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Carbon-oxygen-bridged (CO-bridged) ladder-type units already
proved to be promising electron-donating building blocks for mak-
ing acceptor-donor-acceptor (A-D-A) nonfullerene acceptors [1].
Compared with traditional carbon-bridged (C-bridged) units, CO-
bridged units present stronger electron-donating capability due
to electron-rich oxygen atoms. Their A-D-A acceptors show lower
bandgaps and stronger light-harvesting capability due to enhanced
intramolecular charge transfer (ICT). Ding et al. have designed pen-
tacyclic [2], hexacyclic [3], heptacyclic [4] and octacyclic [5,6] CO-
bridged units, and corresponding A-D-A acceptors. Among CO-
bridged units, the octacyclic unit CO;8 shows the strongest
electron-donating capability and the largest molecular plane, ren-
dering A-D-A acceptor CO;8DFIC a very low bandgap of 1.26 eV and
good electron mobility. CO,8DFIC shows excellent near infrared
(NIR) light-harvesting capability and outstanding performance in
organic solar cells. Single-junction and tandem solar cells based
on CO;8DFIC gave record power conversion efficiencies (PCEs) of
14.62% and 17.36%, respectively [7,8]. In this work, a decacyclic
CO-bridged unit CO;10 and its A-D-A acceptor CO;10DFIC were
developed (Fig. 1a). CO;10DFIC possesses a larger molecular plane
and a lower bandgap than CO;8DFIC. PTB7-Th:CO;10DFIC solar cells
afforded a PCE of 10.90%. CO;10DFIC can induce remarkable
J-aggregation of CO;8DFIC. Ternary solar cells based on
PTB7-Th, CO;10DFIC and CO;8DFIC gave high photocurrent and a
decent PCE of 13.48%.

CO;10DFIC was synthesized via a “demethylation-trans
esterification” approach [1]. The synthetic details are given in the
Supplementary data. The overall yield for CO;10DFIC is 32%. CO;10-
DFIC was characterized by nuclear magnetic resonance (NMR) and
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mass spectroscopy (see the Supplementary data). Considering the
relatively large molecular plane of CO;10DFIC, we used (2-
butyloctyl)phenyl instead of the commonly used hexylphenyl as
the side chains. The bulky (2-butyloctyl)phenyl side chains can
prevent over aggregation of the A-D-A acceptors with large molec-
ular planes and ensure good solubility [9]. CO;10DFIC is soluble in
common solvents like chloroform, toluene and chlorobenzene. The
absorption spectra for CO;10DFIC, CO;8DFIC and PTB7-Th films are
shown in Fig. S13 (online). Compared with CO;8DFIC, CO;10DFIC
presents a red shift in its absorption spectrum, with a peak at
887 nm and an absorption onset at 1,003 nm. The optical bandgap
(EgP") for CO;10DFIC is 1.24 eV. The smaller EgP* for CO;10DFIC than
CO;8DFIC suggests the stronger electron-donating capability of
C0;10 than CO;8. The absorption spectrum of CO;10DFIC is comple-
mentary with that of the donor PTB7-Th (absorption band at 500-
800 nm). The highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) energy levels for
CO;10DFIC were evaluated by cyclic voltammetry (CV) (Fig. S14
online). The HOMO and LUMO energy levels were calculated from
the onset potentials of oxidation (ES3) and reduction (Efey), respec-
tively, i.e, HOMO = —(Egy +4.8) and LUMO = —(Efeyq + 4.8). The
energy level diagram is shown in Fig. S15 (online). Compared with
CO;8DFIC, CO;10DFIC shows higher LUMO (—3.86 eV) and HOMO
(—5.45 eV) levels. The higher LUMO for CO;10DFIC can lead to a
higher open-circuit voltage (Vo) in solar cells. From PTB7-Th to
CO;10DFIC and CO;8DFIC, an energy level cascade forms in either
HOMO or LUMO, suggesting that they can be applied in a ternary
solar cell [10].

Binary and ternary solar cells with a structure of ITO/ZnO/active
layer/MoOs/Ag were made to evaluate the performance of CO;10-
DFIC. J-V curves and external quantum efficiency (EQE) spectra
are shown in Fig. 1b and c, respectively. The best PTB7-Th:
CO;10DFIC cells gave a PCE of 10.90%, with a V.. of 0.75V, a
short-circuit current density (Js.) of 21.97 mA cm 2 and a fill factor
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Fig. 1. Induced J-aggregation in acceptor alloy enhances photocurrent. (a) The structures for PTB7-Th, CO;10DFIC and CO;8DFIC; (b) J-V curves for the binary and ternary solar
cells; (c¢) EQE spectra for the binary and ternary solar cells; (d) absorption spectra for PTB7-Th:CO;10DFIC (1:1.4) and PTB7-Th:CO;10DFIC:CO;8DFIC (1:0.4:1) blend films; (e)

absorption spectra for CO;8DFIC, CO;10DFIC and CO;8DFIC:CO;10DFIC (1:0.4) films.

(FF) of 66.4%. These cells have a D/A ratio of 1:1.4 (w/w), an active
layer thickness of 98 nm and 0.2 vol.% 1-chloronaphthalene (CN) as
the additive (Tables S1-S3 online). PTB7-Th:CO;10DFIC cells gave
higher V. than the reported PTB7-Th:CO;8DFIC cells due to the
higher LUMO of CO;10DFIC [5]. The best PTB7-Th:CO;10DFIC:CO;8-
DFIC (D:A;:A,) ternary cells gave a PCE of 13.48%, with a V. of
0.71V, a Jsc of 27.97 mA cm~2 and a FF of 68.3%. These cells have
a D/A;/A; ratio of 1:0.4:1 (w/w/w), an active layer thickness of
103 nm and 1.3 vol% 1,8-diiodooctane (DIO) as the additive
(Tables S4-S6 online). Compared with the binary cells, the ternary
cells afforded much higher Js. due to the stronger and broader EQE
response. Over 70% EQE at 550-900 nm was observed for ternary
cells, while the maximum EQE for binary cells is 69% (Fig. 1c).
The exciton dissociation probabilities (Pgiss) for the binary and
ternary cells are 94.1% and 98.1%, respectively, suggesting more
efficient charge generation in the latter (Fig. S16 online). To under-
stand why ternary cells gave a broader EQE spectrum, we investi-
gated the absorption spectra for the binary and ternary blend films
(Fig. 1d). Compared with PTB7-Th:CO;10DFIC blend film, PTB7-Th:
CO;10DFIC:CO;8DFIC blend film gave a broader absorption spec-
trum with a new NIR peak at ~910 nm. According to our previous
study, this peak originates from the J-aggregation of CO;8DFIC [11].
Fullerene or nonfullerene molecules can promote the J-aggregation

of CO;8DFIC, thus broadening the absorption and EQE spectra
[6,12,13]. CO;10DFIC can induce the J-aggregation of CO;8DFIC, as
the absorption spectrum for CO;10DFIC:CO;8DFIC blend film can
confirm this (Fig. 1e). Since both HOMO and LUMO levels of CO;10-
DFIC are higher than that of CO;8DFIC, there might be photo-
induced charge transfer between CO;10DFIC and CO;8DFIC. To fig-
ure out this, we made three cells with CO;10DFIC, CO;8DFIC and
CO;10DFIC:CO;8DFIC as the active layer, respectively (Fig. S17 and
Table S7 online). The J;. for CO;10DFIC:CO;8DFIC cell is between
that for CO;10DFIC cell and CO;8DFIC cell, suggesting negligible
photo-induced charge transfer between CO;10DFIC and CO;8DFIC
[14].

Hole and electron mobilities (u, and p.) were measured by
using space charge limited current (SCLC) method (Figs. S18, S19
and Table S8 online). From binary cells to ternary cells, uj
increased from 1.55 x 107* to 4.31 x 10*cm?V~'s™!, u. from
1.95x 107 to 7.03 x 10> cm? V' s7!, and p/u. decreased from
7.9 to 6.1. The charge carrier transport is more balanced in ternary
cells, leading to higher Js. and FF. We studied bimolecular recombi-
nation by plotting Js. against light intensity (Pjignc). The data were
fitted to a power law: Jsc o Pjignt”. The o values for binary and tern-
ary cells are 0.988 and 0.996, respectively, suggesting less bimolec-
ular recombination in ternary cells (Fig. S20 online). The
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suppressed charge recombination in ternary cells is beneficial to Js.
and FF.

The thermal stability for the solar cells was tested by continu-
ously heating them at 120 °C. PTB7-Th:CO;10DFIC cells show
higher thermal stability than PTB7-Th:CO;8DFIC cells (Fig. S21
online). After being heated for 120 h, PTB7-Th:CO;10DFIC and
PTB7-Th:CO;8DFIC cells retained 58% and 50% of the initial PCE,
respectively. The higher molecular weight of CO;10DFIC might
reduce the mobility of molecules and enhance the phase stability.
PTB7-Th:CO;10DFIC:CO,;8DFIC ternary cells kept 61% of the initial
PCE after being heated for 120 h. In ternary cells, CO;10DFIC and
CO;8DFIC could form an alloy, thus increasing the entropy of the
blend system and improving the thermal stability [15].

In summary, a decacyclic ladder-type building block CO;10 and
its A-D-A acceptor CO;10DFIC were developed. Compared with
CO;8DFIC, CO;10DFIC possesses a larger molecular plane, a lower
bandgap and a higher LUMO level. PTB7-Th:CO;10DFIC solar cells
present higher V,. and better thermal stability than PTB7-Th:
CO;8DFIC cells. PTB7-Th:CO;10DFIC:CO;8DFIC ternary cells gave a
decent PCE of 13.48%. CO;10DFIC can be applied in organic solar
cells as a NIR-absorbing electron acceptor. The J-aggregation
inducement in the acceptor alloy can be a very useful approach
for enhancing PCE for organic solar cells.
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