
Journal of
Materials Chemistry A

COMMUNICATION

Pu
bl

is
he

d 
on

 1
1 

D
ec

em
be

r 
20

19
. D

ow
nl

oa
de

d 
on

 3
/1

6/
20

26
 1

:3
1:

55
 A

M
. 

View Article Online
View Journal  | View Issue
A chlorinated no
aDepartment of Applied Chemistry, Nationa

Rd, Hsinchu 30010, Taiwan. E-mail: cshsu@
bState Key Laboratory of Polymer Physics an

for Molecular Sciences Institute of Chemist

100190, P. R. China. E-mail: hjhzlz@iccas.a
cUniversity of Chinese Academy of Sciences,
dCenter for Emergent Functional Matter Scien

University Rd, Hsinchu 30010, Taiwan

† Electronic supplementary informa
10.1039/c9ta12605h

Cite this: J. Mater. Chem. A, 2020, 8,
1131

Received 17th November 2019
Accepted 8th December 2019

DOI: 10.1039/c9ta12605h

rsc.li/materials-a

This journal is © The Royal Society o
nacyclic carbazole-based acceptor
affords over 15% efficiency in organic solar cells†

Tsung-Wei Chen,ad Kuan-Lin Peng,ad You-Wei Lin,ad Yi-Jia Su,ad Ko-Jui Ma,ad

Ling Hong,bc Chia-Chih Chang, ad Jianhui Hou *bc and Chain-Shu Hsu *ad
In this contribution, a dithienocyclopentacarbazole (DTC)-based and

two dithieno[3,2-b]thiophenecyclopentacarbazole (DTTC)-based

non-fullerene acceptors (NFAs) named DTC-4F, DTTC-4F and DTTC-

4Cl were exploited to elucidate the effects of conjugation extension

and end group chlorination. DTTC-4F was designed through conju-

gation extension on the basis of DTC-4F by fusing one additional

thiophene on both flanks of the heptacyclic DTC core, generating the

nonacyclic DTTCcore. ComparedwithDTC-4F, DTTC-4F features up-

shifted energy levels, red-shifted absorption and enhanced p–p

interaction. PM6:DTTC-4F exhibits a decent PCE of 13.89%with a VOC

of 0.95 V, a JSC of 21.66mA cm�2 and a FF of 67.60%. Although DTTC-

4F affords a reduced FF compared to DTC-4F, a DTTC-4F-based

device delivers a higher PCE than DTC-4F-based devices due to the

extended absorption range of DTCC-4F in comparison with DTC-4F.

Since chlorinated NFAs are known to possess stronger p–p interac-

tion than fluorinated NFAs, DTTC-4Cl was therefore synthesized by

end-capping DTTC core with 2Cl-IC groups instead of 2F-IC groups.

Moreover, DTTC-4Cl demonstrates a red-shifted absorption in

comparison with DTTC-4F, which is beneficial for light-harvesting.

Overall, PM6:DTTC-4Cl affords an outstanding PCE of 15.42% with

a VOC of 0.92 V, a JSC of 22.64 mA cm�2 and a FF of 74.04%, which is

the record PCE observed in carbazole-based NFAs.
Introduction

Bulk-heterojunction (BHJ) organic solar cells (OSCs) have
received increasing attention in solution-processable
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photovoltaic technology owing to their versatile merits of
exibility, transparency, and light weight.1–3 In recent years,
non-fullerene acceptors (NFAs) have emerged as a promising
alternative to their fullerene counterparts because NFAs are
capable of overcoming several intrinsic aws of fullerene
derivatives, such as weak and narrow absorption, limited
energy level variability and thermally induced aggregation.4

Fullerene derivatives are capable of affording a power-
conversion efficiency (PCE) of around 10% whereas current
state-of-the-art NFAs enable a PCE of 16.5% in binary OSCs
and 17.3% in tandem OSCs in conjunction with high perfor-
mance donors.5–7 PM6 (also known as PBDB-TF), whose
structure is shown in Fig. 1(a), is one of the most commonly
utilized donors with high performance owing to its low-lying
energy levels and strong absorption.8–10 The prominent
performances of PM6 in literature precedents are summarized
in Fig. 1(b).11–19 This representative trade-off relationship
between open-circuit voltage (VOC) and short-circuit current
(JSC) indicates that sacricing VOC to improve JSC is an effective
strategy to enhance PCE. Therefore, it is imperative to develop
NFAs affording high JSC performance through molecular
engineering.

Rational molecular design of NFAs provides an opportunity
to construct high performance OSCs. In particular, the use of
an acceptor–donor–acceptor (A–D–A) scaffold in which the
ladder-type donor core is end-capped with two highly electron-
decient motifs is now regarded as the most successful
strategy to afford high performance NFAs. On the basis of the
A–D–A scaffold, versatile strategies have been developed to
improve photovoltaic performance.20–23 In order to promote
JSC performance, conjugation extension and end group chlo-
rination are both effective approaches mentioned in literature
precedents6,24–28 and Table S1.† The following NFAs with their
structures shown in Fig. S1† are exploited to study the effects
of extended conjugation and chlorination. For example, Zhan
and coworkers reported an undecacyclic NFA, IUIC, by
extending the p-conjugation of the heptacyclic core of ITIC4
(also known as IT-4F) with additional fused thiophene.27
J. Mater. Chem. A, 2020, 8, 1131–1137 | 1131
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Fig. 1 (a) Chemical structure of PM6; (b) statistic diagram of PM6-basedOSCs where “blue” represents the VOC value and “red” represents the JSC
value. Specifically, PM6:DTC-4F-based photovoltaic performances were noted as the presence of “star”; (c) chemical structures of DTC-4F,
DTTC-4F and DTTC-4Cl.
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Compared with ITIC4, IUIC exhibits a red-shied absorption,
which could contribute to higher JSC values. More importantly,
the IUIC-based OSCs demonstrate a decent PCE of 11.20%
with a high JSC of 21.74 mA cm�2 whereas the ITIC4-based
OSCs demonstrate a PCE of 8.18% with a JSC of 16.66 mA cm�2.
Also, Yang and coworkers reported an octacyclic NFA called
IDT8CN-M and a hexacyclic NFA, IDT6CN-M.26 The IDT8 core
features an additional thienothiophene unit fused on the IDT6
core, which extends the p-conjugation. Therefore, IDT8CN-M
exhibits a red-shied absorption compared to IDT6CN-M.
Compared with IDT6CN-M-based OSCs, the IDT8CN-M-based
OSCs afford an improved JSC from 15.97 to 17.11 mA cm�2 with
enhanced PCE from 11.23% to 12.43%. To this end, conjuga-
tion extension is indeed a powerful strategy in improving both
JSC and PCE. On the other hand, Forrest and coworkers have
synthesized a chlorinated NFA, BT-CIC, with extra chlorine
atoms on the both ends of its non-chlorinated counterpart, BT-
IC.28 BT-CIC shows a red-shied absorption relative to BT-IC,
resulting in an improved JSC from 17.5 to 22.5 mA cm�2 and
a higher PCE from 8.3% to 11.2% in the corresponding
devices. In addition, Hou and coworkers have reported
a chlorinated NFA named BTP-4Cl (also known as Y7) and
compared its photovoltaic performance with that of the uo-
rinated NFA, BTP-4F (also known as Y6).6 BTP-4Cl shows a red-
shied absorption than BTP-4F, affording an increased JSC
from 24.9 to 25.4 mA cm�2 with improved PCE from 15.6% to
16.5%.

Our previous efforts have created numerous fused-ring
structures and interfacial materials through molecular
design.8,11,22,29–36 Very recently, DTC-4F (previously named
DTC(4Ph)-4FIC) afforded a decent PCE of 13.36% with a VOC
1132 | J. Mater. Chem. A, 2020, 8, 1131–1137
of 0.94 V, a JSC of 20.20 mA cm�2 and a FF of 70.42%.11 As
observed in Fig. 1(b), the JSC performance of the PM6:DTC-4F
device is lagging behind relative to several high-performance
devices. We then designed DTTC-4F with the structure shown
in Fig. 1(c), featuring a nonacyclic DTTC core end-capped
with 2F-IC terminal groups, where we attempt to broaden the
absorption range to the near-infrared region. Coincidently,
during the preparation of this manuscript, Tang et al. re-
ported a nonacylclic NFA called CZTT-4F featuring small
variation with DTTC-4F in structure.37 CZTT-4F is designed
with four 4-hexaphenyl side chains at the sp3 carbons and
a branched 2-ethylhexyl side chain at the nitrogen whereas
DTTC-4F contains four 4-octaphenyl side chains at the sp3

carbons and a branched 1-octylnonayl side chain at the
nitrogen. Such a slight difference between CZTT-4F and
DTTC-4F presumably manifests similar optical and elec-
tronic properties. However, the longer side chains of DTTC-
4F provide more steric hindrance with respect to CZTT-4F,
which may reduce the intermolecular interaction and
suppress severe self-aggregation potentially. Furthermore,
the merits of the DTTC core motivate us to develop NFAs with
more red-shied absorption. DTTC-4Cl, whose structure is
shown in Fig. 1(c), is therefore synthesized, retaining the
DTTC core but end-capped with 2Cl-IC terminal groups
instead. Overall, DTTC-4F-based devices exhibit an impres-
sive PCE of 13.89% with a VOC of 0.95 V, a JSC of 21.66 mA
cm�2 and a FF of 67.60%. Moreover, DTTC-4Cl-based devices
afford a remarkable PCE of 15.42% with a VOC of 0.92 V, a JSC
of 22.64 mA cm�2 and a FF of 74.04%, which is the best
photovoltaic performance observed in carbazole-based
NFAs.11,29,37–39
This journal is © The Royal Society of Chemistry 2020
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Results and discussion

PM6 was synthesized on the basis of our previous contribution
and analyzed by high temperature gel permeation chromatog-
raphy, as shown in Fig. S3.† DTC-4F was synthesized and
characterized according to our previous work and the synthetic
scheme of DTTC-4F and DTTC-4Cl is shown in Fig. S4.†11 DTTC-
4F and DTTC-4Cl were synthesized using an end-capping DTTC
core with 2F-IC/2Cl-IC through Knoevenagel condensation and
the structures are fully conrmed by high-resolution mass
spectrometry (HRMS) and 1H/13C NMR, as shown in Fig. S5 and
S6.† DTTC-4F and DTTC-4Cl exhibit decent solubility in
commonly used solvents including chloroform, chlorobenzene
and o-dichlorobenzene, which is essential for solution-pro-
cessed device fabrication. On the other hand, the thermal
properties of DTTC-4F and DTTC-4Cl were characterized by
thermogravimetric analysis (TGA), as shown in Fig. S7.† DTTC-
4F and DTTC-4Cl manifest excellent thermal stability with high
decomposition temperatures (Td) of 337 and 338 �C, respec-
tively. As characterized by differential scanning calorimetry
(DSC), as shown in Fig. S8,† both DTTC-4F and DTTC-4Cl
exhibit their amorphous nature.

To evaluate the highest occupied molecular orbital (HOMO)/
the lowest unoccupied molecular orbital (LUMO) of DTC-4F,
Fig. 2 Electron distribution and geometry simulation calculated
through the B3LYP density function with a 6-31G(d,p) basis set in the
HOMO/LUMO of DTC-4F, DTTC-4F and DTTC-4Cl.

Fig. 3 (a) UV-vis absorption spectra obtained in dilute dichloromethan
schematic energy level diagrams of PM6, DTC-4F, DTTC-4F and DTTC-

This journal is © The Royal Society of Chemistry 2020
DTTC-4F and DTTC-4Cl, density functional theory (DFT)
calculations at the B3LYP/6-31G(d,p) level were carried out, as
shown in Fig. 2. The HOMO/LUMO generated from theoretical
calculation of DTC-4F, DTTC-4F and DTTC-4Cl is �5.76/�3.66,
�5.69/�3.61 and �5.72/�3.67 eV, respectively. Compared with
DTC-4F, DTTC-4F exhibits an up-shied HOMO/LUMO, which
can be ascribed to the stronger electron-donating characteristic
of the DTTC core than the DTC core. Also, since 2Cl-IC features
stronger electron-withdrawing ability than 2F-IC, DTTC-4Cl
exhibits a down-shied HOMO/LUMO in comparison with
DTTC-4F. Besides, as obtained from DFT calculation, the
bandgaps of DTC-4F, DTTC-4F and DTTC-4Cl are 2.10, 2.08 and
2.05 eV, respectively. According to the electron distribution of
HOMO/LUMO as shown in Fig. 2, it is unambiguous that such
heptacyclic and nonacyclic A–D–A structures facilitate delocal-
ization of p-electrons, ensuring efficient intramolecular charge
transfer (ICT).

The UV-vis absorption spectra of DTC-4F, DTTC-4F and
DTTC-4Cl in dilute dichloromethane solution are shown in
Fig. 3(a). As shown in Table 1, the extinction coefficient (3max) of
DTC-4F, DTTC-4F and DTTC-4Cl is 2.18 � 105, 2.20 � 105 and
2.36 � 105 M�1 cm�1, respectively. Compared with DTC-4F,
DTTC-4F exhibits a comparable 3max value whereas DTTC-4Cl
exhibits a higher 3max value of ca. 8.3%, indicating their strong
ICT characteristics. We envisaged that such an increment in ICT
observed from DTTC-4Cl can be attributed to the strong elec-
tron-donating DTTC core and the strong electron-withdrawing
2Cl-IC end groups, which is consistent with the results obtained
from the DFT calculation. Also, the normalized absorption
spectra of DTC-4F, DTTC-4F and DTTC-4Cl in the lm are
shown in Fig. 3(b). The absorption peaks in the solution/lm of
DTC-4F, DTTC-4F and DTTC-4Cl are located at 672/701, 676/725
and 690/753 nm, respectively. Compared with DTC-4F, DTTC-4F
exhibits red-shied solution/lm absorptions whereas DTTC-
4Cl exhibits more red-shied absorption than DTTC-4F. The
optical bandgap (EOptg ), obtained from EOptg ¼ 1240/llmonset, of
DTC-4F, DTTC-4F and DTTC-4Cl is 1.63, 1.55 and 1.47 eV. In
addition, schematic energy level diagrams are illustrated in
Fig. 3(c) where the HOMO/LUMO is acquired from cyclic vol-
tammetry (CV) measurement, as shown in Fig. S10.† Similar to
the results of DFT simulation, the HOMO/LUMOs of DTC-4F,
DTTC-4F and DTTC-4Cl are �5.79/�3.92, �5.69/�3.91 and
e solution; (b) normalized UV-vis absorption spectra in the film; (c)
4Cl.

J. Mater. Chem. A, 2020, 8, 1131–1137 | 1133
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Table 1 Optical and electronic properties of DTC-4F, DTTC-4F and DTTC-4Cl

NFA lsolmax [nm] llmmax [nm] 3max
a [105 M�1 cm�1] EOptg [eV] HOMOb [eV] LUMOb [eV]

DTC-4F 672 701 2.18 1.63 �5.79 �3.92
DTTC-4F 676 725 2.20 1.55 �5.69 �3.91
DTTC-4Cl 690 753 2.36 1.47 �5.72 �4.03

a Extinction coefficient was measured in dilute dichloromethane solution. b HOMO/LUMO was evaluated through cyclic voltammetry
measurement.
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�5.72/�4.03 eV. It is noteworthy that DTC-4F, DTTC-4F and
DTTC-4Cl exhibit complementary absorptions and a well-
matched HOMO/LUMO with PM6, which satisfy the prerequi-
sites to construct high performance OSCs.

With illustration of the inverted OSC shown in Fig. 4(a),
photovoltaic performances were characterized in a device
structure of ITO/ZnO/C-PCBSD/active layer/MoO3/Al. The C-
PCBSD interlayer with its structure shown in Fig. S2.† is capable
of affording extra exciton dissociation and better JSC perfor-
mance as observed in literature precedents.11,31,32,35 The current
density vs. voltage (J–V) curves of PM6:DTC-4F, PM6:DTTC-4F
and PM6:DTTC-4Cl are shown in Fig. 4(b) whereas the photo-
voltaic parameters are summarized in Table 2. The PM6:DTTC-
4F-based device delivers an impressive PCE of 13.89% with
a VOC of 0.95 V, a JSC of 21.66 mA cm�2 and a FF of 67.60%.
Compared with the PM6:DTC-4F-based device, the improved
VOC and JSC performance of the PM6:DTTC-4F-based device
benets from the up-shied LUMO and red-shied absorption
of DTTC-4F relative to DTC-4F. Although a decreased FF value
from 70.42% to 67.60% is obtained, the PCE improves from
13.37% to 13.89% for the DTTC-4F-based device with respect to
the DTC-4F-based device. For the PM6:DTTC-4Cl-based device,
a remarkable PCE of 15.42% is achieved with a VOC of 0.92 V,
a JSC of 22.64mA cm�2 and a FF of 74.04%. Because of the down-
shied LUMO of DTTC-4Cl, the PM6:DTTC-4Cl device exhibits
a decreased VOC performance from 0.95 to 0.92 V in comparison
with the PM6:DTTC-4F-based device. However, the energy loss
(Eloss) of PM6:DTC-4F, PM6:DTTC-4F and PM6:DTTC-4Cl
devices is 0.68, 0.60 and 0.55 eV, respectively. The suppressed
Eloss value is advantageous to afford decent VOC performance
and an Eloss of 0.55 eV is comparable to other high-performance
Fig. 4 (a) Illustration of the inverted OSC; (b) J–V characteristics under s
integrated JCalc. curves.

1134 | J. Mater. Chem. A, 2020, 8, 1131–1137
binary OSCs.6,12,16,18 In addition, the increment of JSC and FF
performance in the PM6:DTTC-4Cl-based device can be attrib-
uted to the red-shied absorption and reinforced ICT charac-
teristic of DTTC-4Cl with respect to DTTC-4F. The systematic
molecular modication including conjugation extension and
end group chlorination proves effective in boosting both JSC and
PCE. To carefully evaluate the JSC performance, the external
quantum efficiency (EQE) measurements of the devices con-
taining DTC-4F, DTTC-4F and DTTC-4Cl are conducted. As
conrmed by the blend absorption shown in Fig. S11,†
PM6:DTC-4F, PM6:DTTC-4F and PM6:DTTC-4Cl exhibit
consistent onsets with the EQE spectrum shown in Fig. 4(c). The
current density values integrated from EQE spectra (JCalc.) are
summarized in Table 2, conrming the validity of the JSC results
obtained from the J–V curves. Owing to the red-shied
absorption of DTTC-4F and DTTC-4Cl, the PM6:DTTC-4F and
PM6:DTTC-4Cl-based devices afford JCalc.s of 19.48 and 21.53
mA cm�2 whereas the PM6:DTC-4F-based device exhibits a JCalc.
of 18.57 mA cm�2.

Space-charge limited current (SCLC) measurement is
exploited to gain insight into the exciton transportation of the
PM6:DTC-4F, PM6:DTTC-4F and PM6:DTTC-4Cl blends. Elec-
tron-only devices of ITO/ZnO/active layer/Al and hole-only
devices of ITO/PEDOT:PSS/active layer/Au are utilized to
measure the electron/hole mobility. As characterized in
Fig. S12† and summarized in Table S2,† PM6:DTC-4F,
PM6:DTTC-4F and PM6:DTTC-4Cl devices exhibit electron/
hole mobility of 3.51 � 10�4/2.56 � 10�4, 3.02 � 10�4/2.70
� 10�4 and 7.91 � 10�4/6.22 � 10�4 cm2 V�1 s�1, respectively.
Among these three binary blends, PM6:DTTC-4Cl exhibits the
fastest electron/hole mobility, which is consistent with its
imulated AM 1.5 G irradiation (100 mW cm�2) and (c) EQE spectra with

This journal is © The Royal Society of Chemistry 2020
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Table 2 Optimized photovoltaic performance of OSCs containing DTC-4F, DTTC-4F and DTTC-4Cl

Device VOC
a (VOC)

b [V] JSC
a (JSC)

b [mA cm�2] JCalc.
c [mA cm�2] FFa (FF)b [%] PCEa (PCE)b [%] Eloss

d [eV]

PM6:DTC-4F 0.94 (0.94 � 0.01) 20.20 (19.94 � 0.20) 18.57 70.42 (71.46 � 0.85) 13.37 (13.00 � 0.16) 0.68
PM6:DTTC-4F 0.95 (0.95 � 0.01) 21.66 (21.45 � 0.27) 19.48 67.60 (66.88 � 0.74) 13.89 (13.57 � 0.24) 0.60
PM6:DTTC-4Cl 0.92 (0.92 � 0.01) 22.64 (22.36 � 0.19) 21.53 74.04 (74.14 � 0.84) 15.42 (15.02 � 0.19) 0.55

a Photovoltaic performance obtained from the best device. b Photovoltaic performance averaged from over 10 devices with their standard deviation.
c Current density calculated from EQE measurement. d Eloss evaluated using Eloss ¼ Eg � eVOC.

Fig. 5 AFM height images of (a) PM6:DTC-4F, (b) PM6:DTTC-4F and (c) PM6:DTTC-4Cl blends.

Fig. 6 2D GIWAXS patterns of (a) PM6:DTC-4F, (b) PM6:DTTC-4F and
(c) PM6:DTTC-4Cl with (d) their corresponding 1D line cuts.
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high FF. Also, PM6:DTTC-4F exhibits a decreased electron
mobility with respect to PM6:DTC-4F and PM6:DTTC-4Cl,
which may be responsible for its relatively low FF of 67.60% to
some extent.

Because non-radiative energy loss (DE3) plays a signicant
role in maintaining the VOC performance,6 EQEEL measure-
ments of PM6:DTC-4F, PM6:DTTC-4F and PM6:DTTC-4Cl are
carried out, as shown in Fig. S13† with EQEEL and DE3
summarized in Table S3.† High EQEEL values and low DE3 are
favourable to afford decent VOC performance. PM6:DTC-4F,
PM6:DTTC-4F and PM6:DTTC-4Cl exhibit their EQEEL values
with a magnitude of 10�5 and the representative DE3 is 0.289,
0.267 and 0.269 eV, respectively. DTTC-4F and DTTC-4Cl-based
devices afford reduced DE3 compared to DTC-4F-based devices,
indicating that DTTC-4F and DTTC-4Cl are more capable of
maintaining their VOC performance than DTC-4F when a non-
radiative mechanism dominates. As a result, it is inferred that
conjugation extension could effectively decrease DE3. Also,
PM6:IT-4F and PM6:Y6, two of the state-of-the-art binary
systems, are characterized, which exhibit EQEEL values with
magnitude of 10�6 (PM6:IT-4F) and magnitude of 10�4

(PM6:Y6). It is noteworthy that the EQEEL values of DTC-4F,
DTTC-4F and DTTC-4Cl are an order of magnitude higher than
those of IT-4F but an order of magnitude lower than those of Y6
in the PM6-based binary system.

To probe the morphology and phase separation of active
layers, atomic force microscopy (AFM) and transmission elec-
tron microscopy (TEM) measurements were carried out, as
shown in Fig. 5 and S14.† The root-mean-square roughness (Rq)
obtained from PM6:DTC-4F, PM6:DTTC-4F and PM6:DTTC-4Cl
thin lms is 3.08, 2.54 and 1.94 nm, respectively. Compared
with the PM6:DTC-4F thin lm, more pronounced bril inter-
penetrating frameworks with more distinct phase separation at
the nanoscale can be observed in PM6:DTTC-4F and
PM6:DTTC-4Cl blends.
This journal is © The Royal Society of Chemistry 2020
To elucidate the extent of intermolecular interaction and
packing alignment in thin lms, grazing-incidence wide-angle
X-ray scattering (GIWAXS) analysis was conducted. With 2D
GIWAXS patterns characterized in Fig. S8,† the relevant d-
spacing of DTTC-4F and DTTC-4Cl neat lms is summarized in
Table S4.† Similar to the DTC-4F neat lm in our previous effort,
the DTTC-4F and DTTC-4Cl neat lms manifest face-on pref-
erences whereas DTTC-4Cl exhibits a more pronounced (010)
peak than DTTC-4F. Also, the (010) d-spacing of DTTC-4F and
DTTC-4Cl neat lms is 3.61 and 3.59 Å, which are smaller than
4.27 Å observed for the DTC-4F neat lm, indicating their
stronger p–p interaction. In addition, the 2D GIWAXS patterns
of PM6:DTC-4F, PM6:DTTC-4F and PM6:DTTC-4Cl blends with
J. Mater. Chem. A, 2020, 8, 1131–1137 | 1135
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relevant 1D line cuts are displayed in Fig. 6. The PM6:DTC-4F,
PM6:DTTC-4F and PM6:DTTC-4Cl blends exhibit face-on pref-
erence with (010) d-spacings of 3.87, 3.69 and 3.51 Å. Also, the
p–p coherence length (CL) of PM6:DTC-4F, PM6:DTTC-4F and
PM6:DTTC-4Cl blends is 26.27, 30.20 and 43.33 Å. Beneting
from the strong p–p interaction as observed in DTTC-4F and
DTTC-4Cl neat lms, PM6:DTTC-4F and PM6:DTTC-4Cl blends
manifest enhanced p–p interaction and more ordered packing
than PM6:DTC-4F, which is advantageous for charge transport
and thus increases the mobility.
Conclusion

In this contribution, we exploit DTC-4F, DTTC-4F and DTTC-4Cl
as non-fullerene acceptors (NFAs) to elucidate the effect of
conjugation extension and end group chlorination. Compared
with DTC-4F, DTTC-4F features up-shied energy levels, red-
shied absorption and enhanced p–p interaction. PM6:DTTC-
4F exhibits a decent PCE of 13.89% with a VOC of 0.95 V, a JSC of
21.66 mA cm�2 and a FF of 67.60%. Moreover, DTTC-4Cl
demonstrates a red-shied absorption in comparison with
DTTC-4F, which is benecial for light-harvesting. The
PM6:DTTC-4Cl blend manifests the smoothest surface with
strongest p–p interaction in comparison with the PM6:DTC-4F
and PM6:DTTC-4F blends, indicating its capability to deliver
a decent FF. Overall, PM6:DTTC-4Cl affords an outstanding PCE
of 15.42% with a VOC of 0.92 V, a JSC of 22.64 mA cm�2 and a FF
of 74.04%. In addition, PM6:DTTC-4F and PM6:DTTC-4Cl
feature reduced DE3 with respect to PM6:DTC-4F, indicating
that conjugation extension is effective in decreasing DE3. Our
effort provides a systematic approach to boost both JSC and PCE,
leading to the record photovoltaic performance observed in
carbazole-based OSCs.
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