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In this study, a quaternary blending strategy was applied in the fabrication of organic photovoltaic devices and
large-area modules. As a result, the ultimate quaternary organic solar cells (OSCs) deliver 16.71% efficiency for
small-area devices and 13.25% for large-area (19.34 cm2) modules (certified as 12.36%), which is one of the
highest efficiencies for organic solar modules to date. Our results have proved the synergistic effects of multiple
components in OSCs, providing an effective strategy for achieving high-performance organic photovoltaic devices
and modules. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.416229

1. INTRODUCTION

Donor–acceptor organic solar cells (OSCs) have achieved tre-
mendous progress since the reports of bulk-heterojunction
(BHJ) organic solar cells [1]. Early in its development, fuller-
enes and their derivatives led to an era of OSCs due to their
excellent electron mobility, large electron acceptability, and
isotropy of charge transport [2–4]. However, the inherent huge
energy losses and weak photon-harvesting capacities of fuller-
enes limited their further applications [5,6]. Compared with
fullerene acceptors, the non-fullerene acceptors (NFAs) usually
have strong absorption in the near-infrared region (NIR), and
their energy levels can be easily adjusted to match the donors,
which have been proved to promote the power conversion ef-
ficiencies (PCEs) of OSCs [7–12]. Driven by the vigorous de-
velopment of materials science, the PCEs of single-junction
OSCs have recently exceeded 17% [13–21]. Despite the
impressive achievements made by NFAs, the single NFA usu-
ally suffers from incomplete absorption of the solar spectrum
and relatively low charge mobility compared with perovskite
components [22]. In order to make full use of the advantages
of fullerene and NFAs, multicomponent blending is recom-
mended to construct multiple devices. The incorporation of
fullerene and NFAs into the BHJ layer provides a promising
approach to improve the photovoltaic performance of OSCs.

The recent rapid progress of OSCmaterials, especially NFAs
with variable molecular structures and tunable energy levels,

enables a large material pool for realizing the potential of multi-
component BHJ solar cells [23–29]. Li et al. [30] earlier re-
ported an NFA-based binary system BDB-T:ITIC mixed
with binary fullerenes as acceptor additives. Consequently,
the optical band gaps of the NFA-blended films were reduced
and the carrier transport processes were enhanced. As a result,
the open-circuit voltage (V OC), the short-circuit current-
density (JSC), and the fill factor (FF) were simultaneously im-
proved, promoting an ultimate PCE up to 12.8%. Bi et al.[31]
developed an individual nanostructure optimized quaternary
system based on two donors and two acceptors. High
crystallinity DR3TBDTT was dispersed in PTB7-Th to en-
hance the domain purity, while PC71BM was used as phase
modifier to promote favorable FOIC packing. Thus, the
nanoscale morphologies of the donors and the acceptors were
optimized individually, which helped to increase carrier mobil-
ities and suppress monomolecular recombination, thereby con-
tributing to a champion PCE of 13.51%. Recent work from
Ma et al. [32] proposed an efficient quaternary system combin-
ing a basic binary blend including fullerene and NFA. The
third component, Br-ITIC, was added to maximize the
photon harvesting, and PC71BM was used as the fourth com-
ponent to optimize the molecular arrangement and phase sep-
aration of the active layer, leading to a PCE of 16.8%.
Therefore, multicomponent blending is an effective strategy
to promote the PCEs of OSCs. However, quaternary or ternary
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blending has rarely been applied in large-area photovoltaic
modules.

In this work, a quaternary blending strategy was used in the
fabrication of small-area photovoltaic devices and large-area
photovoltaic modules. We have explored a quaternary system,
including one polymer donor PM6, one fullerene acceptor
PC71BM, and two NFAs Y6 and ITIC. The PC71BM was
added as the third component in the PM6:Y6 system to opti-
mize the charge transport. The ITIC was further added as the
fourth component to maximize the photon harvesting. As a
result, a champion PCE of 16.71% was achieved in the
quaternary device after an optimization of photovoltaic param-
eters. Furthermore, a certified PCE of 12.36% was achieved for
the large-area (19.34 cm2) module, which is one of the highest
efficiencies for inverted organic solar modules to date. The ex-
cellent photovoltaic performance demonstrates the great poten-
tial of using multicomponent organic solar modules for
practical applications.

2. EXPERIMENT

A. Materials
The PM6, Y6, ITIC, and PC71BM were purchased from
Solarmer Materials Inc. The ZnO precursor solution was pre-
pared by dissolving zinc acetate dehydrate and ethanolamine in
the solution of 2-methoxyethanol with a concentration of
0.5 mol/L.

B. Device Fabrication
The multiple OSCs were constructed with indium tin oxide
(ITO)/ZnO/active layer∕MoOx∕Ag. For small-area device fab-
rication, the ZnO precursor solution was spin-coated on the
oxygen plasma-pretreated ITO at 3000 r/min and baked at
200°C for 1 h in air. PM6, Y6, ITIC, and PC71BM were
dissolved in chloroform with different mass ratios. The
mass concentration of the polymer was kept at 7 g=L.
Chloronaphthalene (0.8%) was added to optimize the phase
separation. The blend solutions were then spin-coated onto
the ZnO layer at an optimized speed of 2400 r/min, obtaining
the thickness of ∼100 nm, and were subsequently annealed at
50°C for 10 min. Finally, a 10 nm thick MoOx layer was de-
posited as the anode interlayer by thermal evaporation under
less than 5 × 10−5 Pa, followed by deposition of 80 nm of
Ag as the top electrode.

For large-area module fabrication, the modules were
fabricated with a similar architecture to the small-area OSCs.
The patterned ITO-coated glass substrates (6 cm × 6 cm
with P1 scribe) were spin-coated with a ZnO precursor solu-
tion at 3000 r/min and baked at 200°C for 1 h in air. The
quaternary blend solution (PM6∶Y6∶ITIC∶PC71BM �
1∶1.15∶0.05∶0.2) was prepared with a polymer weight concen-
tration of 9 g=L. Chloronaphthalene (0.8%) was added as ad-
ditive. The quaternary solution was spin-coated on the ZnO
layer at 5000 r/min in N2 atmosphere, and the films were sub-
sequently thermally annealed at 50°C for 10min. Then a 10 nm
thickMoOx layer was deposited as the anode interlayer by ther-
mal evaporation under less than 5 × 10−5 Pa. Finally, 80 nm of
Ag was thermally evaporated under less than 5 × 10−5 Pa. The
series connection is realized with the typical P1-P3 laser

(532 nm, 10 ns) patterning method, as shown later in this paper,
and the geometrical filling factor is 95.5%.

C. Characterization
The density-voltage (J-V) curves were measured by a Keithley
2400 source meter under AM 1.5 G light (100 mW⋅ cm−2)
from an SAN-EI electric solar simulator. The light intensity
was calibrated using a standard silicon solar cell. The typical
small-device area of 0.063 cm2 is defined by a shadow mask.
For the large-area module, the total illumination area is
19.34 cm2, and the external quantum efficiency (EQE) was
recorded by QE-R from Enli Technology. The UV-vis absorp-
tion spectra were measured by a Agilent Carry 5000 UV-vis
spectrometer. Atomic force microscopy (AFM) images of
the sample surfaces were obtained on a Cypher S atomic force
microscope.

3. RESULTS AND DISCUSSION

Figure 1(a) depicts the chemical structures of the four photo-
voltaic materials. The UV-vis absorption spectra of neat PM6,
Y6, ITIC, and PC71BM films are displayed in Fig. 1(b), cover-
ing the absorption range of 500–900 nm in the solar spectrum.
The OSCs with an inverted structure of ITO/ZnO/active
layer∕MoOx∕Ag were fabricated to evaluate the photovoltaic
performance of the multiple devices, where the active layer con-
sists of PM6, Y6, ITIC, and PC71BM with different mass ra-
tios. The current density-voltage (J-V) curves of the multiple
OSCs under illumination of AM 1.5 G (100 mW⋅ cm−2)
are shown in Fig. 1(c), and the detailed photovoltaic parameters
are summarized in Table 1. A champion PCE of 16.71%
was achieved in the quaternary device (PM6:Y6:ITIC:
PC71BM � 1∶1.15∶0.05∶0.2), which was significantly higher
than those in the binary (15.47%) and the ternary ones
(16.29%). Based on the binary PM6:Y6 system, PC71BM
was added as the third component, leading to large increase
of JSC and FF. The significant improvement in photovoltaic
performance benefits from the more balanced charge transport,
which is caused by the excellent electron mobility of the ful-
lerene [33,34]. Then ITIC was added as the fourth component
to optimize the photovoltaic parameters of the quaternary de-
vices. Notably, the V OC of the quaternary devices can be ad-
justed near linearly by the increase of ITIC content. With the
appropriate addition of the ITIC component, the PCE is fur-
ther enhanced to 16.71% with JSC and FF slightly increased to
25.63 mA⋅ cm−2 and 76.22%, respectively. The EQE curves of
the multiple OSCs are illustrated in Fig. 1(d). The optimal
quaternary device exhibits a higher integrated JSC of
24.50 mA⋅ cm−2 than the reference values of the corresponding
binary and ternary devices, which matches well with the JSC
values calculated from the J-V curves.

To investigate the surface morphology of the active layer
films, we performed the morphology characterization using
the AFM. As shown in Fig. 2, all the blend films exhibit uni-
form morphology with relatively low root-mean-square surface
roughness (Rq) values, showing the good miscibility among the
four components. The binary PM6:Y6 film possesses an Rq of
approximately 1.18 nm, and it is decreased to 0.83 nm after the
addition of the third component PC71BM. When adding an
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appropriate amount of the fourth component ITIC
(1:1.15:0.05:0.2), the Rq is further optimized as 0.79 nm.
The well-formed domain sizes and phase separation are benefi-
cial for charge separation, which is consistent with J-Vmeasure-
ment. As the ITIC content is further increased, the Rq starts to
increase instead, indicating a negative effect on the morphology
caused by excess ITIC content.

To evaluate the exciton dissociation and charge extraction
processes in the multiple OSCs, the photocurrent density
(Jph) versus the effective voltage (V eff ) was carried out, where
Jph and V eff were obtained by J light−Jdark and V 0−V bias, respec-
tively. The Jph−V eff curves of the multiple devices are shown in
Fig. 3. The Jph increases rapidly and eventually reaches a satu-
rated state, indicating the sufficient dissociation and collection
of the photogenerated charges. The Jph∕J sat values under

short-circuit current were calculated to evaluate the exciton dis-
sociation of the multiple devices, where the J sat corresponds
with the saturated photocurrent density at V eff � 2 V. As
summarized in Table 2, the optimal quaternary device
(1:1.15:0.05:0.2) exhibits the highest value of 0.961, which
is slightly higher than the corresponding binary (0.953) and
ternary devices (0.959), indicating more efficient exciton dis-
sociation and charge collection. The appropriate addition of
PC71BM and ITIC in the binary PM6:Y6 blend can provide
more donor/acceptor interfaces for favorable exciton dissocia-
tion and charge transport, leading to increased JSC in multiple
devices.

Based on the high performance of the quaternary OSCs,
we manufactured a large-area photovoltaic module
[Fig. 4(a)] with the optimal condition (1:1.15:0.05:0.2).

Table 1. Photovoltaic Parameters of the Multiple OSCs

PM6:Y6:ITIC:PC71BM V OC (V) J SC �mA⋅cm−2� J SC, EQE
a (mA⋅cm−2) FF (%) PCE (%)

1:1.4:0:0b 0.844� 0.005 24.48� 0.27 23.86 74.88� 0.63 15.47� 0.23
1:1.2:0:0.2 0.844� 0.005 25.44� 0.34 24.26 75.85� 0.31 16.29� 0.21
1:1.15:0.05:0.2 0.856� 0.011 25.63� 0.42 24.50 76.22� 1.18 16.71� 0.33
1:1.1:0.1:0.2 0.856� 0.011 25.46� 0.08 24.34 75.06� 1.25 16.35� 0.22
1:1:0.2:0.2 0.867� 0.011 24.57� 0.45 23.92 73.13� 0.61 15.57� 0.29
1:0.8:0.4:0.2 0.878� 0.011 23.95� 0.43 22.75 69.00� 0.48 14.51� 0.37
1:0.6:0.6:0.2 0.911� 0.005 22.33� 0.37 21.26 61.34� 0.25 12.48� 0.36
1:0.4:0.8:0.2 0.944� 0.010 20.04� 0.26 19.10 58.48� 1.32 11.07� 0.11
1:0.2:1:0.2 0.967� 0.011 17.04� 0.17 16.20 53.15� 0.89 8.76� 0.16
1:0:1.2:0.2 0.968� 0.011 13.52� 0.33 12.87 47.46� 0.48 6.20� 0.17

aThe integrated JSC calculated from the EQE curves of the multiple devices.
bThe multiple devices based on PM6:Y6:ITIC:PC71BM (area � 0.063 cm2). The average PCE values were obtained from over 20 devices.

Fig. 1. (a) Chemical structures and (b) normalized absorption spectra of PM6, Y6, ITIC, and PC71BM. (c) J-V curves and (d) EQE spectra of the
multiple OSCs.
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The monolithic module is designed and realized by series con-
nection of seven subcells. Laser engraving, known as the P1,
P2, P3 laser patterning method, is used to connect the anode
of one cell and the cathode of the subsequent cell. A realistic
image of the module is shown in Fig. 4(b). The total illumi-
nation area is 19.34 cm2, with geometrical filling factor of
95.5%. Figure 4(c) depicts the J-V curve of the large-area
module. A PCE of 13.25% was realized, with a V OC of
6.024 V, a JSC of 3.11 mA⋅ cm−2, and an FF of 70.7%.

It is noted here the efficiency is calculated based on the total
illumination area, including both the photoactive area and
the inactive connecting area, as defined by a photomask. A
certified PCE of 12.36% was obtained, with a V OC of
6.06 V, a JSC of 3.07 mA⋅ cm−2, and an FF of 66.45%
(Appendix A, Fig. 5). The PCE is the highest value in the
inverted large-area module to date, and it is comparable to
the performance of the state-of-the-art conventional modules
(Table 3) [35–39]. The large-area photovoltaic module
can even charge a cellphone under an indoor LED lamp
[Fig. 4(d) and Visualization 1], revealing a promising
commercialization.

Fig. 3. Jph−V eff curves of the multiple OSCs.

Table 2. Photovoltaic Parameters Calculated from the
Jph−V eff Curves of the Multiple OSCs

PM6:Y6:ITIC:PC71BM
J sat

�mA⋅ cm−2�
J ph

�mA⋅ cm−2�
J ph∕J sat
(%)

1:1.4:0:0 25.68 24.48 95.3
1:1.2:0:0.2 26.53 25.44 95.9
1:1.15:0.05:0.2 26.67 25.63 96.1
1:1.1:0.1:0.2 26.62 25.46 95.6
1:1:0.2:0.2 25.83 24.57 95.1
1:0.8:0.4:0.2 25.27 23.95 94.8
1:0.6:0.6:0.2 23.93 22.33 93.3
1:0.4:0.8:0.2 21.82 20.04 91.8
1:0.2:1:0.2 18.74 17.04 90.9
1:0:1.2:0.2 15.66 13.52 86.3

Fig. 2. AFM height images and Rq values of the multiple OSCs. PM6:Y6:ITIC:PC71BM equals (a) 1:1.4:0:0, (b) 1:1.2:0:0.2,
(c) 1:1.15:0.05:0.2, (d) 1:1.1:0.1:0.2, (e) 1:0.6:0.6:0.2, and (f ) 1:0:1.2:0.2.
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4. CONCLUSION

In summary, we successfully fabricated a series of high-perfor-
mance multiple OSCs. Fullerene and NFA (namely, PC71BM
and ITIC) were sequentially added to the binary system to

optimize the photovoltaic properties of the multiple blend
films. With the strategy of integrating the advantages of multi-
ple components, an optimized PCE up to 16.71% was ob-
tained. Based on the exploration of quaternary devices, a

Fig. 4. (a) Device architecture, (b) realistic image, and (c) J-V curve of the large-area organic photovoltaic module. (d) The cellphone charged by
the large-area organic photovoltaic module (see Visualization 1).

Fig. 5. Independent certification result of the large-area module based on the PM6:Y6:ITIC:PC71BM (1:1.15:0.05:0.2) device from the
Shanghai Institute of Microsystem and Information Technology, Chinese Academy of Sciences, confirming a high PCE of 12.36%
(Certificate No. 19TR120402) (area � 19.34 cm2).

Table 3. Partial PCE Comparison of the Large-area Modules with Areas over 10 cm2 in Recent Years

Modules Configuration Area (cm2) PCE (%) Refs.

PTB7-Th:PCBM:COi8DFIC Inverted 30 8.6 [35]
TPD-3 F:IT-4 F Inverted 20.4 10.08 (certified) [36]
PBDB-T:ITIC Inverted 15 8.90 [37]
PM6:DTY6 Conventional 18 13.98 (certified) [38]
PM6:Y6 Conventional 11.52 11.86 [39]
PM6:Y6:ITIC:PC71BM Inverted 19.34 12.36 (certified)/13.25 (in house) This work
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large-area photovoltaic module was manufactured with a PCE
of 13.25% (certified as 12.36%). The excellent performance of
photovoltaic devices and large-area modules proves the synergy
of multiple components, paving a way to the commercial ap-
plication of the high-performance photovoltaic cells.

APPENDIX A

The main text presents the photovoltaic parameters of the
large-area module measured in house. Here shows the indepen-
dent certification result of the large-area module (Fig. 5). A cer-
tified PCE of 12.36% was obtained.
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