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To achieve efficient polymer solar cells (PSCs) with full utilization of the whole spectrum, the multi-
component devices are of great importance to be deeply explored, especially for their capability of
one-step fabrication. However, the research about one same binary system simultaneously derivated var-
ious multi-component PSC is still very limited. Herein, we achieved the whole constructions from one
binary host to different ternary systems and even the quaternary one. The ternary strategies with fuller-
ene acceptor, PC71BM, and non-fullerene acceptor, BT6IC-BO-4Cl, as the third component, both boosted
the device efficiencies of PBT4Cl-Bz: IT-4F binary system from about 9% to comparatively beyond 11%.
Despite the comparable improvement of performance, there existed other similarities and differences
in two ternary strategies. In detail, the isotropic carrier transport of PC71BM which largely elevated the
fill factor (FF) in the corresponding devices, while the strong absorption of BT6IC-BO-4Cl enhanced the
short current density (Jsc) most. More interestingly, quaternary devices based on PBT4Cl-Bz: IT-4F:
PC71BM: BT6IC-BO-4Cl could combine both advantages of fullerene and non-fullerene ternary strategies,
further pumped the Jsc from 16.44 to the highest level of 19.66 mA cm�2 among all devices, eventually
resulted in an optimized efficiency of 11.69%. It reveals that both fullerene and non-fullerene ternary
strategies have their unique feature to elevate the device performance either by efficient isotropic carrier
transport or better coverage of whole sunlight spectrum and easy tunable energy levels from organic
materials. The key is how to integrate the two pathways in one system and provide a more competitive
solution facing high-quality PSCs.
� 2020 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by

ELSEVIER B.V. and Science Press. All rights reserved.
1. Introduction

Polymer solar cells (PSCs), as an environmentally friendly can-
didate, has been a hot spot for green energy, because of their huge
potential for marketing production [1,2]. Through endeavors for
decades, the state-of-art performance of PSCs has broken 15% [3]
by innovative materials design [4], and the ternary strategies fur-
ther pushed the power conversion efficiency (PCE) to another peak
of 16% [5,6]. Since the ternary strategies were put forward [7,8],
many ternary systems were successfully following in succession
because minor third additives can complement the host absorp-
tion, adjust the newly-formed energy level, regulate the morphol-
ogy, and largely enhance the carrier transport [9–11]. According to
the property of the third additive, ternary systems could be simply
classified into two groups, fullerene and non-fullerene additive
ternary systems. Fullerene additives, such as PC61BM, PC71BM,
Bis-PC71BM, and ICBA have been widely used to pump solar device
performance in the last decade mainly due to their three-
dimensional isotropic electron transport feature [11]. For another
thing, recent reports also argued that the miscibility of blend com-
ponents could be improved by forming alloy co-acceptor under
strong intermolecular combination between different moieties
[12–15]. Besides the miscibility, the spectral complementarity also
needs to consider for better sunlight absorbance. However, defects
of weak absorption seriously limit the further development of full-
erene derivatives as the third component in the device. Therefore,
to solve this problem, varieties of non-fullerene additives were
developed to collocate the traditional binary system. Rather than
relatively fixed and weak absorption in the visible region of
reserved.
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fullerene type additives, their non-fullerene competitors demon-
strated more flexibility on structure designs and resulted in the
much broader absorption at the visible and even near-infrared
regions, and also more versatile to fit the energy levels with other
components in ternary devices [16–18].

Herein, to understand the critical roles of the fullerene and non-
fullerene additives in device performance blooming, which has
rarely discussed and compared together in the same binary system,
we successfully fabricated two series of ternary devices based on
binary solar cells with chlorinated PBT4Cl-Bz as donor and IT-4F
as co-acceptor [19]. Among these devices, one ternary system
selected the PC71BM as the third component, which comprehen-
sively improved the photovoltaic performance, especially the fill
factor (FF) enhanced from 58.87% to 66.95% because of the
increased charge carrier mobility and more efficient extraction in
the ternary system. Another non-fullerene ternary system used
BT6IC-BO-4Cl as the additive, benefitting from expanded absor-
bance spectrum to the near-infrared region, thus the best improve-
ment of the non-fullerene-additive system contributed most to the
short current density (Jsc), elevating from 16.44 to 18.88 mA cm�2

in this non-fullerene ternary device. By both strategies, the device
efficiencies over 11% can be achieved from the relatively low effi-
ciency of 9% in their binary system. Finally, supplemental quater-
nary devices were further explored using both fullerene and non-
fullerene as co-acceptor, and the results deduced that their respec-
tive merits could integrate into a quaternary system together to
boost the photovoltaic performance. From a device engineering
perspective, our work reveals the different mechanisms of fuller-
ene and non-fullerene co-acceptor in the ternary system and pro-
vides the organic solar cell community a comprehensive pathway
to realize the whole spectrum covering and more efficient multi-
component devices construction.
2. Experimental

2.1. Materials

PBT4Cl-Bz (Mn = 31000, PDI = 2.1), IT-4F, BT6IC-BO-4Cl were all
synthesized by our laboratory. PC71BM was purchased from the 1-
material company.

2.2. PSCs fabrication and characterization

2.2.1. PSCs fabrication
The inverted device structure is ITO/ZnO/ active layer/MoO3(10-

nm)/Ag(100 nm). A clean ITO was prepared. Then ZnO and active
layer were spinning coated on it subsequently. The spin speed
and time for ZnO was 3000 rpm/25 s. All the active layer solution
was dissolved as D/A(total) = 1: 1.5 in chlorobenzene (CB) at
10 mg/mL, 1800 rpm/35 s. After annealed at 100 �C/10 min,
MoO3 and Ag were evaporated at a pressure of 5 � 10�6 Pa through
a mask of 0.045 cm2.

2.2.2. PSCs characterization
Steady-state current–voltage (J–V) curves of devices were

tested by a Keithley 2400 source-measurement unit under AM
1.5 G spectrum from a solar simulator (Enlitech. Inc) calibrated
by a silicon reference cell (Hamamatsu S1133 color, with KG-5 vis-
ible fiith) and the relationship of Jsc to the light intensity was mea-
sured by steady-state current–voltage measurement, the light
intensity was modulated by neutral density filters (NDF) with dif-
ferent values of optical density (OD). The external quantum effi-
ciency (EQE) was measured by a solar cell–photodetector
responsibility measurement system (Enlitech. Inc). Thin film thick-
ness was obtained by surface profilemeter (Tencor, Alpha-500).
The mobility of electron was tested by fitting the current-bias char-
acteristics in dark utilizing a field-independent space charge lim-
ited current (SCLC) model according to the Mott-Gurney rule of

J ¼ 9
8 e0erl

V2

L3
.The device structures for hole-only and electron-only

devices are respectively followed as ITO/PEDOT: PSS/active layer/
MoO3/Ag and ITO/ZnO/active layer/PDINO/Ag. The film morphol-
ogy was conducted by transmission electron microscope (TEM)
JEOL-JEM 2100F microscope and atomic force microscopy (AFM,
Veeco Metrology Group/Digital Instruments) with tapping mode.
3. Results and discussion

3.1. Chemical structures and photovoltaic performances

Fig. 1(a–d) shows the chemical structures of selected molecules
to construct the ternary systems. PBT4Cl-Bz, IT-4F were respec-
tively served as host donor and host acceptor, which has been
reported as binary chlorinated PSCs before [19,20]. BT6IC-BO-4Cl
will be reported later. PC71BM was introduced as a guest to con-
struct the fullerene-additive ternary system while the BT6IC-BO-
4Cl comprised of the non-fullerene-additive ternary one. From
Table 1, it can be easily observed that two ternary strategies can
efficiently enhance the PCE of PBT4Cl-Bz: IT-4F binary device from
9.08% to almost 11.30%, increasing by almost 25% at most. The dif-
ference is that the PC71BM-based ternary device slightly elevated
the open-circuit voltage (Voc) of the binary system from 0.94 to
0.96 V, while the BT6IC-BO-4Cl-based ternary device slightly
decreased to 0.92 V in the opposite direction. This can be explained
by the energy levels of the third co-acceptor involved. As shown in
Fig. 1(e), PC71BM has a much higher LUMO level while BT6IC-BO-
4Cl has a shallower LUMO, which is in turn influencing the Voc in
the blend ternary devices [20,21]. As for the elevated Jsc and FF,
Jsc considerably increased from 16.44 to 17.79 mA cm�2 after 20%
PC71BM addition, and even surged to 18.88 mA cm�2 due to the
high tolerance of ratio of BT6IC-BO-4Cl addition (50%). In contrast,
FF of PC71BM-based ternary devices (from 58.87% to 66.95%) only
took a tiny advantage than that (from 58.87% to 65.29%) of BT6-
IC-BO-4Cl-based ternary devices. In general, the fullerene ternary
strategy roundly improved the photovoltaic performance parame-
ters, especially the FF, thus a champion PCE of 11.38% was
achieved. Compared with the fullerene ternary system, BT6IC-BO-
4Cl additive devoted most to the Jsc which was adequate to offset
a slight decrease of Voc and a slightly inferior FF, leading to a com-
parable PCE of 11.32%. These differences are more vividly anno-
tated in their J-V curves in Fig. 2. And photovoltaic performances
of both ternary devices with different deviations around the best
ratio are supported in Tables S1, S2, and Fig. S1.

3.2. Optical properties and morphology control

To better understand the increasing of current density in two
ternary systems, normalized absorption spectra of pristine films
of each component and their blend films were plotted in Fig. 3(a,
b). Locations of maximum absorption peak and absorption onset
were summarized in Tables S3 and S4. A stronger or broad absorp-
tion of the active layer is much helpful to improve the Jsc of the bin-
ary system [22,23]. Reflecting by the external quantum efficiency
(EQE) curves in Fig. 3(c), the fullerene-additive ternary system took
on an upward trend of light response, covering such a wide wave-
length region from 400 to 800 nm; while another BT6IC-BO-4Cl
ternary system mainly extended the light response from 780 to
900 nm, eventually making this non-fullerene ternary device a very
broad light response covering from 300 to 900 nm. As shown in
Fig. 3(d), DEQE curves (calculated by EQEternary(k) � EQEbinary (k))
could more clearly amplify the light-response capability of these



Fig. 1. Chemical structures of molecules (a) PBT4Cl-Bz; (b) IT-4F; (c) PC71BM; (d) BT6IC-BO-4Cl; and (e) energy levels between PC71BM and PBT4Cl-Bz: IT-4F; and between
BT6IC-BO-4Cl and PBT4Cl-Bz: IT-4F ternary systems.

Table 1
Photovoltaic performance parameters of fullerene-additive ternary devices, binary devices, and non-fullerene-additive ternary devices under 100 mW cm�2 AM 1.5 G irradiation.

Composition Voc (V) Jsc (mA cm�2) FF (%) PCE (%) Jcal
b (mA cm�2)

PBT4Cl-Bz:IT-4F 0.94 16.44 58.87 9.08 (8.73 ± 0.35)a 15.96
PBT4Cl-Bz:IT-4F:PC71BM 0.96 17.79 66.95 11.38 (11.13 ± 0.25) 17.29
PBT4Cl-Bz:IT-4F:BT6IC-BO-4Cl 0.92 18.88 65.29 11.32 (11.03 ± 0.29) 18.31

a Average value ± standard deviation was obtained from 16 independent devices.
b The calculated Jsc values from EQE curves.

Fig. 2. J-V curves of fullerene-additive ternary devices, binary devices, and non-
fullerene-additive ternary devices under 100 mW cm�2 AM 1.5 G irradiation.
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two ternary systems, which also correspond well to the absorption
spectra and the trend developed of EQE curves. Significantly, about
50% contribution of DEQE was derived from the absorption of non-
fullerene additive BT6IC-BO-4Cl, which in agreement well with the
surge of Jsc as discussed above. However, Jsc and FF are not com-
pletely decided by the light-to-photon capability, but also influ-
enced by the film morphology [24,25]. Characterized from the
atomic force microscopy (AFM) (Fig. S2(a–c)) results, the root-
mean-square (RMS) roughness of parent binary blend film was
about 1.22 nm, and smaller RMS roughness (about 1.00 nm) of
ternary blends suggested that both ternary blends had more
smooth surfaces, indicating that the film morphology could be fur-
ther optimized by the third addition either of PC71BM or BT6IC-BO-
4Cl. These blend films had been further measured by transmission
electron microscopy (TEM) (Fig. S2(d–f)), the binary blend showed
some big aggregations as shown in Fig. S2(d). The PC71BM-additive
ternary preserved most of the features from the binary microstruc-
ture but indicated a much smaller and suitable phase separation,
no big aggregations could be found in this case. Yet the BT6IC-
BO-4Cl-additive ternary blend showed obvious differences from
its binary film, in which there was more compact and well-
arranged morphology observed. As a result, both ternary blends
could obtain much better interpenetrate morphologies compared
with their binary system, thus facilitating the carrier transport,
and then finally enhancing the Jsc and FF.
3.3. Carrier transport study

To verify the carrier transport process, thereby gaining a deeper
insight into the mechanisms of different ternary solar cells, we



Fig. 3. (a) Normalized absorption of neat films and (b) blend film of PBT4Cl-Bz: IT-4F, PBT4Cl-Bz:IT-4F: PC71BM, PBT4Cl-Bz:IT-4F: BT6IC-BO-4Cl. (c) EQE curves of binary and
two ternary systems. (d) DEQE between ternary systems with different additive and binary systems.
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tested the maximum exciton generation rate (Gmax) and exciton
dissociation probabilities (gdiss, defined as Jph/Jsat) by Jph vs. Veff

curves in Fig. 4(a). When applied effective reverse bias, it is
assumed that all photogenerated excitons split into free carriers
at the saturation platform, so the Gmax defines as Jsat/qL was only
determined by the quantities of harvesting photons [26,27]. How-
ever, the binary device was hard to quickly saturate like two tern-
ary devices, which only got a gdiss of 0.85, agreeing with its low Jsc
and FF. Although the fullerene and non-fullerene ternary devices
showed similar gdiss of 0.96 and 0.95, their values of Gmax were
1.04 � 1028 m�3 S�1 for BT6IC-BO-4Cl ternary device, which was
much higher than that of PC71BM-based ternary device
(0.957 � 1028 m�3 S�1). The competitive exciton dissociation but
higher exciton generation of BT6IC-BO-4Cl-based ternary device
also consistent with the higher Jsc in both ternary systems.

To efficiently transport the separated excitons, the carrier
mobility is important as well. The space charge limited current
(SCLC) method was applied to measure the electron-only (le)
and hole-only (lh) devices of binary and two kinds of ternary
devices in dark. According to Fig. S3 and Table S5, dual ternary
devices gained higher mobility nevertheless electron mobility or
holemobility than thatofbinarydevices (le =6.2�10�4 cm2V�1 S�1,
lh = 4.4 � 10�4 cm2 V�1 S�1). Moreover, PC71BM-based devices lar-
gely strengthen electron mobility (le = 8.7 � 10�4 cm2 V�1 S�1)
than BT6IC-BO-4Cl-based devices (le = 7.5 � 10�4 cm2 V�1 S�1).
Whereas balanced coefficient (counted by le/lh or lh/le) of binary
device deviated to 1.41, the coefficient of two ternary devices
almost approached 1.25 comparably. Thereby, more efficient and
balanced carrier mobility was greatly useful to elevate the Jsc and
FF of ternary ones. In parallel, the whole process accompanied with
unavoidable carrier recombination. Fig. 4(b) described the fitting
curves about Jsc / IS, in which S nearly approached 1, the bimolec-
ular recombination could be insignificant [28,29]. Binary devices
suffered more bimolecular recombination than its two ternary
devices because the lowest fit slope equaled to 0.88 for the binary
system, but the ternary devices exhibited commensurate sup-
pressed recombination with a fit slope of about 0.94.

For FF is the result of the competition between the charge
recombination and charge extraction [30,31]. Then transient pho-
tovoltage (TPV) technique [32] and transient photocurrent (TPC)
technique [33] were applied to detect among the three devices
under steady state in Fig. 4(c, d). Binary device lagged behind
two ternary systems nevertheless of the carrier lifetime (ts,
1.49 ms) or the carrier extraction (ts, 0.97 ms). However, when the
recombination and extraction achieved a delicate balance, it could
result in a comparative PCE like both ternary devices present here.
The PC71BM-based ternary device owned more prior carrier extrac-
tion speed (ts = 0.35 ms) yet a shorter carrier lifetime (ts = 3.12 ms)
than that of BT6IC-BO-4Cl-based devices (ts = 0.41 ms, ts = 3.26 ms).
More efficient exciton extraction of PC71BM-based ternary device
meant higher collective efficiency of carrier-to-electrodes [32].
And a longer lifetime would enable a smaller recombination cur-



Fig. 4. (a) Jph vs. Veff curves; (b) current density dependence of light intensity curves; (c) normalized TPV curves and (d) TPC curves of binary and ternary devices.
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rent [33], so BT6IC-BO-4Cl-based devices allowed less trap for car-
rier quench. Simultaneously, comparable extraction also avoids the
heavy carrier accumulation thus giving a good explanation of the
photovoltaic performances of the BT6IC-BO-4Cl ternary devices
and PC71BM ternary devices.

3.4. Quaternary devices combined with fullerene and non-fullerene
ternary strategies

Naturally, to fully make use of their respective fortes, we tried
to fabricate the quaternary devices based on PBT4Cl-Bz:IT-4F:
PC71BM: BT6IC-BO-4Cl at their best ratio (1: 1: 0.2: 0.5, Table S6).
This quaternary combination surprisingly reached even higher Jsc
of 19.66 mA cm�2, and a Voc of 0.92 V, an FF of 64.40 thus leading
to the highest level of PCE (11.69%). Corresponding J-V curve and
EQE spectrum were also well in agreement in Fig. S4. More inter-
estingly, concerned aboutDEQE curve of EQEquaternary(k)� EQEternary
(k) in Fig. S5, and contrasted with Fig. 3(d), the positive value dis-
tribution just respectively attributed to the fullerene and non-
fullerene positive part, which supported us a bold inspiration that
more quaternary devices could combine more advantageous and
functionalized components [34–37]. In Table S7, we summarized
groups of ternary systems that derivated by as similar as possible
binary system, and grouped them as either activated by fullerene
guest or non-fullerene guest from recent reports to support poten-
tial quaternary choices [38–40]. Also, from such a database, it
could be seen that one same binary system that simultaneously
derivated fullerene and non-fullerene ternary strategies were
rarely discussed. So, it also highlights the urgency to explore the
results present here, which provides a better understanding of
the critical roles in each added acceptor in multi-component
devices.

4. Conclusions

In conclusion, adopting different ternary strategies either based
on fullerene additive or non-fullerene additive has been an effec-
tive method to boost the photovoltaic performances of the binary
device. The best PCE based on PBT4Cl-Bz: IT-4F was respectively
perked from 9.08% up to 11.38% in PC71BM-involved ternary device
and up to 11.32% in BT6IC-BO-4C-involved ternary device. Con-
trasted with the binary device, the most distinguished enhance-
ment in PC71BM-additive devices was the FF, increasing from
58.87% to 66.95%, while BT6IC-BO-4Cl-based ternary devices were
more inclined to elevating the Jsc, from 16.44 to 18.88 mA cm�2.
It was suggested that whether in PC71BM-based ternary devices
or BT6IC-BO-4Cl-based ternary devices, phase morphology was del-
icately regulated, and carrier transport was strengthened, leading
to an improvement of Jsc and FF. Besides comparable exciton disso-
ciation and restrained recombination in two ternary systems, the
isotropic electron transport and carrier extraction enabled the
notable rise of FF based on the PC71BM guest, whereas the
extended light absorption spectrum, more efficient exciton gener-
ation and inhibited recombination current allowed the superiority
of Jsc of BT6IC-BO-4Cl-based ternary device. Worth mentioning, the
upward and broader trend in light response could well be embod-
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ied in PBT4Cl-Bz: IT-4F: PC71BM: BT6IC-BO-4Cl quaternary devices,
which pushed the Jsc to a peak value of 19.66 mA cm�2, and then
obtained a champion efficiency of 11.69%, increasing by nearly
29% compared with the binary one. The multi-component PSCs
from binary to fullerene/non-fullerene ternary and even their com-
patible quaternary strategies are expected to offer more helpful
insights and guidance for more efficient organic photovoltaic
applications.
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