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A new acceptor-donor-acceptor (A-D-A) type small-molecule acceptor NCBDT-4Cl using chlorinated end groups is reported.
This new-designed molecule demonstrates wide and efficient absorption ability in the range of 600–900 nm with a narrow
optical bandgap of 1.40 eV. The device based on PBDB-T-SF:NCBDT-4Cl shows a power conversion efficiency (PCE) of 13.1%
without any post-treatment, which represents the best result for all as-cast organic solar cells (OSCs) to date. After device
optimizations, the PCE was further enhanced to over 14% with a high short-circuit current density (Jsc) of 22.35 mA cm−2 and a
fill-factor (FF) of 74.3%. The improved performance was attributed to the more efficient photo-electron conversion process in
the optimal device. To our knowledge, this outstanding efficiency of 14.1% with an energy loss as low as 0.55 eV is among the
best results for all single-junction OSCs.
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1 Introduction

The state-of-art organic solar cells (OSCs) with bulk het-
erojunction (BHJ) structures have attracted widespread at-
tention since they are solution-processable, light-weighted
and flexible [1–3]. Compared to the widely investigated
fullerene derivatives, nonfullerene acceptors (NFAs) have
some unique advantages, such as easily-tuned energy levels,
wide and efficient light absorption and diverse chemical
structures [4–8]. More importantly, it has been demonstrated
that NFA based OSCs have great potentials in reducing en-
ergy loss due to their weak driving force for exciton se-
paration and enhancing light absorption strength, which are

beneficial for obtaining high open-circuit voltage (Voc) and
short-circuit current density (Jsc) simultaneously [9–13].
Consequently, remarkable achievements have been done in
NFAs based OSCs with power conversion efficiencies
(PCEs) larger than 14%, surpassing their fullerene-based
counterparts [14–18]. These outstanding results are partially
owing to the rapid development of novel electron donor and
electron acceptor materials in the last few years [19–24].
In particular, low-bandgap small-molecule nonfullerene

acceptors (SM-NFAs), which possess the acceptor-donor-
acceptor (A-D-A) backbone architecture, play a vital role in
the field of NF-OSCs due to their effectively light-harvesting
abilities in the visible to near-infrared region (NIR) [25–29].
The A-D-A structured SM-NFAs have the characteristic that
their energy levels could be easily tuned by modifying the
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chemical structures of central unit (D) and/or end groups (A)
[30–33]. With these strategies, lots of high-performance low-
bandgap SM-NFAs have been reported following the ap-
pearance of the fused-ring based ITIC [34–38]. For example,
with delicate modifying the chemical structures of D and A
units for NFBDT, we reported a low bandgap SM-NFA
NCBDT using 4,8-dioctylbenzo[1,2-b:4,5-b′]dithiophene
(BDT)-based fused-ring (CBDT) as the core unit (D) and the
fluorinated 2-(2,3-dihydro-3-oxo-1H-inden-1-ylidene)pro-
panedinitrile (F-INCN) as the end groups (A) [11,39]. A high
PCE above 12% and a Jsc over 20 mA cm−2 were achieved for
the PBDB-T:NCBDT based device, suggesting the super-
iority of CBDT unit for designing novel low-bandgap ac-
ceptors. As reported, modifications of A units provide
another platform for fine-tuning NFAs with enhanced OSC
performance [17,18]. Since the chlorine atom with high
electron affinity, larger dipole moment and effective delo-
calization of π electrons, the introduction of chlorine atom to
the INCN unit may be a wise choice to construct high-per-
formance small-molecule acceptors (SMAs).
In this study, we developed and synthesized NCBDT-4Cl,

a new A-D-A type small-molecule acceptor NCBDT-4Cl
based on the large planar central unit CBDT and the chlori-
nated INCN end groups. Figure 1(a) depicts the specific
chemical structure of NCBDT-4Cl. It shows strong absorp-
tion ability in the range of 600–900 nm and a low optical
bandgap (Eg

opt) of 1.40 eV. A fluorinated wide-bandgap

polymer PBDB-T-SF (Figure 1(a)) with relatively deep
highest occupied molecular orbital (HOMO) energy level
was selected as electron donor from the perspective of en-
ergy levels and absorption matching [40]. As results, the as-
cast device based on PBDB-T-SF:NCBDT-4Cl exhibits an
encouraging efficiency of 13.1% and a low energy loss of
0.52 eV, which represents the best performance for all as-cast
OSCs. Furthermore, an outstanding PCE over 14% with a Voc

of 0.85 V, a high Jsc of 22.35 mA cm−2 and a fill-factor (FF)
of 74.3% were achieved after device optimizations. The
above result is one of the very few reported OSCs with ef-
ficiency over 14%.

2 Experimental

2.1 Materials

All reactions and manipulations were carried out under argon
atmosphere with the use of standard Schlenk techniques.
(4,8-Dioctylbenzo[1,2-b:4,5-b']dithiophene-2,6-diyl)bis(tri-
methylstannane) was purchased from Solarmer Material Inc.
(Beijing, China). 2-(5,6-Dichloro-3-oxo-2,3-dihydro-1H-in-
den-1-ylidene)malononitrile was purchased from Derthon
optoelectronic materials science technology Co LTD
(Shenzhen, China). All starting materials were purchased
from commercial suppliers and used without further pur-
ification unless indicated otherwise.

Figure 1 (a) Chemical structures of PBDB-T-SF and NCBDT-4Cl; (b) normalized absorption spectra of PBDB-T-SF and NCBDT-4Cl neat films; (c) the
energy diagrams of PBDB-T-SF and NCBDT-4Cl in the thin-film state calculated from CV results (color online).
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2.2 Synthesis of NCBDT-4Cl

Under the protection of argon, the dialdehyde compound
DFCBDT (130 mg, 0.10 mmol) and 2-(5,6-dichloro-3-oxo-
2,3-dihydro-1H-inden-1-ylidene)malononitrile (104 mg,
0.40 mmol) was dissolved in a dry CHCl3 (40 mL) solution.
After adding 0.5 mL pyridine, the mixture was stirring at
room temperature for overnight and then poured into water.
The mixture was extracted with CHCl3 for twice (30 mL×2),
and the combined organic layer was dried with anhydrous
Na2SO4 for 1 h. After removal of solvent, the crude product
was purified by silica gel using petroleum ether/CHCl3 (1:2)
as eluent to give NCBDT-4Cl as a dark-blue solid (148 mg,
82%). 1H NMR (400 MHz, CDCl3): δ 8.79 (s, 2H), 8.73 (s,
2H), 7.88 (s, 2H), 7.59 (s, 2H), 7.31 (d, 8H), 7.12 (d, 8H),
2.80 (t, 4H), 2.58 (t, 8H), 1.64–1.53 (m, 8H), 1.35–1.22 (m,
40H), 1.07–1.00 (m, 4H), 0.98–0.72 (m, 18H), 0.72 (br, 4H).
13C NMR (100 MHz, CDCl3): δ 186.15, 165.35, 158.26,
158.11, 155.42, 145.84, 142.52, 140.90, 140.45, 139.53,
139.23, 138.83, 138.74, 138.60, 135.97, 134.70, 132.57,
132.41, 128.71, 128.55, 126.92, 125.05, 120.40, 68.84,
63.81, 35.53, 34.81, 32.03, 31.70, 31.15, 30.66, 29.51, 28.91,
22.76, 22.59, 14.19. HR-MS: calcd for C110H110Cl4N4O2S4
[M+H]+, 1790.1480; found: 1789.6202.

2.3 Instruments and characterization

The 1H and 13C NMR spectra were recorded on a Bruker
AV400 Spectrometer (Germany). The thermogravimetric
analysis (TGA) was carried out on a NETZSCH STA 409PC
instrument (Germany) under purified nitrogen gas flow with
the heating rate of 10 °C min−1. UV-Vis spectra were ob-
tained with a JASCO V-570 spectrophotometer (Japan). The
geometry structures of NCBDT-4Cl were optimized by using
density functional theory calculations (B3LYP/6-31G*), and
the frequency analysis was followed to assure that the opti-
mized structures were stable states. All calculations were
carried out using Gaussian 09.
Cyclic voltammetry (CV) experiments were performed

with a LK98B II Microcomputer-based Electrochemical
Analyzer (China). All CV measurements were carried out at
room temperature with a conventional three-electrode con-
figuration employing a glassy carbon electrode as the
working electrode, a saturated calomel electrode (SCE) as
the reference electrode, and a Pt wire as the counter elec-
trode. Dichloromethane was distilled from calcium hydride
under dry nitrogen immediately prior to use. tetra-
butylammonium phosphorus hexafluoride (Bu4NPF6, 0.1 M)
in dry CH3CN was used as the supporting electrolyte, and the
scan rate was 50 mV s−1. The HOMO and lowest unoccupied
molecular orbital (LUMO) energy levels were calculated
from the onset oxidation potential and the onset reduction
potential, using the equation EHOMO=−(4.80+Eox

onset), ELUMO=

−(4.80+Ere
onset).

Atomic force microscopy (AFM) was performed using
Multimode 8 atomic force microscope in tapping mode
(Germany). The transmission electron microscopy (TEM)
investigation was performed on Philips Technical G2 F20 at
200 kV (America & Netherlands). The specimen for TEM
measurement was prepared by spin casting the blend solution
on ITO/PEDOT:PSS substrate, then floating the film on a
water surface, and transferring to TEM grids. Two-dimen-
sional grazing-incidence wide-angle X-ray scattering (2D-
GIXD) was performed at beamline BL14B1 at Shanghai
Synchrotron Radiation Facility (SSRF).
Space charge limited current (SCLC) mobility was mea-

sured using a diode configuration and fitting the results to a
space charge limited form, where SCLC equation is de-
scribed by:

J µ V
L= 9

8
0 r 0

2

3

where J is the current density, L is the film thickness of the
active layer, μ0 is the mobility, εr is the relative dielectric
constant of the transport medium, ε0 is the permittivity of free
space (8.85×10−12 F m−1), V (V=Vappl−Vbi) is the internal
voltage in the device, where Vappl is the applied voltage to the
device and Vbi is the built-in voltage due to the relative work
function difference of the two electrodes.

2.4 Solar cell fabrication and testing

The devices were fabricated with a structure of glass/ITO/
PEDOT:PSS/PBDB-T-SF:NCBDT-4Cl/PDINO/Al. The
ITO-coated glass substrates were cleaned by ultrasonic
treatment in detergent, deionized water, acetone, and iso-
propyl alcohol under ultra-sonication for 15 min each and
subsequently dried by a nitrogen blow. A thin layer of
PEDOT:PSS (Clevios P VPAI 4083, filtered at 0.45 μm) was
spin-coated at 3000 r min−1 onto ITO surface. After baked at
150 °C for 20 min, the substrates were transferred into an
argon-filled glove box. Subsequently, the active layer was
spin-coated from donor and acceptor in chloroform (0.2%
1,8-diiodooctane (DIO)) solution on the ITO/PEDOT:PSS
substrate. The active layer was further treated with thermal
annealing at 110 °C for 10 min. PDINO (1 mg mL−1 in
CH3OH) was spin-coated at 3000 r min−1 for 40 s on the
active layer. Finally, a 60 nm Al layer was deposited under
high vacuum (<1.5×10−4 Pa). The effective area of each cell
was 4 mm2. The current density-voltage (J-V) curves of
photovoltaic devices were obtained by a Keithley 2400
source-measure unit (USA). The photocurrent was measured
under illumination simulated 100 mW cm−2 AM 1.5G irra-
diation using an Oriel 96000 solar simulator, calibrated with
a standard Si solar cell (Japan). External quantum effi-
ciencies were measured using Stanford Research Systems
SR810 lock-in amplifier.
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3 Results and discussion

3.1 Synthesis and thermal properties

The synthetic route of NCBDT-4Cl is presented as Scheme 1,
and the detail synthetic procedures are provided in the ex-
perimental section. The dialdehyde compound DFCBDT is
prepared based on our previous work [11]. NCBDT-4Cl was
obtained as a dark-blue solid by the Knoevenagel con-
densation reaction between DFCBDT and Cl-INCN, and its
chemical structure was fully characterized by NMR and HR-
MS. The molecular structure of NCBDT-4Cl was optimized
using density functional theory at the B3LYP/6-31G* level,
and its optimized geometry is displayed as Figure S1 (Sup-
porting Information online). NCBDT-4Cl shows highly co-
planar conjugation backbone structure, which should be
beneficial for the π-π stacking and charge transport. Due to
the existence of the bulky side chains, NCBDT-4Cl displays
excellent solubility in common organic solvents (e.g,
chloroform and chlorobenzene), despite the addition of four
chlorine atoms. The thermogravimetric analysis (TGA) was
used to evaluate the thermal stability of NCBDT-4Cl under
nitrogen atmosphere. Figure S2 shows that NCBDT-4Cl did
not decompose over 300 °C, suggesting its good thermal
stability in the application of OSCs.

3.2 Photo-physical and electrochemical properties

As seen in Figure S3, NCBDT-4Cl in diluted CHCl3 solution
shows a maximum absorption peak at 749 nm and a high
absorption coefficient of 2.1×105 M−1 cm−1. The normalized
thin-film absorption spectra of NCBDT-4Cl and polymer
donor PBDB-T-SF are depicted in Figure 1(b). Compared to
its solution spectrum, NCBDT-4Cl in solid state exhibits
approximately red-shifted 50 nm with an absorption peak at
798 nm and broaden absorption range from 600 to 900 nm.
The absorption spectrum of polymer donor PBDB-T-SF is
mainly in the range of 400–700 nm, thus the combination of
PBDB-T-SF and NCBDT-4Cl offers a quite well com-
plementary absorption extended to the NIR range, which is a
prerequisite for obtaining high Jsc. The absorption onset of
NCBDT-4Cl film is 885 nm, corresponding to a low Eg

opt of
1.40 eV, which calculated from the equation of Eg

opt=1240/

λonset.
The energy levels of NCBDT-4Cl and PBDB-T-SF thin

films were tested by cyclic voltammetry (CV) under the
identical condition, and their CV curves were shown as
Figure S4. The HOMO and LUMO energy levels of
NCBDT-4Cl are calculated to be −5.60 and −4.02 eV, re-
spectively. As shown in Figure 1(c), the HOMO energy
offset (ΔHOMO) between the donor and acceptor is 0.18 eV,
which is below the empirical value of 0.30 eV but large
enough for the charge generation from the acceptor to the
donor in the nonfullerene based devices [19,41]. More im-
portantly, the small ΔHOMO is considered to be beneficial in
reducing the energy loss, which is of great importance for
obtaining high Voc of the devices [7,33].

3.3 OSC performance

Solution-processed devices were constructed using NCBDT-
4Cl as electron acceptor with the conventional configuration
of indium tin oxides (ITO)/poly(3,4-ethylenedioxythiopene):
poly(styrenesulfonate) (PEDOT:PSS)/PBDB-T-SF:NCBDT-
4Cl/perylene diimide functionalized with amino N-oxide
(PDINO)/Al, where PDINO was selected as electron trans-
port layer (Table S1, Supporting Information online) [42].
The weight ratio of donor and acceptor was controlled to be
1:1 according to the previous work [40], and the thickness of
the active layer was optimized to be ~110 nm by tuning the
rotation speed of spin-coating. Surprisingly, the as-cast de-
vice delivers a Voc of 0.885 V, a Jsc of 20.81 mA cm−2 and a
FF of 70.9%, resulting in an outstanding PCE of 13.1%,
which represents the highest result for all as-cast devices. To
further improve the performance, 1,8-diiodooctane (DIO,
0.2%, v/v) was used as solvent additive to tune the mor-
phology. The active layer was then followed by thermal
annealing at 110 °C for 10 min to obtain the best perfor-
mance (Table S2). Consequently, a PCE of 14.1% with an
enhanced Jsc of 22.35 mA cm−2 and a high FF near 75% were
achieved for the PBDB-T-SF:NCBDT-4Cl based device.
Though the Voc of the device is slightly decreased to 0.85 V,
the energy loss (Eloss=Eg

opt–eVoc) is still only 0.55 eV. To our
knowledge, this remarkable PCE over 14% with Eloss around
0.55 eV is among the best of single-junction OSCs. The

Scheme 1 Synthetic route of NCBDT-4Cl.
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current density-voltage (J-V) curves and the performance
histogram of the counts of the as-cast and optimal devices are
displayed in Figure 2(a) and (b), respectively. Table 1 sum-
marizes their corresponding device parameters.
The external quantum efficiency (EQE) curves of the as-

cast and optimal devices were studied to verify their high Jsc
values. As observed in Figure 2(c), both devices yield broad
photo-current responses and high EQE values which covered
a wide range. The calculated Jsc of the as-cast and optimal
devices, integrated from their corresponding EQE curves, are
20.48 and 21.63 mA cm−2, respectively. These Jsc values are
within accountable mismatch with those obtained from their
J-V curves. Compared to the as-cast device, the optimal
device shows higher EQE values in the range of
450–880 nm. In addition, large EQE values exceeding 75%
across the range 550–650 nm with a maximum value up to
79% were achieved for the optimal device. Importantly, EQE
with reasonably high values could be achieved in the range
of 700–850 nm which attribute to the contribution of
NCBDT-4Cl, indicating the hole transfer process from the
acceptor to polymer donor is highly efficient despite of the

small ΔHOMO between them. In order to compare the ex-
citon disassociation and charge collection properties in the
as-cast and optimal devices, their photocurrent (Jph) versus
the effective applied voltage (Veff) were investigated using
the reported method shown as Figure 2(d) [43]. The charge
dissociation probability (P(E,T)) could be estimated from the
ratio of Jph/Jsat. Under the short-circuit and maximal power
output conditions, the optimal device gives higher P(E,T)
values (97% and 87%) than those of the as-cast device (92%
and 81%). All above suggest that more efficient photo-
electron conversion process is occurred in the optimal de-
vice, leading to higher Jsc and FF.

3.4 Morphologies characterization

The morphological evolutions for the as-cast and optimal
blend films were studied by AFM and TEM. Their AFM
images (Figure 3(a, b)) show that both blend films are
uniform and smooth with low root-mean-square surface
roughness (Rq) values of 1.24 and 1.41 nm, respectively. No
large phase separation or over-aggregation could be ob-

Figure 2 (a) Current density-voltage (J-V) curves of the as-cast and optimal devices based on PBDB-T-SF:NCBDT-4Cl; (b) the performance histogram of
the counts of the as-cast and optimal devices; (c) the EQE curves of the as-cast and optimal devices; (d) Jph versus Veff of the as-cast and optimal devices,
respectively (color online).

Table 1 OSC parameters of the as-cast and optimal devices using the conventional device configuration under the illumination of AM 1.5G
(100 mW cm−2), and the average data were obtained from 20 devices

Conditions Voc (V) Jsc (mA cm−2) FF (%) PCE (%) Eloss (eV)

As-cast 0.885 (0.880±0.003) 20.81 (20.38±0.24) 70.9 (70.2±0.4) 13.1 (12.8±0.1) 0.52

Optimal a) 0.851 (0.848±0.003) 22.35 (22.05±0.18) 74.3 (74.0±0.2) 14.1 (13.8±0.2) 0.55

a) 0.2% DIO + thermal annealing at 110 °C for 10 min.
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served. Compared to the AFM and TEM images of the as-
cast film, the images of the optimal film display more con-
tinual and distinctive grain-like domains, which is supposed
to be beneficial for charge transport and collection. After-
wards, their charge transport properties were measured by
space-charge-limited current (SCLC) method, and the elec-
tron-only and hole-only device structures are ITO/ZnO/ac-
tive layer/Al and ITO/PEDOT:PSS/active layer/Au,
respectively. The electron and hole mobilities for the
as-cast film are calculated to be 1.13×10−4 and
1.83×10−4 cm−2 V−1 s−1, respectively. While, the optimal film
exhibits higher and more balanced electron and hole mobi-
lities (1.85×10−4 and 2.25×10−4 cm−2 V−1 s−1, respectively),

leading its better Jsc and FF.
Two-dimensional grazing-incidence wide-angle X-ray

scattering (2D-GIXD) method was performed to investigate
the molecular packing behaviors of the neat and blend films.
Figure 4(a, b) displays the diffraction patterns of NCBDT-
4Cl and PBDB-T-SF neat films, and Figure S4 presents their
line-cut profiles. NCBDT-4Cl film shows an alkyl-to-alkyl
diffraction peak (100) along the qxy direction and an obvious
π-π stacking diffraction peak (010) along the qz direction,
indicative of its preferred face-on molecular orientation [44].
For NCBDT-4Cl acceptor, its (100) and (010) peaks are lo-
cated at 0.28 and 1.80 Å−1, corresponding an alkyl-to-alkyl
distance of 22.4 Å and π-π stacking distance of 3.49 Å, re-
spectively. Polymer donor PBDB-T-SF prefers the same
face-on orientation, which could be derived from its clear
(010) peak along the qz direction. As seen in Figure 4(c, d),
the as-cast and optimal blend films both display broad and
combined (010) diffraction peak along the qz direction,
which implies that NCBDT-4Cl and PBDB-T-SF still adopt
the face-on orientation in the blend films. Compared to the
as-cast film, the optimal film not only shows combined (100)
diffraction peak located at qxy=0.29 Å

−1 but also higher order
diffraction peak along the qxy direction, indicating enhanced
molecular packing. All these contribute to better charge
transport abilities of the optimal film, which is in accordance
with its higher charge mobilities.

4 Conclusions

In summary, a new A-D-A nonfullerene acceptor NCBDT-

Figure 3 AFM and TEM images for (a, c) as-cast blend film and (b, d)
optimal blend film. The scale bar is 200 nm (color online).

Figure 4 2D-GIXD patterns for (a, b) NCBDT-4Cl and PBDB-T-SF neat films, and (c, d) PBDB-T-SF:NCBDT-4Cl blend films, respectively (color online).

1312 . . . . . . . . . . . . . . . . . . . Kan et al. Sci China Chem October (2018) Vol.61 No.10. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1312



4Cl with chlorinated end groups was synthesized and fully
characterized. NCBDT-4Cl demonstrates a low optical
bandgap of 1.40 eV and effective absorption ranging from
600 to 900 nm. By blending with a wide bandgap polymer
donor PBDB-T-SF, the device without any post-treatment
gives an efficiency of 13.1%, the best result for all as-cast
OSCs to date. It should be pointed out that the extraordinary
performance of the as-cast device is significant to the future
applications of OSCs. Furthermore, a remarkable PCE of
14.1% with a Voc of 0.85 V, a high Jsc of 22.35 mA cm−2 and a
FF of 74.3% were achieved after solvent additive along with
thermal annealing treatment. The improved performance can
be ascribed to the optimized active layer morphology and
better charge transport process. To the best of our knowl-
edge, this high efficiency over 14% with such a low energy
loss of 0.55 eV is one of the best results for all single-junc-
tion OSCs. Considering the versatility of donor and SM-NFA
materials, higher PCE will be realized by further reducing
the energy loss and broadening the absorption range.
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