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Ternary organic photovoltaic (OPV) strategy is an effective but facile approach to enhance the photovoltaic performance for
single-junction devices. Herein, a series of ternary OPVs were fabricated by employing a wide bandgap donor (PBDB-TF) and
two acceptor-donor-acceptor (A-D-A)-type nonfullerene small molecule acceptors (NF-SMAs, called F-2Cl and 3TT-OCIC). As
the third component, the near-infrared SMA, 3TT-OCIC, has complementary absorption spectrum, narrow bandgap and well-
compatible crystallization property to the host acceptor (F-2Cl) for efficient ternary OPVs. With these, the optimal ternary
devices yield significantly enhanced power conversion efficiency of 15.23%, one of the very few examples with PCE higher than
15% other than Y6 systems. This is mainly attributed to the increased short-circuit current density of 24.92 mA cm−2 and
dramatically decreased energy loss of 0.53 eV. This work presents a successful example for simultaneously improving current,
minimizing energy loss and together with modifying the morphology of active layers in OPVs, which will contribute to the
further construction of high performance ternary OPVs.
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1 Introduction

Organic photovoltaics (OPVs) have attracted extensive at-
tention owing to their unique features of solution processa-
bility, flexibility and semi-transparency [1–4]. In the past
decade, with the development and innovation of nonfullerene
small molecule acceptors (NF-SMAs), OPVs have been

witnessed significant progress with power conversion effi-
ciencies (PCEs) over 17% [5–11]. The active layer of a ty-
pical OPV device usually consists of an electron donor and
an electron acceptor, which form bulk heterojunction (BHJ)
structure with bi-continuous interpenetrating networks, fa-
cilitating the charge separation and transportation [1–3,7,9].
However, binary BHJ-OPVs still suffer from some draw-
backs. For example, the absorption range of a common
photovoltaic material is relatively narrow, the driving force
for charge generation and non-radiative recombination often
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lead to large energy loss (Eloss), and also the morphology of
active layer remains to be further improved [12,13]. To settle
these problems, an effective but facile strategy is to fabricate
ternary OPV devices via introducing a third component into
the host binary system.
For ternary devices, complementary absorption from

visible to near-infrared (NIR) range could be realized via
carefully matching photovoltaic materials with different
absorption ranges [14–17]. Yet at the same time maintaining
or improving the morphology of active layers is a major
challenge. Therefore, the choice of the third component be-
comes especially important, which requires to satisfy these
conditions simultaneously, including offering a com-
plementary absorption spectrum, forming cascade-energy-
level alignment, and together working with as a morpholo-
gical modifier [14–19]. Recently, ternary OPV devices based
on acceptor-donor-acceptor (A-D-A)-type NF-SMAs have
made significant process owing to their finely modified
molecular structures, diverse absorption spectral range, ea-
sily tuned energy levels and crystallization properties [20–
27]. Notably, A-D-A-type NF-SMAs have similar A-D-A-
backbone structures, consisting of three components: con-
jugated fused-ring core, ending group and side chains. The
compatibility and crystallization properties of A-D-A-type
SMAs could be finely tuned by modulating the above three
components [1–3,7,9]. Thus, ternary OPVs employing two
well-compatible A-D-A-type SMAs should be a promising
approach to concurrently broaden spectral range for light
harvesting and modulate film morphology for ameliorating
exciton dissociation and improving charge carrier transport
and collection, leading to excellent short-circuit current
density (JSC) and fill factor (FF) [28,29].
Another challenge in ternary OPVs is to maintain or im-

prove the open-circuit voltage (VOC), which is predominantly
associated with the energy loss (Eloss, typically >0.6 eV) [30–
35]. The Eloss is defined as Eg−qVOC (Eg can be estimated
from intersection of the absorption and emission of materials
with lower bandgap), including three parts as shown in Eq.
(1) [36]:

E E E q V q V
E q V q V

= + +
= + + (1)

loss g CT rad non-rad

CT rad non-rad

where ECT represents charge-transfer (CT) state energy, ΔECT
is calculated from the difference between energy of the first
singlet excited state and CT state, which is required for ex-
citon separation, but resulting in Eloss. Encouragingly, ΔECT
results (<0.05 eV) of recent high-performance nonfullerene
OPVs are opening novel perspectives for suppressing Eloss
[37–39]. qΔVrad is related to radiative recombination, which
is inevitable for all types of photovoltaic devices. The third
part, qΔVnon-rad is caused by non-radiative recombination,
which is also the leading cause of large Eloss in OPVs. Re-
cently, considerable efforts for mitigating Eloss have been

devoted to molecule optimization. For example, Hou’s group
[5] designed a chlorinated SMAs BTP-4Cl by replacing the
fluorine with chlorine atoms in Y6, leading to a reduced
qΔVnon-rad of 0.206 eV. Besides material optimization, device
engineering optimization also plays important roles in miti-
gating Eloss. Regarding to this approach, ternary OPVs is an
emerging strategy [24,40]. Benefiting from the easily tuned
energy levels of A-D-A-type SMAs, designing ternary OPVs
via introducing a SMA with narrow bandgap should be a
promising and facile approach to reduce Eloss and further
improving the photovoltaic performance.
In this work, a near-infrared NF-SMA named 3TT-OCIC,

was employed as a third component into the host binary
system (PBDB-TF:F-2Cl) for fabricating efficient ternary
OPVs. Particularly, 3TT-OCIC offers complementary ab-
sorption spectrum, narrow bandgap and well-compatible
crystallization property to match our recently reported high-
performance A-D-A type SMA (F-2Cl) [12]. These char-
acteristics would be favorable for light harvesting, cascade-
energy-level alignment and film morphology modulating.
With these, the obtained optimal ternary devices deliver a
significantly increased PCE of 15.23%, one of the very few
examples with PCE higher than 15% other than Y6 systems.
This should be attributed to the enhanced JSC of
24.92 mA cm−2, well-maintained VOC and FF of 0.844 V and
72.4%, respectively. Furthermore, Eloss of the optimal ternary
devices (0.53 eV) is dramatically reduced from that of binary
PBDB-TF:F-2Cl host system (0.78 eV), mainly ascribing to
the reduction of both ΔECT and qΔVnon-rad. These results
provide comprehensive understanding for the role of two
well-compatible A-D-A type SMAs in improving the pho-
tovoltaic performance of ternary OPVs.

2 Results and discussion

The chemical structures of donor PBDB-TF, two A-D-A type
SMAs F-2Cl and 3TT-OCIC are presented in Figure 1(a). It
is noteworthy that F-2Cl and 3TT-OCIC have similar A-D-
A-backbone molecular structures, which are composed of the
chlorinated 2-(2,3-dihydro-3-oxo-1H-inden-1-ylidene) pro-
panedinitrile (INCN2Cl) ending units and conjugated fused-
ring cores. These rather similar acceptor materials have good
miscible behavior and compatibility in solid film state. To
evaluate this, atomic force microscopy (AFM) and contact
angle characterization of F-2Cl neat film and F-2Cl:3TT-
OCIC blend film were carried out (Figures S1, S2, and Table
S1, Supporting Information online). After introducing 3TT-
OCIC to F-2Cl neat film, no obvious over-aggregation or
isolated domains was observed in the blend film, which is a
morphological indication of a possible good compatibility. In
addition, the F-2Cl neat film and F-2Cl:3TT-OCIC blend
film exhibit very similar contact angles and surface tensions,
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suggesting their well compatible property between the two
acceptors [19,41]. As displayed in Figure 1(b), the ultra-
violet-visible (UV-Vis) absorption spectra of PBDB-TF, F-
2Cl and 3TT-OCIC in the film state present distinct ab-
sorption peaks at 615, 725, and 862 nm, respectively. Tern-
ary components deliver complementary absorption spectrum
covering from visible to NIR region, favorable for obtaining
high JSC in ternary OPVs. In addition, the energy level of
three materials was measured by electrochemical cyclic
voltammetry (CV) method (Figure S3). As shown in Figure 1
(c), a cascaded lowest unoccupied molecular orbital
(LUMO) level arrangement is formed among the three
components, promoting the charge transport from donor to
acceptors.
The photoluminescence (PL) spectrum was further mea-

sured to explore whether energy transfer existing between
F-2Cl and 3TT-OCIC. As displayed in Figure 1(b), the PL of
F-2Cl is fully covered by the absorption spectral of 3TT-OCIC,
which is a clear indication of non-radiative energy transfer
from F-2Cl to 3TT-OCIC [41,42]. To confirm this, PL
spectra of F-2Cl and 3TT-OCIC neat film together with that
of F-2Cl:3TT-OCIC blend were investigated with an ex-
citation wavelength of 720 nm. As depicted in Figure 2(a),
the F-2Cl:3TT-OCIC blend exhibits the same emission peak
as 3TT-OCIC neat film at 958 nm. Interestingly, the PL
emission of F-2Cl:3TT-OCIC blend film is significantly
enhanced in the low energy region with intensity almost
twofold higher than that of the neat 3TT-OCIC, while PL
emission in the region of F-2Cl is fully diminished. These
results powerfully demonstrated complete PL quenching of
F-2Cl in the blend and efficient energy transfer from F-2Cl to

3TT-OCIC (Figure 1(c)). This can provide another possible
channel for generating charges of F-2Cl excitons such as
energy transfer to 3TT-OCIC and then hole to PBDB-TF
[43,44]. These increased charge transfer channels can further
improve the performance of ternary OPVs.
A series of OPV devices were fabricated with an inverted

structure of indium tin oxide (ITO)/ZnO/PFN-Br/Active
layer/MoO3/Ag. After systematic device optimization
(Tables S2–S5), a tiny amount of 1,8-diiodooctane (DIO,
0.3% volume) was added to the host solvent chloroform as
solvent additive, and thermal annealing at 150 °C for 10 min
was further performed for modifying morphology. The
PBDB-TF:F-2Cl binary devices yielded a VOC of 0.875 V, a
JSC of 19.97 mA cm−2 and an FF of 73.7%, delivering the
maximum PCE of 12.87%. Besides, the PBDB-TF:3TT-
OCIC binary devices exhibited a PCE of 12.43% with re-
duced VOC (0.785 V) and FF (65.0%) but enhanced JSC
(24.40 mA cm−2). The increased JSC value is mainly ascribed
to broad adsorption spectra to NIR region of 3TT-OCIC. To
take advantages of its broaden absorption ability, different
weight ratios of 3TT-OCIC were added into PBDB-TF:F-2Cl
binary system as the third component for constructing tern-
ary devices. The optimal ternary device was obtained with a
composition of PBDB-TF:F-2Cl:3TT-OCIC=1:0.7:0.3 (Ta-
ble 1). Compared with the host PBDB-TF:F-2Cl binary de-
vice, ternary device yielded an impressive PCE of 15.23%,
one of the very few examples with PCE higher than 15%
other than Y6 systems [9,14]. This should be attributed to the
increased JSC of 24.92 mA cm−2, well-maintained VOC and
FF of 0.844 V and 72.4%, respectively. These results suggest
that the ternary device reaches a relatively high VOC with

Figure 1 (a) Chemical structures of PBDB-TF, F-2Cl and 3TT-OCIC. (b) Normalized UV-Vis absorption spectra of PBDB-TF, F-2Cl and 3TT-OCIC neat
films. Dot line shows the PL spectrum of F-2Cl films. (c) Energy levels diagram of PBDB-TF, F-2Cl and 3TT-OCIC (color online).
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suppressed Eloss. Because the absorption edges of two SMAs
in solid film state were different, the reduced Eloss for ternary
OPVs may be ascribed to the reduction of ΔECT or qΔVnon-rad
as discussed below. The current density-voltage (J-V) curves
of all devices were illustrated in Figure 2(b), and the detailed
photovoltaic parameters are summarized in Table 1.
The external quantum efficiency (EQE) curves of binary

and ternary devices were measured and shown in Figure 2(c).
The PBDB-TF:F-2Cl devices exhibit relatively high EQE
values of over 70% in the range from 470 to 750 nm, and
PBDB-TF:3TT-OCIC devices show broad EQE range ex-
tending to 950 nm but with an apparent dip in the range of
640–730 nm. It is clearly observed that the two binary de-
vices deliver well-complementary EQE spectra, indicating
great potential for optimizing EQE response via ternary
OPVs. As expected, with introducing 3TT-OCIC to PBDB-
TF:F-2Cl host system, EQE response of ternary devices
significantly enhanced and broadened. To visually presented
the role of 3TT-OCIC addition in EQE spectra, EQE offset

(ΔEQE) between the optimal ternary devices and PBDB-TF:
F-2Cl host system was calculated as depicted in Figure 2(c).
The positive ΔEQE values were observed in NIR region, and
even with the highest value close to 70%, demonstrating the
contribution of 3TT-OCIC (30 wt% in acceptors) to the
dramatically enhanced JSC. These observations were well
consistent with the absorption variation trends of the corre-
sponding blend films (Figure S4). These results reveal that
ternary devices can provide good complementary absorption
and efficiently improve the photoelectron conversion pro-
cess. The integrated JSC values of PBDB-TF:F-2Cl, PBDB-
TF:F-2Cl:3TT-OCIC (1:0.7:0.3) and PBDB-TF:3TT-OCIC
devices are calculated to be 18.69, 23.87 and 23.80 mA cm−2,
respectively, in agreement with the JSC values obtained from
the J-V curves.
The photoelectric physical process of the optimal binary

and ternary devices was also studied and the curves of
photocurrent (Jph) versus effective applied voltage (Veff) are
presented in Figure 2(d). Jph for the whole devices reach

Figure 2 (a) PL spectra of F-2Cl, 3TT-OCIC neat films and F-2Cl:3TT-OCIC (0.7:0.3) blend film with the excitation wavelength of 720 nm. (b) J-V curves
and (c) EQE spectra of the corresponding OPV devices, EQE offset (ΔEQE) between the optimal ternary devices and PBDB-TF:F-2Cl binary devices. (d) Jph
versus Veff and (e) light-intensity dependence of JSC and (f) transient photovoltage (TPV) of the optimal ternary and binary devices (color online).

Table 1 The photovoltaic parameters of binary and ternary OPV devices with different F-2Cl:3TT-OCIC weight ratios

PBDB-TF:F-2Cl:3TT-OCIC VOC (V) JSC (mA cm−2) FF (%) PCEmax (PCEave)
a) (%)

1:1:0 0.875 (0.872±0.003) 19.97 (19.63±0.25) 73.7 (72.7±0.6) 12.87 (12.56±0.27)

1:0.8:0.2 0.848 (0.843±0.004) 23.75 (23.45±0.20) 72.7 (71.8±0.4) 14.64 (14.32±0.19)

1:0.7:0.3 0.844 (0.839±0.004) 24.92 (24.56±0.14) 72.4 (71.6±0.6) 15.23 (15.01±0.26)

1:0.6:0.4 0.830 (0.827±0.003) 25.73 (25.35±0.23) 68.4 (67.2±0.6) 14.60 (14.43±0.31)

1:0.5:0.5 0.821 (0.818±0.003) 25.40 (25.20±0.17) 67.0 (66.1±0.5) 13.97 (13.72±0.23)

1:0:1 0.785 (0.783±0.003) 24.40 (24.21±0.15) 65.0 (64.3±0.3) 12.43 (12.11±0.28)

a) Average PCE values were calculated from 10 devices.
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saturation (Jsat) with Veff value over 1.2 V, suggesting mini-
mal charge recombination at high voltages [45]. Under the
short circuit conditions, the ratio of Jph/Jsat is 96% for ternary
device, higher than those of PBDB-TF:F-2Cl and PBDB-
TF:3TT-OCIC binary devices (94% and 91%), indicating
enhanced exciton generation and charge collection effi-
ciencies in ternary system. Besides, the α values of 0.98, 0.96
and 0.95 were observed from light-intensity (P) dependence
of JSC values for the PBDB-TF:F-2Cl, PBDB-TF:F-2Cl:3TT-
OCIC and PBDB-TF:3TT-OCIC devices, respectively.
These results suggest that the addition of 3TT-OCIC has a
negligible effect on the bimolecular recombination of the
host binary system [41]. Furthermore, charge transport
properties in the corresponding films were investigated by
the space-charge-limited current (SCLC) method (Figure
S5). The electron and hole mobility for PBDB-TF:F-2Cl and
PBDB-TF:3TT-OCIC binary devices are 4.16×10−5/3.61×
10−5 cm2 V−1 s−1 (μe) and 2.85×10−5/5.08×10−5 cm2 V−1 s−1

(μh), respectively. Compared with the binary systems, the
ternary device exhibits higher electron and hole mobility
(μe=6.19×10

−5 cm2 V−1 s−1, μh=1.18×10
−4 cm2 V−1 s−1). In

addition, as evidenced from transient photovoltage (TPV)
(Figure 2(f)), the optimal ternary device demonstrates a
longer carrier lifetime (17 μs) than those of PBDB-TF:F-2Cl
and PBDB-TF:3TT-OCIC-based binary devices (15 and
13 μs). The enhanced charge transport and longer carrier
lifetime for ternary devices contribute to suppressed charge

recombination, supporting the enhanced JSC and FF [46–48].
The morphological differences between the optimal binary

and ternary blend films were characterized by AFM and
transmission electron microscope (TEM) (Figure 3). In
height images, PBDB-TF:F-2Cl blend exhibits smooth sur-
face morphology and PBDB-TF:3TT-OCIC blend shows
relative large aggregates with slightly larger root-mean-
square (RMS) roughness of 2.82 nm. For the PBDB-TF:
F-2Cl:3TT-OCIC ternary blend, clear nanofibrillar mor-
phology with a smallest RMS of 1.65 nm was observed,
which indicates that 3TT-OCIC is well-compatible with
PBDB-TF:F-2Cl host blend, further obtaining fine mor-
phology modification in ternary OPVs. Besides, in AFM and
TEM images, the ternary blend displays obvious bicontin-
uous interpenetrating network with grain-like structures. The
well-distributed morphology of ternary film is beneficial for
exciton dissociation and charge transport, thus leading to
higher JSC [49,50].
To further explore the role of 3TT-OCIC in the morphol-

ogy of active layer, grazing-incidence wide-angle X-ray
scattering (GIWAXS) was performed to investigate the var-
iations of molecular orientation. As depicted in Figure S6,
F-2Cl pristine film exhibits (010) peak at 1.90 Å−1, corre-
sponding to a tight π-π stacking distance (d) of 3.31 Å, which
indicates a preferential face-on molecular packing, while
3TT-OCIC shows a relatively weak π-π diffraction peak [51].
Apparently, both binary and ternary films display broad and

Figure 3 AFM height (upper), phase (middle) and TEM (lower) images for PBDB-TF:F-2Cl (a, d, g), PBDB-TF:F-2Cl:3TT-OCIC (1:0.7:0.3) (b, e, h) and
PBDB-TF:3TT-OCIC (c, f, i) blend films (color online).
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strong diffraction peak in the (010) regions (Figure 4), in-
dicating a preferred face-on packing of PBDB-TF, F-2Cl and
3TT-OCIC in their corresponding blend films. For PBDB-
TF:F-2Cl and PBDB-TF:3TT-OCIC binary blends, π-π
stacking peaks located at 1.89 and 1.82 Å−1 (d=3.32 and
3.45 Å) can be observed. Interestingly, PBDB-TF:3TT-
OCIC blend exhibits much greater crystal coherence length
(CCL) (PBDB-TF:F-2Cl, 5.07 Å; PBDB-TF:3TT-OCIC,
18.85 Å) in the qz direction, indicating enhanced crystallinity
of PBDB-TF:3TT-OCIC blend film. Therefore, when a small
amount 3TT-OCIC was added into PBDB-TF:F-2Cl binary
system, the CCL significantly enhanced to 11.56 Å, sug-
gesting an increase of the overall crystallinity for ternary
blend film, favorable for charge transport. Altogether, the
good-maintaining of face-on ordering and enhanced overall
crystallinity with introducing of 3TT-OCIC should be re-
sponsible for the enhancement of photocurrent response in
ternary OPVs.
In addition to significantly enhanced JSC and improved

film morphology, the effect of 3TT-OCIC on the well-

maintained VOC was further investigated. Detailed Eloss of
optimized binary and ternary devices was thoroughly studied
and presented in the Supporting Information online and
Table 2. Based on the intersection of the absorption and
emission of materials with lower bandgap, Eg, was estimated
to be 1.65, 1.37 and 1.36 eV for the PBDB-TF:F-2Cl-,
PBDB-TF:F-2Cl:3TT-OCIC- and PBDB-TF:3TT-OCIC-
based devices, respectively (Figure S7). Thus, Eloss of
0.53 eV was achieved for the optimal ternary device, which
is dramatically decreased from that of the binary PBDB-TF:
F-2Cl host system (0.78 eV). Eloss of 0.53 eV is one of the
lowest values reported for high-performance OPVs [14–
16,24]. The suppressed Eloss by incorporating appropriate
SMA 3TT-OCIC plays a vital role in the performance im-
provement of ternary OPVs.
To exactly confirm the contribution of three parts of Eloss,

highly sensitive EQE (sEQE) and electroluminescence (EL)
spectra of corresponding devices were measured. As dis-
played in Figure 5, ECT was calculated from sEQE mea-
surement with black body correction to be 1.48, 1.36, and

Figure 4 GIWAXS patterns of the PBDB-TF:F-2Cl (a), PBDB-TF:F-2Cl:3TT-OCIC (1:0.7:0.3) (b) and PBDB-TF:3TT-OCIC blend films (c). (d) Out-of-
plane line cuts of the corresponding GIWAXS patterns (color online).

Table 2 Total and detailed Eloss of OPVs based on the binary and ternary devices

PBDB-TF:F-2Cl:3TT-OCIC Eg (eV) qVOC (eV) Eloss (eV) ECT (eV) ΔECT (eV) qΔVrad (eV) qΔVnon-rad (eV) EQEEL

1:1:0 1.65 0.875 0.78 1.48 0.17 0.28 0.33 1.53×10−6

1:0.7:0.3 1.37 0.844 0.53 1.36 0.02 0.32 0.21 2.27×10−4

1:0:1 1.36 0.785 0.58 1.32 0.04 0.33 0.21 2.16×10−4

Figure 5 Reduced sEQE and EL spectra of the binary and ternary devices (color online).
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1.32 eV for PBDB-TF:F-2Cl-, PBDB-TF:F-2Cl:3TT-OCIC-
and PBDB-TF:3TT-OCIC-based devices, respectively [5].
Accordingly, ΔECT of 0.17, 0.02 and 0.04 eV for the above
three devices were obtained, respectively. Notably, ΔECT of
0.02 eV for the ternary device was extremely low. The third
part ΔVnon-rad is linearly related to the natural logarithm of
electroluminescence quantum efficiency (EQEEL). The op-
timal ternary devices yield higher EQEEL of 2.27×10

−4 than
those of two binary devices (Table 2). Consequently, the
calculated ΔVnon-rad of PBDB-TF:F-2Cl-, PBDB-TF:
F-2Cl:3TT-OCIC- and PBDB-TF:3TT-OCIC-based devices
were 0.33, 0.21 and 0.21 V respectively. These results clearly
demonstrated that the well-maintained VOC in ternary device
is ascribed to the both reduction of ΔECT and qΔVnon-rad with
the addition of 3TT-OCIC.

3 Conclusions

In summary, efficient ternary OPVs with significant current
enhancement of 25% and extremely low Eloss of 0.53 eV
were successfully demonstrated via introducing an A-D-A
type SMA (3TT-OCIC) to the binary PBDB-TF:F-2Cl host
system. Therefore, the PCE increased dramatically from
12.87% and 12.43% of the binary devices to 15.23% for the
optimal ternary OPVs, one of the very few examples with
PCE higher than 15% other than Y6 systems. The third
component 3TT-OCIC not only broaden the absorption
spectrum range but also finely modify the film morphology
in the ternary blends. Also efficient energy transfer was
observed between the two acceptors. These factors should
account for the significantly increased JSC and well-main-
tained FF. Furthermore, reduction of both ΔECT and
qΔVnon-rad after introducing 3TT-OCIC should be the leading
cause for the small Eloss of 0.53 eV and high VOC of 0.844 V
in ternary devices. These results suggest that combining two
well-complementary and compatible A-D-A type SMAs for
ternary OPVs could be an effective strategy to achieve si-
multaneously current improvement, Eloss suppression and
morphology optimization. Thus, our designing strategy can
offer good guidelines for further construction of highly ef-
ficient ternary OPVs.
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