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Abstract: Considering the potential applications of all-poly-
mer solar cells (all-PSCs) as wearable power generators, there
is an urgent need to develop photoactive layers that possess
intrinsic mechanical endurance, while maintaining a high
power-conversion efficiency (PCE).Herein a strategy is dem-
onstrated to simultaneously control the intercalation behavior
and nanocrystallite size in the polymer–polymer blend by using
a newly developed, high-viscosity polymeric additive, poly(di-
methylsiloxane-co-methyl phenethylsiloxane) (PDPS), into the
TQ-F:N2200 all-PSC matrix. A mechanically robust 10wt%
PDPS blend film with a great toughness was obtained. Our
results provide a feasible route for producing high-perfor-
mance ductile all-PSCs, which can potentially be used to
realize stretchable all-PSCs as a linchpin of next-generation
electronics.

Compared with small-molecule-containing organic solar
cells, all-polymer solar cells (all-PSCs), comprising polymeric
donor and acceptor, inherently have better solution process-
ability and mechanical robustness, which are necessary for
cost-effective flexible and wearable devices that are produced
by printing technologies.[1] While intensive efforts have
focused on maximizing the performances of the all-PSCs
through the design of new materials and optimal combina-
tions in blends, yielding impressive power-conversion effi-
ciencies (PCEs) over 7% within a short time, there are at
present few studies that have realized the viability of all-PSCs
with mechanical stability toward the aforementioned next-
generation electronics.[1d, 2] The mechanical compliance of p-

conjugated polymers can be enhanced through the incorpo-
ration of soft segments within the backbone.[3] However, these
approaches not only suppress molecular packing in the
condensed phase, but also reduce the density of chromo-
phores in the p-conjugated polymer, resulting in a massive
decrease of the inherent electrical properties.[4] To surmount
such incompatibilities between the photovoltaic and mechan-
ical properties of semiconductors, several blending methods
using rubber-like plasticizers or elastic polymers were explor-
ed.[3a,b,4a, 5] Besides, we confirmed that using polymeric addi-
tives can help refine bulk heterojunction (BHJ) morphology
in blend and enhance the PCE.[6] Therefore, we hypothesized
that a processing polymer additive with high viscosity can
provide an effective simultaneous control over mechanical
and photovoltaic properties in all-PSC.

In this work, we have synthesized a high-viscosity hydro-
phobic polymer, poly(dimethylsiloxane-co-methyl phenethyl-
siloxane) (PDPS), by grafting styrene to hydrosilane-termi-
nated poly(dimethylsiloxane-co-methylhydrosiloxane)
(PDMS), showing approximately a fourfold enhancement in
viscosity over that of PDMS (Figure 1).[7] We have inves-
tigated the effects of PDPS as an additive on the mechanical
properties, morphology, and photovoltaic characteristics of
all-PSC platforms based on the poly(6-fluoro-2,3-bis-(3-
octyloxyphenyl)quinoxaline-5,8-dyl-alt-thiophene-2,5-diyl)
(TQ-F):poly((N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-
bis(dicarboximide)-2,6-diyl)-alt-5,5’-(2,2’-bithiophene))
(P(NDI2OD-T2, known as N2200) matrix.[2f] Upon addition
of 10 wt% PDPS into the polymeric matrix, the resulting
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blend film exhibits superior toughness values of up to
9.67 MJm@3 with a elongation at a break of 50.92%. This
allows achieving not only a high PCE of 6.87 % in conven-
tional all-PSCs but also a reliable PCE of 5.60 % in graphene
electrode-based flexible devices, for which 90 % of its PCE is
retained after 100 bending cycles at a bending radius of 3 mm.
The present work demonstrates a simple processing route to
potentially produce highly efficient stretchable photoactive
layers for wearable all-PSCs.

A pseudo free-standing tensile test system (Figure 2 a)
was employed to measure the intrinsic mechanical properties
of the blend films.[1d, 8] The blend films incorporated with
varying amounts of PDPS (0, 10, 20, and 50 wt%) relative to
the total weight of the photoactive layer are denoted as
0PDPS, 10PDPS, 20PDPS, and 50PDPS, respectively.

The elastic modulus, elongation at break, and integrated
toughness of the 0PDPS film were 0.75 GPa, 32.56%, and
6.90 MJm@3, respectively. The addition of 10 wt % PDPS into
the TQ-F:N2200 matrix retains a comparable tensile strength
of 24.62 MPa, but significantly lowers the elastic modulus to
0.54 GPa with a greatly enhanced elongation at a break of
50.92%, thereby yielding a high toughness value of
9.67 MJm@3 (Figure 2d and e). The detailed data are sum-
marized in Table S1 in the Supporting Information. No cracks
until the high elongation of up to 50 %, was observed in the
representative 10PDPS film (Figure 2c). The storage (G’) and
loss (G’’) moduli of the blend films show a weak dependence
on the frequency, where the G’ values were higher than those
of the corresponding G’’ over the measured frequency range
(Figure S4, see the Supporting Information), indicating typ-
ical gel-type behavior. It is also noted that both G’ and G’’
moduli increase with increasing the PDPS content. The
superior ductile nature is a crucial advantage for stretchable
electronic applications. Further increase of the PDPS con-
tents leads to a monotonic decrease in both elastic modulus
and tensile strength, while the elongations at the break are
53.15% and 42.96 % in the 20PDPS and the 50PDPS,

respectively, resulting in an overall decrease in toughness
values in both cases (Figure 2d and e). This suggests that
adding an optimal amount of PDPS into the BHJ blend helps
maximize the mechanical endurance. Additionally, we fab-
ricated the 10PDPS film on the polyethylene terephthalate
(PET) substrate, confirming its outstanding mechanical
durability (Figure 2 f).

Conventional all-PSCs with the configuration of indium
tin oxide (ITO)/poly(3,4-ethylenedioxythiophene): poly(styr-
enesulfonate) (PEDOT:PSS)/TQ-F:N2200:PDPS/perylene-
diimide functionalized with amino N-oxide (PDINO)/Al
were fabricated. All active layers were optimized to be
around 110 nm for the sake of comparison. Figure 3 a shows
the representative curves of current density–voltage (J–V)
measured under an AM 1.5G condition, 100 Wcm@2, and the
relevant photovoltaic parameters are summarized in Fig-
ure 3b and Table S2 in the Supporting Information. Figure 3c
displays the external quantum efficiency (EQE) spectra of all
devices, and the corresponding integrated JSC values (Fig-
ure 3d) agree with the JSC values obtained from the J–V
measurement (within 5% mismatch). The 0PDPS-based cell
exhibited a PCE of 7.12% with a short-circuit current density
(JSC) of 13.58 mAcm@2, open-circuit voltage (VOC) of 0.841 V,
and fill factor (FF) of 62.33%, consistent with the values
reported.[2f] Upon adding PDPS, the JSC values drop gradually
while maintaining similar VOC values of about 0.82–0.84 V.
Notably, the addition of 10 wt % PDPS provides an unex-
pected high FF of 65.96%, together with only a minimal
decrease in JSC (12.40 mAcm@2), yielding a high PCE of
6.87%, comparable to the PDPS-free one. However, at higher
PDPS loadings (20 and 50 wt %), additionally to the further
decrease in JSC values, the FF values decline sharply, leading

Figure 1. a) Synthetic route for PDPS. b) Dependence of shear stress
and c) dynamic viscosities of PDMS and PDPS on the shear rate at
25 88C, respectively. d) Diagram of the conventional all-PSCs with the
configuration of substrate (glass or PET)/ ITO or graphene/active layer
(TQ-F:N2200:PDPS)/PDINO/Al. Figure 2. a) The pseudo free-standing tensile test system. b) The dog-

bone-shaped tensile specimen used in this work. c) Optical microsco-
py images of the representative 10PDPS blend film under different
strains. d) The strain-stress curves and e) corresponding elastic mod-
ulus and integrated toughness values of the (i) 0PDPS, (ii) 10PDPS,
(iii) 20PDPS, (iv) 50PDPS blend films. f) The blend films deposited on
the PET substrate, bent at various configurations.
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to a low power output in the devices. Comprehensively, the
10PDPS blend possessing superior mechanical and photo-
voltaic properties facilitate the realization of a high-perfor-
mance PSC with stretchable features.

To understand the correlation between the PDPS content
and the mechanical and photovoltaic performance difference,
atomic force microscopy (AFM) and bright-field transmission
electron microscopy (TEM) were used to probe the top
surface and bulk features of the blend films, respectively.
(Figure 4a and b) All AFM images of the blend films exhibit
a similar smooth surface with a low root-mean-square rough-
ness in the range of 0.89–0.98 nm. Whereas the TEM images
clearly reveal that varying PDPS contents in the blends
significantly affects the degree of phase separation. For
example, the TEM image of PDPS-free blend film shows only
a homogeneous and smooth feature, while fibril-like micro-
structures are clearly seen from the blend film with a 10 wt%
PDPS, indicating phase-separated polymer networks. Such
a fibril-like feature could be strongly related with change in
the interfacial tension induced by the addition of PDPS (see
the tension analysis among each configuration in Figure S7
and Table S3, see the Supporting Information).This type of
morphology is expected to not only enhance the mechanical
robustness, but also the charge transport. Both these enhance-
ments can contribute positively to tensile and photovoltaic
properties mentioned above.[1a–c,9, 10] However, the TEM
images of the blend films with more than 20 wt % PDPS
present tree branch textures with poor film formation. This is
probably due to the insufficient intermixing of PDPS with the
photoactive layer polymers, which is responsible for the
concomitant fall in JSC and FF values in devices and reduced
mechanical toughness as well. X-ray photoelectron spectros-
copy (XPS) measurement was carried out to analyze the
composition of 10PDPS film as a function of the penetration
depth (Figure S8, see the Supporting Information), where the

silicon (Si) and sulfur (S) atoms can be used as the character-
istic elements of the PDPS and TQ-F:N2200 host matrix,
respectively. The calculated Si:S ratio showed a close corre-
lation with the penetration depth of blend film according to
the etching time, suggesting that the degree of the PDPS
dispersion is evidently different between the surface and the
bulk regions of the blend film. This result support the
observed discrepancy in the AFM and TEM results.

Moreover, a deeper insight into the molecular packing
and orientation of the blend films was obtained through
grazing incident wide-angle X-ray scattering (GIWAXS)
measurement. As shown in Figure 4c and Figure S10 in the
Supporting Information, all the blend films with and without
PDPS yielded strong (010) p–p stacking diffraction along the
out-of-plane, that is, the so-called p-face-on orientation,
benefitting the charge transfer through photoactive layer to
electrodes.[11] The different (010) diffraction positions of neat
TQ-F (Ca. 1.71 c@1) and N2200 (Ca. 1.57 c@1) allows us to
resolve the corresponding (010) p-face-on peaks in blend
films by multiple-peak fitting (Figure S9 and S11,see the
Supporting Information). Calculated by ScherrerQs equation,
the crystallite coherence lengths (CCLs) in blend films are
smaller than the corresponding neat films.[12] Noted that the
CCLs in blend films arising from the TQ-F polymer gradually
increase from 17.34 c to 20.12 c with increasing PDPS
content, though no monotonic trend in the CCLs of the N2200

Figure 3. a) The current density–voltage ( J–V) curves of (i) 0PDPS, (ii)
10PDPS, (iii) 20PDPS, (iv) 50PDPS blend films. b) PDPS content
dependence in FF and PCE parameters from devices as described in
(a). c) Corresponding EQE spectra; d) integrated JSC values; e) depend-
ence of JSC, and f) VOC as a function of light intensity.

Figure 4. a) AFM height images in 4 mm W 4 mm, b) TEM images, and
c) GIWAXS images of the blend films: (i) 0PDPS, (ii) 10PDPS, (iii)
20PDPS, (iv) 50PDPS. d) Corresponding donor and acceptor compo-
nents coherence lengths (CCLs) estimated from the face-on (010)
diffractions.
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polymer was observed (Figure 4d). The results demonstrate
that the incorporation of PDPS into the polymer blend matrix
affects the molecular packing and nanocrystallite sizes in both
the polymeric components, rather than the molecular ori-
entation. Considering the above morphological studies, one
can speculate that the well-modulated nanocrystallite sizes of
both donor and acceptor polymers with phase-separated
networks in the blend films increase the intercalation and
interface area between the two polymer components.[2e, 13]

To directly compare the vertical bulk charge transport
properties of the blends, space-charge-limited current
(SCLC) measurements were performed.[14] As shown in
Figure S12 in the Supporting Information, the estimated
hole mobilities (mh) exhibit the following order: 50PDPS
(1.91 X 10@5 cm2 V@1 s@1)< 20PDPS (5.40 X 10@5 cm2 V@1 s@1)<
0PDPS (8.25 X 10@5 cm2 V@1 s@1)< 10PDPS (9.37 X
10@5 cm2 V@1 s@1). Moreover, we analyzed incident light-inten-
sity (I) dependent J–V characteristics to further understand
the charge recombination kinetics.[15,16] Figure 3e shows
a log–log plot of JSC as a function of I. The dependence
characteristic of JSC on I is used to determine the bimolecular
recombination, which limits the FF output. A power-law
function correlation is given by JSC/ Ia, in which exponent
a = 1 when the bimolecular recombination of the free carriers
is negligible under the short-circuit condition.[15] The deter-
mined values of a were 0.99, 1.00, 0.90, and 0.85 for 0PDPS,
10PPES, 20PDPS, and 50PDPS, respectively, suggesting that
the least bimolecular recombination loss was involved in the
10PDPS blend, unambiguously reflecting its highest FF value
in all-PSCs. Besides, the geminate or Shockley–Read–Hall
recombination loss was also extracted from the dependence
of VOC on I (Figure 3 f).[15] The magnitude of the slope
represents the degree of geminate recombination before the
photoinduced excitons fully dissociate into free charge
carriers. The slopes for 0PDPS, 10PDPS, 20PDPS, and
50PDPS were determined to be 1.28 kT/q, 1.30 kT/q,
1.45 kT/q, and 1.53 kT/q, respectively, indicating that the
geminate recombination loss increases as the PDPS content
increases in the blends, consistent with the observed JSC trend
above.

To investigate the effect of PDPS additive on the photo-
induced charge transfer dynamics in all-PSCs, transient
absorption (TA) measurement was performed on the
0PDPS and 10PDPS blend films, where the pump wave-
lengths at 500 nm and 740 nm were used to excite TQ-F and
N2200, respectively (Figure S14–S17, see the Supporting
Information). Clear hole and electron transfer processes
were observed in both cases. Notably, with pump at 740 nm,
the bi-exponential fitted rising lifetimes of excited-state
absorption (ESA) signal probed at 860 nm, which was
attributed to the hole transfer process, are 0.64 ps, 10.56 ps
for 10PDPS and 0.77 ps, 13.15 ps for 0PDPS, respectively. On
the other hand, with pump at 500 nm, the ESA rising lifetimes
attributed to electron transfer process are 1.01 ps, 11.85 ps for
10PDPS and 1.47 ps, 14.42 ps for 0PDPS, respectively. These
results suggest that the use of PDPS additive can facilitate the
charge transfer kinetics, mainly due to the well-distributed
microstructure with finer interconnected phase-separation in
the 10PDPS, which accounts for its outstanding performance.

To further evaluate the stability of the photovoltaic
properties against external mechanical deformation, we
performed the bending test on 0PDPS and 10PDPS based
flexible all-PSCs using the configuration of PET/graphene/
PEDOT:PSS/active layer/PDINO/Al.[17] Their J–V character-
istics were measured after different bending cycles at a bend-
ing radius of 3.0 mm. Note that a higher sheet resistance of the
graphene electrode relative to that of ITO as well as the
graphene transfer-related defects may account for the slightly
inferior device performances observed from the flexible
devices.[5d, 17a, 18] As shown in Figure 5 a and Table S4 in the
Supporting Information, although the 0PDPS afforded
a higher PCE (5.89%) initially, both JSC and FF dramatically

degraded as the bending number increased, leading to
significantly reduced PCE of only 3.10%, that is, a decrease
of 50 %, after 100 bending cycles. The apparent degradation
of photovoltaic efficiencies was mostly attributed to crack
propagation in the 0PDPS blend film under the bending strain
(Figure 5b). In contrast, together with negligible morpholog-
ical change, the device performance of 10PDPS was found to
be much more stable while retaining a decent PCE of 5.07%
at the same measurement conditions, that is, about 90% of its
initial PCE (5.60 %). The trend of bending test agrees well
with the tensile modulus analysis mentioned previously,
suggesting that the PDPS-assisted BHJ blend films provide
excellent tolerance against external strains with stable photo-
voltaic performance.

In summary, we have developed a high-viscosity hydro-
phobic PDPS that has an approximately fourfold enhance-
ment in viscosity by grafting reaction of styrene to the PDMS
backbone and have applied it as a processing additive to the
TQ-F:N2200-based all-PSCs. By properly controlling the
PDPS content in the polymer-polymer matrix, a strong
intercalated phase-separated network with desirably-con-
trolled nanocrystallite sizes in blend films was observed in
the 10PDPS, enabling high-performance all-PSCs with

Figure 5. a) The PCEs of (i) 0PDPS and (ii) 10PDPS based flexible all-
PSCs with bending cycles at a bending radius of 3 mm. b) Correspond-
ing SEM images of surface morphologies of photoactive layer after 100
bending cycles.
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mechanical durability. Besides, we also fabricated a graphene
electrode-based flexible device with the best-performing
10PDPS blend, not only achieving a high PCE of 5.60 %,
but also maintaining 90% of the initial PCE after 100 bending
cycles with a bending radius of 3.0 mm. Our study paves
a simple yet feasible approach to manufacture efficient
flexible all-PSCs and demonstrates its potential for high-
performance stretchable all-PSCs as a cornerstone of portable
and wearable devices.
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