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The power conversion efficiency (PCE) of OFQx-T:PC71BMblend films reaches [32_TD$DIFF]7.59%. On this basis, ternary
organic [31_TD$DIFF]solar cells (OSCs) were fabricated with ITIC or PTB7-Th as the[30_TD$DIFF] third component. The ternary OSCs
with 50wt% ITIC in acceptors exhibits an enhanced efficiency, from [33_TD$DIFF]7.59% to 8.17%. Also, the PCE of ternary
OSCs with 50wt% PTB7-Th in donors achieves [34_TD$DIFF]8.72%, which is 13% higher than that of binary OSCs. The
PCE improvement of two ternary OSCs is mainly due to the increase of short-circuit current density (Jsc),
which can be attributed to the complementary absorption spectra and improved film morphology. This
work suggests that the selection of an appropriate third component plays a critical role in improving the
PCE of ternary OSCs.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.
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Because of various advantages, such as low cost, easy
fabrication, large area and flexibility [1–3], organic solar cells
(OSCs) have attracted numerous attentions and rapid progress has
been achieved after decades of development. The [35_TD$DIFF]power conver-
sion efficiency (PCE) of single bulk heterojunction (BHJ) has raised
to over [36_TD$DIFF]18% via materials innovation, device engineering and
interface processing [4–6]. Nevertheless, relatively narrow absorp-
tion spectra of binary OSCs still restricts the value of short-circuit
current density (Jsc) [7,8]. To make full use of the sunlight, the
tandem OSCs have been researched and fabricated [9,10]. Through
the complementary absorption of each active layer, tandem OSCs
can exhibit awide absorption spectrum in the visible-near infrared
region (vis-NIR) [11–13]. Chen and his colleagues reported tandem
OSCs with a record-breaking PCE of [37_TD$DIFF]17.3% with the absorption
onset of �1050 nm [9]. Unfortunately, the fabrication of tandem
OSCs based on solution processing requires complicated technical
processes, giving rise to low productivity and high costs, which
might hinder further industrial production of tandemOSCs [14,15].
On the contrary, the active layer of ternary OSCs is composed of
two donors and one acceptor, or one donor and two acceptors as a
-ch@163.com (G. Chen).
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blend to cover the solar spectrum in a broad wavelength range,
which makes the fabrication of ternary OSCs easier with a lower
cost [16].

It has been demonstrated that a wider absorption spectrum for
ternary OSCs is beneficial to reach higher Jsc [17]. However, the
photovoltaic performance of OSCs is simultaneously determined
by Jsc, open circuit voltage (Voc) and fill factor (FF), which is related
to the absorption spectrum, molecular energy level and morphol-
ogy of active layers [4,18,19]. The energy levels of threematerials in
ternary OSCs affect Voc via the establishment of cascade energy
level structures, which can eventually influence the charge
dissociation [20]. In addition, the film morphology can also have
a significant impact on charge transport and collection, which is
linked to FF for the device [21,22]. Unlike binary OSCs, ternaryOSCs
generally propose more complex morphology and more recombi-
nation centers, therefore, the compatibility of three materials is
particularly important for the morphology of active layers [23,24].
Therefore, the careful selection of materials is a prerequisite for
high performance ternary OSCs [25,26]. Additionally, to obtain the
maximum value of Voc, Jsc and FF, device engineering to fine film
morphology is essential [27,28]. Until now, research of ternary
OSCs has made great progress, and the reported efficiency
currently exceeding [38_TD$DIFF]17% [20,29].

Fromour previouswork, the PCE of binary OSCs based on OFQx-
T:PC71BM is [39_TD$DIFF]7.59% [30]. In this work, we selected a medium band
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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gap polymer donor PTB7-Th and amedium band gap non-fullerene
acceptor ITIC as the third component to prepare ternary OSCs to
improve the photovoltaic performance of OFQx-T:PC71BM blends.
The optimal PCE of two ternary OSCs reaches [40_TD$DIFF]8.17% and 8.72% with
ITIC and PTB7-Th as the third component, respectively. The
improvement of PCE is mostly ascribed to the enhanced Jsc,
resulting from the improved photon harvesting, more balanced
mobility and weaker bimolecular recombination.

The chemical structures of OFQx-T, PTB7-Th, ITIC, PC71BM are
illustrated in Fig. 1. Normalized ultraviolet-visible (UV–vis)
absorption spectra of neat OFQx-T, ITIC, PTB7-Th, PC71BM films
are shown in Fig. S1 (Supporting information). The normalized
absorption spectrum of blend films OFQx-T:PC71BM, OFQx-T:
PC71BM:ITIC and PTB7-Th: OFQx-T:PC71BM are shown in Fig. 2a.
The absorption onset (l

[41_TD$DIFF]onset) of OFQx-T, ITIC, PTB7-Th is 727 nm,
776 nm and 759 nm, respectively. From Fig. 2a, it is apparent that
addition of ITIC or PTB7-Th can effectively extend the absorption
spectrum of OFQx-T:PC71BM blend films.

The electrochemical properties of four materials were mea-
sured by cyclic voltammetry (CV), which are shown in Fig. S2
(Supporting information). The energy level diagrams of four
materials can be estimated by the corresponding onsets of
oxidation and reduction potentials. Fig. 2b shows the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) energy levels of these used materials in
the active layer. The detailed optical and electrochemical data are
listed in Tables S1 and S2 (Supporting information). In OFQx-T:
PC71BM:ITIC blend films, it is observed that the cascade energy
level structures are built during three contents, which provides
more charge transfer channels. Similar effects is anticipated for the
PTB7-Th:OFQx-T:PC71BM blend films.

The photovoltaic properties of binary and ternary OSCs were
investigated with the traditional structure of ITO/PEDOT:PSS/
active layer/ZrAcac/Al. And all OSCs were characterized under AM
1.5 G simulated solar light with an intensity of 100mW/cm2. The
current density-voltage (J-V) curves and optimal photovoltaic
parameters of binary and ternary OSCs are shown in Fig. 2c and
summarized in Table 1, respectively. And photovoltaic parameters
of binary and ternary OSCs with different conditions are listed in
Table S2. The PCE of binary OFQx-T:PC71BM (1:1.5) blend films is [42_TD$DIFF]
[(Fig._1)TD$FIG]

Fig. 1. The chemical structures of OFQx-T, PTB7-Th, ITIC, PC71BM.
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7.59%, with a Voc of 0.86 V, a Jsc of 12.26mA/cm2 and FF of [43_TD$DIFF]72%.With
the simple ternary strategy, the PCE of the as cast OSCs were [44_TD$DIFF]4.54%
and 4.15% by dopingwith 50wt% ITIC or 50wt% PTB7-Th. As seen in
Table S3 (Supporting information), we tried to adjust the
proportion of three components, the amount of 1,8-diiodooctane
(DIO) and thermal annealing to optimize the photovoltaic
characteristics of ternary OSCs. The content of solvent additive
DIO has a huge effect on the film forming process of active layers,
and finally affects the surface morphology of the blend films. By
optimizing the amount of DIO [31], Jsc of two ternary OSCs is
greatly improved. The OFQx-T:PC71BM:ITIC blend films reaches the
optimal PCE of [45_TD$DIFF]8.17%with a Voc of 0.89 V, Jsc of 14.35mA/cm2 and FF
of [46_TD$DIFF]64% by 1%DIO treatment. Similarly, optimal PCE of devices based
on PTB7-Th:OFQx-T:PC71BM is [47_TD$DIFF]8.72%, with a Voc of 0.82 V, Jsc of
14.77mA/cm2 and FF of [48_TD$DIFF]72% after 1% DIO treatment.

The external quantum efficiency (EQE) curves of the binary and
ternary OSCs are presented in Fig. 2d. Binary OSCs shows a strong
response in 300–750 nm, the addition of ITIC and PTB7-Th
broadens the photo response spectrum about 50 nm in the NIR
region. Compared with binary OSCs, the light absorption intensity
of ternary OSCs is greatly enhanced, and maximum EQE value of
PTB7-Th:OFQx-T:PC71BM blend films reaches [49_TD$DIFF]73%. The calculated
Jsc of binary OSCs based on OFQx-T:PC71BM of 11.90mA/cm2 is
enhanced to ternary OSCs of 13.90mA/cm2 for OFQx-T:PC71BM:
ITIC and 14.34mA/cm2 for PTB7-Th:OFQx-T:PC71BM respectively.
Compared with J-V curves, the calculated Jsc shows the error less
than 3%, proving the reliability of Jsc.

In order to investigate the charge recombination in binary and
ternary OSCs, wemeasured the current density (Jsc) as a function of
light intensity (Plight). The relationship of Jsc and Plight follows the
formula of Jsc/Plight

α, when exponential factor α approaches 1,
bimolecular type recombination in devices plays only a minor role
for energy losses [32]. As shown in Fig. 3a, the α value of OFQx-T:
PC71BM based devices is 0.94. The α of OFQx-T:PC71BM:ITIC and
PTB7-Th:OFQx-T:PC71BM ternary OSCs are 0.95 and 0.96, respec-
tively. This result demonstrates that two ternary OSCs have a
higher α compared to binary devices, indicating weaker bimolec-
ular recombination in ternary devices.

To further explore the charge generation and collection
efficiency in devices, we measured the variation curves of the
photocurrent density (Jph) with effective voltage (Veff), as shown in
Fig. 3b. Jph is described as JD-JL, where JD and JL is the current
densities under standard simulated dark and light conditions,
respectively. And Veff is considered to be in V0 -Vappl, in which V0 is
the voltage when JD = JL, and Vappl is the applied voltage in devices.
As is known, Jph will achieve a saturation valuewith the increase of
Veff, namely saturation current density (Jsat). The Jph/Jsat ratio
indicates the efficiency of charge dissociation and collection under
the maximum power output condition [33]. The Jph/Jsat ratio of
OFQx-T:PC71BM blend films is [50_TD$DIFF]89.58% at Veff = � 0.2 V. By contrast,
Jph/Jsat ratio of OFQx-T:PC71BM:ITIC and PTB7-Th:OFQx-T:PC71BM
blend films are [51_TD$DIFF]86.95% and 98.32%, respectively. Exciton dissocia-
tion and collection are not ideal in OFQx-T:PC71BM:ITIC blend
films, which reduces the FF. The devices based on PTB7-Th:OFQx-T:
PC71BM exhibit a higher exciton dissociation and collection
efficiency, resulting in higher Jsc.

The hole and electronmobility of binary and ternary OSCs were
investigated through space-charge limited current (SCLC) method
based on single carrier devices [34]. The device structure of the
hole-only and electron-only is ITO/PEDOT:PSS/active layer/Au and
ITO/ZnO/active layer/PDINO/Al, respectively. Figs. 3c and d show
the J1/2-V curves of binary and ternary OSCs. And detailed data for
electron mobility (me) and hole mobility (mh) are provided in
Table S4 (Supporting information). The me and mh of binary OSCs
are 1.69�10�4 cm2 V-1 s-1 and 1.09�10�4 cm2 V-1 s-1, with the
mobility ratio me/mh of 1.55. The OFQx-T:PC71BM:ITIC blend films
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Fig. 2. (a) Absorption spectrum of OFQx-T:PC71BM, OFQx-T:PC71BM:ITIC and PTB7-Th:OFQx-T:PC71BM blend films in thin film; (b) Energy level diagrams of OFQx-T, PTB7-Th,
ITIC, PC71BM; (c) J-V characteristics of binary and ternary OSCs under illumination of AM 1.5 G at 100mW/cm2; (d) EQE curves of binary and ternary OSCs.

Table 1
Photovoltaic parameters of binary and ternary OSCs with optimal conditions.

Active layera Ratio Voc (V) Jsc (mA/cm2) FF (%) PCE (max%)

OFQx-T:PC71BMb 1:1.5 0.86 12.26 72 7.59
OFQx-T:PC71BM:ITICb 1:0.75:0.75 0.89 14.35 64 8.17
OFQx-T:PTB7-Th:PC71BMb 0.5:0.5:1.5 0.82 14.77 72 8.72

a The total concentration is 20mg/mL.
b With 1% DIO as solvent additive.

[(Fig._3)TD$FIG]

Fig. 3. (a) Light intensity dependence of Jsc of the binary and ternary OSCs; (b) Jph -Veff characteristics of the binary and ternary OSCs; (c) The electronmobilities of binary and
ternary OSCs; (d) The hole mobilities of binary and ternary OSCs.
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show theme of 1.59�10�4 cm2 V-1 s-1,mh of 1.34�10�4 cm2 V-1 s-1

with me/mh of 1.19. And PTB7-Th:OFQx-T:PC71BM blend films
exhibit the me of 2.78� 10�4 cm2 V-1 s-1, mh of 2.06�10�4

cm2 V-1 s-1 with me/mh of 1.35. The ternary OSCs have a more
balanced mobility, which is beneficial for higher Jsc [35]. Moreover,
higher and more balanced mobility facilitates higher Jsc for PTB7-
Th-based ternary OSCs.
[(Fig._4)TD$FIG]

Fig. 4. (a-c) AFM images (5� 5 mm2) and (a'-c') TEM images of binary and ternary
OSCs. (a, a') OFQx-T:PC71BM blend films; (b, b') OFQx-T:PC71BM:ITIC blend films; (c,
c') PTB7-Th:OFQx-T:PC71BM blend films.
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We further considered the blends morphology of binary and
ternary OSCs through atomic force microscopy (AFM) and
transmission electron microscopy (TEM). The AFM and TEM
images are shown in Fig. 4. The root-mean-square (RMS) of
OFQx-T:PC71BM blend films is 5.14 nm. The RMS values of ternary
OSCs with ITIC and PTB7-Th are 18.90 nm and 2.33 nm, respec-
tively. It indicates that for OFQx-T:PC71BM blend films, PTB7-Th
with a smaller value has better compatibility. The effect of ITIC and
PTB7-Th on blends morphology can be observed from TEM images,
and the bright and dark zones are donor-rich and acceptor-rich
domain, respectively [36]. Fig. 4a' shows a good blending between
OFQx-T and PC71BM, resulting in OFQx-T:PC71BM minor phase
separation. Although small separation size is conducive to excitons
dissociation, it also limits the carrier transport to a certain extent.
As seen, two ternary OSCs blend films exhibit a proper phase
separation, especially a clear network structure was observed in
PTB7-Th:OFQx-T:PC71BM blends. It suggests that smooth surface
morphology and nanoscale network interpenetrating structure are
beneficial to efficient exciton dissociation and charge transport.
This work also illustrates the importance of a suitable third content
to device morphology.

In conclusion, ternary OSCs with ITIC or PTB7-Th as the third
component have been fabricated successfully. Compared with the
binary OSCs based on OFQx-T:PC71BM blends with efficiency of [52_TD$DIFF]
7.59%, PCE of ternary OSCs increases to 8.17% with 50wt% ITIC as a
complementary acceptor. Meanwhile, efficiency of the optimized
ternary OSCs with 50wt% PTB7-Th into donors can be enhanced to [53_TD$DIFF]

8.72% with a relative of 13% improvement. The additional
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absorption of the third component in ternary OSCs can enhance
light harvesting and Jsc. The third component can also give rise to a
more balance charge carrier mobility and weaker bimolecular
recombination, which can also contribute to higher Jsc. Moreover,
the PTB7-Th:OFQx-T:PC71BM blend films shows a clear network
interpenetrating structure, giving rise to [54_TD$DIFF]higher exciton dissocia-
tion and collection efficiency. This work suggests that ternary OSCs
with an appropriate third component can be useful to improve
device performance of binary donor-acceptor OSCs.
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