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W) Cheok for updates Over 14% efficiency all-polymer solar cells
o - enabled by a low bandgap polymer acceptor with
Shenstrereriense low energy loss and efficient charge separationt

Qunping Fan, €22 Qiaoshi An,* Yuanbao Lin, Yuxin Xia, &2 ¢ Qian Li,° Ming Zhang,"’
Wenyan Su,®" Wenhong Peng,® Chunfeng Zhang,® Feng Liu, @' Lintao Hou, ¢
Weiguo Zhu, ©2' Donghong Yu, ©2% Min Xiao,® Ellen Moons, 2" Fujun Zhang, 2 *!
Thomas D. Anthopoulos, {2 € Olle Inganas® and Ergang Wang (2 2™

Obtaining both high open-circuit voltage (V) and short-circuit current density (Jsc) has been a major
challenge for efficient all-polymer solar cells (all-PSCs). Herein, we developed a polymer acceptor PF5-
Y5 with excellent optical absorption capability (onset extending to ~880 nm and maximum absorption
coefficient exceeding 10° cm™ in a film), high electron mobility (3.18 x 107> cm? V~! s7Y and high
LUMO level (—3.84 eV) to address such a challenge. As a result, the PBDB-T:PF5-Y5-based all-PSCs
achieved a high power conversion efficiency of up to 14.45% with both a high V.. (0.946 V) and a high

Received 8th June 2020, Jse (20.65 mA cm™2), due to the high and broad absorption coverage, small energy loss (0.57 eV) and
Accepted 5th October 2020 efficient charge separation and transport in the device, which are among the best values in the all-PSC
DOI: 10.1039/d0ee01828g field. In addition, the all-PSC shows a ~15% improvement in PCE compared to its counterpart small

molecule acceptor (Y5)-based device. Our results suggest that PF5-Y5 is a very promising polymer
rsc.li/ees acceptor candidate for applications in efficient all-PSCs.

Broader context

Different from state-of-the-art organic solar cells consisting of p-type polymer donors and n-type small molecule acceptors, all-polymer solar cells (all-PSCs)
have such irreplaceable advantages as excellent morphological stability and mechanical robustness, and thus are considered to be more practically compatible
with large scale production via roll-to-roll printing technology, therefore showing great prospects in their future commercialization. However, the currently
reported leading PCEs for almost all all-PSCs in the literature have gained either high open-circuit voltage (Vo) or high short-circuit current density (Js.) only,
resulting in unsatisfactory power conversion efficiencies (PCEs), which is mainly due to the lack of high-performance polymer acceptors. Herein, a low bandgap
polymer acceptor PF5-Y5 with excellent optoelectronic properties was developed by coupling an electron-deficient benzothiadiazole-fused building block and
electron-rich thienyl-benzodithiophene, and the related all-PSCs achieved a high PCE of up to 14.45% with a simultaneously realized high V,. of 0.946 V and
high /. of 20.65 mA cm 2, which are among the best values in the all-PSC field.
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Introduction

Recently, tremendous progress in non-fullerene small molecule
(SM)-acceptors with a low bandgap (LBG)'™ has boosted the
power conversion efficiencies (PCEs) of polymer solar cells
(PSCs) to over 18%.°'" However, recent studies have shown
that these SM-acceptors tend to have strong self-aggregation
and unsatisfactory mechanical strength, leading to poor
morphological stability under heating from long-term solar
irradiation or continuous bending.'>"® Compared to SM-
acceptor-based PSCs, all-polymer solar cells (all-PSCs) based
on polymer/polymer pairs exhibit highly thermally and
mechanically stable morphologies in blends due to strong
interchain entanglement and thus are considered to have great
potential for practical applications.’*”'* For example, compared
to the PSCs based on SM-acceptor IDIC16, the all-PSCs with an
IDIC16-based non-conjugated polymer acceptor PF1-TS4 achieved
improved thermal stabilities in both morphology and device
performance;'*® another study indicates that the all-PSCs with
an IDIC16-based fully conjugated polymer acceptor PF2-DTSi
obtained higher mechanical stabilities in both morphology and
device performance in comparison with the polymer:IDIC16 type
PSCs.'*” However, compared to the variety of SM-acceptors, their
polymer counterparts have attracted much less attention although
the corresponding all-PSCs have some favourable advantages.'*™®
Thus, although very impressive progress has been made in
all-PSCs recently, leading to state-of-the-art PCEs improved from
2 to 10-14% within only 7 years,'*° they still lag behind those
of SM-acceptor-based cells, which is mainly due to the lack of
high-performance polymer acceptors.

The structure of the electron-deficient unit has a profound
impact on the rational design of polymer acceptors.>*™*
In previous studies, naphthalene diimide-based N2200 was
one of the most widely used systems due to its suitable energy
levels and good compatibility with donor polymers.**™® However,
its low absorption coefficient of ~0.3 x 10°> em ' in films has
severely limited the short-circuit current density (Js.) and hence
the PCEs of the ensuing all-PSCs.”**'%78 Recently, by inserting a
SM-acceptor IDIC-C16 unit with an A-D-A-structured fused-
building block, Li et al. developed an alternative LBG polymer
acceptor PZ1 with a high absorption coefficient (>10° cm™*).**
Matching with wide bandgap polymer donors such as PBDB-T
or PM6, the resulting all-PSCs showed a high J,. of 16.05-
17.1 mA cm > and impressive PCEs in the range of 9.19-
11.2%.2*** However, compared to high-performance SM-acceptors
with broader absorption spectra and a higher absorption coefficient
and thus a high J,. of the resulting PSCs,"****> PZ1 still exhibits
limited Js. when implemented in all-PSCs. For example, the
SM-acceptor Y5 shows an absorption onset wavelength of
~890 nm with a high absorption coefficient of ~1.24 x
10° em ' due to its unique benzothiadiazole (BT)-fused
A;-DA,D-A;-type building block.*® Matching it with PBDB-T, the
PSCs achieved a PCE up to ~14% and a high J,. of 22.8 mA cm 2.
Moreover, as derivatives of Y5, the tetra-fluorinated Y6** and tetra-
chlorinated BTP-4Cl° achieved higher PCEs (~16%) and
Jse (~25 mA cm ?) due to their significantly broadened
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absorption spectra. However, the relatively deep lowest un-
occupied molecular orbital (LUMO) levels of these BT-fused
SM-acceptors limit the open-circuit voltage (V,) to 0.83-0.88 V
in devices. It has been generally recognized that V,,. of devices is
roughly proportional to the difference between the HOMO
(highest occupied molecular orbital) of the donor and LUMO
of the acceptor,*® which means that up-shifting the LUMO of
acceptor materials is the key for improving V,.. Until very
recently, only few polymer acceptors based on Y5 derivatives
were reported with high PCEs of 11-14% in all-PSCs."® It was
noticed that these polymer acceptors have excessively long alkyl
side-chains in their electron-deficient building block of Y5
derivatives, which may weaken both the interaction and wave
function overlap between the Y5 derivative building block of
the polymer acceptor and the polymer donor,*® thus limiting
charge transfer in devices and hindering further device perfor-
mance improvements.*” Therefore, it is of paramount impor-
tance to develop efficient molecular design strategies for novel
polymer acceptors with relatively short alkyl side-chains on Y5
derivative building blocks for the sake of improving molecular
packing and charge transfer between the donor and acceptor.
Herein, we developed a polymer acceptor PF5-Y5 by introducing
Y5 as the electron-deficient unit and thienyl-benzodithiophene
(BDT-T) as a donor unit (Fig. 1a). PF5-Y5 shows excellent photo-
electric properties with an absorption onset extending to
~880 nm, an absorption coefficient of >10> cm™*, an electron
mobility of 3.18 x 107> em® V' s, and a relatively high LUMO
level of —3.84 eV. Using PBDB-T as a donor, the PF5-Y5-based
all-PSCs achieved an impressively high PCE of 14.45% resulting
from a simultaneously increased V,. (0.946 V) and high Jg
(20.65 mA cm %) due to the excellent optical absorption of the
active layer, the small energy loss (~0.57 eV), and efficient charge
separation and transport within the devices. The obtained PCE of
14.45% is one of the best values among all-PSCs reported to date
and offers a ~15% improvement when compared to its counter-
part SM-acceptor (Y5)-based device. Overall, our results indicate
that PF5-Y5 is a very promising polymer acceptor candidate for
applications in next generation highly efficient all-PSCs.

Results and discussion

PF5-Y5 was synthesized by Stille-coupling polymerization
(Scheme S1, ESIt). To avoid potentially strong self-aggregation
in films due to the short solubilization side chains and strong
n-n stacking of its original SM-acceptor Y5, tetra-alkyl side
chain substituted BDT-T for good solubility was introduced as
a donor unit into the polymer backbone. Herein, all three
batches of the polymer acceptor (PF5-Y5iow, PF5-Y5medium,
and PF5-Y5y,;e,) with weight average molecular weights (M)
of 16.5, 25.6, and 33.3 kDa, as well as poly-dispersity indexes
(PDI) of 2.10, 1.96, and 4.25 (relative to the polystyrene stan-
dard), respectively, measured by gel permeation chromatogra-
phy (GPC) with 1,2,4-trichlorobenzene as an eluent under a
high temperature of 150 °C, present good solubility in warm
organic solvents such as chloroform and chlorobenzene.

This journal is © The Royal Society of Chemistry 2020
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As shown in Table S1 (ESIt), the approximate average number
of repeating units of the polymer acceptor was 4, 6, and 4 (while
M,, and the PDI are significantly higher than the other two
batches) for the three batches, respectively. Since PF5-Y5ygn
shows the highest photovoltaic performance in those three
batch polymers, the following discussions focus on PF5-Y5yen
(also abbreviated as PF5-Y5) in the text below.

Fig. 1b plots the absorption spectra of the active layer
materials in films. The acceptors Y5 and PF5-Y5 show similar
spectra with strong absorption in the near IR region and an
absorption onset of ~880 nm, which match with the wide
bandgap donor polymer PBDB-T very well. As a result, the
absorption spectrum of the PBDB-T:PF5-Y5 blend film shows
full coverage of the high energy region of the solar irradiation
spectrum (Fig. S1, ESIt). Moreover, as shown in Fig. S2 (ESIT),
the PF5-Y5 neat film displays an improved absorption coeffi-
cient of up to ~1.43 x 10°> cm ™" compared to its SM-acceptor
counterpart Y5 (~1.36 x 10° cm '), which helps the related
all-PSCs capture more photons for a higher J;. value. Notably,
compared with its SM-acceptor counterpart Y5, PF5-Y5 shows
an obviously red-shifted spectrum of ~25 nm in chlorobenzene
solution (Fig. S3, ESIT), probably due to the extended conjuga-
tion of the polymer backbone, but a slightly blue-shifted
spectrum of ~10 nm in a film, which may be attributed
to the fact that the introduction of multi-alkyl side chains on
BDT-T inhibits the excessive intermolecular aggregation effect
of its polymer PF5-Y5 in a film. Compared to the acceptor neat
films, the PBDB-T:Y5 blend film shows a similar absorption
onset and the PBDB-T:PF5-Y5 blend film displays a slightly
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blue-shifted absorption onset, which may be due to the fact that
the excellent miscibility of PBDB-T and PF5-Y5 weakens the
self-aggregation effect of PF5-Y5 in the blend film (discussed
right below).

To gain further insights into the difference in molecular
crystallinity and packing between SM-acceptor Y5 and polymer
acceptor PF5-Y5, grazing incidence wide-angle X-ray scattering
(GIWAXS) measurements were performed and the results are
shown in Fig. 1c and Fig. S4 (ESIt). Both the acceptors in neat
films display a predominant ‘‘face-on” orientation, as evi-
denced by the strong and sharp (010) peaks from n-n stacking
in the out-of-plane (OOP) directions. For the lamellar (100)
diffraction peaks in the in-plane (IP) profiles, compared to the
Y5 neat film with a lamellar distance of 21.99 A and a crystallite
coherence length (CCL) of 46.51 A, the PF5-Y5 neat film shows a
slightly smaller lamellar distance of 18.56 A but a similar CCL
of 45.93 A. In contrast, for the n-n stacking (010) diffraction
peaks in the OOP profiles, the PF5-Y5 neat film displays a
dispersive and weak peak with a larger d-spacing of 3.82 A and a
decreased CCL of 12.70 A compared to the Y5 neat film with
a sharp and strong peak (the corresponding d-spacing is 3.64 A
and the CCL is 20.34 A). The relatively weak n-n interaction of
PF5-Y5 in the neat film observed here indicates that the
introduction of multi-alkyl side chains on BDT-T can reduce
the strong aggregation effect observed from its SM-acceptor
counterpart Y5 in the active layer. This feature explains
the slightly blue shifted absorption spectrum observed in the
PF5-Y5 film. It is interesting to note that even though PF5-Y5
and Y5 exhibit quite different molecular crystallinity and packing
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(a) Chemical structures of the acceptor and donor materials. (b) Normalized absorption spectra of the acceptor and donor materials in neat films.

(c) 2D GIWAXS profiles of the acceptors Y5 and PF5-Y5 in neat films. (d) Molecular energy level diagrams measured from neat films using cyclic

voltammetry of the acceptor and donor materials.
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motifs, the two acceptors yield similar electron mobilities () of
up to 3.18 x 102 em® V' s and 3.82 x 107° em®> V ' 577,
respectively, as measured by the space charge limited current
(SCLC) method (Fig. S5, ESIt). This finding indicates that our
polymerization strategy, which relies on combining Y5 with short
alkyl side chains and BDT-T with multiple alkyl side chains, does
not have any adverse effects on charge transport while inhibiting
their excessive self-aggregation effect in films.

Fig. 1d summarises the energy levels of the photovoltaic
materials. Compared to its SM-acceptor counterpart Y5 with a
LUMO level of —3.89 eV, PF5-Y5 presents an up-shifted LUMO
level of —3.84 eV but a still large enough LUMO offset over
0.3 eV relative to PBDB-T, which is beneficial for the corres-
ponding devices to achieve a higher V,,.. Moreover, compared to
Y5 with a HOMO level of —5.56 eV, PF5-Y5 shows a higher one
of —5.52 eV, which is closer to that of the donor PBDB-T
(—5.38 eV). As reported, high performance solar cells have been
realized from polymer donor:SM-acceptor systems at nearly
zero HOMO offset between the donor and the acceptor.*® The
observed small HOMO offset of 0.14 eV between PBDB-T and
PF5-Y5 is not naturally expected to hinder efficient exciton
dissociation and charge transfer in their all-PSCs, resulting in
a low J. value. Herein, we expect that the new polymer acceptor
PF5-Y5 with relatively weak self-aggregation can effectively
optimize the blend morphology of PBDB-T:PF5-Y5 by reducing
aggregation and phase separation, and then achieve efficient
exciton dissociation, charge transfer and charge transport, and
eventually high performance in the resulting all-PSCs.

To probe the photovoltaic performance of new polymer
acceptor PF5-Y5, all-PSCs with a device structure of ITO/PED-
OT:PSS/PBDB-T:PF5-Y5/PDINO/Al were fabricated. The active
layer with a thickness of ~100 nm was obtained by spin-
coating from a chlorobenzene solution with a total concen-
tration of 17.5 mg mL ™. The D/A ratio of PBDB-T:PF5-Y5 was
firstly optimized to be 1:0.75. As has been widely recognized,
the morphology of the active layers is the key for optimal
photovoltaic performance. To achieve this, we used 1-chloro-
naphthalene (CN) as a solvent additive in combination with
thermal annealing post-deposition treatment to optimize the
morphology while simultaneously adjusting the active layer
composition (i.e. D/A ratio). The corresponding optimization
processes are summarized in the ESI.{ As shown in Fig. S6 and
Table S2 (ESIT), the as-cast all-PSCs with an optimal D/A ratio of
1:0.75 (w/w) achieved a champion PCE of 12.41% with both a
high V,. of 0.922 V and high J,. of 19.89 mA cm ™2, which is the
highest efficiency reported for as-cast all-PSCs so far. With a
small amount of CN additives (v/v, 1-3%) for optimizing the
active layer morphology, the all-PSCs exhibited simultaneously
improved V., Js., and fill factor (FF), while the 2% CN-processed
all-PSC has the highest PCE of 13.61% with a V,,. of 0.948 V, a J,. of
20.35 mA cm %, and a FF of 70.5% (Fig. S7 and Table S3, ESIY).
Furthermore, with the active layer treated by thermal annealing at
100 °C for 10 minutes, the all-PSCs achieved an almost constant
Vo of 0.944 V, a slightly improved J,. of 20.54 mA ecm™?, and
an obviously increased FF of 73.1% (Fig. S8 and Table S4, ESI¥).
As a result, a high PCE of up to 14.16% was achieved in the
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PBDB-T:PF5-Y5-based all-PSCs (Fig. 2a), which is among the
highest PCEs in all-PSCs until now (Fig. 2b and Table S5, ESIT).
Notably, as shown in Fig. 2a and Table 1, a similar but
slightly higher PCE of 14.45% with a V,. of 0.946 V, a J,. of
20.65 mA cm %, and a FF of 74.0% was also achieved by
Anthopoulos’s group at King Abdullah University of Science
and Technology (KAUST), which accredited the reliability of our
photovoltaic data. Since the photovoltaic performance of
all-PSCs could rely on the molecular weights of the polymer
acceptors,'®*? two additional batches of the polymer acceptor
(PF5-Y5)4w and PF5-Y5,,cqium) Were synthesized to fully analyze
the possible molecular weight dependency of the device effi-
ciency. Our results show irregularly varying Js. and FF, resulting
in randomly changed PCEs with no clear molecular weight
dependency of the device performance (Fig. S9 and Table S6,
ESIt). Meanwhile, contradictory results strongly indicated a
huge complexity of such molecular weight effects when com-
paring the work from Huang et al.'®® and Min et al.'®” The
former group claimed a continuous increase from 12.4 to 13.6
and 14.4% of the PCEs for the devices based on the increased
molecular weights of 7.3, 11.0, and 23.3 kDa for PJ1-L, PJ1-M,
and PJ1-H, respectively, which had been attributed to the
molecular weight dependent red-shifted absorption and
enhanced extinction coefficient of those three polymers,'*”
while the latter team concluded that a medium-molecular
weight PYT), based device presented the highest PCE due to
its highest absorption coefficient/electron mobility and lowest
energy loss among PYTy, PYTy,, and PYTy.'*? Therefore, for our
PF5-Y5, such molecular weight dependency study needs further
detailed investigation in the coming future. The current density-
voltage (J-V) plots and the related photovoltaic data of the optimal
all-PSCs, as well as the PSCs based on SM-acceptor Y5 for
comparison, are summarized in Fig. 2a and Table 1, respectively.
The optimization processes of the PBDB-T:Y5-based PSCs are
summarized in Fig. S10-S12 (ESIt), which are similar to that
of PBDB-T:PF5-Y5, and the corresponding photovoltaic data
are listed in Tables S7-S9 (ESIt). Compared to the Y5-based
PSCs with a V.. of 0.880 V, a J,. of 19.38 mA cm ™2, and a FF of
73.4%, the PF5-Y5-based all-PSCs have a similar FF value but
obviously increased V,. and Js, which results in a ~15%
improvement in the PCE. To study the compatibility of
PF5-Y5 with other model polymer donors, three representative
polymer donors including PCE10,*° J71,>° and PM6>" were used
in all-PSCs as well. As shown in Fig. S13 and Table S10 (ESIf),
compared to the PBDB-T-based all-PSCs, all of these all-PSCs
based on PCE10, J71, and PM6 presented dramatically
decreased photovoltaic performance, which may be due to the
mismatched molecular energy levels and/or poor morphologies
in blend films. In order to further extend our comparison with
different acceptors, Y6 was also used as an acceptor in combi-
nation with PBDB-T as a donor to fabricate solar cells, leading
to a much lower PCE of 8.44% (Fig. S14, ESIt), which is mainly
due to the low V,. value of 0.691 V resulting from the mis-
matched energy levels of the PBDB-T:Y6 pair (Fig. S15, ESIT).
Good thermal stability is one of the key factors for practical
application of all-PSCs. As shown in Fig. S16 (ESIt), both of the

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) J-V plots of the PBDB-T:Y5-based PSCs and the PBDB-T:PF5-Y5-based all-PSCs under illumination with AM 1.5G, 100 mW cm™2. (b) Plots of
PCE against Jsc and PCE against V. for all-PSCs reported previously with PCEs over 8% and this study. (c) EQE plots of the PBDB-T:Y5-based PSCs and
the PBDB-T:PF5-Y5-based all-PSCs, and (d) the corresponding photocurrent density (Jon) versus effective voltage (Veg) curves in this study.

Table 1 Summary of key photovoltaic parameters of the PBDB-T:
Y5-based PSCs and the PBDB-T:PF5-Y5-based all-PSCs under illumination
with AM 1.5G, 100 mW cm 2

Active layers Voe [V] Jso" [MA cm™2] FF [%] PCE? [%]

PBDB-T:Y5 0.880 19.38 (19.01) 73.4  12.52 (12.41 + 0.07)
PBDB-T:PF5-Y5 0.944 20.54 (20.13) 73.1  14.16 (14.03 + 0.10)
PBDB-T:PF5-Y5° 0.946 20.65 74.0  14.45 (14.11 + 0.26)

“ The integrated J. in parentheses from the EQE curves. ” The average
PCEs in parentheses calculated from 20 devices. © The devices fabri-
cated at KAUST in Saudi Arabia.

devices based on PBDB-T:Y5 and PBDB-T:PF5-Y5 show poor
thermal stability and dramatically decreased PCE under con-
tinuous thermal storage of 85 °C in an N, atmosphere, which
is mainly due to the instability of PDINO (3,3’-(1,3,8,10-tetra-
oxoanthra[2,1,9-def:6,5,10-d’¢'f"|diisoquinoline-2,9(1H,3H,8H,10H)-
diyl)bis(N,N-dimethylpropan-1-amine oxide)) interfaces. A similar
phenomenon was also found in previous work.'” To better under-
stand the stability of the all-PSCs under thermal conditions,
devices with PNDIT-F3N (poly[(9,9-bis(3'-(N,N-dimethylamino)-
propyl)-2,7-fluorene)-alt-5,5'-bis(2,2’-thiophene)-2,6-naphthalene-
1,4,5,8-tetracaboxylic-N,N'-di(2-ethylhexyl)imide]) as the interface
layer were also fabricated additionally. As shown in Fig. S17 and
Table S11 (ESIt), these devices with PNDIT-F3N as the interface
layer show similar photovoltaic performance compared to those
devices with PDINO as the interface layer, but the former ones
display significantly improved thermal stability (Fig. S16, ESIT).
Moreover, the PBDB-T:PF5-Y5-based all-PSC shows better thermal
stability in device efficiency compared to the PBDB-T:Y5-based

This journal is © The Royal Society of Chemistry 2020

one. The former still retained ~75% of its initial PCE after being
stored at 85 °C for more than 2500 min, while the latter only
retained ~55% of its initial PCE under the same conditions. The
different thermal stabilities of these two systems might be mainly
due to the synergistic effects of the morphology evolution and
interface attenuation. As shown in Fig. S18 (ESI) of the atomic
force microscopy (AFM) measurements, all the blend films show
little variation in roughness from 0.98 to 1.08 nm for PBDB-T:Y5
and from 1.51 to 1.69 nm for PBDB-T:PF5-Y5 under continuous
thermal storage of 85 °C in an N, atmosphere. Notably, compared
to the PBDB-T:Y5 blends, which show a gradually increased size
in the fibral structure, the PBDB-T:PF5-Y5 blends show little
changes in the fibral structure, which can partly explain why
the PBDB-T:PF5-Y5-based devices have better thermal stability.
External quantum efficiency (EQE) measurements were per-
formed to verify the Js. values from J-V measurements.
As shown in Fig. 2¢, the PF5-Y5-based all-PSC shows a blue-
shifted EQE spectrum compared to the Y5-based PSCs, which is
consistent with the UV-vis measurements in Fig. 1b and Fig. S1
(ESIt). Moreover, the PF5-Y5-based all-PSC displays high EQE
response values in the full absorption spectrum range of both
the donor (380-680 nm) and acceptor (680-800 nm) materials,
indicating the great contribution to light harvesting from both
materials and the success of the strategy using an all-polymer
donor and acceptor with complementary absorption spectra
in the active layers. Despite the similar absorption from the
blends of PBDB-T:PF5-Y5 and PBDB-T:Y5, the all-PSCs based on
the former one present relatively higher EQE values in compar-
ison with the latter one, which is most likely attributed to the
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improved miscibility between PBDB-T and PF5-Y5 and the
reduced tendency to self-aggregate (discussed right below),
the combination of which leads to optimal bulk-hetero-
junction morphology. The integrated J,. values from the EQE
curves for the PBDB-T:Y5-based and PBDB-T:PF5-Y5-based
devices are 19.01 and 20.13 mA cm™ >, respectively, which are
consistent with the measured ones from the J-V plots with a
mismatch of less than 3%.

The exciton dissociation probabilities P(E,T) were studied to
probe the reason why the PF5-Y5-based all-PSC has higher PCE
and J,. values than the Y5-based one.>” As shown in Fig. 2d and
Table S12 (ESIt), under short-circuit and maximum power
output conditions, the Y5-based PSC has P(E,T) values of
94.03% and 81.76% estimated from the plots of photocurrent
(Jpn) vs. effective voltage (Veg), while the PF5-Y5-based one
shows increased P(E,T) values of 95.00% and 84.04%, respec-
tively, indicating that the all-PSCs exhibit more efficient exciton
dissociation and charge extraction, which can partially explain
the improved J.

To further confirm the efficient hole transfer from PF5-Y5
to PBDB-T in the all-PSCs despite their small HOMO offset of
0.14 eV, herein, the hole transfer dynamics of photo-induced
carriers in the all-polymer blend film were probed using
femtosecond-resolved transient absorption (TA) spectroscopy
measurements under a nitrogen atmosphere.**”** According to
the absorption of PBDB-T and PF5-Y5, the pump wavelength
was selected as 800 nm. Moreover, according to the results of
excitation intensity-dependent measurements of acceptor
material pure films under a pump wavelength of 800 nm
(Fig. S19, ESIt), an excitation intensity of 1.8 pJ cm > was
selected for the following measurements. The TA spectroscopy
and related femtosecond-resolved TA dynamic curves of the
pure films and related blend films of the photovoltaic materials
are shown in Fig. 3 and Fig. S20 and S21 (ESIT). At the pump
wavelength of 800 nm, only PF5-Y5 is excited as confirmed by
the absence of a TA signal from the PBDB-T neat film (Fig. S20a,
ESIt). As shown in Fig. S21a and b (ESIt), a bleaching signal
at 780 nm is shown in both the PF5-Y5 neat film and the
all-polymer blend film, which is the ground state bleaching
(GSB) of the transition in PF5-Y5. Moreover, the two clear
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bleaching peaks at 590 and 640 nm displayed in the TA
spectrum of the two blend films (Fig. 3) are consistent with
the GSB signal from the PBDB-T neat film as measured with
excitation at 550 nm (Fig. S20b, ESIT). At the pump wavelength
of 800 nm, the bleaching peaks at 590 nm from the blend films
appear and rise rapidly, reaching maximum values with a life
time of ~18 and ~120 ps for PBDB-T:PF5-Y5 and PBDB-T:Y5,
respectively (Fig. 3). Since the PBDB-T neat film cannot be
excited at the pump wavelength of 800 nm (Fig. S20a, ESIY), the
bleaching peak at 590 nm in the blend film can be naturally
assigned to the hole transfer from PF5-Y5 or Y5 to PBDB-T,
while the PBDB-T:PF5-Y5 blend shows a faster hole transfer
process than PBDB-T:Y5. Therefore, with the excitation of light,
more efficient hole transfer can occur in the PBDB-T:PF5-Y5
blend film, which is beneficial for photocurrent generation and
thus a higher J,. value. After the hole transfer occurs in the
blend film, the electrons and holes are concentrated on the
PF5-Y5 and PBDB-T pure domains, respectively. They usually
have a smaller overlap in wave functions and it is more difficult
for them to recombine compared to the case of the neat films.
Therefore, the bleaching peak at 640 nm from the PBDB-T:PF5-
Y5 blend film exhibits longer-lived carrier features compared to
either the PBDB-T or PF5-Y5 neat films (Fig. S22, ESIT).

To probe the effects of different types of acceptors on the
molecular crystallinity and packing of the blend films and gain
further understanding of the difference in photovoltaic perfor-
mance from a morphological point of view, GIWAXS, transmis-
sion electron microscopy (TEM), and AFM measurements were
carried out. The 2D GIWAXS diffraction images of the PBDB-
T-based blend films with different acceptors are shown in
Fig. 4a and b, and the corresponding OOP and IP line-cuts
and performance parameters are summarized in Fig. 4c and
Table S13 (ESIf), respectively. For a clear comparison, the
GIWAXS results of the PBDB-T neat film are also summarized
in Fig. S23 (ESIf). Both blend films show a predominant
“face-on” orientation as evidenced by the strong n-m stacking
peaks in the OOP direction. In the OOP direction, the
PBDB-T:Y5 blend film shows a (010) peak at the same position
of 1.73 A™* as the Y5 neat film, which implies that the orientation
of Y5 dominates the blends; in contrast, the PBDB-T:PF5-Y5 blend

(b)s it
—=—590 nm
PBDB-T:Y5 ——640 nm
—4&—785 nm
|
)
o
-
&
'_
= 1
<
0

T T
2000 4000

o 300
Time delay (ps)

Fig. 3 Femtosecond-resolved transient absorption dynamic curves probed at (a) 590, 640, and 780 nm from the PBDB-T:PF5-Y5 blend film, as well as

(b) 590, 640, and 785 nm from the PBDB-T:Y5 blend film.
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Fig. 4 2D GIWAXS profile of (a) the PBDB-T:Y5 blend film and (b) the PBDB-T:PF5-Y5 blend film, and (c) the corresponding IP and OOP line-cuts from
the 2D GIWAXS profiles. TEM images of (d) the PBDB-T:Y5 blend film and (e) the PBDB-T:PF5-Y5 blend film. AFM images of (f) the PBDB-T:Y5 blend film

and (g) the PBDB-T:PF5-Y5 blend film.

film has a (010) peak at a similar position of 1.69 A~* to the PBDB-
T neat film, which suggests that the orientation of PBDB-T
dominates the blends. Moreover, the PBDB-T:Y5 blend film dis-
plays a smaller n—r stacking spacing of 3.63 A with a higher CCL
of 19.16 A compared to the PBDB-T:PF5-Y5 blend film with a n—r
stacking spacing of 3.72 A and a CCL of 18.04 A in the OOP
direction. For the (100) diffractions belonging to PBDB-T in the IP
direction, the PBDB-T:PF5-Y5 blend film shows a higher CCL of
139.7 A at 0.30 A™* compared to the PBDB-T:Y5 blend film with a
CCL of 124.0 A at 0.30 A™*, which indicates that the acceptor
polymer PF5-Y5 with reduced crystallinity will not seriously influ-
ence the packing of PBDB-T in the blends. Moreover, the PBDB-
T:PF5-Y5 blend film displays an additional (100) IP diffraction
peak with a small CCL of 53.39 A at 0.33 A~" belonging to PF5-Y5
in comparison with the PBDB-T:Y5 blend film. The higher CCL in
the (100) diffraction direction of the all-polymer blend film will
improve the charge transport and extraction of the corresponding
devices,”® which is consistent with the higher EQE and J;. values
from the PBDB-T:PF5-Y5-based all-PSC. As shown in Fig. 4d, the
TEM image from the PBDB-T:Y5 blend film shows oversized
phase separation in the bulk morphology, which is consistent
with the smaller lamellar distance and stronger n—r interaction of
Y5 from the GIWAXS results. On the contrary, the PBDB-T:PF5-Y5
blend film has a smaller and more uniform phase separation
morphology with a more distinct fibril texture (Fig. 4e), which
benefits efficient exciton separation, charge transfer and extrac-
tion of the related devices for higher J;. and PCE values. As shown
in Fig. 4f and g of the AFM images, both blend films display a
small root-mean-square roughness (R,) of 1.50-1.82 nm, while the
PBDB-T:PF5-Y5 blend film has a more uniform fibril texture
compared to the PBDB-T:Y5 blend film, which is consistent with
the TEM measurements. As shown in Fig. S24 and Table S14
(ESIf), both the PBDB-T:PF5-Y5- and PBDB-T:Y5-based devices
achieved high hole and electron mobilities (1, and g, ranging

This journal is © The Royal Society of Chemistry 2020

from 0.76-2.32 x 10~° ecm® V' s~ ") with a good balance of yu/pe
values close to 1, which will guarantee efficient charge transport
for high performance PSCs.

Since the miscibility of the active layer materials is a key
factor to determine the domain size and phase separation of
blend films, contact angle measurements were performed to
study the interaction between the PBDB-T and acceptor materials,
as shown in Fig. $25 (ESIY). According to the Fowkes model,* the
surface free energy (y) values of PBDB-T, Y5, and PF5-Y5 are
calculated as 24.9, 26.3, and 25.9 mN m™ ", respectively. Therefore,
the corresponding interaction parameters () of the PBDB-T:Y5
and PBDB-T:PF5-Y5 systems were estimated by the Flory-Huggins
method as 2.58 and 2.01, respectively. The weaker interaction
between PBDB-T and PF5-Y5 indicates better miscibility between
them, and thus a relatively small domain size in their blends is
expected, while Y5 shows a stronger interaction with PBDB-T and
less miscibility, which is consistent with the TEM results.

To probe why the PF5-Y5-based all-PSC has a notably
increased V,. (0.946 V) compared to the Y5-based PSC (0.880 V),
we investigated the detailed energy losses of the photovoltaic
devices, as shown in Fig. 5 and Table 2. The total voltage loss can
be divided into three parts by applying detailed balance theory,”>
as follows:

E

E,
AVo<::7g_yoc = (

TR (2 v + (- V)
= AV + AV, + AV
@
Determination of the bandgap (E,) is problematic, as discussed
in ref. 56, so we have chosen to use the method of R,,, where
E, is determined by using the derivatives of the EQE, as shown

in Fig. 5a. V52 is the maximum voltage based on the Shockley-
Queisser (SQ) limit, where several assumptions are made
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(a) Distribution of SQ-type bandgaps measured from the derivatives of EQEs in devices, in which the optical bandgap (Eg) of the device is

determined from the distribution P(E). (b) Normalized FTPS-EQE curves of the devices based on the pure films and related blend films. (c) EL quantum
efficiencies of the devices under different injected currents. The value for the non-radiative loss calculation was chosen when the injection current is

close to the short-circuit current under 1 sun irradiation.

Table 2 Detailed V. losses of the devices based on PBDB-T:Y5 and
PBDB-T:PF5-Y5

E, Ve AVy AV, AV, Cal Cal. Eloss
Active layer ev) vy V) (V) (V) AV5(V) Ve (V) (eV)
PBDB-T:Y5 1.44 1.15 0.29 0.03 0.26 0.24 0.86 0.58
PBDB-T:PF5-Y5 1.50 1.20 0.30 0.03 0.24 0.22 0.93 0.57

including the EQE being a step-function and the absence of
non-radiative recombination. V2 is the open circuit voltage
when there is no non-radiative recombination. AV, can be
regarded as the radiative loss and excess kinetic energy loss.
AV, can be regarded as the loss attributed to deviation from a
step-function like EQE. AV; accounts for the non-radiative loss.
Calculation of Va4 requires EQE data in the tail, and therefore
highly sensitive Fourier Transform Photocurrent Spectroscopy
(FTPS) was performed, as shown in Fig. 5b. More details
regarding the calculation can be found in the ESL

The estimated E, for the PBDB-T:PF5-Y5 device is 1.50 eV,
which is higher than that (1.44 eV) for the PBDB-T:Y5 device.
Based on SQ theory, the V52 values are calculated to be 1.15 V
and 1.20 V for the devices based on PBDB-T:Y5 and PBDB-T:
PF5-Y5, respectively. Therefore, both devices show similar AV,
values of 0.29-0.30 V. As shown in Fig. 5b, the devices based
on PBDB-T:Y5 and PBDB-T:PF5-Y5 show almost the same
normalized sensitive-EQE spectra as their corresponding neat
acceptor-based devices. Moreover, compared to the acceptor
neat films, the corresponding blend films also exhibit similar
electroluminescence (EL) spectra without additional emission
peaks from the charge-transfer states (Fig. S26, ESIt). The
corresponding AV, values are ~0.03 V for both the PBDB-T:
Y5-based and PBDB-T:PF5-Y5-based devices.

AV, can be estimated by measuring the EQEg;, of the devices
and using the following equation: AE,op-rag = —ksT In EQEg; .
As shown in Fig. 5c¢, the PBDB-T:PF5-Y5-based device shows
higher EQEg;, values than the PBDB-T:Y5-based one; the corres-
ponding AV; values are calculated to be 0.24 V for the former
and 0.26 V for the latter, respectively. The cal. AV; values
estimated by wprad _ v are also summarized in Table 2.

5024 | Energy Environ. Sci., 2020, 13, 5017-5027

The decreased non-radiative energy loss is a major contribution
to the increase in V. in the PBDB-T:PF5-Y5-based all-PSCs. As a
result, the PBDB-T:PF5-Y5-based all-PSCs achieved a reduced
Ejoss of 0.57 eV and a much higher calculated V,. of 0.93 V
compared to the PBDB-T:Y5-based PSCs (Ejoss = 0.58 eV and a
calculated V,. of 0.86 V). The calculated V,. values match well
with the measured ones within a negligible error, and its
precision is limited by the inadequately precise measuring of
EQE data in the low energy region. Therefore, the higher V,,. for
the PBDB-T:PF5-Y5-based all-PSCs is mainly attributed to the
larger bandgap and the smaller non-radiative loss. Notably, the
E)oss of devices based on the same donor and a structurally
similar SM-acceptor and SM-acceptor-based polymeric acceptor
was compared directly for the first time. The similar Ejog
concluded in this work demonstrated that the LBG acceptor
polymer developed by our design strategy of polymerization of a
SM acceptor and BDT-T units can keep rather low Ej.s and
guarantee high V,,. for the resulting all-PSCs, which is a great
advantage of all-PSCs and has not been recognized before.

Conclusions

In summary, a new polymer acceptor PF5-Y5 based on BT-fused
A;-DA,D-A; building block Y5 with relatively short alkyl side-
chains as an electron-deficient unit and tetra-alkyl side-chain
substituted BDT-T as a donor unit was successfully synthesized.
PF5-Y5 shows excellent optical absorption characteristics with
an absorption onset of ~880 nm and a maximum absorption
coefficient of up to 1.43 x 10° cm ™', a high electron mobility of
3.18 x 10 * em?V ' s, an up-shifted LUMO level of —3.84 eV,
and suitable molecular crystallinity and packing. As a result,
the PF5-Y5-based all-PSCs achieved a high PCE of up to 14.5%
with both a high V,. (0.95 V) and a high J,. (20.65 mA cm ™ ?)
resulting from the strong optical absorption, the small energy
loss (0.57 eV), and the efficient charge separation and trans-
port, which are among the best values in the all-PSC field.
Moreover, the all-PSC shows a ~15% improvement in PCE
when compared to the Y5-based cells. Our results highlight

This journal is © The Royal Society of Chemistry 2020
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PF5-Y5 as a very promising polymer acceptor for applications in
efficient all-PSCs.
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