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A series of polymer acceptors PF2-DTC, PF2-DTSi, and PF2-DTGe with identical
molecular backbone but different central bridging atoms in tricyclic-fused donor
units were developed. In all-PSCs, the PF2-DTSi-based blend film exhibited
excellent mechanical robustness with an impressively high PCE of up to 10.77%.
Moreover, the flexible solar cell based on this blend retained >90% of its initial PCE
after bending and relaxing 1,200 times at a bending radius of ~4 mm.
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Mechanically Robust All-Polymer Solar
Cells from Narrow Band Gap Acceptors

with Hetero-Bridging Atoms

Qunping Fan,"'*Wenyan Su,"?'* Shanshan Chen,>”:'* Wansun Kim,> Xiaobin Chen,® Byongkyu Lee,*
Tao Liu,® Ulises A. Méndez-Romero,’-'? Ruijie Ma,? Tao Yang,* Wenliu Zhuang,” Yu Li,” Yaowen Li,®
Taek-Soo Kim,>* Lintao Hou,”* Changduk Yang,*>* He Yan,® Donghong Yu, %"

and Ergang Wang'-'#.15*

SUMMARY

We developed three narrow band-gap polymer acceptors PF2-DTC, PF2-DTSi,
and PF2-DTGe with different bridging atoms (i.e., C, Si, and Ge). Studies found
that such different bridging atoms significantly affect the crystallinity, extinc-
tion coefficient, electron mobility of the polymer acceptors, and the
morphology and mechanical robustness of related active layers. In all-polymer
solar cells (all-PSCs), these polymer acceptors achieved high power conversion
efficiencies (PCEs) over 8.0%, while PF2-DTSi obtained the highest PCE of
10.77% due to its improved exciton dissociation, charge transport, and opti-
mized morphology. Moreover, the PF2-DTSi-based active layer showed excel-
lent mechanical robustness with a high toughness value of 9.3 MJ m3 and a
large elongation at a break of 8.6%, which is a great advantage for the practical
applications of flexible devices. As a result, the PF2-DTSi-based flexible all-PSC
retained >90% of its initial PCE (6.37%) after bending and relaxing 1,200 times
at a bending radius of ~4 mm.

INTRODUCTION

Just within the last five years, tremendous advances in nonfullerene acceptors
(NFAs), including both small molecules (SMs)'” and polymers,EH4 have greatly
improved the photovoltaic (PV) performance of polymer solar cells (PSCs). Power
conversion efficiencies (PCEs) exceeding 16% have been achieved in their PV de-
vices."”? Compared to the SM-acceptor-based PSCs, all-polymer solar cells (all-
PSCs) based on an active layer consisting of one polymer acceptor and one polymer
donor with excellent morphological stability and mechanical robustness,?'* are
considered to be the most promising candidates for PV devices. However,
compared to the diversity of most popular SM-NFAs,"”’ the types and quantities
of polymer acceptors are scarce and structurally limited to such few units as perylene
diimide (PDI),%%* naphthalene diimide (NDI),”?* and B— N-bridged bipyridine
building blocks."® Until now, the most widely used polymer acceptor is the NDI-
based narrow band-gap N2200,” and its relevant all-PSCs have achieved a high
PCE over 8% from different research groups by using various optically complemen-
tary polymer donors.?*’ However, N2200 film displays a very low extinction
coefficient of ~0.3 x 10° cm~', which seriously limits the further improvement of
short-circuit current density (Jso) and PCE in its all-PSCs. Recently, Zhang and Li
et al. reported an important alternative narrow band-gap polymer acceptor PZ1
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Context & Scale

All-polymer solar cells have
unique advantages of excellent
morphological stability and
mechanical robustness and are
considered to have great practical
application prospects. Studies
have shown that bridging atoms
can fine-tune the photoelectric
properties of photovoltaic
materials. However, there have
been no reports on how bridging
atoms of polymer acceptors effect
on the molecular characters and
active layer morphologies so far.
Herein, polymer acceptors with
different bridging atoms (C, Si,
and Ge) were developed, and it
was found that bridging atoms
significantly affect the molecular
absorption and electron mobility,
as well as the morphology and
mechanical robustness of active
layers. As a result, the active layer
based on Si-bridged PF2-DTSi
shows excellent mechanical
robustness and the related rigid
and flexible all-PSCs achieved the
PCEs of 10.77% and 6.37%,
respectively. This work provides a
useful strategy to develop
efficient polymer acceptors by
optimizing bridging atoms for all-
PSCs.
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with a high absorption coefficient (~1.3 x 10° cm™") by embedding a large w-fused
acceptor-donor-acceptor (A-D-A)-structured building block (IDIC16) into the poly-
mer backbone, and the related all-PSCs achieved an impressive PCE up to 9.19%
and a high J,. of 16.05 mA cm™2."" Subsequently, by screening the donor units,
another polymer acceptor PFBDT-IDTIC based on IDIC16 building block was synthe-
sized by Yan et al. and obtained a high PCE over 10% in its all-PSCs.*° Although
great progress has been made in all-PSCs recently, their device efficiencies are still
lower than the requirement of practical applications, which is mainly attributed to the
limited number of candidates for high-performance polymer acceptors. Moreover, it
is noticed that the study of mechanical properties of active layers from all-PSCs is
almost confined to the NDI-based polymer acceptors.?’*? So far, the mechanical
properties of the active layers based on polymer acceptors with a building block
of IDIC or ITIC derivatives have never been studied.

In the active layers of all-PSCs, excessive interchain entanglement often exists be-
tween polymers, which leads to poor morphology of active layers.** To improve
the device efficiency of all-PSCs, various approaches for controlling and optimizing
the active layer morphology have been explored successfully in various degrees,
such as solvent and solid additives,>* third component,35 and solvent and/or thermal
annealing.?® In terms of molecular design, ternary copolymerization strategy of poly-
mer acceptors can optimize the related active layer morphologies by optimizing mo-
lecular crystallinity.®’~*? Moreover, recent studies have shown that molecular side-
chain engineering”® and halogenation®' can also improve the photoelectric proper-
ties of polymer acceptors. However, the above strategies are almost confined to the
design of NDI- or PDI-type polymer acceptors with a low extinction coefficient so far,
which hinders the further improvements on PCEs of all-PSCs. Therefore, developing
an effective molecular design strategy to construct high-performance polymer ac-
ceptors with excellent photophysical and electrochemical properties and optimizing
the active layer morphologies is one of the long-term challenges in the progress of
efficient all-PSCs.

Some recent studies have shown that bridging atoms can fine-tune the photoelectric
properties of the SM-donors and polymer donors and the related morphological
behavior, resulting in improved PCEs in photovoltaic devices.”™** On the other
hand, up to now, there have been no reports on the effects of bridging atoms
with different atomic sizes, mass densities, and bond lengths on the molecular char-
acters, crystallinity, and the related active layer morphologies of polymer acceptors
bearing the same backbone. Herein, we firstly designed and synthesized a series of
narrow band-gap polymer acceptors (PF2-DTC, PF2-DTSi, and PF2-DTGe) that
consist of the same IDIC16 building block as acceptor unit and different central
bridging atoms-fused tricyclic donor units, as shown in Scheme 1. Our studies find
that bridging atoms rarely change the absorption spectra or energy levels but signif-
icantly affect the extinction coefficient, crystallinity, and electron mobility of polymer
acceptors. Moreover, the morphology, molecular order, and mechanical robustness
of related active layers are also obviously affected by these different bridging atoms.
Matched with a medium band-gap polymer donor PM6*>~*” in PV devices, all-PSCs
achieved much higher PCEs of >8% compared to their contrast SM-acceptor IDIC16-
based PSCs (4.93%), while PF2-DTSi obtained the highest PCE of up to 10.77% due
to its improved photoelectric properties and active layer morphology. Moreover,
studies have shown that the active layers containing these polymer acceptors have
much better mechanical robustness than the IDIC16-based contrast blends, which
is of great advantage for the practical applications of flexible devices in future. As
a result, the PF2-DTSi-based flexible all-PSC achieved a high PCE of 6.37% and
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Scheme 1. Chemical Information of the Donor and Acceptors

(A) Synthetic routes and molecular structures of three polymer acceptors PF2-DTC, PF2-DTSi, and
PF2-DTGe.

(B) Molecular structures of SM-acceptor IDIC16 and polymer donor PMé6.

retained >90% of its initial PCE after bending and relaxing up to 1,200 times at a
bending radius of ~4 mm. Our results provide an effective strategy to develop
high-performance polymer acceptors by optimizing bridging atoms in the fused cy-
clic donor moieties for efficient all-PSCs.

RESULTS AND DISCUSSION

Three polymer acceptors were synthesized by Stille-coupling polymerization, and
the corresponding number-averaged molecular weight and polydispersity index
were determined as 23.8 kDa and 3.92 for PF2-DTC, 27.0 kDa and 2.70 for PF2-
DTSi, and 21.8 kDa and 2.42 for PF2-DTGe, respectively. Due to the long alkyl
side chains in both acceptor and donor units, these polymer acceptors show reason-
ably high molecular weights but still good solubility in common organic solvents
such as toluene, chlorobenzene, and chloroform.

The absorption spectra of active layer materials in films are plotted in Figure 1A. All
polymer acceptors show almost identical absorption spectra (normalized), with the
related absorption onset and optical gap being ~785 nm and ~1.57 eV, respec-
tively. Compared with SM-acceptor IDIC16, polymer acceptors show more than
50 nm red-shifted absorption ranges, which could complement the absorption of
the polymer donor PMé6 in a better manner. As shown in Figure S1, the PMé:polymer
acceptor blend films show a wide absorption range of 300~785 nm. Although the
central bridging atoms in tricyclic-fused donor units have little effects on the absorp-
tion ranges of polymer acceptors in this case, they result in slightly different extinc-
tion coefficients (Figure S2), in which PF2-DTSi film shows the highest one. The re-
sults show that our optimization of central bridging atoms in tricyclic-fused donor
units can effectively improve their optical absorption.

The energy levels of active layer materials are summarized in Figure 1B. All polymer
acceptors show comparable lowest unoccupied molecular orbital (LUMO) levels of
—3.87 ~ —3.90 eV, which are close to that of SM-acceptor IDIC16 (—3.88 eV), but
slightly upshifted HOMO levels, leading to narrower band gap. Since the three
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Figure 1. Optical Absorption and Energy Levels of the Donor and Acceptors

(A) Normalized absorption spectra of polymer donor PMé, polymer acceptors PF2-DTC, PF2-DTS;,
PF2-DTGe, and SM-acceptor IDIC16 in films.

(B) Molecular energy level diagrams of polymer donor PMé, polymer acceptors PF2-DTC, PF2-DTSi,
PF2-DTGe, and SM-acceptor IDIC16 in films.

polymer acceptors have almost the same LUMO levels and clearly red-shifted ab-
sorption spectra compared to their structural analog SM-acceptor IDIC16, our poly-
merization strategy is expected to develop high-performance polymer acceptors
with high Js. values without sacrificing open-circuit voltage (V) in devices.

As shown in Figure 4, from the grazing incidence wide-angle X-ray scattering (GIWAXS)
measurements, all of the three polymer acceptor films show a predominant “face-on”
orientation with a lamellar (100) diffraction peak at ~0.25 A=V in their in-plane (IP)
profiles and a strong 7- stacking (010) diffraction peak at ~1.60 A"V in their out-of-
plane (OOP) profiles. The corresponding crystallite coherence lengths (CCL) can be
calculated, whereas PF2-DTSi film shows slightly increased m-face-on CClgg
value of 14.77 A as compared to PF2-DTC (14.37 A) and PF2-DTGe (14.31 A)
films. As shown in Figure S3A, PF2-DTSi has a higher electron mobility (ue) of
2.98 x 107* cm? V™" 57! compared to PF2-DTC (1.19 x 10™* cm? V™" s7") and PF2-
DTGe (0.85 x 107* cm? V™' s7") estimated by the space charge limited current
(SCLC) method. It is interesting to note that even the SM-acceptor IDIC16 presents
several arc-like multiple peaks with a greater CCLg1q value of up to 51.68 A, the e of
SM-acceptor IDIC16 was only 1.28 x 107* cm? V™' s, which is lower than that of
PF2-DTSi neat film. This is probably due to the fact that the charge transport along
the conjugated polymer chains is more efficient than that along - stacking direction.®

To probe the effect of central bridging atoms in tricyclic-fused donor units on the photo-
voltaic performance of these polymer acceptors, all-PSCs with a device structure of ITO/
PEDOT:PSS/PMé6:PF2-DTX/PFN-Br/Al were fabricated. All the all-PSCs underwent the
same process optimization because of their structural similarities, in which the active
layers with an optimized thickness of ~110 nm were obtained from a spin-coated binary
blend solution of chloroform:chloronaphthalene (v/v, 100:6) with a D/A ratio (w/w) of 2:1
and a total solid concentration of 10 mg mL™". As a representative, the detailed optimi-
zation processes and photovoltaic parameters of the PMé:PF2-DTSi-based active layer
are summarized in Figures S4 and S5; Tables ST and S2. The current density-voltage
(J-V) curves and related device data of the optimized all-PSCs based on different polymer
acceptors, as well as the PSCs based on SM-acceptor IDIC16 as a contrast are displayed
in Figure 2A and Table 1. Compared to the IDIC16-based PSCs with a PCE less than 5%,
the all-PSCs achieved much higher PCEs of over 8%, which are attributed to the
significantly increased Js. and fill factor (FF) without sacrificing V.. Moreover, the
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Figure 2. Photovoltaic Properties of the PM6-Based PSCs with Different Acceptors

(A) The J-V plots of the optimized PV devices based on polymer acceptors and SM-acceptor under
the illumination of AM 1.5G, 100 mW cm 2.

(B) The corresponding EQE spectra of PV devices.

PMé:PF2-DTSi-based all-PSCs achieved an impressively high PCE of up to 10.77% with a
slightly increased V,,. of 0.99 V, and significantly improved J,. of 16.48 mA cm™~2and FF of
0.661 in comparison with the all-PSCs based on PM6:PF2-DTC (PCE = 8.31%, V. = 0.97
V, Jsc=14.11 mA cm™2, and FF = 0.608) and PMé:PF2-DTGe (PCE = 8.09%, V,, = 0.97V,
Joe=14.48 mA cm 2, and FF = 0.576). The remarkably high PV performance of PF2-DTSi
among the all-PSCs indicates the clear benefit of our design strategy by introducing Si-
heteroatom as the central bridge of tricyclic-fused donor unitinto the polymer backbone.
A structural analog to PF2-DTSi bearing the same acceptor unit but a dramatically
different donor moiety (one thiophene unit), namely PZ1, had resulted in PCE of
9.19% and 11.2% when blending with PBDB-T and PMé, respectively.'"*? In order to
investigate the effect of different electron push-pull strength between PF2-DTSi and
PZ1 on their PV performance, the PM6:PZ1-based all-PSC was fabricated under the
same conditions and achieved a slightly lower PCE of 10.4% compared to the
PMé6:PF2-DTSi-based ones, as shown in Figure S6. Moreover, the small molecule with
shorter side chains named IDIC was also used as acceptor for comparison in this work.
The PMé:IDIC-based PSC delivered a PCE of 11.1% (close to the reported value of
11.9%%), comparable to that from the PMé:PF2-DTSi-based all-PSCs but much higher
than that from PMé:IDIC16-based one (shown in Figure S7). This indicates the alkyl chains
have an essential influence on the PV performance of the resulting materials. However,
the attempt to synthesize PF2-DTSi with shorter side chains (containing IDIC units) leads
to insoluble polymer.

As shown in Figure 2B, the J,. values of devices were verified by the external quan-
tum efficiency (EQE) measurements. Compared to the IDIC16-based PSC, the all-
PSCs display obviously red-shifted EQE spectra range and higher EQE values. More-
over, the PF2-DTSi-based device shows higher EQE response in a wide spectrum
range of 400~750 nm compared to the PF2-DTC and PF2-DTGe-based devices,
which is consistent with its higher absorption coefficient. As a result, the PM6:PF2-
DTSi-based all-PSCs achieved the highest EQE value of more than 70%. The
mismatches between the calculated Js. from integrating EQEs with solar radiation
spectrum and the measured Js. from J-V plots for the three all-PSCs are less than
5%, indicating the reliability of the device data.

To further understand the reasons for why the PM6:PF2-DTSi-based all-PSCs have

higher photovoltaic performance than the other devices, the exciton dissociation
probability P(E,T), recombination mechanism, photoluminescence (PL)-quenching

662 Joule 4, 658-672, March 18, 2020
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Table 1. Photovoltaic Parameters of the Optimized PV Devices Based on Polymer Acceptors and
SM-Acceptor under the lllumination of AM 1.5G, 100 mW cm 2

D:A Voe V] Joe [MA cm 2] FF PCE [%]
PM6:PF2-DTC 0.97 14.11 (13.88)° 0.608 8.31(8.12)°
PM6:PF2-DTSi 0.99 16.48 (16.07)° 0.661 10.77 (10.63)°
PM6:PF2-DTGe 0.97 14.48 (14.16)° 0.576 8.09 (7.89)°
PM6:IDIC16 0.98 10.96 (10.42)° 0.457 4.93 (4.64)°

*The integrated Js. (in parenthesis) from the EQE curves with solar radiation spectrum.
®The average PCEs (in parenthesis) calculated from 15 devices.

efficiencies, and charge mobilities of the active layers and related devices were
investigated. The P(E,T) values were estimated by the plots of photocurrent (Jgh)
versus effective voltage (Vo) from devices.”>®" As shown in Figure 3A and Table
2, the devices based on polymer acceptors show significantly increased P(E,T) of
71.1%~76.3% compared to that based on SM-acceptor (51.6%) under the maximal
power output conditions. Moreover, the all-PSC based on PF2-DTSi exhibits higher
P(E,T) value of 76.3% in comparison with those all-PSC based on PF2-DTC (73.4%)
and PF2-DTGe (71.1%), indicating appropriate contributions on the optimized
exciton dissociation and charge extraction properties of the related devices by intro-
ducing tricyclic-fused donor units with different central bridging atoms into the poly-
mer backbone.

The charge recombination of devices can be studied by investigating the effect of
light irradiation intensity (P) on the Jsc (i.e., Jsc « P%) and V., respectively. As shown
in Figure 3B, compared with the SM-acceptor IDIC16-based PSCs with a S value of
0.928, the all-PSCs display higher ones of 0.960~0.965 that are close to 1. This
clearly demonstrates decreased bimolecular recombination for each related device
by introducing such hetero-tricyclic-fused donor units into polymer backbones.?®>?
As shown in Figure 3C, among the three all-PSCs, PM6:PF2-DTSi shows the smallest
slope (1.16 kT/q), being the closest to 1 kT/q (where k, T, and q are the Boltzmann
constant, Kelvin temperature, and elementary charge, respectively) in all de-

vices,so'53

which reveals limited trap-assisted recombination of the related devices
by the modification of central bridging atom in tricyclic-fused donor units. Moreover,
as shown in Figure S3 and Table 2, the PM6:PF2-DTSi blends show higher and more
balanced hole- and electron-mobilities of 1.47 x 10™*and 3.27 x 1074 cm? V" s~
in device compared to the PM6:PF2-DTC (1.03 x 107%and 2.95 x 1074 em?V~"s7)
and PM6:PF2-DTGe (0.99 x 10 *and 1.74 x 10~*cm? V™' s™"), which is conducive

to suppressing the accumulation of space charge in related all-PSCs.

The PL spectra of the PMé pure film and related blend films with different acceptors
are shown in Figure 3D. Compared to the emission of the film of neat PMé, films of all
the polymer acceptors-based blends claimed high PL-quenching efficiencies over
90%, while the IDIC16-based blends exhibited a low one below 85%. Moreover,
among the three all-polymer acceptor-based blend films, PMé:PF2-DTSi blend
film achieved the highest PL-quenching efficiency up to 95.6%, indicating the
most efficient photo-induced charge transfer from PMé to PF2-DTSi, which may
be due to its good morphological compatibilities. Similarly, as seen in Figure S8, effi-
cient charge transfer also occurs from all three polymer acceptors and SM-acceptor
IDIC16 to donor polymer PM6 when comparing the emission between their neat
films and their blends with PMé6. All-polymers blend films again show higher PL-
quenching efficiencies in comparison with the PMé:IDIC16 blend film, while
PMé6:PF2-DTSi blend film still displays the highest PL-quenching efficiency.
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Figure 3. The Characteristics of Charge Dynamic in the PMé-Based PSCs with Different Acceptors
(A) The Jgh versus Ve of the PMé-based PSCs with different acceptors.

(B) The Jsc versus light intensity of the PMé-based PSCs with different acceptors.

(C) The Vo versus light intensity of the PMé-based PSCs with different acceptors.

(D) The PL spectra of PMé pure film and the related blend films with different acceptors.

The molecular crystallinity and packing of the blend films were also probed by the
GIWAXS measurements. Figure 4A shows the 2D GIWAXS diffraction patterns of
the blend films, and the related OOP and IP line-cuts are summarized in Figures
4B and 4C. All the three all-polymer blend films exhibit a mixture of “edge-on”
and “face-on” orientations. Such 3-D textures are known to facilitate the co-exis-
tence of both parallel and vertical charge transport pathways in the active layers,
contributing effective charge transport process in the devices.>* In IP direction,
these all-polymer blend films show obvious (100) diffraction peaks at a similar posi-
tion of ~0.29 A~". The PM6:PF2-DTC and PMé6:PF2-DTSi blend films show much
higher CCLioo values of 145.0~150.6 A than that of 126.1 A for the PMé:PF2-
DTGe blend, while the PMé6:PF2-DTSi blend film has the highest CCLyop of
150.6 A. As shown in Figure S9, the pole figure analysis extracted from the alkyl
side chains (100) reflection of blend films was executed to get deeper insight into
their structural orientation. The related areas integrated with polar angle % ranges
of —45° to 45° (A,), —90° to —45°, and 45° to 90° (A,,) belong to the fractions of
m-edge-on and m-face-on domains, respectively.®® Therefore, their ratios can be
calculated by A,,/A,. Such calculated A,,/A, value is 1.224 for the PM6:PF2-DTSi
blend film, indicating a greater proportion of m-face-on domains versus m-edge-
on ones, whereas the PM6:PF2-DTC (A, /A, = 0.901) and PMé:PF2-DTGe (A,,/
A, = 0.905) blend films show the primarily oriented w-edge-on. Because the donor
polymer is highly disordered, the paracrystallinity g-factor analysis of the blend films
was also carried out to estimate the degree of crystallinity using the (100) alkyl stack-
ing diffraction peak in IP directions. According to previous reports,”®>’ the blend
film has amorphous texture if the related g-factor is larger than 10%. The g-factor
is 14.36% for the PM6:PF2-DTSi blend film, which is smaller than the other two blend
films of PM6:PF2-DTC (14.53%) and PMé:PF2-DTGe (15.63%). Therefore, among the
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Table 2. Data Summaries of the PM6-Based PSCs with Different Acceptors
Active Layers P(ET) SValue SlopeValue pplecm?V~"'s™ "l p.[em®V's™"  p/p.

PM6:PF2-DTC ~ 73.4%° 0.960° 1.28kT/q° 1.03x 10°* 2.95x 1074 0.35
PM6:PF2-DTSi  76.3%" 0.965° 1.16kT/q°  1.47 x 10°* 327 x 1074 0.45
PM6:PF2-DTGe  71.1%" 0.960° 1.25kT/q°  0.99 x 10°* 1.74 x 1074 0.57
PM6:IDIC16 51.6%° 0.928° 1.37kT/q° 0.81x 107* 0.46 x 107* 1.76

®From the curves of Jg, versus Vg of PSCs.
BFrom the curves of J. versus light intensity of PSCs.
“From the curves of V. versus light intensity of PSCs.

all-polymer blend films, the PMé:PF2-DTSi blend film could be regarded as the
closest to partially paracrystalline.

Compared to the polymer acceptor neat films, the all-polymer blend films show an
additional (200) peak at ~0.65 A~" in IP directions, which is contributed by the
polymer donor PM6. Moreover, the all-polymer blend films display significantly
sharper (100) peaks in IP directions compared to their polymer acceptor neat films,
which is attributed to the improved crystallization via the use of CN additives in
blend films. In other reports,’'*%*7*% with the use of CN as additives, the all-poly-
mer blend films based on the polymer acceptors with long alkyl chains also showed
similar phenomena with sharper (100) peaks and enhanced crystallinities, which
may be due to the longer crystallization time of long alkyl chain. Moreover, the
PM6:PF2-DTSi shows an obviously stronger (010) peak in the OOP direction
compared to the PM6:PF2-DTC and PM6:PF2-DTGe. Upon mixing with polymer
donor PM6, the m-face-on CClgqg values of all-polymer blends are significantly
enhanced and show a gradual increment in the order of PM6:PF2-DTGe
(19.01 A) < PM6:PF2-DTC (21.32 A) < PM6:PF2-DTSi (21.35 A), which is consistent
with the trend observed in polymer acceptor neat films. The improved size of crys-
tallites and molecular packing of the PM6:PF2-DTSi blending system are expected
to help refraining the trap-assisted recombination and improve the charge trans-
port process for achieving high Jsc and FF in all-PSCs.>”"*" On the other hand,
for the PM6:IDIC16 blends, overlapping double (010) diffractions in OOP direction
induced by each component in blends, are clearly observed. The corresponding
m-face-on CClgqo values are 72.55 and 28.87 A for the PMé6 and IDIC16 in blend
films, respectively, much higher than that of neat films, suggesting the excessive
self-aggregation in this system.

The morphologies of active layers also were investigated by atomic force micro-
scopy (AFM) and transmission electron microscopy (TEM) measurements. As shown
in Figures 5A-5C, all-polymer acceptor-based blend films in the height images
exhibit smoother surface morphologies with a smaller root-mean-square roughness
(Rg) of 2.42~3.17 nm compared to IDIC16-based blend film (4.79 nm). Moreover,
with the increase of the atomic mass of the central bridging atoms in tricyclic-fused
donor units of polymer acceptors, the related blend films show a gradual decrease in
surface roughness, which is consistent to the decreasing domain size of blend films in
phase images (Figures 5E-5G). As shown in Figures 5I-5L, the TEM images of
the all-polymer blend films exhibit more distinct fibril texture compared to the
PMé6:IDIC16-based blend film. The suitable surface roughness and phase separation
of all-polymer blend films are in good agreement with the higher photovoltaic per-
formance of the related all-PSCs. Moreover, among the all-polymer blend films, the
PMé6:PF2-DTSi blend film shows the moderate surface roughness (Figure 5B) and
phase separation (Figures 5F and 5J), which is conducive to suppress the charge
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Figure 4. 2D Profiles and the Related Line-Cuts of the GIWAXS Patterns of the Pure Films and
Related Blend Films

(A) The 2D GIWAXS profiles of the pure films and related blend films.

(B) The related IP line-cuts from the pure films and related blend films.

(C) The related OOP line-cuts from the pure films and related blend films.

recombination and improve the photocurrent generation in efficient all-PSCs. This
can also support the best PV performance obtained from this blend.

The roll-to-roll (R2R) process for the fabrication of large-area photovoltaic devices re-
quires flexible substrates with good stretchable property, therefore, it is important that
active layer has good mechanical robustness that can bear it. Moreover, the previous
studies from Krebs et al. showed that improving the mechanical integrity of the flexible
and wearable photovoltaic devices to ensure the long-term stability is a priority for
commercialization.®” For example, the PSCs as wearable electronics should have a ten-
sile strain over 20%, which occurs by delicate muscle movements of human body activ-
ity.* However, the study of mechanical properties of active layer in PSCs have been very
limited, especially a direct comparison of the mechanical behaviors between the active
layers based on structurally similar but different acceptor types (such as SM-acceptor and
related SM-based polymer acceptor) has not been investigated. To evaluate the poten-
tial practical applications of the three polymer acceptors in R2R process and wearable
electronics, the mechanical robustness of the polymer acceptor neat films (Figure S10
and Table S3) and the related all-polymer active layers (Figure 6 and Table 3) was studied
by employing a pseudo free-standing tensile test system (Figures S11 and $12).%* As
shown in Figure S10 and Table S3, with the increase of the bridging atom mass in polymer
acceptors, their neat films show rapidly decreasing elongation at break (from 31.7% to
14.6%, and then to 5.9%), tensile strength (from 24.9 to 20.5, and then to 17.5 MPa),
and elastic modulus (from 1.06 to 0.93, and then to 0.67 GPa) in turn. As a result, the
related polymer acceptor neat films achieve rapidly decreasing integrated toughness
from 6.61 to 2.50, and then to 0.83 MJ m~2 in turn, which indicates that the increase
of bridging atom mass reduces the mechanical properties of related polymer acceptors.

As shown in Figure 6A of the representative stress-strain plots, compared to the
PMé6:SM-acceptor active layer exhibiting a poor mechanical robustness with an
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Figure 5. The Height (Top Row) and Phase (Middle Row) AFM Images and TEM Images (Bottom Row) of the Blend Films
(A), (E), and (I) for PM6:PF2-DTC blend film.

(B), (F), and (J) for PM6:PF2-DTSi blend film.

(C), (G), and (K) for PM6:PF2-DTGe blend film.

(D), (H), and (L) for PM6:IDIC16 blend film.

obviously brittle fracture even at a very low strain of ~1.4%, all the all-polymer active
layers display distinct plastic deformation regions and higher mechanical robust-
ness. As shown in Figure 6B, the all-polymer active layers have excellent elongation
at break of 6.7%~11.3%, which is 5~8 fold higher compared to that of the PM6:SM-
acceptor active layer. From PM6:PF2-DTC to PMé:PF2-DTSi and then to PMé:PF2-
DTGe, the related active layers show decreasing elongation at break in turn, which
is consistent with the strain properties of their polymer acceptor neat films. Among
the all-polymer active layers, the PM6:PF2-DTSi active layer shows a medium elon-
gation at break of 8.6% + 1.6%, which well meets the R2R process for fabrication
of large area photovoltaic devices and the practical application of wearable elec-
tronics when combined with flexible substrates.®'**> Moreover, as shown in Fig-
ure 6C, all of the all-polymer active layers show significantly increased tensile
strength of 15.5~17.3 MPa in comparison with the PM6:IDIC16 active layer
(10.4 MPa). One of the reasons for the poor elongation at break and tensile strength
of the PM6:IDIC16 active layer may be that the strong crystallinity of IDIC16 in blend
system (see Figure 4) leads to large brittleness. As shown in Figure 6D, compared to
the PMé:IDIC16 active layer with an elastic modulus of 1.03 GPa, the all-polymer
active layers show the decreased elastic modulus of 0.72~0.99 GPa, indicating
that the rigidity and stiffness of the active layer in PSCs can be significantly
decreased by our polymerization strategy. Moreover, the PMé:PF2-DTSi active layer
shows a lower elastic modulus of 0.72 GPa than those of 0.99 and 0.79 GPa for the
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Figure 6. The Mechanical Robustness Properties of the Active Layers under a Pseudo Free-
Standing Tensile Test System and the Related Statistical Values from Five Specimens

(A) The strain-stress curves of active layers.
(B)
(C)
(
(

The statistical values of ultimate strain of active layers.
The statistical values of tensile strength of active layers.
D) The statistical values of elastic modulus of active layers.
E) The statistical values of toughness of active layers.

active layers based on PM6:PF2-DTC and PM6:PF2-DTGe, respectively, indicating
that the rigidity and stiffness of the active layer in PSCs can be further decreased
by hetero bridging atom engineering. As a result, the all-polymer active layers
achieve much higher integrated toughness values of 7.33~14.35 MJ m~3, which is
9~18 fold higher compared to the PMé:SM-acceptor active layer (0.82 MJ m™3),
as shown in Figure 6E.

Since the all-polymer blend films have much better mechanical properties than the
PM6:IDIC16 blend film, their flexible devices were also fabricated for comparison. As
shown in Figure S13 and Table S4, the PM6:PF2-DTSi-based flexible all-PSC shows a
distinctly higher PCE of 6.37% than that of 2.70% from the PMé:IDIC16-based ones.
As shown in Figure S14, the PM6:PF2-DTSi-based flexible all-PSC retains >90% of its
initial PCE after bending and relaxing from up to 1,200 times at a bending radius of
~4 mm, which is much better than the PMé6:IDIC16-based PSC keeping only ~75% of
its initial PCE. From this important and interesting measurement, we can further
conclude that good mechanical property of active layers can significantly contribute
to the mechanical stability of the device. This important finding further highlights the
great advantages of all-PSCs and their bright future for practical applications using
R2R process.®® Moreover, it is worth noting that these all-polymer blend films
achieved decent mechanical robustness (Figure S15 and Table S5) but much higher
performance in photovoltaic devices compared to other reported works, especially
the PM6:PF2-DTSi blends with a high PCE of 10.77% in all-PSCs and a moderate
elongation at break of 8.6%. It has to be noticed that this is the first direct compar-
ison of mechanical robustness between structurally similar polymer:SM (PMé:l-
DIC16) and polymer:polymer (PMé:IDIC16-based polymer) active layer films. The
mechanical robustness of the classical polymer acceptor N2200 and related
PM6:N2200 blends was also measured for comparison. As shown in Figure S16
and Table S6, compared to the PF2-DTSi neat film, the N2200 neat film shows a
similar elongation at break of 14.6% but significantly lower tensile strength of 12.8
MPa, as well as a much lower tensile toughness of 1.62 MJ m~3. Compared to the
PMé6:PF2-DTSi blends, the PM6:N2200 blends has a higher elongation at break of
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Table 3. Mechanical Parameters of the Blend Films from Five Specimens

Blend Films Ultimate Tensile Strength Elastic Modulus Toughness
Strain [%)] [MPa] [GPa] [MJ m~3]
PMé6:PF2-DTC 11.3 £ 0.6 17.3 £ 11 0.99 £ 0.14 14.35 + 1.36
PMé6:PF2-DTSi 86+ 16 15.5 £ 0.6 0.72 £ 0.11 9.30 £ 0.09
PM6:PF2-DTGe 67 £12 15.7 £ 0.7 0.79 £ 0.11 7.33 + 1.80
PMé:IDIC16 1.4+ 04 104 + 2.2 1.03 £ 0.16 0.82 £ 0.52

13.4%, a similar tensile strength of 15.2 MPa but a large elastic modulus of 0.84 GPa,
resulting in an obviously lower integrated toughness of 1.68 MJ m~3. Considering
that the PMé:PF2-DTSi-based all-PSC has a higher PCE compared to PM6:N2200-
based all-PSCs with a PCE of 5.97% (Figure S17), the PM6:PF2-DTSi-based all-
PSCs have higher practical application prospects in the future. This result clearly
demonstrated the advantages of the PM6:PF2-DTSi-based all-PSCs with both high
PCE in device and excellent mechanical robustness for practical R2R processing
and wearable electronics in the future.

In conclusion, a series of narrow band-gap polymer acceptors PF2-DTC, PF2-DTSi,
and PF2-DTGe with identical molecular backbone but different central bridging
atoms in tricyclic-fused donor units were developed. Our studies show that central
bridging atoms hardly influence the optical absorption and LUMO levels but signif-
icantly affect the crystallinity and charge mobility properties of polymer acceptors,
as well as the morphology, molecular order, and mechanical robustness of the result-
ing active layers. Matched with polymer donor PM6, these all-PSCs achieved PCEs
over 8%, while the PF2-DTSi-based all-PSCs got an impressively high PCE of up to
10.77% due to the improved exciton dissociation and charge transport, less charge
recombination, higher PL-quenching efficiency, and optimized active layer
morphology than C and Ge bridged ones. More importantly, it was found that the
active layers containing polymer acceptors have excellent and higher mechanical
robustness compared to the blends based on the contrast SM-acceptor IDIC16,
which is of great advantage for the practical R2R process and applications of flexible
devices in the future. As a result, the PM6:PF2-DTSi-based flexible all-PSC achieved
a high PCE of 6.37% and retained >90% of its initial PCE after bending and relaxing
up to 1,200 times at a bending radius of ~4 mm. Our results provide an effective way
to develop high-performance polymer acceptors by optimizing central bridging
atoms for efficient and mechanically robust all-PSCs.

EXPERIMENTAL PROCEDURES

Full experimental procedures are provided in the Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.joule.
2020.01.014.
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