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nhancing the photovoltaic
parameters of ternary organic solar cells by
incorporating a fused ring electron acceptor†

Min Zhang,‡a Xiaoyuan Chen,‡b Lei Wang,b Xiong Dengb and Songting Tan *b

The ternary strategy has been recognized as an effective method to improve the photovoltaic performance

of organic solar cells (OSCs). In ternary OSCs, the complementary or broadened absorption spectrum,

optimized morphology, and enhanced photovoltaic performance could be obtained by selecting a third

rational component for the host system. In this work, a fused ring electron acceptor named BTMe-C8-

2F, which possesses a high-lying lowest unoccupied molecular orbital (LUMO) energy level and

a complementary absorption spectrum to PM6:Y6, was introduced to a PM6:Y6 binary system. The

ternary blend film PM6:Y6:BTMe-C8-2F showed high and more balanced charge mobilities, and low

charge recombination. Therefore, the OSC based on the PM6:Y6:BTMe-C8-2F (1 : 1.2 : 0.3, w/w/w) blend

film achieved the highest power conversion efficiency (PCE) of 17.68%, with an open-circuit voltage

(VOC) of 0.87 V, a short-circuit current (JSC) of 27.32 mA cm−2, and a fill factor (FF) of 74.05%, which are

much higher than the binary devices of PM6:Y6 (PCE = 15.86%) and PM6:BTMe-C8-2F (PCE = 11.98%).

This work provides more insight into the role of introducing a fused ring electron acceptor with a high-

lying LUMO energy level and complementary spectrum for simultaneously enhancing the VOC and JSC to

promote the performance of ternary OSCs.
1. Introduction

As an urgently needed supplementary energy in the near future
and the foundation of future energy structures, organic solar
cells (OSCs) have huge potential due to the advantages of
environmental protection, solution processing and low cost.1–5

With the innovation of donor and acceptor materials, the power
conversion efficiency (PCE) has been increasing constantly.6–10

In 2019, Zou et al. synthesized a novel molecule acceptor Y6,
which boosted the PCE to 15.7% when being matched with the
classic polymer donor PM6.11 Since then, a boost of the effi-
ciency has been triggered by the continuous innovation of the
molecular structure and the improvement of device
manufacturing.12–15

The ternary strategy, which has been proven to have multiple
virtues such as reduced energy loss and optimized morphology,
is considered to be an efficient way to promote photovoltaic
performance. In the strategy, a third component with
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a complementary absorption spectrum and suitable energy
level, is demanded and incorporated into the binary systems to
broaden the spectrum and improve the active layer
morphology,16–22 further enhancing the JSC23,24 and VOC.25

Generally, the third component is a donor26 or an acceptor27,28 to
fabricate OSCs with the active layers as D/A1/A2 or D1/D2/A,
respectively.29 However, an extra donor incorporated into the
binary system oen leads to absorption overlap.30 Then ternary
OSCs with D/A1/A2 active layer emerges gradually when an
acceptor with appropriate energy level and spectrum introduced
into a binary system.31–37 However, in some cases, a smaller
bandgap acceptor with a low-lying LUMO energy level is incor-
porated into the binary system to better cover the NIR region
and improve JSC, which oen leads to a reduced VOC. For
instance, a fused ring electron acceptor named IEICF-DMOT
incorporated as the guest acceptor into the PBDB-T:IEICO-4F
binary system, the obtained ternary device with the ratio of 1 :
1 : 0.1 showed a high PCE of 14.00% with a distinctly improved
JSC of 23.31 mA cm−2 but a reduced VOC of 0.86 V.38 Hence,
selecting an acceptor with complementary absorption and high-
lying LUMO level as the third component introduces to the
binary system will hopefully enhance the JSC and keep the VOC at
a high level.

During cyclization in the small molecule acceptor synthesis,
the isomerization usually generates by the multiple cyclization
reaction sites on the benzene ring, which will cause the uncer-
tainty of the molecular structure.39–41 In our previous work,42
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
a small molecule acceptor named BTMe-C8-2F with benzo[b]
benzo[4,5]thieno[2,3-d]thiophene (BTBT) unit as the core was
synthesized. The incorporation of the methyl group in the core
worked as the positioning group prevented the isomerization
and increased the cyclization yield effectively. Moreover, the
material possesses a high-lying LUMO level of −4.03 eV and
a suitable absorption in the range of 550–750 nm, which has
great potential in constructing ternary OSCs based on the binary
PM6:Y6. In this contribution, a series of ternary devices were
fabricated by introducing BTMe-C8-2F into the host PM6:Y6
system, which was expected to bring a higher JSC and VOC
simultaneously. When PM6:Y6:BTMe-C8-2F blended lm with
the ratio of 1 : 1.2 : 0.3 (w/w/w), the device showed an excellent
PCE of 17.68% with a signicantly enhanced a JSC of 27.32 mA
cm−2, a VOC of 0.87 V and a FF of 74.03%.
2. Results and discussion

The chemical structures of PM6, Y6, and BTMe-C8-2F are shown
in Fig. 1(a). The UV-vis absorption spectra of them in lms are
shown in Fig. 1(b), and the relevant parameters are shown in
Table 1. In the host system, PM6 shows strong absorption in the
range of 500–700 nmwith an absorption peak at 617 nm, and Y6
shows strong absorption in the range of 700–900 nm with an
absorption peak at 834 nm. As the third component BTMe-C8-
2F, which exhibits the absorption in the range of 550–750 nm
with peaks at 622 and 681 nm, achieving complementary
absorption to the host materials. In addition, from the
absorption spectra with different contents of BTMe-C8-2F
shown in Fig. 1(c), the binary blend lm of PM6:BTMe-C8-2F
shows strong absorption in the range of 450–750 nm with two
distinct peaks at 625 and 674 nm, which are derived from the
absorption of PM6 and BTMe-C8-2F, respectively. In the binary
Fig. 1 (a) Molecular structures; (b) absorption spectra of PM6, Y6 and BT
with different weight ratios of BTMe-C8-2F; (d) energy levels of PM6, BT

© 2023 The Author(s). Published by the Royal Society of Chemistry
blend lm of PM6:Y6, a broad spectrum ranging from 450 to
900 nm is observed. The absorption peak in the long wavelength
(812 nm) is attributed to Y6, while the absorption peak in the
short wavelength (625 nm) assign to PM6. For the ternary lms,
the absorption spectra range from 450 nm to 900 nm. And with
the increase of BTMe-C8-2F, the spectra exhibit an enhanced
absorption in the medium wavelength range, which indicates
that the introduction of an appropriate amount of BTMe-C8-2F
could effectively complement the absorption spectrum.

The LUMO andHOMO of PM6,43 BTMe-C8-2F and Y6 (ref. 11)
are shown in Fig. 1(d). And more detailed parameters were lis-
ted in Table 1. The third component BTMe-C8-2F shows the
intermediate LUMO level and the lowest HOMO level in three
materials. Generally, the energy level offset between the HOMO
and LUMO determines the dissociation of photoexcited charges
at the D–A interface. However, since the not very discreet energy
levels44 and the existence of energetic disorder,45 it is difficult to
predict the energetic landscape. To understand the charge
transfer between the donor and acceptors, photoluminescence
(PL) spectra were performed. As shown in Fig. S1,† when excited
at 560 nm, the pure lm of PM6 shows a relatively strong
emission peak, but when PM6mixed with Y6 (binary) or with Y6
and BTMe-C8-2F (ternary), the emission peak intensity signi-
cantly reduced, suggesting that the donor has an effective
charge transfer to the acceptors. To further explore the charge
transfer between BTMe-C8-2F and Y6, PL spectra measured with
an excitation wavelength of 623 nm. As shown in Fig. S2,†
BTMe-C8-2F pure lm shows a uorescence peak at 724 nm.
When BTMe-C8-2F and Y6 mixed at 0.7 : 0.3 (w/w), the uores-
cence peak red-shis to 829 nm with a quenching efficiency of
about 68%. And the uorescence peak almost disappeared and
the quenching efficiency reached 93% when the content of Y6
Me-C8-2F in films; (c) absorption spectra of binary and ternary blends
Me-C8-2F and Y6.

RSC Adv., 2023, 13, 17354–17361 | 17355
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Table 1 Photophysical and electrochemical properties of donor and acceptors

Material
lsolmax

(nm)
llmmax

(nm)
ledge
(nm) Eoptg

a (eV) HOMO (eV) LUMO (eV) Eecg
b (eV)

PM6 — 617 655 1.89 −5.45 −3.65 1.80
Y6 — 834 931 1.33 −5.65 −4.10 1.55
BTMe-C8-2F 666 681 746 1.66 −5.70 −4.03 1.67

a Eoptg = 1240/lf,onset.
b Eecg = (ELUMO − EHOMO) (eV).
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increased to 70%. These results show that the excited electrons
are efficiently transferred from BTMe-C8-2F to Y6.

The compatibility of the guest acceptor and host materials
was investigated by contact angle test. And the contact angles
(CA) of PM6, Y6, and BTMe-C8-2F pure lms with water and
ethylene glycol (EG) were measured and shown in Fig. 2 and
Table S1.† When water drops upon the pure lms, the contact
angles of PM6, Y6 and BTMe-C8-2F pure lms are 100.50°,
91.25° and 92.50°, respectively. When EG drops upon the pure
lms, the contact angles of PM6, Y6 and BTMe-C8-2F pure lms
are 70.25°, 65.50° and 66.00°, respectively. Therefore, according
to Owens–Wendt–Kaelble's model,46 the surface energy of PM6,
Y6 and BTMe-C8-2F pure lms are calculated as 30.82, 26.89
and 27.37 mN m−1, respectively. Then the Flory–Huggins
interaction parameters (c), which can reect the miscibility of
the two materials, could be further obtained. Generally, the
smaller the c value, the better miscibility of the materials.47,48 As
a result, the c values for PM6:Y6 and PM6:BTMe-C8-2F are
assessed as 0.134 K and 0.102 K, respectively. And the corre-
sponding parameter of Y6:BTMe-C8-2F is only 0.002 K. The
relatively small c of the blend lm suggests that Y6 and BTMe-
C8-2F could form a well-mixed acceptor phase in the ternary
blend lms, which would facilitated the separation and trans-
portation of the charges.49

To further explore the compatibility of BTMe-C8-2F and Y6,
the differential scanning calorimetry (DSC) was used to perform
for the melting and crystallization behaviors (Fig. S3†). For the
neat Y6, a phase transformation peak at 257.5 °C (DH = 4.05 J
g−1) and a melting peak at 299.8 °C (DH = 23.7 J g−1) are
observed in the heating process. And a weak crystallization peak
at 204.9 °C (DH= 3.5 J g−1) also appeared in the cooling process.
In terms of BTMe-C8-2F, there are no signicant signals of
Fig. 2 The images of water and EG drops upon PM6, Y6 and BTMe-C8

17356 | RSC Adv., 2023, 13, 17354–17361
melting and crystallization points, which suggest the low crys-
tallinity. While for Y6:BTMe-C8-2F blend, the melting point
move to the lower temperature of 296.0 °C (DH = 17.2 J g−1),
which indicates the excellent miscibility and a well-mixed
acceptor phase of BTMe-C8-2F and Y6 is formed.50

The morphologies of the ternary blend lm with the ratio of
1 : 1.2 : 0.2, 1 : 1.2 : 0.3, 1 : 1.2 : 0.4 were analyzed by atomic force
microscopy (AFM).51–53 As shown in Fig. 3, all ternary blend lms
display smooth surfaces with the root mean square (RMS)
roughness values are 1.44 nm for 1 : 1.2 : 0.2, 1.31 nm for 1 : 1.2 :
0.3, and 1.25 nm for 1 : 1.2 : 0.4. The small RMS roughness
values (<2 nm) of them suggest the excellent compatibility
among the donor and acceptors, which conform to the result of
the contact angle test. While in the image of the ternary blend
lm with the ratio of 1 : 1.2 : 0.3, a clear and well-proportioned
bicontinuous nanophase separation could be observed, which
indicates an efficient charge transport could occur.

Grazing incidence wide-angle X-ray scattering (GIWAXS) was
used to explore the molecular orientation and packing of the
blend lms.54 The 2D diagrams and the proles and the more
detailed data of 1 : 1.2 : 0.2, 1 : 1.2 : 0.3 and 1 : 1.2 : 0.4 are dis-
played in Fig. 4 and Table S2,† respectively. Referring to the
result of the binary PM6:Y6 (ref. 11) blend lm, since to the p–p
stacking of Y6 and the lamellar stacking of PM6 and Y6, a face-
on orientation with (010) peak at 1.76 Å−1 (d = 3.57 Å) and
a (100) peak at 0.297 Å−1 (d = 21.09 Å) is formed in the out of
plane (OOP) and in-plane (IP) direction, respectively. And the
other binary lm of PM6:BTMe-C8-2F42 also preferred to form
a face-on orientation with a (010) peak at 1.79 Å−1 (d = 3.5 Å)
and a (100) peak at 0.32 Å−1 (d = 19.6 Å) in the OOP and IP
direction, respectively. As for the ternary blend lms, strong
(010) peaks in the OOP direction at 1.80, 1.76, and 1.78 Å−1 can
-2F pure films.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 AFM height and phase images of (a and d) 1 : 1.2 : 0.2, (b and e) 1 : 1.2 : 0.3, and (c and f) 1 : 1.2 : 0.4 for PM6:Y6:BTMe-C8-2F blend films.
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be seen in the lm of 1 : 1.2 : 0.2, 1 : 1.2 : 0.3 and 1 : 1.2 : 0.4,
respectively, with the p–p stacking distances are 3.50, 3.57 and
3.53 Å. At the same time, the distinct (100) peaks in the IP
Fig. 4 2D GIWAXS images of (a) 1 : 1.2 : 0.2, (b) 1 : 1.2 : 0.3, (c) 1 : 1.2 : 0.4

© 2023 The Author(s). Published by the Royal Society of Chemistry
direction at 0.305, 0.295 and 0.295 Å−1, also can be observed
with the packing distances are 20.6, 21.3 and 21.3 Å, respec-
tively. These results indicate that all ternary blend lms tend to
blend films; (d) the OOP profiles and (e) the IP profiles of the thin films.

RSC Adv., 2023, 13, 17354–17361 | 17357
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form themolecular orientation of face-on, which is conducive to
the transport of charge carriers. In addition, the crystalline
coherent length (CCL) of 1 : 1.2 : 0.2 is 25.45 Å for the (010) peak
and 74.83 Å for the (100) peak. And the corresponding values of
1 : 1.2 : 0.4 is 24.62 Å for the (010) peak and 72.69 Å for the (100)
peak. It is notable that the blend lm of 1 : 1.2 : 0.3 exhibit the
largest CCL with a value of 25.93 Å for the (010) peak and 78.24 Å
for the (100) peak, possessing the stronger and more orderly
molecular packing and orientation. This result could contribute
to a superior JSC, FF and PCE in the corresponding devices.

To explore the effect of BTMe-C8-2F on the photovoltaic
performances of devices, a series of devices were manufactured
using the conventional structure of ITO/PEDOT:PSS/active
layer/PFN-Br/Ag with an active area of 0.038 cm−2. The J–V
curves for the optimized devices are shown in Fig. 5(a), and the
detailed performances are shown in Table 2. According to the
optimal conditions of the inverted binary device,42 the conven-
tional binary devices based on PM6:BTMe-C8-2F (1 : 1, w/w)
were also manufactured. However, a relatively inferior PCE of
11.98% was obtained with a preferable FF of 71.93% but
a slightly lower VOC (0.96 V) and JSC (17.34 mA cm−2) than that of
the inverted binary device.42 For the binary PM6:Y6 (1 : 1.2, w/w)
based device, a maximum PCE of 15.86% (JSC = 26.07 mA cm−2,
VOC = 0.84 V, FF = 72.76%) was achieved with the post-
processing of the addition of 0.5% (v/v) 1-CN and thermal
annealing (TA) treatment at 100 °C for 10 minutes. Under the
same condition, the ternary OSCs were prepared with PM6:Y6
kept at 1 : 1.2 (w/w). By introducing different ratios of BTMe-C8-
2F into the active layer, the ternary devices show different
Fig. 5 (a) J–V curves of the devices; (b) histogram of the efficiency with
dependence of VOC on the Plight for devices; (e) dependence of JSC on the
of BTMe-C8-2F.

17358 | RSC Adv., 2023, 13, 17354–17361
photovoltaic performances. With the content of BTMe-C8-2F
gradually increase in the ternary system, the VOC enhanced
accordingly from 0.84 V to 0.88 V, which illustrates that the
guest acceptor with higher LUMO will increase the VOC of the
ternary device. The tunable VOC of the devices also suggests that
the two acceptors tended to form a homogenous mixed-phase
with a gradually elevated LUMO energy level dependent on
the BTMe-C8-2F content. At the same time, the JSC also
improved from 26.07 mA cm−2 to 27.32 mA cm−2 with the ratio
of 1 : 1.2 : 0 increasing to 1 : 1.2 : 0.3, which can ascribe to the
enhancement absorption in medium wavelength by adding
BTMe-C8-2F to the system. And the parameter FF, which greatly
affected by the morphology and molecular accumulation,
exhibits the optimal value of 74.05% in 1 : 1.2 : 0.3 based blend
lm. Owing to the outstanding VOC, JSC and FF, the ternary
devices with the ratio of 1 : 1.2 : 0.3 displays an optimum PCE of
17.68%, with a VOC of 0.87 V, a JSC of 27.32 mA cm−2, and FF of
74.05%. In addition, the integrated photocurrent from the EQE
spectra (Fig. 5(c)) matches well the JSCs measured from the J–V
curves. All ternary devices present high response in the wave-
length of 300–900 nm. And the incorporation of BTMe-C8-2F
obviously increased the EQE spectra from the wavelength
range from 450–850 nm in comparison with the binary PM6:Y6,
which should do favor to the enhancement the JSC in the ternary
devices.

To better understand the differences in photovoltaic
performance, we evaluate the dependence of VOC, JSC on light
intensity (Plight),55–57 respectively, with the curves displayed in
Fig. 5(d) and (e). The relationship between VOC and light
different content of BTMe-C8-2F; (c) EQE spectra of the devices; (d)
Plight for devices; (f) histogram of chargemobility with different content

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Photovoltaic parameters of binary and ternary OSCs with different blend ratio

PM6 : Y6 : BTMe-C8-2F VOC (V) JSC (mA cm−2) FF (%) PCE (PCEavg
a) (%) Jcalc. (mA cm−2)

1 : 1.2 : 0 0.84 26.07 (25.86 � 0.67) 72.76 (72.45 � 0.40) 15.86 (15.70 � 0.20) 25.56
1 : 1.2 : 0.2 0.86 26.96 ((26.90 � 0.38) 73.53 (73.14 � 0.54) 17.00 (16.57 � 0.36) 26.07
1 : 1.2 : 0.3 0.87 27.32 (27.10 � 0.33) 74.05 (73.87 � 0.65) 17.68 (17.43 � 0.34) 26.51
1 : 1.2 : 0.4 0.88 27.00 (26.90 � 0.14) 73.76 (73.45 � 0.48) 17.48 (17.33 � 0.20) 26.21
1 : 0 : 1 0.96 17.34 (17.08 � 0.24) 71.93 (71.82 � 0.31) 11.98 (11.73 � 0.25) 17.07

a The PCEavg was calculated from 10 devices. The active area of devices is 0.038 cm−2.
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intensity is described as VOC f ln(P). And the slopes of the
tting lines based on the lms with the ratios of 1 : 1.2 : 0, 1 :
1.2 : 0.2, 1 : 1.2 : 0.3, 1 : 1.2 : 0.4, 1 : 0 : 1 is 1.24, 1.22, 1.12, 1.14
and 1.50KT/q, respectively. Therefore, the slightest slope of 1 :
1.2 : 0.3 based blend lm shows the lowest monomolecular
recombination. Synchronously, the dependence of JSC and light
intensity is described as JSC f Plight

a (Fig. 5(e)), where the
exponential factor a represents the extent of the bimolecular
recombination. When the a value is closer to 1, weaker bimo-
lecular recombination is manifested.58,59 Since the a values of
the devices of 1 : 1.2 : 0, 1 : 1.2 : 0.2, 1 : 1.2 : 0.3, 1 : 1.2 : 0.4, 1 : 0 :
1 is 0.990, 0.992, 0.997, 0.993 and 0.969, respectively, the
bimolecular recombination in 1 : 2 : 0.3 based lm is more
effectively suppressed, which is benecial to obtain the higher
JSC and FF.

To further understand the effect of the incorporated BTMe-
C8-2F on the charge transport properties, the charge transport
ability of blend lms was characterized by space-charge-limited
current (SCLC) method with the J0.5–V curves of hole-only and
electron-only devices are shown in Fig. S5.† The more detailed
data and the corresponding diagrammatic drawing are
provided in Table S3† and Fig. 5(f). In the binary system of
PM6:Y6, the hole mobility (mh) and electron mobility (me) are
6.52 × 10−4 cm2 V−1 s−1 and 5.52 × 10−4 cm2 V−1 s−1, respec-
tively, along with the mh/me ratio of 1.18. For the ternary system,
when the weight ratio is 1 : 1.2 : 0.2, the mh and me increased to
7.07 × 10−4 cm2 V−1 s−1 and 6.27 × 10−4 cm2 V−1 s−1, respec-
tively, with the mh/me ratio decreased to 1.13. And when the ratio
increased to 1 : 1.2 : 0.3, the mh and me sequentially raised to 9.62
× 10−4 cm2 V−1 s−1 and 9.20 × 10−4 cm2 V−1 s−1, respectively,
with the mh/me ratio continue to decrease to 1.04. And the mh and
me turn to inferior in the blend lm of 1 : 1.2 : 0.4. Therefore, the
electron and hole transport channels can be nely optimized.
The blend lm of 1 : 1.2 : 0.3, which exhibits the most appro-
priate phase separation, possesses the most elevated and more
balanced charge mobilities, which is benecial to obtain higher
JSC and FF.60

3. Conclusion

In conclusion, a fused ring electron acceptor BTMe-C8-2F was
incorporated into the PM6:Y6 (1 : 1.2, w/w) binary host system to
fabricate ternary OSCs. The complementary light absorption
and relatively high-lying LUMO energy level of BTMe-C8-2F are
benecial to enhancing the JSC and VOC of ternary OSCs.
Moreover, the blend lm with the ratio of 1 : 1.2 : 0.3 possesses
© 2023 The Author(s). Published by the Royal Society of Chemistry
weaker bimolecular recombination, better morphology, more
appropriate molecular stacking and higher charge mobilities.
Thus, compared with the binary OSCs based on PM6:Y6 (PCE =

15.86%, VOC = 0.84 V, JSC = 26.07 mA cm−2, and FF = 72.76%),
the ternary OSCs based on 1 : 1.2 : 0.3 exhibits the highest PCE
of 17.68% with synchronously improved JSC of 27.32 mA cm−2,
VOC of 0.87 V and FF of 74.05%. The results demonstrate that
ternary OSCs can simultaneously enhance the JSC, VOC and FF
values by introducing BTMe-C8-2F. This work provides a new
perspective on incorporating a fused ring electron acceptor to
tune the absorption spectrum and the molecular packing for
constructing high-performance ternary OSCs.
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