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In this work, ternary organic solar cells (OSCs) combining a fullerene derivative PC7;BM with a non-
fullerene acceptor N2200-F blended with a polymer donor PM6 were reported. Compared with the
binary systems, the highest power conversion efficiency (PCE) of 8.11% was achieved in ternary solar cells
with 30 wt% N2200-F content, mainly due to the improved short-circuit current density (Js.) and fill factor
(FF). Further studies showed that the improved Js. could attribute to the complementary absorption of the
two acceptors and the enhanced FF was originated from the higher hole mobility and the fine-tuned
morphology in the ternary system. These results demonstrate that the combination of fullerene and non-
fullerene acceptors in ternary organic solar cells is a promising approach to achieve high-performance
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Since the discovery of bulk-heterojunction organic solar cells
(BHJOSCs) [1], the performance of OSCs based on fullerene
acceptors had achieved rapid progress together with the emer-
gence of new donor materials and device optimizing methods [2].
Generally, fullerene acceptors have many advantages, such as high
electron mobility, appropriate energy levels that match most
donor polymers, and isotropic charge transport. Meanwhile,
fullerene acceptors suffer from many shortcomings, such as low
absorption coefficient in visible region, complex synthesis and
purification, and thus high cost. In order to overcome these
shortcomings, a large number of non-fullerene acceptors have
been developed [3]. Especially after the first fused-ring electron
acceptor ITIC was invented [4], the power conversion efficiencies
(PCEs) of OSCs based on non-fullerene acceptors have fully
transcended those of the fullerene acceptors [5]. As a result, the
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PCEs of single-junction OSC have already exceeded 16% [6], which
lights up the hope of OSCs for large-scale industrial application.

Ternary OSCs is one of the most effective strategies to enhance
the photovoltaic performance [7]. Firstly, the additional third
component can broaden the absorption spectrum so as to increase
short-circuit current density (Jsc) [8]. Secondly, the third compo-
nent can also finely tune the blend morphology, which is
instrumental in exciton dissociation and charge transport [9].
Besides, unlike tandem OSCs, there are no recombination layers in
ternary OSCs, so the device fabrication process is significantly
simplified. Therefore, combining fullerene acceptor with non-
fullerene acceptor together in ternary OSCs may bring new
potential that utilizes the advantage of the two components to
promote the performance.

We are particularly interested in the design, synthesis and
application of non-fullerene acceptors based on naphthalene
diimides (NDI) and perylene bisimides (PBI) [10]. For example, a
PBI dimer-based conjugated polymer was found to provide better
photocurrent than that of single PBI-based polymer [10f]. Recently,
single-component OSCs based on double-cable conjugated poly-
mers with PBI side chains have achieved great success [11].
Inspired by our previous work, herein, we report our study on
ternary OSCs based on these materials. We envisaged that joining
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Fig. 1. The chemical structures of the polymer donor PM6, polymer acceptor
N2200-F and fullerene derivative PC7;BM.

[6,6]-phenyl-C;;-butyric acid methyl ester (PC;1BM) and NDI-
based acceptor N2200-F together may not only extend the
absorption spectra, but also provide optimized morphology. As a
result, the highest PCE of 8.11% was achieved in ternary solar cells
with 30 wt% N2200-F content.

The chemical structures of PM6, N2200-F and PC;BM are
shown in Fig. 1. PM6 and N2200-F were prepared according to the
literatures [12], and the synthetic procedures were also summa-
rized in the Supporting information. The absorption of PM6 covers
the entire visible region from 300 nm to 700 nm, with relatively
low extinction coefficient in 300-500 nm. On the contrary, N2200-
F and PC7;BM have strong absorption in 300-500 nm. Besides, the
absorption of N2200-F also extends to 800 nm. As can be seen from
Fig. 2a and Fig. S1 (Supporting information), the absorption spectra
of these three components show an excellent complement
covering almost the whole UV-vis-NIR region, which is favorable
for light harvesting and producing high photocurrent.

The molecular weight, optical properties and energy levels of
PM6, N2200-F and PC;;BM are given in Table 1 and Fig. S2
(Supporting information). Both PM6 and N2200-F exhibit moder-
ate molecular weight with M, of 64.7 kDa and 69.8 kDa. And both
PM6 and N2200-F display excellent solubility in common organic
solvents, such as chloroform and chlorobenzene, ensuring the
solution processing for devices. The energy levels for these three
materials are shown in Fig. 2b. Both the lowest unoccupied
molecular orbital (LUMO) of N2200-F (-3.9eV) and the highest
occupied molecular orbital (HOMO) of N2200-F (-5.8 eV) lie in
between these of PM6 and PC,;BM, which is conducive to the
cascade charge transfer in the ternary solar cells.

The ternary solar cells based on PM6, N2200-F and PC;;BM
were fabricated with an inverted device structure of ITO/ZnO PM6:
N2200-F:PC;;BM/Mo05/Ag. The ratio of donor/acceptor (Tables S1
and S2 in Supporting information) and the annealing temperature
were carefully optimized. It was found that the binary solar cells
show optimum donor/acceptor ratio of 1:1 and annealing
temperature of 130°C with active layer thickness of 70-80 nm.
Thus, in ternary solar cells, the ratio of donor/acceptor was
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Table 1

Molecular weight and optical properties of PM6, N2200-F and PC7;BM.
Item M,? (kDa) M,* (kDa) Pum LUMO (eV) HOMO (eV)
PM6 64.7 82.6 13 -36° —5.5P
N2200-F 69.8 120.2 1.7 -3.9¢ -5.8¢
PC;;BM - - - -4.0 -6.0

2 Determined with GPC at 140 °C using 0-DCB as the eluent.
b Reference [12a].
¢ Reference [12b].

Table 2

Characteristics of cells fabricated from chlorobenzene (CB)/diphenyl ether (DPE)
(1.0%, v:v) solution with different content of acceptor and annealing at 130 °C. The
thicknesses of the active layers are around 70-80 nm.

PM6:N2200-F:PC7,BM Jse (MA/cm?) Voe (V) FF PCE (%)
1:1:0 12.26 0.89 0.67 7.34
1:0.3:0.7 13.01 0.91 0.69 8.11
1:0:1 12.59 0.92 0.63 738

maintained at 1:1. The optimized results of these ternary cells with
different N2200-F content were shown in Table 2 and Table S3
(Supporting information). The optimal J-V characteristic was
present in Fig. 3. The binary cells based on PM6 and N2200-F
achieved the best PCE of 7.34% with open-circuit voltage (V) of
0.89V, Js. of 12.26 mA/cm? and fill factor (FF) of 0.67. Binary solar
cells based on PM6 and PC;;BM obtained the similar best PCE of
7.38% with higher V,. of 0.92 V, J. of 12.59 mA/cm? and FF of 0.63.
Solar cells fabricated with PM6:N2200-F:PC7;BM ternary blend
show higher performance. The champion PCE of ternary cells was
8.11% with 30 wt% N2200-F content, due to the improved Js. of
13.01 and FF of 0.69. As show in the external quantum efficiencies
(EQEs) in Fig. 3b, the improved Js. is mainly attributed to the
complementary absorption of the two acceptors.

The crystalline properties of pure PM6, N2200-F and their
binary and ternary blend films were investigated by two-
dimensional grazing-incidence wide-angle X-ray scattering
(GIWAXS). Fig. 4 and Fig. S3 (Supporting information) present
their diffraction patterns and corresponding out-of-plane (OOP)
and in-plane (IP) cuts. Both PM6 and N2200-F show typical w—m
stacking diffraction in the out-of-plane direction, indicating their
preferential face-on orientation (Figs. S3a and b). Multiple
diffraction peaks can be found in the in-plane direction of both
PM6 and N2200-F film, which is attributed to the lamellae packing
of polymer main chain. In ternary films, the (100) diffraction peak
and (010) diffractions peaks at the OOP direction can be
simultaneously observed, indicating mixed orientation. In addi-
tion, the ternary blends also displayed the halo diffraction peaks
near (010) peaks that could contributed to the PC;1BM (Fig. 3b).

(a) 1.00

o
9
G

o
in
S

Normalized absorbance

o
)
G

(®) LUMO
36
39
4 T =0
z Pe N2200-F
< s 2200- PC,,BM
o0
és \
=]
& —
55
-6 58 —
-6.0
HOM
0.00 : i OMO

) )
500 600 700
Wavelength (nm)

300 400

Fig. 2. (a) Normalized optical absorption spectra of PM6, N2200-F and PC7;BM in thin films. (b) The energy levels of PM6, N2200-F and PC;;BM.
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Fig. 3. (a) J-V curves in dark (dashed line) and under white light illumination (solid line). (b) EQE characteristics of the same devices.
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Fig. 4. GIWAXS patterns and the corresponding out-of-plane (OOP) and in-plane (IP) cuts. (a, d) PM6:N2200-F:PC7;BM = 1:1:0; (b, €) PM6:N2200-F:PC5;BM = 1:0.3:0.7; (c, f)

PM6:N2200-F:PC71BM =1:0:1.

These results indicated that the morphology in binary films was
inherited in ternary films, resulting in muti-channels for electron
transport in N2200-F and PC7;BM. This could explain the high
photocurrent and FF in ternary solar cells.

The surface morphology of the binary and ternary blend films
was analyzed by atomic force microscopy (AFM) measurements.
Fig. 5 and Fig. S4 (Supporting information) show the height and
phase images. The PM6:N2200-F binary system displayed obvious

Fig. 5. AFM height (a-c) and phase (d-f) images of the optimized solar cells
(1pmx1pwm). (a, d) PM6:N2200-F:PC;1BM=1:1:0; (b, e) PM6:N2200-F:
PC71BM=1:0.3:0.7; (c, f) PM6:N2200-F:PC7;BM =1:0:1. RMS roughness is also
included.

fibrous structures with small root-mean-square (RMS) roughness
values. While in the PM6:PC;;BM binary system, there is large-
sized granular crystals with rough surface, due to the high
crystallinity of PC;;BM. The ternary blend films show compromise
surface morphology between the two binary systems. This
demonstrates that the morphology of the ternary solar cells can
be flexibly regulated by the content of the third component.
Space-charge limited current (SCLC) measurement was used to
further investigate the charge transport properties. The detailed J-V
curves and mobility values are presented in Fig. 6. PM6:N2200-F
and PMG6:PC71BM binary system show relatively low charge
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Fig. 6. Hole mobilities exacted from SCLC measurements.
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transport properties with hole mobilities of 7.0 x 104 cm? V! 57!
and 1.4 x 103 cm? V! s7! respectively. While the ternary blend
films with 30 wt% N2200-F content show the highest hole mobility
of 2.8 x102cm? V! s7l. These results are consistent with the
photovoltaic measurements, which also prove that 30 wt% N2200-
F content could finely tune the morphology of the ternary solar
cells and facilitate the charge transport.

In conclusion, ternary OSCs combining fullerene acceptor
PC;BM with non-fullerene acceptor N2200-F blended with a
polymer donor PM6 have been reported in this work. The addition
of the third component could not only widen the range of utilizing
solar energy, but also regulate the morphology, and thus promote
charge transport properties. The high efficiency of 8.11% could be
achieved with 30 wt% N2200-F content. These results indicate that
combining fullerene acceptor with non-fullerene in ternary OSCs is
a feasible way for high-efficient OSCs.
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Supplementary material related to this article can be found, in the
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