per-fluorophenyl end
groups could interact with the electropositive main skeleton
of PM6 and L8-BO via electrostatic force, and thus reduce
the intermolecular interaction energy to allow stronger donor—
donor/acceptor-acceptor connections, impeding the disruption
of molecular aggregation and resulting in maintained charge
transport pathways. With optimal PFFA and PFF content (10
and 20 wt%), the PM6-PFFA,,:L8-BO-PFF,, LBL blends achieved
a significant enhancement in elongation-at-break from 6.6% to
48.5% and a reduction in elastic modulus from 265 to 17 MPa while
maintaining a superior PCE of the PM6:L8-BO-based LBL flexible
OSCs (17.7%). Furthermore, the DLR strategy enabled the signif-
icant bending durability of flexible OSCs, which retained their
initial performance of 84.2% after 5000 bending cycles at a radius
of 4 mm. Therefore, this work established the molecular design
concept of guest component LR matrices, which could be used to
control the mechanical and electrical properties of blended films,
providing a new strategy for the future development of stretchable
OSCs.

2 | Results and Discussion
2.1 | Design and Characterization of LRs

The detailed synthetic routes of the two LRs, PFFA and PFF, are
shown in Schemes S1and S2. The reaction between polybutadiene
and per-fluorophenyl azide end-capped afforded PFFA, which
was fully characterized by 'H, *C, and Y’F-NMR (Figures S1-S6).
The utilized flexible backbone structure, polybutadiene, enabled
suitable mixing with the active layer without forming large
separated domains and resulted in a semiconductor with elastic
properties [61]. State-of-art conjugated polymer donor PM6 and
nonfullerene acceptor L8-BO were selected as the model to
analyze the variations in mechanical properties and photovoltaic
performance of OSCs after incorporation of the designed LRs
(Figure 1). Obviously, the cross-linking density increases with
the augment of PFFA ratio (Table S1). Moreover, the blended
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FIGURE 1 | The formation processes of the two liquid rubber matrices of (A) L8-BO-PFF and (B) PM6-PFFA, and corresponding LBL flexible OSCs.

or cross-linked LBL films with PFFA all exhibited uniform
mixing (Figure S18). We hypothesize these morphologies may
originate from the surface energy compatibility between the two
components (conjugated polymer and flexible PFFA backbone).
This flexibility can prevent large domain (microscale) phase
separation driven by crystallization of the molecules, as has been
observed in other systems [62].

We first examined the importance of the cross-linker azide group
in photochemical reaction with polymer donor PM6 through
Fourier transform infrared (FTIR) spectroscopy analysis of the
active layer film before and after ultraviolet-visible (UV-vis)
exposure. The chemical peak of 2110 cm™ corresponded to the
vibration peak of the azide group of PFFA, which dramatically
weakened after exposure to UV light, as shown in Figure S7,
indicating the almost complete reaction of the azide group with
the PM6 polymer [10]. This was also supported by the UV-
vis absorption spectra of the PM6-PFFA film before and after
chloroform (CF) rinsing (Figure 2a). As shown in the inset
of Figure 2a, when the PM6-PFFA films were not subjected
to UV exposure, no polymer was found on the glass substrate
after CF washing, with the significantly reduced absorbance of
the PM6-PFFA film. By contrast, the film absorption spectrum
remained almost unchanged after UV treatment and solvent
washing, only exhibiting a slight decrease in the absorbance
intensity after rinsing. This indicated that UV treatment was
an effective and quick strategy for achieving 3D cross-linking
networks within the PM6-PFFA film, and the cross-linking
reaction did not damage the conjugated backbone of PM6 and the
optoelectronic performance. According to the above observations,
we simply elaborated on the cross-linking process and photo-
chemical reaction mechanism of PFFA with the PM6 polymer.
When exposed to UV light, the photolysis of the azide groups in
PFFA generated highly reactive singlet nitrenes with the emission

of nitrogen gas [63]. Then, due to the strong steric hindrance
effect, nitrenes were mostly inserted into the C-H bond of the
adjacent alkyl chains of the PM6 polymer, instead of reacting
with the 7 conjugated core of the polymer donor, which would
disrupt the overall structural conjugation and molecular 7-7
stacking [64]. Thus, PFFA molecules were bonded onto the alkyl
side chains of PM6, resulting in the formation of a 3D cross-
linked network that maintained its charge transport pathway
(Figure 2b). Besides, when subjected to external strain, the stress
within 3D cross-linked network can be transmitted through the
dense entanglement to other molecular chains before the chains
break. Therefore, the polymer not only consumes the elastic
energy of the long chain but also the elastic energy of other
entangled chains when a covalent bond breaks, thus achieving
high toughness [65].

X-Ray photoelectron spectroscopy (XPS) was subsequently mea-
sured for the thin film of pure and composite films to investigate
interactions between PFFA and PM6, and between PFF and L8-
BO. The XPS spectrum of Fls shows that neat PFFA and PM6
films peak at 687.9 and 687.7 eV (dls), respectively. In the PM6-
PFFA composite film, the peak at 687.7 eV shifts to a higher
bond energy (688.0 eV, Figure 2c), indicating that the electron
density of F atom decreases. Meanwhile, a similar phenomenon
was observed where the F1s XPS spectra of the L8-BO-PFF films
exhibited peak shifts to higher bonding energy compared to
the pristine L8-BO and PFF films, indicating the formation of
conspicuous interactions between the fluorinated end group and
photovoltaic materials. Compared to the original PM6 and L8-BO
films, the O1s XPS spectra of the PM6-PFFA and L8-BO-PFF films
showed obvious peak shifts. As shown in Figure 2c, peaks at 530.9
and 532.1 eV were observed for the original PM6 membrane, and
these peaks moved to higher bond energies of 532.0 and 533.3 eV
in the PM6-PFFA membrane. The PM6-PFFA film showed a
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FIGURE 2 | (A) Absorption intensity of PM6 + PFFA with and without UV treatment, (B) the cross-linking process of the PM6-PFFA mechanism,
(C) XPS spectra of the pure and composite acceptor and donor films, and intermolecular interactions between (D) D-D and (E) A-A.

new peak at 530.6 eV, indicating interactions between PFFA and
PM6. In the L8-BO pure film, peaks at 531.2 and 532.6 eV were
observed, which moved to higher bond energies of 531.3 and
533 eV in the L8-BO-PFF film, and the displacement of these
peaks indicated a decrease in the electron density of the O atoms
of PM6 and L8-BO (Figure 2c) [66]. In these blends, changes in the
binding energies of the Fls and O1s peaks indicated noncovalent
interactions between the F and O atoms in the PM6-PFFA and
L8-BO-PFF films.

These noncovalent interactions were further confirmed by the
UV-vis spectra, as illustrated in Figure S8. The 617 nm absorption
peak of the PM6 film and the 796 nm absorption peak of the
L8-BO film redshifted to 623 and 801 nm after 10 and 20 wt%

LR (PFFA and PFF) incorporation, respectively, revealing better
molecular packing of both PM6 and L8-BO. Moreover, in addition
to the redshift, the obviously enhanced absorption coefficient
of PM6-PFFA at 627 nm and L8-BO-PFF at 725 nm, which was
improved by ~1.08 times from 9.62 x 10* (neat PM6 film) to 1.04 x
10° cm™! and from 7.02 x 10* (neat L8-BO film) to 7.61 x 10*
cm™. The absorption peak of LBL films also showed the same
trend (Figure S9), indicating the additional interactions between
PFFA and PM6, and between PFF and L8-BO. Furthermore,
according to the DSC results, we found that the pure L8-BO
small molecule demonstrated a characteristic melting point (T,,)
of 319°C (Figure S10) along with a minor peak at 223°C due to
its multidimensional crystalline structure. After incorporating 20
wt% PFF, the melting point of L8-BO shifted from 319°C to 304°C,
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and the minor peak shifted to 175°C, indicating strong intermolec-
ular interactions between PFF and L8-BO [67, 68]. Therefore,
strong intermolecular interactions within the PM6-PFFA and L8-
BO-PFF pairs, coupled with the additional formation of a 3D
cross-linked network within PM6-PFFA, effectively contributed
to exceptional mechanical robustness while maintaining the
electronic properties of the semiconductor.

MD simulations were further employed to elucidate how the LRs,
PFFA and PFF, interacted with PM6 and L8-BO, affecting their
structural order in the solid films. According to snapshots of
the simulation results shown in Figure 2d, due to the distinct
disparity of the electrostatic potential surface (Figure S11), the
end group of PFFA was preferentially located near the main
chain of PM6, and PM6 with three repeating D-A units was
selected as a structural model to allow another PM6 molecule
to adsorb onto. For L8-BO, two simulated moieties (Figure 2e)
were constructed, with the PFF moiety adapting parallel, yet
center, offset 7-stacking. The corresponding interaction energy
(E) values between the two PM6 donor molecules and between
the two L8-BO molecules were calculated without (i.e., Ep_p)
and with (i.e., Ep ) the presence of LRs, where the lower
the E,_p value, the stronger the intermolecular interactions,
and vice versa. Without the assistance of PFFA, the calculated
Ep_p was around —81.2 kcal mol™, and this value could become
more negative to around —106.5 kcal mol~! with the addition of
PFFA, confirming that PFFA could act as a molecular bridge to
strengthen the interactions between the adjacent PM6 molecules
and form more compact 7— stacks. The same trend was observed
for L8-BO, which showed a reduced interaction energy from
—50.2 to —92.7 kcal mol™ (Figure 2e) with the assistance of
PFF. Therefore, these results further validated that LRs (PFFA
and PFF) could function as a molecular bridge to construct
the compact and ordered molecular packing of molecules, thus
interconnecting two crystalline domains for the improved ori-
entation alignment of crystallite and elevated charge transport
properties.

2.2 | Carrier Mobility and Mechanical Properties
of Films With DLR Strategy

The space-charge-limited current (SCLC) method was employed
to understand how the incorporation of LRs, PFFA and PFF,
affected the carrier mobility of the neat PM6 and L8-BO films.
As hypothesized, all neat films treated with LRs (5-30 wt%)
demonstrated mobility values of > 3.8 x 107* cm? V7! g7
(Figure 3a and Tables S2 and S3), comparable to or even greater
than films without LRs. Importantly, these neat films treated
with LRs exhibited gradually improved stretchability with a COS
of > 10% through the film-on-elastomer (FOE) tensile test tech-
nique (Figure 3b,c) [69]. Notably, for the L8-BO-PFF composite
films, dramatically improved COS values were observed with the
addition of a small amount of PFF, which increased more than
two-fold higher compared to those without PFF (Figure 3h and
Table S6). These results showed that the utilized LR matrices
effectively mitigated the trade-off between the carrier mobility
and stretchability of the neat films.

We further studied the carrier mobility of the LBL structure
rather than the bulk heterojunction film because the inevitable

cross-linking reaction would occur after the incorporation of
PFFA in the blended films and deteriorate small molecular L8-
BO from UV treatment. More importantly, L8-BO-PFFA after UV
irradiation was easily washed away from substrate, indicating
that PFFA was not cross-linked with L8-BO (Figure S12). The
corresponding hole and electron mobility parameters of the PM6-
PFFA:L8-BO-PFF LBL films after applying various proportions
of LR matrices are shown in Table S4. This DLR strategy (5-
20 wt%) did not adversely affect the electrical performance of
the LBL film, with all hole and electron mobilities maintained
at ~3.0-6.7 x 107* cm? V! s7! despite the addition of different
PFFA and PFF proportions. Furthermore, because these mobility
values were comparable to those observed in PM6:L8-BO LBL
or blended films devoid of LR matrices, this suggested that
the in situ formation of an elastic polybutadiene derivative—
based 3D rubber matrix within the active layer did not interfere
with the charge transport pathways. On the contrary, mobility
underwent a drastic decline in the PM6-PFFA:L8-BO-PFF LBL
films (< 2.8 X 10™* cm? V! s7!), with a further increase in PFFA
and PFF concentrations (> 20 wt%) (Table S4). Since the more
balanced carrier mobility could prohibit charge accumulation
and recombination, thus contributing to the higher performance
of the OSCs, the incorporation of 10 wt% PFFA into PM6 and
20 wt% PFF into L8-BO were selected as the optimal LBL
blends.

To further understand how the incorporation of LR matrices,
PFFA and PFF, affected the mechanical properties of the LBL
blend, the FOE method was used to study the deformation
and crack formation of films during slowly stretching condition
(Figure 3d and Figure S13). The PM6-PFFA,,:L8-BO-PFF,, films
could be stretched up to 25% strain without showing any visible
cracks. By contrast, PM6:L8-BO-PFF,,, PM6-PFFA,,:L8-BO, and
PM6:L8-BO showed dense and micrometer-scale cracks at 15%
strain. The modulus values of these four different LBL blends also
demonstrated an obviously inverse correlation with stretchability
(Figures 3f and S14). Therefore, the PM6-PFFA,,:L8-BO-PFF,,
LBL blend could obtain a relatively high COS (39.08 + 0.60%)
and relatively low modulus (1.04 + 0.06 GPa), indicating that
this LBL film with DLR strategy more efficiently dissipated
mechanical stresses under strain. In addition, the variations in
mechanical parameters were verified by peak force quantitative
nanomechanical mapping (PFQNM) derived from AFM, which
was required to obtain the force curve. Subsequently, analysis
and calculations on the force curve were performed using the
DMT model [70]. As shown in Figure 3e and Table S7, the elastic
modulus values of PM6:L8-BO, PM6-PFFA,,:L8-BO, PM6:L8-BO-
PFF,;, and PM6-PFFA,,:L8-BO-PFF,, were 5.11, 3.91, 2.90, and
0.98 GPa, respectively, indicating similar result trends from FOE
measurements.

Next, pseudo-free-standing tensile tests were performed by
floating the pure film and PM6:L8-BO LBL films on water
(FOW), which provided characterization of the intrinsic thin-
film mechanics [71]. From the obtained stress-strain curves
and compared to the PM6-PFFA, and L8-BO-PFF, films, the
fracture strains of the PM6-PFFA,, and L8-BO-PFF;, films
increased by 7 times, and the elastic modulus decreased by
15 times. As shown in Figure S15 and Tables S8 and S9, this
significant improvement in stretchability and softness originated
from the addition of the soft/ductile LR matrix, which had
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FIGURE 3 | (A) Carrier mobility of neat PM6 and L8-BO, (B) stress-strain curves of the PM6 with different ratios of PFFA by the FOE method,
(C) the stress-strain curves of L8-BO with different ratios of PFF by the FOE method, (D) schematic illustration of the stretching of the semiconductor

film on a supported TPU substrate and optical microscope images of the PM6:L8-BO film at 50% strain before and after additive addition, (E) DMT
modulus images of the PM6:L8-BO films with different PFFA/PFF contents obtained by the PFQNM method, (F) stress-strain (engineering) curves of
the PM6:L8-BO layer-by-layer films with varied additive contents measured by FOE, (G) photos of the PM6-PFFA,,:L8-BO-PFF,, film before stretching
(left) and stretched to a strain of 100% (right), and (H) elastic modulus of the neat films.

significantly lower elastic modulus values (54 and 71 MPa) and
higher fracture strains (30.87% and 19.45%) than pristine PM6
(458 MPa and 4.32%, respectively) and L8-BO (533 MPa and
2.13%, respectively). Similarly, the highest fracture strain of 48.52%
was obtained for PM6-PFFA,:L8-BO-PFF,, among the four LBL
films (Figure S16 and Table S10). One reason for the excellent
stretchability of the PM6-PFFA,,:L8-BO-PFF,, LBL blend was
the synergistic effect of cross-linking and strong intermolecular
interactions in the LBL films, which provided many degrees
of freedom for the molecular chains to reorient in response to

mechanical strain. In addition, the presence of intermolecular
interactions from the PM6-PFFA,, and L8-BO-PFF,, networks
possibly provided sacrificial, dynamic bond (i.e., F-7, F-0),
which could dissipate stress from mechanical deformation, elim-
inating the need to dissipate energy from fracture [72]. Thus,
the variations in COS and modulus values achieved by the
FOW method were consistent with the FOE measurements,
which further demonstrated the feasibility of the DLR strategy to
improve the stretchability and reduce the stiffness of the blended
film.
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2.3 | Molecular Packing and Phase Structures

Given the significance of morphological behavior in determining
device performance and elucidating the enhancement of mechan-
ical properties associated with the DLR strategy in the active layer,
we subsequently explored the morphology of these LBL films by
AFM tapping mode. As shown in Figure S18, four different types
of LBL films displayed nanofibrillar textures with a small square
surface roughness (Rq) of around 1.1-1.2 nm before stretching,
which was beneficial to the formation of low-resistance ohmic
contacts, resulting in higher photocurrents. Of particular interest,
the texture of the PM6-PFFA,,:L8-BO-PFF,, film maintained a
similar continuous nanofiber morphology, even when subjected
to 25% strain, indicating that the semiconductor LR matrix-based
film could remain continuous and entangled under mechanical
strain. Furthermore, due to the penta-fluorinated end group and
azide cross-linking chemistry, the entanglement and interlac-
ing of the composite nanofiber texture possibly provided both
stronger interactions and/or attraction to impart better ductility
characteristics [73]. By contrast, obvious variations in nano
microstructures were observed for the other three LBL films when
the strain was applied. Specifically, the original nanofibrils were
entirely disordered at 15% strain due to the formation of deep
cracks. Therefore, the LBL film obtained using the DLR strategy
formed an ideal shape and generated a more efficient charge
transfer channel during the stretching and bending processes,
which helped to improve the mechanical properties of the film
while ensuring the excellent performance of the device. To
determine the reason why this DLR strategy could maintain phase
separation within the LBL films, we subsequently investigated
miscibility between the PM6, L8-BO, and LR matrices through
contact angle measurements at room temperature (Figure S19 and
Table S11). The relative y,, of the materials could be calculated
from an empirical equation: y,, = K(v/x; — Vr.)% where K
is a positive constant (typical value of 116 x 10° m%), and
y represents the surface tension of the neat films [74]. The
resulting low values of Xpye/prea (0.06) and xigpoppr (0.03)
implied good miscibility between PM6 and PFFA, and between
L8-BO and PFF, which could be attributed to the strong molecular
interaction of these two pairs. Thus, thermodynamic miscible
analysis explained why the original film morphology could be
maintained when the DLR strategy was introduced into the LBL
films.

To assess the changes in molecular packing and orientation after
utilizing the DLR strategy, we first employed grazing-incidence
wide-angle x-ray scattering (GIWAXS) measurements on pristine
films (PM6 or L8-BO). Figures S20 and S21 display the diffraction
images of the GIWAXS measurements and their corresponding
linecut profiles for the PM6 and L8-BO-based films under
PFFA and PFF treatments, respectively. We observed that the
incorporation of these LRs would not damage the preferred face-
on molecular orientations of PM6 and L8-BO, due to the (010)
- stacking and (100) alkyl-to-alkyl stacking signals of these
four LBL films located in the out-of-plane (OOP) and in-plane
(IP) directions, respectively. In addition, for both PM6 and L8-
BO, the relative degree of crystallinity (rDOC) and coherence
lengths (CLs) of the (010) diffractions of films with LR treatment
(< 30% w/w) were slightly larger than the corresponding pristine
films (Figure S22 and Table S12). This facilitated vertical charge

transport within the films, which was favorable for realizing
promising J. and FF values in OSCs.

As shown in Figure 4a,b, the GIWAXS images of the LBL films
revealed that the preferential face-on orientation could also be
maintained using the DLR strategy. Interestingly, among the
four different LBL films, the PM6-PFFA,,:L8-BO-PFF,, films
exhibited the most compact 7-7 stacking distances of 3.58 A
(Table S13), with the highest rDOC values as determined from the
(010) diffraction peak intensity. These observed nanoscale mor-
phology variations of PM6-PFFA,,:L8-BO-PFF,, obtained using
the DLR strategy were consistent with the high carrier mobilities
data, which was beneficial for effective exciton dissociation and
favorable charge transport in devices. These results confirmed
our hypothesis, indicating that embedding end group-modified
LR matrices, such as PFF and PFFA, resulted in the construction
of strong F-F and F-O noncovalent interactions and molecular
cross-links within the active layers, which was beneficial for
realizing strong molecular stacking without sacrificing electrical
properties.

The microstructure evolution process under stretching served
as the basis for exploring the mechanical durability of active
layers. Thus, LBL films under stretching were first analyzed
to understand the microstructural evolution mechanism. The
2D patterns, diffraction intensity, and CL values of PM6:L8-BO
under various strains were described, as shown in Figure 4c,
and the crystallographic information and its variation tendency
were summarized, as shown in Tables S14 and S15. No obvious
changes in the 2D patterns of the active films were observed,
while the intensities of both (100) and (010) decreased in all
directions with an increase in strain. The change in d-spacing
of (100) and (010) originated from the variations in molecular
packing distance in the PM6 and L8-BO crystallites. The reduced
CL of (100) and (010) and attenuated lamellar packing were
possibly attributed to the crystallite rotation and crystallographic
deformation of PM6 and L8-BO. The microstructural variations
of the PM6-PFFA,,:L8-BO-PFF,,-blended films under various
strains are displayed in Figure 4e. Unlike pristine binary blends,
the characteristic peaks distinctly changed in the 2D patterns.
The (010) intensity dramatically decreased along the equatorial
direction and slightly increased along the meridian direction,
while the (100) intensity demonstrated an opposite tendency. As
shown in Figure 4d.f, the PM6:L8-BO blend showed rapid crys-
tallite minish and puny orientation under small strain, indicating
the structural brittleness of the PM6:L8-BO-blended films. The
PM6-PFFA,,:L8-BO-PFF,;-blended films showed slow crystallite
reduction and obvious crystallite orientation compared to the
PM6:L8-BO blend, indicating improved structural stability, which
was possibly due to the dynamic bonds dissipating the stress
from mechanical deformation, making it immune to crystallite
breakage and slippage [75].

According to the above results, we schematically analyzed the
mechanism of stretchable PM6-PFFA,:L8-BO-PFF,,. As shown
in Figure 4g, the significant increase in stretchability by adding
PFFA and PFF was primarily due to three points. First, the forma-
tion of elastic networks of PM6-PFFA and L8-BO-PFF increased
chain interactions and tie chains. The noncovalent cross-linking
sites (F-O, F-m) within the elastic networks could provide an

7 of 14

35US0 |7 SUOWILIOD) dAIEa1D 3|gedt|dde ay) Aq pausenob ae sajpie O ‘asn Jo Ssajni 10y Akeiqi]auljuQ 43I UO (SUOIPUOD-pUR-SWLB)0D AB | IM"AReIq 1 U UO//:SA1Y) SUORIPUOD pue SWiB | 8Y3 39S *[9202/90/€0] uo Arlqgiauluo A1 * ABojouyos | JO AISBAIUN SBW YD - Yokeasay s eyD Aq G000/ ZSNS/Z00T OT/I0p/wod A3 1m Areldipuljuo//sdny woij pepeojumod ‘Z ‘G202 ‘2552692



(A) PM6:L8-BO PM6-PFFA,:L8-BO PM6:L8-BO-PFF PM6-PFFA,:L8-BO-PFF,, B) 1o -
2.0 2.0 2.0 2.0 200 b =
N j 2
15 =L A =\ A . & ©08 3
o S e - - =
‘<10 <10 <10 <10 00 © . 8
o & < < ¥ 5 g
05 05 05 05 = 2
ol M A1 0 - 23
0.0 0.0 ¥+ 0.0 I+ .0 0.5
-0.50.0 05 1.0 1.5 2.0 -0500 05 1.0 1.5 2.0 -0.50.0 05 1.0 1.5 2.C -0.500 05 1.0 1.5 2.0 g s‘ao <0 e va(h's
’ -1 E 2 . ;
QuiA ) Gy (A ) 9 A ) qu(A‘) ‘?"r‘b'\ Paiad @\‘3%0 QYP‘\:'\'B%
Stretch direction (D)
(€) )
sl 600 4ol
3
[}
300 2o
%
£
0
(F)
600
40
300 3%
% o8
5
<
0 7

Fracture of
crystalline zone

Breaking of non-covalent bonds

(G) Elastomers connect between ot Stretching

polymer chains el

b {7 —— : «

P —

z ,,:;«%»
PM6 s 4 PFFA
Elongation and torsion of \ L8-BO — PFF
polymer chains
FIGURE 4 |

(A and B) GIWAXS patterns of the LBL layers without and with LR treatment and the corresponding rDOC calculated from (010)

diffraction, representative 2D patterns from the WAXS transmission model for (C) PM6:L8-BO films and (E) PM6-PFFA,,:L8-BO-PFF,, films under
various strains, (D-F) corresponding crystallographic intensity and its orientation variation tendency, and (G) schematic diagram of the morphology
changes of PFF and PFFA during the stretching process of the LBL layers using the DLR strategy.

additional strain energy dissipation mechanism through the
breakage of these reversible bonds. Another important factor was
that PFFA and PFF could act as molecular bridges to interconnect
two crystalline domains and construct an integrated elastic
rubber, simultaneously improving charge transport properties
and mechanical durability.

2.4 | Photovoltaic Properties of the LBL OSCs
Using DLR Strategy

The current density-voltage (J—V) characteristic curves under
AM 1.5G illumination for the best-performing devices were
plotted, as shown in Figure 5a, and the detailed device parameters
are summarized in Table 1. The PM6-PFFA ,:L8-BO and PM6:L8-
BO-PFF,,-based OSCs demonstrated comparative performance
as the controlled PM6:L8-BO (17.7%)-based OSCs, with PCEs of
18.2% and 18.7%, respectively. However, the PCE was found to
increase in the PM6-PFFA,,:L8-BO-PFF,,-based OSCs (19.2%),
and the main parameters that contributed to the increase in
PCE were J and FF. Specifically, the J,. and FF values of the
PM6:1L8-BO blend slightly increased to J,, = 26.6 mA cm~2 and
FF = 80.3% for the PM6-PFFA,,:L8-BO-PFF,, blend. The reason

for the obviously improved J, value in the PM6-PFFA,,:L8-
BO-PFF,, OSCs could be attributed to the enhanced dielectric
properties and built-in-potential of the LBL layer [76]. In addition,
the excellent FF of the PM6-PFFA,:L8-BO-PFF, blend indicated
that blending with LR matrices, with cross-linking reactions and
strong intermolecular interaction effects, would not disrupt the
exciton dissociation and charge transport pathways. As shown
in Figure 5b, integrated J,. from the external quantum efficiency
(EQE) curves was consistent with the J-V measurements. Thus,
the DLR strategy possibly did not induce additional trap defects
in the LBL layers, and the charges could pass freely, as discussed
below.

SCLC measurements via hole-only devices were used to evaluate
the trap density (n,,,) values of the devices (Figure S23). The
Nyap vValues were determined from the trap-filled voltage (Vi)
evaluated using the following equation:

VipL = entrapLz/ (2e5),
where L is the thickness of the LBL film, ¢ denotes the relative

dielectric constant, and ¢, is the vacuum permittivity [77].
Among all tested devices, the PM6-PFFA,,:L8-BO-PFF,, devices
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FIGURE 5 | (A)J-Vcurvesofrigid OSCs with a conventional structure of ITO/PEDOT:PSS/active layer/PNINN/Ag in this work; (B) EQE curves of

rigid OSCs with various types of LBL layers; (C) PL curves of the PM6, PM6 + PFFA, L8-BO, and L8-BO + PFF films; (D) temperature-dependent SCLC
curves of the OSCs with various types of LBL layers and corresponding energy disorder values; and (E) AFM current distribution and conductive AFM

images of the four types of thin films.

TABLE 1 |
AM 1.5G, 100 mW cm™2.

Optimized photovoltaic characteristics achieved by rigid and flexible OSCs without and with LR treatment based on the illumination of

Device J.(mA cm™2) J.* (mA cm™2) Voo (V) FF (%) PCE® (%)
PM6:L8-BO? (rigid) 253 24.7 0.889 78.6 17.7(17.3 £ 0.4)
PM6-PFFA,,:L8-BO? (rigid) 25.7 24.9 0.891 79.4 18.2(17.7 = 0.5)
PM6:L8-BO-PFF,,* (rigid) 26.2 25.5 0.897 79.8 18.7 (18.5 + 0.3)
PM6-PFFA,,:L8-BO-PFF,,* (rigid) 26.6 25.8 0.898 80.3 19.2 (18.9 £ 0.3)
PM6:L8-BOP (flexible) 24.9 24.4 0.854 75.6 16.1(15.7 + 0.4)
PM6-PFFA10:L8-BOb (flexible) 25.3 24.6 0.860 76.3 16.6 (16.0 + 0.5)
PM6:L8-BO-PFF20b (flexible) 25.7 24.6 0.864 77.0 171 (16.7 + 0.4)
PM6-PFFA10:L8-BO-PFF20b (flexible) 26.2 25.2 0.868 77.8 17.7(17.2 £ 0.5)
2Calculated from the EQE curve.
The values in parentheses are the average values with standard deviation obtained from 15 devices.
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demonstrated the lowest n,, values (hole-n,, values of 3.64 x
10%), which was consistent with the OSC performance results
provided in Table 1 and could be attributed to the ordered
molecular packing of the PM6-PFFA,,:L8-BO-PFF,, films.
Second, photoluminescence (PL) measurements were used to
investigate the effect of the dual-insulating polymer strategy on
photoinduced charge transfer in the LBL layer [78]. As shown
in Figure 5c, the PM6-PFFA,, and L8-BO-PFF,, films exhibited
higher PL intensity than neat PM6 and L8-BO, suggesting that the
incorporation of the LR matrix led to carrier accumulation at the
interface of the blended film without forming traps. We further
investigated the effect of the DLR strategy on energetic disorder
inside the devices via temperature-dependent hole transport
measurements [79], as expressed in the following formula:

e | (22)
Mo = M EXP 3IKT ,

where k is the Boltzmann constant, T denotes temperature
(Kelvin), and u,, represents the mobility at an infinite temper-
ature. The plots of the hole zero-field mobilities of the four
different types of LBL devices, as a function of 1/T?, and the cor-
responding fitted straight curves are shown in Figures 5d and S24.
The calculated o values for the PM6:L8-BO-, PM6-PFFA,,:L8-
BO-, PM6:L8-BO-PFF,,—, and PM6-PFFA,,:L8-BO-PFF20-based
devices were 44, 43, 41, and 39 meV, respectively. These results
indicated that the DLR strategy could decrease the number of
trapped density of states in the LBL films, and the electrons
exhibited reduced probability for trapping at tailed states and
combined with the holes. Furthermore, charge recombination
behavior inside the OSCs was analyzed from the dependence of
Ji. on incident light intensity (Pyg,) [80]. A power-law function
correlation was provided by Jy. o Pyg,’, in which S =1 indicated
that the bimolecular recombination process of free carriers was
negligible. As shown in Figure S25, similar S values were observed
in these four LBL devices, with the PM6-PFFA,,:L8-BO-PFF,,—
based devices showing the slightly largest values of 0.85, thereby
revealing that few bimolecular recombination losses occurred in
the device with the DLR strategy and also reflected the high
J,. value in this device. The photogenerated current density
(Jpn) versus the effective voltage (V) was also investigated
(Figure S26) [81], and the exciton dissociation probability P(E,T)
values were 0.978, 0.982, 0.983, and 0.998 for the PM6:L8-BO-,
PM6-PFFA,,:L8-BO-, PM6:L8-BO-PFF,,—, and PM6-PFFA,,:L8-
BO-PFF,,-based devices, respectively. This further confirmed
that efficient exciton dissociation occurred at interfaces employ-
ing the DLR strategy. We also used conductive AFM to directly
locate the photocurrent changes in these LBL films [82]. As
shown in Figure 5e, similar averaged currents around 0.3-0.6 nA
were obtained for these four films, indicating that the use of the
DLR strategy had almost no negative effects on the photocurrent
generation of the blended films. Following the above analysis,
we found that the introduction of LR matrices, PFFA and PFF,
in the PM6:L8-BO LBL films did not induce additional deep-
level charge-trapping states and had a less negative effect on
exciton dissociation and transport. Thus, the advantage of the
DLR strategy was realized, which could reinforce the mechan-
ical properties of the active layer without sacrificing electrical
performance.

We subsequently fabricated flexible devices with a
PEN/AgNW/PEDOT:PSS/LBL active layer/PDINN/Ag
architecture. The related device parameters are given in
Table 1, with the plotted J-V curves shown in Figure 6a. The
PM6-PFFA,,:L8-BO-PFF,, film displayed a high PCE of 17.7%,
with a V. of 0.868 V, a J. 26.2 mA cm™2, and an FF of 77.8% in
the flexible device, exceeding that of the PM6:L8-BO (16.1%)-,
PM6-PFFA,:L8-BO (16.6%)-, and PM6:L8-BO-PFF,, (17.1%)-
based flexible devices. To the best of our knowledge, the PCE of
17.7% was achieved in this work, which represented one of the
highest PCE values among all types of flexible OSCs reported to
date (Figure S29 and Table S16). To ensure comprehensiveness,
the EQE spectra of these devices were also obtained, as shown
in Figure 6b. We then fabricated 50 flexible OSCs utilizing
the PM6-PFFA,,:L8-BO-PFF,, LBL system, which exhibited an
average PCE of 17.2 + 0.5% (Figure 6c). The relatively narrow PCE
distribution suggested good reproducibility in the fabrication of
flexible LBL OSCs employing the DLR strategy.

We further carried out bending durability tests for flexible LBL
OSCs with and without the DLR strategy. Figure S27 shows a
schematic diagram of the stress on the flexible device during the
bending process, and the bending strain of the flexible device
is estimated to be ~0.8% by simulating the bending process of
FOSCs at a bending radius of 4 mm. The detailed calculation
process of bending strain is discussed in Supporting Information.
The flexible OSCs with PM6-PFFA,,:L8-BO-PFF,, retained 84.2%
of their initial PCE after 5000 bending cycles with a bending
radius of 4 mm (Figure 6d) [83]. By contrast, the OSCs using
bare PM6:L8-BO maintained only 31.0% of their initial PCE
after 3000 bending cycles. The improved bending durability
enabled by the DLR strategy could be explained by the following
possible reasons. First, the incorporation of the LR matrices
within the LBL layers provided a soft medium, which increased
the toughness at the brittle LBL active layer and the interface
between the donor and acceptor, thus enhancing mechanical
reliability. Second, the formed cross-linking networks via the
azide chemistry reaction and the presence of intermolecular
interactions due to the utilization of tetra- and penta-fluoro
terminal groups provided sufficient covalent and dynamic bonds,
which could dissipate the stress from mechanical deformation,
obviating the need to dissipate energy from fracture, as evidenced
by the absence of obvious crack formation after blending the
PM6:L8-BO films and spin coating on TPU (Figure S13). Avoiding
this photoactive fracture was beneficial for controlling disrup-
tion in photocarrier transport and enhancing the photovoltaic
performance of flexible OSCs. In addition, the electronegative
fluorinated end groups were adsorbed on the electropositive
backbone of the donor and acceptor, which increased Ej,_, and
E,_4, leading to enhanced structural order with shortened 7—7
stacking distance and maintained charge transport ability. The
use of PFF and PFFA provided the original excellent morphology
without inducing elevated trap density, with no negative effect on
exciton dissociation and charge transport in LBL OSCs.

Finally, we tracked the PCE evolution with and without using
the DLR strategy to assess the long-term operating stability of
flexible OSCs (Figure 6€). The maximum power point output was
continuously analyzed under constant full simulated AM 1.5G
solar illumination (multicolor LED-based simulator with power
equivalent to 100 mW cm~2). The control PM6:L8-BO device
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FIGURE 6 | (A)J-Vcurves of the four flexible OSCs based on PM6:L8-BO with and without LR matrices treatment, (B) corresponding EQE curves,
(C) PCE distribution histogram of 50 individual target OSCs using the DLR strategy, (D) normalized PCE change of flexible devices with and without
the DLR strategy after consecutive bending cycles with a radius of 4 mm, and (E) operational stability of the OSCs with and without the DLR strategy at

the MPP in N, under white LED illumination with an equivalent effective irradiance of one sun.

suffered a severe drop of 40% in its initial PCE value after aging
for 1200 h, while the Ty, lifetime (80% degradation of initial
value) evaluated from the corresponding curves was as low as
110 h. In contrast, the device with DLR demonstrated notably
enhanced stability under the same operational conditions, main-
taining 89.6% of its initial PCE after 1200 h of continuous
operation. Molecular migration and morphology disruption were
significantly suppressed by incorporating proper LR matrices
in the LBL layer after long-term operation, as evidenced by
the AFM measurements (Figure S28). These encouraging results
demonstrated the significant potential of using the DLR strategy
for improving LBL OSCs for high efficiency, stretchability, and
stability.

3 | Conclusions

In summary, we successfully demonstrated that dual-
embedded LRs consisting of tetra-fluorophenyl azide and
penta-fluorophenyl end-capped polybutadienes, PFFA and
PFF, provided a simple and effective strategy for enhancing
stretchability and maintaining the electronic properties of high-
efficiency LBL OSCs. The core idea involved the finely controlled
composite film morphology built on azide chemistry, which
took advantage of its cross-linking reactivities with azide/C-H
insertion to form a stretchable and elastic matrix. The resulting
covalent bonds between the PPFA and semiconductor materials
could dramatically reinforce the mechanical properties of the
active layers. The presence of strong intermolecular interactions
due to the utilization of tetra- and penta-fluoro terminal groups

possibly provided sufficient dynamic bonds that could dissipate
the stress from mechanical deformation, obviating the need for
dissipating energy from fracture. In addition, the electronegative
fluorinated end groups adsorbed on the electropositive backbone
of the donor and acceptor, which increased Ej, , and E,_,. This
led to enhanced structural order with a shortened 7-7 stacking
distance and maintained charge transport ability. With optimal
PPF and PFFA content (10 and 20 wt%), the LBL film achieved
a significant enhancement in elongation-at-break from 6.6% to
48.5% and reduction in elastic modulus from 265 to 17 MPa while
maintaining the superior PCE of the PM6:L8-BO-based flexible
OSCs (17.7%). The DLR strategy also enabled the significant
bending durability of flexible LBL OSCs, which retained their
84.2% initial performance after 5000 bending cycles at a radius of
4 mm. This proposed strategy for constructing multifunctional
DLR may play an important role in promoting the flexibility
of highly efficient LBL OSCs and the development of practical
wearable electronics.

4 | Experimental

4.1 | Solar Cell Device Fabrication

The rigid device structure used in this work is
ITO/PEDOT:PSS/active layer/PDINN/Ag. The ITO-coated

glass substrates were sonicated successively with detergent,
deionized water, acetone, and isopropanol and dried with
nitrogen flow. Immediately prior to device fabrication, the
substrates were cleaned by oxygen plasma for 25 min. And then,
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the PEDOT:PSS was spin-coated onto the ITO substrate and
treated with thermal annealing for 15 min at 150°C. Then, the
substrates were transferred to the N,-filled glovebox. For the
LBL device, PM6 was dissolved in chlorobenzene (CB) solvent
at a concentration of 10 mg mL™!, while L8-BO was dissolved
in the CF solvent at a concentration of 10 mg mL™. A total of
10 wt% PFFA was added to the donor to obtain PM6-PFFA,,
solution, and 20 wt% PFF was added to the recipient solution
to obtain L8-BO-PFF,, solution. After adding 0.25% v/v CN
in L8-BO-PFF solution, and blend solutions were stirred for
20 min. Then the PM6 or PM6-PFFA,, solution was spin-coated
on the PEDOT:PSS-coated substrates, and the L8-BO or L8-BO-
PFF,, solution was deposited. The obtained four different LBL
active layers were treated with thermal annealing at 85°C for
5 min. Then, the PDINN solution (in CH;OH) was spin-coated
as electron transport layer. Finally, Argentum (100 nm) was
evaporated onto the active layer stack at a vacuum of ~2x10~* Pa
to form the top electrode. The effective area of the device is
0.042 cm?. The current density-voltage (J-V) characteristics
were measured with a Keithley 2450 source measurement unit.
The OSCs were measured under an irradiation intensity of
100 mW cm™2 (AM 1.5G) by a Newport solar simulator.

The flexible photovoltaic cells were fabricated with the
conventional structure (PEN/AgNWs/PEDOT:PSS/active
layers/PDINN/Ag). The PEDOT:PSS layers were treated at 100°C
for 20 min. Other processes are consistent with those of devices
based on the glass substrates.
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