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17.1 %-Efficient Eco-Compatible Organic Solar Cells from
a Dissymmetric 3D Network Acceptor
Hui Chen', Hanjian Lai", Ziyi Chen", Yulin Zhu, Huan Wang, Liang Han, Yuanzhu Zhang, and

Feng He*

Abstract: To elevate the performance of polymer solar cells
(PSC) processed by non-halogenated solvents, a dissymmetric
fused-ring acceptor BTIC-2Cl-y CF; with chlorine and trifluor-
omethyl end groups has been designed and synthesized. X-ray
crystallographic data suggests that BTIC-2Cl-yCF; has a 3D
network packing structure as a result of H- and J-aggregations
between adjacent molecules, which will strengthen its charge
transport as an acceptor material. When PBD B-TF was used as
a donor, the toluene-processed binary device realized a high
power conversion efficiency (PCE) of 16.31 %, which im-
proved to 17.12 % when PC71ThBM was added as the third
component. Its efficiency of over 17 % is currently the highest
among polymer solar cells processed by non-halogenated
solvents. Compared to its symmetric counterparts BTIC-4Cl
and BTIC-CF;-y, the dissymmetric BTIC-2CIl-yCF; integrates
their merits, and has optimized the molecular aggregations with
excellent storage and photo-stability, and also extending the
maximum absorption peak in film to 852 nm. The devices
exhibit good transparency indicating a potential utilization in
semi-transparent building integrated photovoltaics (ST-BIPV).

Introduction
Continuous advances in new materials and device pro-

cesses improve the power conversion efficiency (PCE) of
polymer solar cells (PSC).['"”) With the emergence of fused-
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ring acceptors, the PCEs of such devices increased to
18%,M'2 approaching commercial levels in the organic
photovoltaic field. From the viewpoint of practical commer-
cial applications and industrial mass production, the technol-
ogy of PSC processing should be carefully evaluated. Halo-
gen-free solvents are an essential prerequisite for environ-
mentally friendly and sustainable industrial applications. But
regrettably, halogenated solvents, such as chloroform!™** and
chlorobenzene,''"! are widely used currently in the fabrica-
tion of efficient PSCs. These solvents are good solvents for
both donor and acceptor materials, and the resulting active
film has nice morphology with a favourable nano-interpene-
trated network, which is beneficial to the charge separation
and transport.'>! These solvents are however highly toxic,
and could be hazardous to the health of researchers. They
evaporate into the atmosphere, causing pollution and harm to
the environment. And the large-scale production and indus-
trial application of halogenated solvents in preparation of
PSCs is contrary to the current purpose of green chemistry.
Recently, with the emergence of specifically designed donors
and acceptors, some outstanding PSCs processed with eco-
compatible solvents have been reported,'®*?? but the photo-
voltaic systems processed with halogen-free solvents were far
less efficient than those processed with halogen-containing
solvents. Processing of PSCs with minimally or non-toxic non-
halogenated aromatic green solvents is necessary to support
the commercial production of PSCs.[?24

In the development of PSCs processed by halogen-free
solvents, new acceptor materials should be designed which
balances the intermolecular interactions of the end groups
and the centre fused cores. Accordingly, we explored mole-
cules with the appropriate solubility in eco-compatible
solvents. For most acceptors, end group modification is
a flexible and effective way to broaden the absorption
spectrum and fine-tune energy levels”? and it may also
gradually change their processing capabilities in different
solvents. Chlorine atoms have been successfully introduced
into the end groups of non-fullerene acceptors, delivering
many advances.”? Chlorine shows the second largest
electrophilic among the halogens and its empty 3d orbitals
can accommodate lone pairs of electrons and/or i electrons to
enter into extra non-covalent interactions, which could endow
chlorine with intermolecular interactions stronger than those
possessed by fluorine. Thus, chlorine, with a function similar
to that of fluorine in organic optoelectronic materials, is even
better in materials where the steric hindrance from its large
atom size can be tolerated. The size of a chlorine atom could
be overlooked when it is installed at the end of fused-ring
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electron acceptor systems. X-ray data shows that chlorinated
fused-ring electron acceptors, such as ITIC-2Cl-y, have a 3D
network packing structure that depends on strong CI---S and
Cl--q interactions.”!! The improved order and crystallinity of
species in such materials are very favourable for charge
transport, and ITIC-2Cl-y based PSCs have excellent PCE in
a typical ITIC-system. Recently, the chlorine-containing
acceptor BTIC-4Cl (BTP-4C1)!'” was shown to enhance the
red shift in its spectrum relative to BTP-4F (Y6).'" The
corresponding PSCs achieve efficiency of over 16 % with very
high open-circuit voltages (V,.) and a short-circuit current
density (/) attributable to their very low non-radiative
energy loss. In most cases however, the solubility of those
chlorinated acceptors will decrease as the number of chlorine
atoms increases. As a result, to achieve decent PCEs, chloro-
form or chlorobenzene must be selected as the processing
solvent.

Trifluoromethyl groups have also been successfully im-
planted in nonfullerene acceptors, and in our previous study,
we reported an acceptor named BTIC-CF,-y.?*! The intro-
duction of trifluoromethyl end groups did not disturb the
molecular packing and crystalline. BTIC-CF;-y forms a 3D
network structure as a result of the strong electrostatic
attractions of the CF; end groups. With more isotropic
features in the acceptor phase this facilitates the charge
transport greatly and increases the efficiency of photovoltaic
devices. At the same time, the solubility of BTIC-CF;-y is
much better, such as in toluene and other non-halogenated
solvents. To summarize, chlorination or trifluoromethylation
can lead to 3D network structures with the capability of
efficient charge transport in the acceptor phase. Multiple
chlorine substitution is incompatible with eco-compatible
solvent processing which delivers acceptors with high solar
conversion efficiency due to the strong noncovalent inter-
actions. In contrast, trifluoromethylation produces an oppo-
site effect albeit with slightly less efficiency. In order to
combine the advantages of both chlorination and trifluor-
omethylation and generate a highly efficient fused-ring
acceptor in eco-compatible solvent conditions, the dissym-
metric strategy led us to develop a new molecular design with
one of these two functional groups at one end of the fused
core and the second at the other end. The combined
intermolecular interactions from these two end groups make
a final molecule which is sufficiently soluble in most solvents,
even halogen-free solvents, thus facilitating the eco-compat-
ible processing requirements.

Therefore, a dissymmetric fused-ring acceptor, BTIC-2Cl-
vyCF; was designed and synthesized according to the theory of
end group optimization. It showed good solubility in toluene,
and its spin-coated film exhibited red-shifted absorption with
a maximum peak at 852 nm and an on-set peak of ~ 947 nm.
The single crystal diffraction pattern of BTIC-2Cl-yCF;
indicated that multiple intermolecular interactions such as
F---S, F--O, F--N, CI---S, Cl---:O, N--O and N---S exist in the
solid state of acceptor, and in addition, synergistic H- and J-
aggregations were also found. As a result, a 3D network
packing structure was formed, affording more electronic
transition channels.”**'! When using the polymer PBDB-TF
as donor, PSCs processed with chlorobenzene, xylene or
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toluene, all delivered excellent photovoltaic performance.
The toluene-processed binary device had a high PCE of
16.31 %, and the ternary device when processed in toluene
with an implanted fullerene derivative PC;; ThBM as the third
component gained a higher PCE up to 17.12 %, simultane-
ously improving the V., J,. and FF compared to the
corresponding binary device. This is the first report of
a PCE>17% prepared with processing with halogen-free
solvents. The ternary device had favourable charge transport
properties and elevated the response from 450 to 600 nm and
670 to 830 nm in external quantum efficiency (EQE) spec-
trum. From the investigated morphology and transient
dynamics of the carrier it could be seen that the ternary
device possesses a tailored crystallite size and ultra-low
bimolecular recombination. Benefitting from the low band-
gap absorption feature, BTIC-2Cl-yCF;-based semi-transpar-
ent PSCs (ST-PSC) with 15 nm Ag also presented a very high
PCE of 13.06 % with an average visible transmittance (AVT)
of 24.45 %, which is one of the highest values with decent light
transmission reported to date. In brief, this molecular design
combined with chlorination and trifluoromethylation ap-
proaches an ideal state for molecular aggregation, making
this kind of acceptor a good candidate for future building of
integrated photovoltaic (ST-BIPV) materials based on eco-
compatible solvent processing.

Results and Discussion
Material Synthesis

The precursor BT-2CHO was produced according to
previous published reports. The synthetic routes to BTIC-2CI-
yCF; are shown in Figure Sla, and the molecular structure of
BTIC-4Cl, BTIC-CF;-y, BTIC-2Cl-yCF;, PBDB-TF and
PC; ThBM are shown in Figure S1b and Figure 1a. The
BTIC-2Cl-yCF; was obtained from BT-2CHO in a one-step
reaction with sequentially added IC-2Cl and IC-CF3-y at
50°C for 6 h, and then purified by HPLC and recrystalliza-
tion. The structures of all the products were confirmed by
"HNMR spectroscopy. Detailed synthesis procedures and
characterization are in the Supplementary Information. In
a thermogravimetric analysis (TGA) test (Figure S2), the
purified BTIC-2Cl-yCF; displayed a decomposition temper-
ature of 328°C and 5 % weight loss. Its good thermal stability
ensured that the BTIC-2Cl-yCF; in the neat and blend film
would not degrade during thermal annealing in the device
processing. The UV/Vis absorption spectra of BTIC-2Cl-
vyCF;, including solution and film states are shown in Fig-
ure 2a. In solution in toluene, BTIC-2CI-yCF; has absorption
bands from 600-800 nm, its 4., is 742 nm and its absorption
coefficient is 1.81 x 10° M 'cm™'. Interestingly, the film of
BTIC-2Cl-yCF; exhibited a redshift at A,,, =852 nm, with an
absorption coefficient of 1.36 x 10° cm . The film absorption
range compared to that of the solution extended to 947 nm
and the detailed optical properties are listed in Table S1. The
data indicated that BTIC-2CI-yCF; molecules have very
strong aggregation in the film, leading to the red shift and
extension of the absorption spectrum. The absorption was
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Figure 1. a) The molecular structures of BTIC-2Cl-yCF;, PBDB-TF, and PC,;ThBM, respectively; b) the single-crystal structure of BTIC-2Cl-yCF;, for
the CCDC number see the Supporting Information, c) the m---t interactions in one elliptical frame, d) the single-crystal structure of one elliptical
frame, e) the intermolecular interactions in one elliptical frame, f) 3D network packing from the c-crystallographic axis, g) the 3D network packing
from c*-crystallographic axis. (The alkyl chains of BTIC-2Cl-yCF; were omitted to clearly observe the packing details).

very complementary to that of other polymer donors with
wide-band energy gap, the BTIC-2Cl-yCF; based PSCs should
have efficient light harvesting to deliver a high J. in devices.
Thus, it appears that a designed BTIC-2Cl-yCF; acceptor is
a potential candidate for high performance PSCs.

Packing information
The X-ray single crystal structure of BTIC-2CI-yCF; was
determined to reveal its packing information in the solid

state.’*31-] Figure 1b shows the monomolecular state of
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BTIC-2Cl-yCF; from a top view. The torsional angles are
4.17° for the trifluoromethylated side and 8.68° for the
chlorinated side, and there is a S---O=C conformational lock
258 A and 2.66 A in length. The packing information is
shown in Figures 1c,d and e. Each elliptical frame structure
consists of six molecules with multiple intermolecular inter-
actions, including st interactions between end groups (J-
aggregations), -7 interactions between cores (H-aggrega-
tions), and non-covalent interactions including F--S, F---O,
F--N, CI---S, CI--O, N-+-O and N--S. The specific values are
displayed in Figure S3. As a result, a 3D network packing
structure was achieved and comprised of multiple elliptical
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Figure 2. a) Absorption spectra of BTIC-2Cl-yCF; in solution and film. b) Normalized absorptions of BTIC-2Cl-yCF; neat film, related binary and

ternary films. c) The molecular energy levels of PBDB-TF, BTIC-2Cl-yCF,, and PC,; ThBM. d) J-V curves of BTIC-4Cl, BTIC-CF;-y, BTIC-2Cl-yCF;,
and BTIC-2Cl-yCF;:PC;; ThBM based PSCs processed by toluene. e) EQE curves of corresponding devices. f) Recent advances in PSCs processed

in halogen-free solvents.

frames with a length of 26.6 A and a width of 17.2 A due to
these intermolecular interactions. More crystal details are
shown in supplementary information (Figures S4-6). The 3D
network packing of BTIC-2Cl-yCF; provides more electronic
hoping channels for charge transfer in a variety of directions.
We think that the acceptor with 3D network packing structure
is beneficial to the performance of the molecule itself, so as to
further improve the performance of final devices.

Photovoltaic Performance

To fabricate efficient BTIC-2Cl-yCF; PSCs, the desired
polymer donor PBDB-TF was selected through matched
optoelectronic properties.!'”! The pure absorptions of the neat
and blended films are shown in Figure 2b. Their energy levels
further supported the device preparation from Figure 2c.
Electrochemical cyclic voltammetry (CV) measurements
were used to determine the energy levels of BTIC-2Cl-yCF;
as shown in Figure S7. The well-screened absorption spectra
and their energy levels were beneficial to production of high
V,. and J in their PSCs. In order to systematically study the
photovoltaic performance of BTIC-2Cl-yCF;, conventional
devices were fabricated and processed by different solvents
such as chlorobenzene, xylene and toluene. The detailed
device configuration and fabrication are described in the
supporting information. Although the reported BTIC-4Cl
and BTIC-CF;-y had excellent photovoltaic perfor-
mance,['"? the toluene-processed BTIC-4Cl based PSCs
showed a moderate PCE of 11.14%, with a higher V. of
0.86 V. The J, was quite low; while toluene-processed BTIC-
CF;-y-based PSCs (Figure 2d) had a PCE of 15.10% (Ta-
ble 1). These results implied that the toluene-processed BTIC
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system with trifluoromethylation could be suitable to obtain
good photovoltaic performance. Through this dissymmetric
strategy, the novel BTIC-2Cl-yCF; could have the merits of
both BTIC-4Cl and BTIC-CF;-y. The BTIC-2Cl-yCF; based
binary device with different processing solvents both had
good PCEs. In particular, the toluene-processed binary device
revealed an excellent PCE of 16.31%, with V.. of 0.84V,
a high J. of 25.09 mA cm 2 and an FF of 76.99 %, as shown in
Table 1. The corresponding current density-voltage (/-V)
curve of the device is presented in Figure 2d, and the J-V
curves and performance parameters of devices processed by
chlorobenzene and xylene are presented in Figure S8 and
Table S2. To promote the higher PCE, a ternary blend
strategy was conducted, which has been extensively studied
and has made encouraging progress.”’ By introducing
a third ingredient with customized absorption and energy
levels to the binary film, the cascade energy levels and
optimized morphology caused facilitate charge transfer in the
ternary device and improve the performance of PSCs. In this
binary system, several fullerene derivatives (Figure 1 and
Figure S1b) were chosen as third components, and the
resulting ternary PSCs had a better performance as shown
in Figure S9 and Table S3. In ternary PSCs with PC;; ThBM,
the device has simultaneously improved V.. J, and FF,
resulting in a very high PCE of 17.12%. The detailed
parameters are summarized in Table 1 and the J-V curve is
shown in Figure 2d. Figure 2f lists recent advances PSCs
processed in non-halogenated solvents (Table S4). This illus-
trates that the PCE of 17.12 % is a record for PSCs processed
by non-halogenated solvents. The PC; ThBM had somewhat
higher LUMO level compared to BTIC-2CI-yCF;, and that
the PC; ThBM as a fullerene derivative has high electron
mobility. The same ternary method was also appropriate for
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Table 1: The performance parameters of BTIC-4Cl, BTIC-CF;-y, BTIC-2Cl-yCF; and BTIC-2Cl-yCF;:PC; ThBM based PSCs processed with toluene under

100 mWcm™2 AM 1.5 G irradiation.

Acceptors Voo Jse Jea FF PCE
\%] [mAcm™? [mAcm™ [%] [%]
BTIC-4Cl 0.86 18.73 18.42 69.27 11.14
(0.864-0.002)" (18.52+£0.19) (75.36 £0.60) (10.83 +£0.26)
BTIC-CF;-y 0.83 24.88 24.10 73.21 15.10
(0.83+£0.001) (24.59+£0.28) (72.52£0.65) (14.85+£0.18)
BTIC-2Cl-yCF, 0.84 25.09 2418 76.99 16.31
(0.8440.001) (24.794+0.24) (76.16+0.80) (16.01+0.27)
BTIC-2Cl-yCF;: PC,, ThBM 0.85 25.76 24.96 78.10 17.12
(0.85+0.001) (25.43£0.37) (77.30£0.75) (16.75+£0.36)

[a] Average value + standard deviation, calculated from 10 independent devices.

chlorobenzene and xylene-processed devices, the relevant
J-V curves and performance parameters are also shown in
Figure S8 and Table S2. BTIC-2Cl-yCF;-based PSCs pro-
cessed with non-halogenated solvents such as and toluene and
xylene exhibit a high PCE, showing that BTIC-2CI-yCF; is
very promising commercial photovoltaic material from the
aspect of the environment.

To understand and explore the origin of the high J . in
binary and ternary devices, their EQE and absorption of
blend film were determined and are shown in Figures 2e and
b, respectively. The binary blend films feature two absorption
peaks from contributions of the PBDB-TF donor and the
BTIC-2CI-yCF; acceptor. The BTIC-2Cl-yCF; in the blend
caused a peak at 818 nm and an obvious blue-shift compared
with the peak from the BTIC-2Cl-yCF; neat film at 852 nm.
This implies that the blends form a bulk-heterojunction
breaking the molecular aggregation of BTIC-2Cl-yCF;, and
accelerating the separation of excitons in the interface
between donor and acceptor. The ternary blend film with
a minor amount of PC; ThBM maintained the profile of
a binary film, but the absorption range of 400 to 600 nm was
somewhat increased. These are the reasons for the high J.
generation in the devices. Although the EQE values of binary
devices presented a good response from 450 to 830 nm, this
interval fluctuated. As expected, the ternary device elevated
the response from 450 to 600 nm and 670 to 830 nm in the
EQE spectrum. The calculated J, (Table 1) from EQE
curves matched well with values of J from J-V measure-
ments. In consideration of ternary device with higher J,. and
FF, it should have favourable charge transport. As presented
in Figure S10 and Table S5, the hole and electron mobility of
devices were determined by a space-charge-limited current
(SCLC) method.™ The calculated hole/electron mobility
were 2.1/1.5x 10~ and 3.4/2.8 x 10~ cm*V~'s™! for the binary
and ternary films, respectively. The charge accumulation
could be reduced via the high and balance of charge transport
in device. Thus, the ternary devices had higher J. and FF than
those in binary devices.

Investigation of Charge Dynamics and Energy Loss
To understand the exciton quenching in binary and
ternary devices, the photoluminescence (PL) spectra of neat,

binary and ternary blend films were recorded and are shown
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in Figure 3 a. The neat film of BTIC-2CI-yCF; has a typical PL
emission peak around 940 nm. When blended with PBDB-TF
donor, the curve of binary blend film had apparently no
properties indicating high PL quenching efficiency. When the
PC; ThBM was introduced, the ternary blend film displayed
a similar profile, and the intensity of PL was lower than that of
the binary blend film. The results demonstrated that binary
and ternary blend films both had a more efficient charge
transfer behaviour,*” and which of the ternary blend films
was superior. The test of PL was accorded with the high EQE
response of the ternary device, further supporting the higher
J. and FF of the ternary device. To understand the bimolec-
ular recombination of the carrier in the device, an examina-
tion of J. versus light intensity was conducted and the results
are shown in Figure 3b. J. and I could follow a relationship of
J o I“, where the slope a was calculated from the double-
logarithmic coordinates curve.*’! The extracted values of
binary and ternary devices were 0.98 and 0.99, respectively.
These favourable consequences illustrated that they were
both restrained in their bimolecular recombination. The
ternary device possessed ultra-low bimolecular recombina-
tion and this corresponds with the high FF.

The energy loss, especially in non-radiative energy loss, is
a key factor to limit the PCE of PSCs.*! To detailed
investigate the V. loss of binary and ternary devices, the
optical gap of device (E;"), highly sensitive EQE and
electroluminescence (EL) quantum efficiencies (EQEg)
were measured in Figure S11, Figures 3¢ and d, respectively.
The systematic parameters of energy loss in devices were
summarized in Table S6. The determined of binary and
ternary devices were 1.448 and 1.450 eV, respectively.*” The
close E;" resulted the very adjacent AE, of binary (0.267 eV)
and ternary (0.268 eV) devices according to the Shockley-
Queisser (SQ) limitation."”*! The efficient binary and
ternary devices had similar highly sensitive EQE curves, but
the evaluated AE, of ternary device was slightly lower than
that of binary device. The AE; is non-radiative energy loss,
which could be deduced from the equation AE;=
—kTIn(EQEg; ). The binary and ternary devices both
exhibited a high EQEy, values, which were 8.9x 10~ and
1.1 x107*, respectively. The high EQEy, value is correspond-
ing the low, indicating small non-radiative energy loss in
related device. The extracted of binary device is 0.244 eV.
When applied the ternary blend strategy, the of binary device
was declined to 0.240 eV, further suppress non-radiative

Angew. Chem. Int. Ed. 2020, 59, 2—11
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Figure 3. a) The PL spectra of neat, binary and ternary blend films, b) experimental J,. versus light intensity. c) High sensitive EQE and d) EL

quantum efficiencies for binary and ternary PSCs processed by toluene.

energy loss in devices.'”! The integrated AE of ternary device
was 0.559 eV, which was lower than that of binary device
(0.604 eV). Thus, the ternary device had an improved V. due
to the cascading energy level and minimized energy loss,
resulting a high PCE compared to the binary device. The
dissymmetric 3D network acceptor broadened the absorption
to achieve high J., meanwhile, the non-radiative energy losses
of BTIC-2Cl-yCF; based devices with high V. were also low,
contributing the outstanding PCE of PSCs processed by
toluene.

Morphology and Stability

The exciton dissociation and charge transport are closely
related to the film morphology of active layer, including the
phase separation scale, molecular packing and orientation,
crystallinity and miscibility, all of which greatly affect the
device performance.**! Grazing incident wide-angle X-ray
scattering (GIWAXS) was used to investigate the orientation
of the molecular packing in the films. The binary and ternary
films had the similar diffraction patterns, shown in Figures 4a
and b.

From the out-of-plane line-cuts in Figure 4c, the charac-
teristic m-7v stacking peaks of binary and ternary films were
found to be at 1.62 and 1.64 A, respectively, and the minor
differences could be ignored. Their calculated full width at
half-maximum (FWHM) were also very close. Thus, in the
binary and ternary films, the molecular packing that domi-
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nates is in the face-on orientation, and the related device had
favourable charge transport. In Figure 4d, the lamellar (100)
diffraction peaks are around 0.30 A~ in the in-plane (IP)
direction, but the FWHM of binary and ternary films were
0.03 A" and 0.05 A~', respectively. The smaller FWHM
implied that there was a larger crystalline form in the binary
film. This phenomenon indicates that the addition of
PC,;,ThBM further interrupted the aggregation of BTIC-
2Cl-yCF; and suppressed its crystallinity.*) An appropriately
tailored crystallite size facilitates charge transport, consistent
with the high J,. and FF of the device. We also analysis the
GIWAXS data combining with single crystal data. Figure S4
shows the powder x-ray diffraction pattern generated from
single crystal data from BTIC-2Cl-yCF;, it was found strong
signals of 20=6.08°, 7.16° and 26.48°, the corresponding
distances are 14.52, 12.34, and 3.36 A according to the Bragg
equation 2dsinf = ) in XRD, respectively, and the q value are
0.29, 0.51, and 1.87 A™! according to d =2m/q, respectively.
From the GIWAXS data, we found a set of values ¢ =0.29 and
0.53 A~' in the IP direction and ¢=1.87 A~! in the OOP
direction by the binary film, which is matching well with the
data from single crystal, indicating that the packing modes of
BTIC-2Cl-yCF; should be partially reserved in the blend
film. 12

We used atomic force microscopy (AFM) to further
explore the surface morphology of the film in Figure S12. The
binary and ternary films had a root mean square (RMS) of
1.28 and 1.39 nm, respectively. Both had smooth and uniform
surface morphology, forming beneficial contact with the

www.angewandte.org

These are not the final page number

Angewandte

Chemie

g AR


http://www.angewandte.org

GDCh
~~—~

(] ]]]
KRR

Research Articles

Angewandte

intemationaldition’y) Chemie

1000
(a) (C) 3 (e) B Binary
900 —&— Binary LIS o Tern':
} 800 —&— Ternary a ® ° ry
LT SR PR p——— e e _ ]
2.5 700 ~ [} -
e
~ 600 < X
< 2 | 500 & ~ 14 )
~ =
s s 400 8 Storage stabilty
i 300 =%
24
200 12
0.5
100
0
050 05 1 15 T T T y y 10— T T T
Al = 0.9 12 15 1.8 21 24 0 200 400 600 800
9y A9 IS Time (h)
1000 (d) (D
900 —#— Binary ° e ®  Binary
800 B=Ternary 6] " P ® Ternary
n
700 ~ ' ' [
L R e B
600 o~ X Ll
t’ A
‘()0 @ . 14 4
= i
400 0 Photo-stability
=5
300 5
200
100
g . 104— . - :
50 05 1 15 02 0.4 08 0 200 400 600 800

q, A™h

076
q,&%

Time (h)

Figure 4. GIWAXS patterns of binary (a) and ternary films (b), the corresponding line-cuts in the out-of-plane (c) and in-plane (d). The storage

stability (e) and photo-stability (f) of devices from toluene processing.

interface and facilitating the performance of the device.[*!
The transmission electron microscopy (TEM) images of
binary and ternary films exhibited the appropriate phase
separation and nanoscale fibre in Figure S13. The favourable
morphology caused the device to have excellent stability. The
storage and photo-stability were both tested, and their
decayed trends are presented in Figures4e and 4f. The
binary and ternary devices maintain 95% of the initial
efficiency in a glovebox under nitrogen for 720h, the
absorption of binary and ternary films stored in a glovebox
are without obvious decline from the Figures S14a and b.
When the devices were continuously illuminated for some
time in a nitrogen-filled glovebox, the PCE of ternary device
was still over 15%. According to the time-dependent
absorption of binary and ternary films under illumination in
Figures S14c and d, the absorption of ternary films displayed
a slower descend than that of binary films. Thus, the ternary
film had more stability than binary film under illumination.””!
This excellent stability indicated that BTIC-2CI-yCF; based
photovoltaic systems should have a good commercial future.

Semi-transparent Devices

The low band-gap acceptor BTIC-2Cl-yCF; has strong
absorption in the near-infrared region, and allows visible light
to penetrate as much as possible. Light at non-visible
wavelengths is absorbed and utilized by the active layer, thus
improving the light transmission performance, and this will
promote the PCE of ST devices.”! The fabricated ST-PSCs
had same structure and are processed as opaque devices, but
the Ag electrode thickness was reduced to 10-20 nm. The
thickness of Ag was calibrated by AFM in Figure S15. The
J-V, EQE, transmittance and reflectance curves of toluene
processed ST ternary devices are presented in Figures Sa—c
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and Figure S16, and the related performance parameters are
summarized in Table 2. As the thickness of the Ag layer
increased, J. and FF were obviously enhanced while the AVT
decreased. For ST-PSC, there is a distinct trade-off between
the AVT and PCE. Generally, when balancing the PCE and
the transparency window application, the value of AVT is
around 25%."! In this case, the ST device with 15 nm Ag
showed a high PCE of 13.06%, with V. of 0.82V, J of
21.55 mA cm~? and FF of 73.64 %, under the AVT of 24.5%
condition. Figure 5d and Table S7 list the PCEs over 10%
based on ST-PSCs. In recent years, this work produced the
highest performance ST-PSCs based on BTIC-2Cl-yCF; with
an AVT around 25%. To quantify the visual appearance of
fabricated ST-PSCs, the calculated colour coordinates (x, y)
are shown in Figure Se, and the coordinates of 10, 15 and
20 nm Ag ST devices were (0.29, 0.30), (0.26, 0.27) and (0.26,
0.6), respectively. Figure 5 f shows an outdoor image through
the ST-PSCs. From the photograph, the ST devices exhibited
good resolution, colour sense, and transparency, giving it only
a slightly blue cast. These parameters indicated that BTIC-
2Cl-yCF; is a very promising translucent photovoltaic materi-
al for ST-BIPV productions.

Conclusion

Utilizing the combined advantages of chlorination and
trifluoromethylation, we have designed and synthesized
a dissymmetric fused-ring acceptor, BTIC-2Cl-yCF3 with
optimized molecular aggregation. Single crystal analysis
indicated a 3D network packing structure in this dissymmetric
acceptor which has improved charge transfer. The developed
PSCs using PBDB-TF as donor, processed by chlorobenzene,
xylene and toluene solvents, all achieved excellent photo-
voltaic performance. The toluene-processed binary device
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Table 2: The performance parameters of toluene processed semi-transparent ternary PSCs with various Ag cathode thicknesses under 100 mWcm™

AM 1.5 G irradiation.

Ag 7 Jse Jea FF PCE AVT
Vi [mAcm ™| [mAcm™] [%] [%] [%]

10 nm 0.81 19.04 18.72 70.04 10.82 33.61
(0.81£0.001)# (18.9940.10) (68.344+1.74) (10.5240.28)

15 nm 0.82 21.55 20.78 73.64 13.06 24.45
(0.82+0.001) (21.2440.28) (71.54+1.87) (12.8140.22)

20 nm 0.82 23.03 22.54 74.45 14.13 19.20
(0.82+0.002) (22.8740.17) (72.82+1.61) (13.58+0.43)

[a] Average value + standard deviation were calculated from 10 independent devices.

had a high PCE of 16.31%, with PC71ThBM as a small
amount of third component incorporated into original binary
system, the produced ternary device with small non-radiative
energy loss obtained a further higher PCE of 17.12 %, which is
the highest among PSCs processed with halogen-free solvent.
The BTIC-2Cl-yCF3 based ST-PSCs have a PCE of 13.06 %
with an AVT of 24.45 %, and are the best-performing devices
with an AVT of around 25 %, and show great potential for use
in ST-BIPV productions. Our findings indicate that the
dissymmetric strategy of chlorination and trifluoromethyla-
tion is a feasible method with which to develop promising
photovoltaic materials, using eco-compatible efficient PSCs
processed by halogen-free solvents.
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A dissymmetric fused-ring acceptor BTIC-
2Cl-yCF; with chlorine and tri-
fluoromethyl end groups give a power
conversion efficiency (PCE) of over 17%
which is the highest among polymer solar
cells processed by halogen-free solvents.
Dissymmetric chlorination and tri-
fluoromethylation is a practical approach

H. Chen, H. Lai, Z. Chen, Y. Zhu,
H. Wang, L. Han, Y. Zhang,
F. He* 1nn-nn

3D network packing
17.1 %-Efficient Eco-Compatible Organic
Solar Cells from a Dissymmetric 3D

Network Acceptor o 00 o2 or o5 o 1o towards alow band-gap acceptor for eco-
Voltage (V) compatible processed photovoltaic ap-
plications.
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