JJOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

High-Performance Ternary Organic Solar Cell Enabled by a Thick
Active Layer Containing a Liquid Crystalline Small Molecule Donor

Gulchuan Zhang, Kai Zhang, Qingwu Yin,” Xiao- -Fang _]1ang, Zaiyu Wang, Jingming Xin," Wei Ma,*

He Yan, Fei Huang,"" and Yong Cao’

"Institute of Polymer Optoelectronic Materials and Devices, State Key Laboratory of Luminescent Materials and Devices, South
China University of Technology, Guangzhou 510640, P. R. China

*State Key Laboratory for Mechanical Behavior of Materials, Xi'an Jiaotong University, Xi'an 710049, P. R. China

‘Department of Chemistry and Hong Kong Branch of Chinese National Engineering Research Center for Tissue Restoration and
Reconstruction, Hong Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong 999077, P. R. China

© Supporting Information

ABSTRACT: Ternary organic solar cells (OSCs) have attracted
much research attention in the past few years, as ternary organic
blends can broaden the absorption range of OSCs without the
use of complicated tandem cell structures. Despite their
broadened absorption range, the light harvesting capability of
ternary OSC:s is still limited because most ternary OSCs use thin
active layers of about 100 nm in thickness, which is not sufficient
to absorb all photons in their spectral range and may also cause
problems for future roll-to-roll mass production that requires
thick active layers. In this paper, we report a highly efficient
ternary OSC (11.40%) obtained by incorporating a nematic
liquid crystalline small molecule (named benzodithiophene
terthiophene rhodanine (BTR)) into a state-of-the-art PTB7-
Th:PC71BM binary system. The addition of BTR into PTB7-
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Th:PC71BM was found to improve the morphology of the blend film with decreased 7— stacking distance, enlarged coherence
length, and enhanced domain purity. This resulted in more efficient charge separation, faster charge transport, and less
bimolecular recombination, which, when combined, led to better device performance even with thick active layers. Our results
show that the introduction of highly crystalline small molecule donors into ternary OSCs is an effective means to enhance the
charge transport and thus increase the active layer thickness of ternary OSCs to make them more suitable for roll-to-roll

production than previous thinner devices.

B INTRODUCTION

Bulk heterojunction (BHJ) organic solar cells (OSCs) with
donor/acceptor bicontinuous interpenetrating networks have
drawn much research attention due to their advantages in
achieving lightweight, flexible, and low-cost devices."™
the past two decades, tremendous efforts have been made to
improve the power conversion efficiency (PCE) of OSCs via
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and acceptor materials,
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new processing methods,”
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the design of new donor
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interface engineering,
innovative device architectures.”> *° The OSC community
recently developed a new type of ternary OSC that was
designed to collect both high- and low- energy photons by
using three components in a single active layer.”’ " Because of
rapidly improving efficiencies of ternary OSCs, an increasing
amount of research effort has been directed toward these OSCs.
Many efficient ternary systems have been reported that have
improved the PCE to more than 10%, owing to various factors

such as alignment of the cascade energy level '™ the
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formation of alloys, improvement of morphology,

and increased mobility.*"**

However, current ternary OSCs are still quite limited in their
absorption strength (despite the broadened absorption)
because nearly all ternary OSCs have active layers of about
100 nm in thickness, which is not thick enough to absorb all
photons in the absorption range of the cell. For this reason, the
short-circuit current density (Jsc) of current ternary OSCs is
not fully optimized,”****** and roll-to-roll mass production of
such thin-film devices is also difficult.’"**™* It has been
theoretically predicted by Ratner et al. that thick-film ternary
OSCs will obtain higher PCEs than thin-film devices and can
achieve a PCE up to 14%.”°

increase the thickness of the ternary active layer without

Therefore, it is important to

sacrificing any device parameters such as the fill factor (FF).
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Figure 1. (a) Chemical structures, (b) energy levels diagram, and (c) normalized absorption spectra of PTB7-Th, BTR, and PC71BM.

Table 1. Photovoltaic Performances of OSCs Using Various Ratios of PTB7-Th:BTR:PC71BM Thin Active Layers Under AM
1.5G Irradiation (100 mW cm™2)

PTB7-Th:BTR:PC,,BM thickness [nm] VoclV] Jsc Ueed)” [mA cm™2] FF [%] PCE® [%] PCE, [%]
1:0:1.1 100 0.782 + 0.009 16.8 + 0.1 (15.96) 68.0 + 0.4 89 + 0.1 9.03
0.9:0.1:1.1 100 0.784 + 0.002 172 +£ 0.2 (16.47) 732 + 0.5 99 £ 0.1 10.09
0.8:0.2:1.1 100 0.783 + 0.002 17.1 + 0.1 (16.47) 753 £ 0.6 10.1 £ 0.1 10.18
0.75:0.25:1.1 100 0.782 + 0.001 17.1 £ 0.2 (16.50) 75.7 + 0.7 10.1 £ 0.1 10.16
0.7:0.3:1.1 100 0.775 + 0.001 16.8 + 0.1 (15.95) 74.6 + 04 9.7 + 0.01 9.75
0:1:1.1 110 0.886 + 0.007 105 + 02 (9.89) 73.6 + 0.7 68 +£02 697

“Statistical data obtained from 10 independent devices. bThe Jsc calculated from the EQE spectrum.
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Figure 2. (a) PCE and FF of OSCs with thin active layer versus various contents of BTR. (b) PCE and FF of OSCs with PTB7-Th:BTR:PC71BM
ratios of 1:0:1.1 and 0.75:0.25:1.1 versus active layer thickness. (c) J—V and (d) EQE curves of OSCs with PTB7-Th:BTR:PC71BM ratios of 1:0:1.1
and 0.75:0.25:1.1 with thin and thick active layers.
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Table 2. Photovoltaic Performance of OSCs Using Various Ratios of PTB7-Th:BTR:PC71BM Thick Active Layers Under AM

1.5G Irradiation (100 mW cm™2)

PTB7-Th:BTR:PC,,BM thickness [nm] Voc [V]
1:0:1.1 200 0.774 + 0.001
1:0:1.1 250 0.771 + 0.002
1:0:1.1 280 0.765 + 0.002
1:0:1.1 400 0.757 + 0.010
0.75:0.25:1.1 200 0.766 + 0.002
0.75:0.25:1.1 230 0.759 + 0.002
0.75:0.25:1.1 250 0.763 + 0.001
0.75:0.25:1.1 275 0.761 + 0.002
0.75:0.25:1.1 300 0.761 + 0.002
0.75:0.25:1.1 400 0.754 + 0.005
0:1:1.1 250 0.886 + 0.003
0.75:0.25:1.1¢ 250 0.751 + 0.004

Jse Uetea)” [mA em™] FF [%] PCE* [%] PCEy., [%]
17.0 + 0.1 55.7 + 1.0 74 + 0.1 7.45
17.8 + 0.2 (17.06) 50.6 + 0.9 69 = 0.1 7.07
167 £ 03 49.1 + 0.8 63 +£02 6.50
113 £ 12 40.7 + 0.8 3505 4.03
18.8 £ 0.2 703 + 0.2 10.1 £+ 0.1 10.19
19.8 + 0.1 68.3 + 0.5 102 + 0.1 10.34
20.0 + 0.2 (19.12) 674 + 0.6 103 £ 0.1 10.37
19.6 + 02 66.5 + 0.5 9.9 + 0.1 9.99
19.5 £ 02 65.7 + 0.6 9.7 £ 0.1 9.83
19.8 + 02 55.6 + 0.1 83 +0.1 8.37
13.8 + 0.1 (13.21) 748 + 12 92 + 0.1 9.21
21.4 + 0.2 (20.49) 70.0 + 0.4 113 + 0.1 11.40

“Statistical data obtained from 10 independent devices. bThe Jsc calculated from the EQE spectrum. “Use of an inverted device structure.

Here, we report a highly efficient thick-film ternary OSC via
the introduction of a nematic liquid crystalline small molecule
benzodithiophene terthiophene rhodanine (BTR)** into a host
binary system of poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-
benzo[1,2-b:4,5-b"]dithiophene-co-3-fluorothieno[3,4-b]-
thiophene-2-carboxylate] (PTB7-Th):[6,6]-phenyl C71 butyric
acid methyl ester (PC71BM). The chemical structures and
energy levels of PTB7-Th (M, = 85k, M,, = 263k, and PDI =
3.1), BTR, and PC71BM are shown in Figure lab. PTB7-Th
was selected because of its high device PCE when blended with
PC71BM.""~"” However, the optimal active layer thickness of
PTB7-Th:PC71BM devices was limited to approximately 100
nm, mainly due to the relatively low hole mobility of PTB7-Th,
which would cause poor charge extraction and severe charge
recombination in thick-film BHJ devices.”' > Therefore, the
high crystallinity small molecule BTR was chosen as the third
component with the expectation of increasing the mobility of
the PTB7-Th:PC71BM system. It was determined experimen-
tally that the addition of BTR into the PTB7-Th:PC71BM
system can decrease the m—r stacking distance, enlarge the
coherence length, and enhance the domain purity of the blend
film, thus significantly increasing the hole mobility of the
ternary active layer. This allowed the optimal active layer
thickness of the ternary OSCs to be increased to 250 nm. In
addition, the absorption of PTB7-Th was complemented by
BTR in the short wavelength region from 400 to 620 nm
(Figure 1c), thus broadening the absorption in the visible range
(300 to 800 nm) in the ternary blend films (Figure S1b). As a
result, significant enhancement of light harvesting was achieved.
With a conventional device structure, PCEs were drastically
improved from 7.07% (active layer thickness ~250 nm) and
9.03% (~100 nm) to 10.37% (~250 nm) and 10.16% (~100
nm), respectively, by the addition of 25% (w/w) BTR into
PTB7-Th:PC71BM. Furthermore, when using an inverted
device structure, the PCE of the optimized ternary system was
improved to 11.40% (~250 nm), which is, to the best of our
knowledge, one of the highest-efliciency ternary OSCs reported
to date. Unlike most reported high-performance (PCE > 10%)
OSCs with a thick active layer processed by hot spin-
coating,””'** this ternary system is the first reported high-
performance OSC with a thick active layer that can be
processed at room temperature and that can meet the needs of
future roll-to-roll production.
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B RESULTS AND DISCUSSION

Device Performance of OSCs. To investigate the effects of
introducing BTR into the PTB7-Th:PC71BM system, a
conventional device with a device structure of indium tin
oxide (ITO)/PEDOT:PSS/PTB7-Th:BTR:PC71BM/PFNBr/
Ag was used. The weight ratio of donors to PC71BM was kept
at 1:1.1 in this study. First, the active layer thickness was fixed
at about 100 nm. The photovoltaic performances of the binary
and ternary OSCs under AM 1.5 G illumination at 100 mW/
cm” are summarized in Table 1 and Figure 2a. It is worth
mentioning that the optimized volume fraction of 1,8-
diiodooctane (DIO) can be reduced from 3% (reported by
most works based on PTB7-Th:PC71BM)'"'*** to 0.5%
(Table S1) in ternary systems. Devices based on PTB7-
Th:PC71BM with both 0.5% and 3% DIO exhibited
comparable performance. However, to maintain a consistent
experimental condition with the ternary device, we mainly
investigate and discuss the device with 0.5% DIO. The PTB7-
Th:PC71BM control devices with 0.5% DIO exhibited a best
PCE of 9.03% with a Jsc of 16.87 mA cm™ an open-circuit
voltage (Voc) of 0.782 V, and an FF of 68.54%. Meanwhile, the
BTR:PC71BM devices showed a best PCE of 6.97% with a J¢
of 10.67 mA cm ™2, a V¢ of 0.886 V, and an FF of 73.94%. For
a ternary system with 10%, 20%, and 25% of BTR, the FF was
significantly enhanced from 68.54% to 73.76%, 75.42%, and
75.96%, respectively. The Jsc increased slightly from 16.87 mA
cm™ to 17.44 mA cm™?, 17.16 mA cm 7, and 17.08 mA cm™,
respectively. With the Vi, pinned at ~0.78 V, the PCEs
increased significantly from 9.03% to 10.09%, 10.15%, and
10.16%, respectively. When the BTR content was raised to
30%, although the FF was still maintained at 75.56%, the Jsc
and Vo slightly decreased to 16.87 mA cm™ and 0.775 V,
respectively, resulting in a final PCE of 9.75%. It is worth
noting that the V¢ values of the ternary OSCs were pinned to
the smaller Vo of the PTB7-Th:PC71BM binary system at
various BTR contents, which may be attributed to the fact that
the Voc of OSCs is mainly determined by the smallest
difference between the HOMO energy levels of donor materials
and the LUMO energy levels of acceptor materials, as reported
elsewhere.”**>® This differs from the observation reported in
some studies that the V¢ of the ternary OSCs was located
between the Vi of two binary OSCs due to the formation of
organic alloys,”"*” cocrystals,”® or a parallel-like BHJ.>”%
Therefore, in this study, the introduction of BTR into PTB7-
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Figure 3. (a) Photocurrent density (J,;) versus effective voltage (Vi) curves of OSCs with PTB7-Th:BTR:PC71BM ratios of 1:0:1.1 and
0.75:0.25:1.1 with thin and thick active layers. (b) SCLC hole mobility (~100 nm films) versus various contents of BTR.

Th:PC71BM may not form an alloy or cocrystals but may only
improve the morphology of the active layer.

To further study the possible effect of improving charge
transportation by incorporating BTR and to verify our
expectation of achieving a thick film device, optimized ternary
OSCs (25% BTR) with active layer thicknesses from 100 to
400 nm were fabricated. The results are summarized in Table 2
and Figure 2b. From Table 2, it can be found that the optimal
active layer thickness of ternary OSCs is about 250 nm. When
the thickness of the active layer was increased to 250 nm,
although the FF decreased from 75.96% (active layer thickness
of 100 nm) to 68.21% and the Vg slightly decreased from
0.782 to 0.763 V (the same phenomenon was reported in some
studies of a thick active layer),”** the Jsc significantly
increased from 17.08 mA cm™ to 19.92 mA cm™? thus
resulting in a higher PCE of 10.37%. As the thickness of the
active layers was further increased to 300 and 400 nm, the Jgc
slightly decreased to 19.67 mA cm™ and 19.87 mA cm™?
respectively, and the FF also decreased to 65.63% and 55.63%,
resulting in an acceptable drop in PCE of 9.83% and 8.37%,
respectively. For control devices, PTB7-Th:PC71BM devices
with a 250 nm-thick active layer showed a slight enhancement
in Jgc but a dramatic drop in FF to 50.90% compared with the
thin active layer devices, resulting in a poor PCE of 7.07%.
When the thickness of active layers was further increased to 400
nm, the Jsc and FF dramatically decreased to 12.73 mA cm™>
and 41.52%, respectively, resulting in a very poor PCE of
4.03%. The BTR:PC71BM device with a 250 nm-thick active
layer showed better performance than its comparable thin
active layer device and exhibited a PCE of 9.21%, which was
comparable with the data reported in the literature.”* To
summarize, by introducing 25% BTR into the PTB7-
Th:PC71BM binary system, efficient ternary OSCs with an
optimal active layer thickness of 250 nm were achieved,
resulting in improvement of the PCE by 14.8% and 46.7%
compared with PTB7-Th:PC71BM binary OSCs with 100 and
250 nm active layers, respectively. The performance of the
optimized ternary OSCs was further improved when an
inverted device structure’ was used (ITO/ZnO/PTB7-
Th:BTR:PC71BM/MOO3/Ag) with a best PCE of 11.40%
(Jsc = 21.66 mA cm™2, V¢ = 0.745 V, and FF = 70.6%). The
external quantum efficiency (EQE) curves of the binary and
ternary OSCs are shown in Figures 2d and S2b. The Jsc values
calculated from the EQE curves are also shown in Tables 1 and
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2, and these values were consistent with the measured Jg¢
values indicating an error of about or <5%. For devices with
100 nm active layers, the EQE values were enhanced in the
region from 450 to 600 nm with incorporation of BTR, were
slightly decreased in the region from 620 to 720 nm, and were
consistent with the absorption spectra (Figure S1b). Therefore,
compared to thin-film PTB7-Th:PC71BM binary system, it
only resulted in a slight enhancement in Jg¢ for thin-film ternary
systems, which can also be found in other reported ternary
systems.”***> When the thickness of the active layers was
increased to 250 nm, the EQE values for the ternary devices
showed significant increase over the whole wavelength range.
The large increase of EQE from 400 to 600 nm can be mainly
attributed to the complementary absorption of BTR. The
relatively small increase of EQE from 650 to 750 nm should be
attributed to thicker PTB7-Th. This suggests that both PTB7-
Th and BTR worked independently with PC71BM in ternary
devices and both contributed to the photocurrent.”>*” The
internal quantum efficiency (IQE) were measured to investigate
how efficient the devices were converting absorbed photons
into collected charges. In Figure S2c¢, IQE values of thin-film
(100 nm) ternary devices (25% BTR) were slightly higher than
thin-film (100 nm) PTB7-Th:PC71BM binary devices in the
region from 350 to 600 nm, which can be attributed to the
charge generation from the BTR:PC71BM “sub-cell”. When the
thickness of PTB7-Th:PC71BM binary film was increased to
250 nm, the IQE values decrease in the range of 500 to 750 nm,
which may be attributed to more bimolecular recombination
and less charge collection in thick-film devices. While in the
ternary system (25% BTR), when the thickness was increased
to 250 nm, the IQE values remain about the same in the long
wavelength region and show a slight increase in the short
wavelength region, which can be attributed the fact that BTR
can work well in thick-film devices. These data show that thick-
film ternary OSCs are even more efficient to convert absorbed
photons into collected charges than thin-film ternary OSCs. In
addition, the thick active layer can absorb more photons, and
these factors combined led to a much higher Jsc in thick-film
ternary OSCs.

Charge Generation, Separation, and Transport Prop-
erties. To gain more insight into the light absorption and
exciton dissociation processes, saturation current density UJat)
measurement and charge dissociation probabilities P(E, T)
analysis of the binary and ternary OSCs were carried out.

DOI: 10.1021/jacs.6b11991
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Figures 3a and S2d present curves of photocurrent density (J,,)
versus effective voltage (V) of the OSCs used in this study. ],
is defined as J,, = Ji — Jp, where J; and J;, are the light and dark
current density, respectively. Vg is defined as Vg =V, — V,,
where V, is the Voltage when J, is equal to zero, and V, is the
applied bias voltage.”” Tt is assumed that all of the photo-
generated excitons were dissociated into free charges and
collected by electrodes at high Vg (in this case, about 1.8 V).
Therefore, the J,, will only be limited by the total amount of
absorbed incident photons. The ], values for PTB7-
Th:PC71BM binary devices and ternary devices were 17.88
mA cm™? (0% BTR, 100 nm), 19.73 mA cm > (0% BTR, 250
nm), 18.10 mA cm > (10% BTR, 100 nm), 17.78 mA cm™>
(20% BTR, 100 nm), 17.77 mA cm > (25% BTR, 100 nm),
20.42 mA cm™* (25% BTR, 250 nm), and 17.10 mA cm™ (30%
of BTR, 100 nm), respectively. With the 100 nm active layer,
there was only slight enhancement of ], when 10% BTR was
incorporated into the PTB7-Th:PC71BM binary system, and
further increase of the BTR content led to a decrease in Jg,.
However, the ], of the ternary system (25% BTR) was
significantly enhanced when the active layer become thick (250
nm) and was 14.2% higher than that of the thin films in the
PTB7-Th:PC71BM binary system. This result proved our
original purpose of using a thick ternary blend film to greatly
enhance light harvesting to improve the Jsc of the ternary
OSCs. However, the Jg for the optimized ternary system (25%
BTR) with thick active layer was enhanced by 18.1% compared
with that in the PTB7-Th:PC71BM binary system with thin
film, which was much higher than the J,, enhancement of
14.2%, indicating different P(E, T) for these devices. P(E, T) is
determined by normalizing J,;, with Ji. (Jyn/Js). Under the
short-circuit condition, the P(E, T) values are 96.6%, 97.2%,
96.8%, and 97.4% for ternary OSCs (active layer thickness of
about 100 nm) with 10%, 20%, 25%, and 30% BTR,
respectively. These values were higher than that of PTB7-
Th:PC71BM binary OSCs (94.3%, active layer thickness of
about 100 nm), indicating that the incorporation of BTR into
PTB7-Th:PC71BM was beneficial for the charge dissociation
process. Furthermore, the ternary OSCs (25% BTR, 250 nm)
still maintained a high P(E, T) of 97.8%, whereas the P(E, T) of
the PTB7-Th:PC71BM binary OSCs (250 nm) decreased to
89.3%. This result showed that the incorporation of BTR
helped to achieve efficient ternary OSCs with a thick active
layer by increasing light absorption and facilitating charge
dissociation. Figure S2e shows the PL emission spectra of pure
BTR and PTB7-Th films along with BTR:PTB7-Th blends of
different ratios. These PL emission results show that there is
negligible PL emissions from BTR for all the BTR:PTB7-Th
blends, while the increase of BTR weight ratio in the blends led
to a significant increase of the PL emission from PTB7-Th.
This result indicates that there is efficient energy transfer
occurring from BTR to PTB7-Th. For the ternary blends, the
excitons generated on BTR have two possible pathways to
generate charges. One is direct electron transfer to PC71BM,
and the other is energy transfer to PTB7-Th and then electron
transfer to PC71BM.

Because it was already reported that high mobility of the
charge carriers is required for high FF in BHJ OSCs, especially
for thick film devices,* the hole mobility of the binary and
ternary blend films was measured by using the space-charge-
limited current method with device structure ITO/PE-
DOT:PSS/binary or ternary blend films/MoO3/Ag to further
investigate the reason for the efficiency of these thick film
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ternary OSCs. The results are summarized in Figures S3 and 3b
and Table S2. The hole mobility in PTB7-Th:PC71BM and
BTR:PC71BM binary blend films with a thickness around 100
nmwas 122 X 102 cm®> V' s and 148 X 102 em® V! 57
respectively (comparable to the values reported in other
studies).”***>> When BTR was introduced into PTB7-
Th:PC71BM, the hole mobility significantly increased to a
very high value of 6.33 X 107> cm® V™' s™" with 25% BTR. The
increased hole mobility may contribute to the increased FF
obtained in the ternary OSCs. When the content of BTR was
further increased to 30%, the hole mobility decreased slightly to
6.06 X 107> cm* V™' s7. Tt has been noted that the hole
mobility of the ternary blend films was higher than that in both
binary blend films, as was also reported previously.’***® We
attributed this phenomenon to the improvement in morphol-
ogy achieved by adding the highly crystalline small molecule
BTR into PTB7-Th:PC71BM. Moreover, it should be noted
that the PTB7-Th:PC71BM binary and ternary blend films
were prepared from chlorobenzene solutions, whereas the
BTR:PC71BM blend films were prepared from chloroform
solutions to impede overcrystallization of the BTR to obtain a
good film with fine phase separation size, just like that reported
in other small molecular systems.g’él’é2 Therefore, blending of
BTR into PTB7-Th:PC71BM and fabrication from a
chlorobenzene solution can facilitate the BTR molecules to
arrange themselves well but not to overcrystallize. This may be
the reason why the high crystallinity BTR blended with
PC71BM exhibited a lower hole mobility than the ternary film.
Furthermore, the mobility of these two binary and ternary
blend films (25% BTR) with thickness of 240 to 250 nm was
also measured. A slight decrease in hole mobility from 6.33 X
1073 to 5.01 X 107 cm® V™' 57" was observed as the thickness
increased from 100 to 240 nm in the ternary blend films, but
almost no decrease was found in the BTR:PC71BM binary
blend films when the thickness increased from 140 to 250 nm,
as the hole mobility was maintained at 1.41 X 107> cm®* V™' s7.
However, in the case of the PTB7-Th:PC71BM binary blend
films, the hole mobility decreased more from 1.22 X 107 to
8.86 X 107* cm® V! s7". These results supported the variation
in FF of the OSCs mentioned above because the charge with
higher mobility will transport to the electrode more quickly,
thus reducing charge recombination®” and enhancing charge
extraction. This is also one reason that ternary OSCs and
BTR:PC71BM binary OSCs with a thicker active layer film
(250 nm) can achieve a higher PCE than the thinner ones, but
the PTB7-Th:PC71BM binary OSCs with thicker active layer
film had a worse PCE than the thinner ones.

Furthermore, a similar small molecule (DR3TSBDT) (Figure
S4) with lower hole mobility (~10™* cm? V™! s™!) and thinner
optimal active layer thickness in OSCs (~110 nm)®* was used
to replace BTR. The device (conventional structure) results
show that DR3TSBDT did not work as well as BTR in thick-
film ternary OSCs (Table S3). These results suggest that the
high hole mobility of liquid crystalline small molecule BTR** is
the main factor that enables the efficient thick-film ternary
OSCs.

Charge Recombination and Extraction Dynamics. In
addition to light absorption, exciton dissociation, and charge
transportation, the dependence of Jc at various light intensities
was also measured to investigate the recombination process in
the PTB7-Th:PC71BM binary and ternary devices. Quantita-
tively, Jsc follows a power-law dependence on light intensity
(Jsc o Phghts), where Py, is light intensity and S is the
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exponential factor.”>®" Generally, weak bimolecular recombi-
nation is suggested when Jsc shows a linear dependence on
Pyigp,e with the S value close to 1. As shown in Figures S5 and 4a,
the S values were very close to 1 for all devices with a thin
active layer, indicating that the bimolecular recombination was
very weak in these devices. However, the S values of the binary
devices decreased to 0.971 when the active layer thickness
increased to 250 nm, but for the ternary devices, the S value
decreased only slightly to 0.995. This result is easy to
understand because in a low charge mobility system, it takes
a long time for charges to transport to electrodes, which
increases the possibility of recombination. However, in the case
of a high charge mobility system, such recombination is largely
reduced.”

The charge extraction process was investigated by using
transient photocurrent measurements. As shown in Figure 4b,
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Figure 4. (a) Short-circuit density (Jsc) versus light intensity (Pyg)
and (b) transient photocurrent of OSCs with PTB7-
Th:BTR:PC71BM ratios of 1:0:1.1 and 0.75:0.25:1.1 with thin and
thick active layers.

the ternary devices (25% BTR) had a shorter charge extraction
time (0.14 us) than the PTB7-Th:PC71BM binary devices
(0.17 us) when the active layer thickness was about 100 nm. As
the active layer thickness increased to 250 nm, the charge
extraction time of the binary and ternary devices also increased.
However, the ternary devices still had a shorter charge
extraction time (0.23 ps) than that of the binary devices
(0.31 ps). This result was consistent with the mobility values
discussed above in that higher mobility resulted in a shorter
charge extraction time for the same active layer thickness. The
charge extraction time will increase as the active layer thickness
increases. The introduction of BTR into PTB7-Th:PC71BM
can increase the charge extraction rate and thus reduce charge
recombination, which is the major reason for higher the FF and
PCE in ternary devices.

Morphology Characterization. To study the influence of
BTR on the morphology of the films of the ternary blends,
atomic force microscopy (AFM) measurements and trans-
mission electron microscopy (TEM) were performed. As
shown in Figures 5 and S6, the thin PTB7-Th:PC71BM film
(100 nm) exhibited uniform morphology and a smooth surface
with a root-mean-square (RMS) roughness value of 0.91 nm,
whereas the thick PTB7-Th:PC71BM film (250 nm) showed a
rougher surface with a RMS value of 1.34 nm, possibly due to
phase aggregation. After adding 10%, 20%, and 25% BTR, the
ternary blend films still maintained a uniform morphology and
smooth surface with similar RMS values of 0.93, 1.09, and 0.93
nm, respectively. This may have resulted from the good
miscibility between PTB7 and BTR, as they both have a
benzodithiophene (BDT) unit in their molecule structures.
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Figure 5. (a—d) AFM height images and (e—h) TEM images for
PTB7-Th:BTR:PC71BM blend films with various BTR content and
specific thickness: (a, e) 1:0:1.1 100 nm; (b, ) 1:0:1.1 250 nm; (¢, g)
0.75:0.25:1.1 100 nm; and (d, h) 0.75:0.25:1.1 250 nm.

When the thickness of the ternary blend film with 25% BTR
was increased to 250 nm, the RMS value slightly increased to
0.98 nm but remained at the same level as the above-mentioned
ternary blend films. However, when the BTR content increased
to 30%, the ternary blend film showed a very rough surface with
obvious phase aggregation, and the RMS value increased
significantly to 3.13 nm due to the high crystallinity of the BTR,
which may be the main reason for the lower Jsc and PCE of the
resulting devices. From the TEM images, the ternary blend
films showed more obvious and better phase separation than
the PTB7-Th:PC71BM films, which can be Dbeneficial for
excitons separation and charge transportation. Furthermore,
fine dispersed fibrils could be clearly observed in the ternary
blend films when the content of BTR was increased to 25% and
30% (as also found in the BTR:PC71BM film), which provided
more high-speed channels for charge transportation.

Grazing incidence wide-angle X-ray scattering (GIWAXS)
was used to investigate the crystallinity and molecular packing
in the blend films with various BTR content. Figure 6a—f
displays the GIWAXS two-dimensional (2D) patterns of blend
films of two referential binary systems and ternary systems with
different additions of BTR up to 30% (corresponding 1D line-
cuts in the in-plane and out-of-plane directions are shown in
Figure 6g). In general, broad (100) lamellar peaks of PTB7-Th
at 0.30 A™! are observed in the binary and ternary systems, and
there was little change in peak location and intensity with the
addition of BTR except for a sharp (100) peak of BTR at 0.33
A" appearing when 30% BTR was added to the blend. This
tendency indicates that the addition of BTR to the system did
not improve the lamellar packing much. Nevertheless, the BTR
has a more noticeable influence on 7—x stacking. The PC71BM
diffraction peak is located at g values of about 1.32 A™' with
significant intensity in both the out-of-plane and in-plane
directions. The fitting patterns of 1D line cuts in the out-of-
plane direction is shown in Figure 6a’—f’, and the related
crystallinity parameters are summarized in Table 3. As BTR was
gradually added to the optimal ratio (25%), the PTB7-Th
(010) peak relating to m—n stacking in the out-of-plane
direction shifts to a higher q from 1.53 A™' to 1.67 A™" and
then shifts back with the addition of more BTR; in other words,
the blend film with 25% BTR has the most compact 7—7
stacking with d-spacing of around 3.77 A. This result
corresponds well to the slight bathochromic shift of absorption
peaks in the long wavelength observed in the absorption
spectra. Furthermore, the coherence lengths (Table 3) of the
binary blends and ternary blends with various contents were
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Figure 6. (a—f) GIWAXS 2D patterns for PTB7-Th:BTR:PC71BM blend films with various contents of BTR and 100 nm thickness, (g) 1D line-
cuts, and (a'—f') the fitting patterns of 1D line cuts in the out-of-plane direction.

Table 3. Related Data of GIWAXS and R-SoXS
Characterization for Various Ratios of PTB7-
Th:BTR:PC,;BM 100 nm Active Layer Films

71— stacking d-
peak location  spacing  coherence  domain
PTB7-Th:BTR:PC,;BM (A7) (A)  length (A) purity

1:0:1.1 1.53 4.11 16.51 0.53
0.9:0.1:1.1 1.62 3.88 21.52 0.69
0.8:0.2:1.1 1.65 3.81 22.59 0.70
0.75:0.25:1.1 1.67 3.77 34.78 0.75
0.7:0.3:1.1 1.66 3.78 22.16 0.72
0:1:1.1 1.66 3.78 53.34 1

estimated by the Scherrer equation.”> Among the ternary
systems, the ternary blend film with 25% BTR showed the
largest coherence length of 34.8 A, and it was also better than
that for the PTB7-Th:PC71BM binary system.

The decreased z—r stacking distance (d-spacing) and
enlarged coherence length are beneficial to charge transport
and the mitigation of bimolecular recombination,>**® which
correlate well with the hole mobility results discussed above.
Thus, the highest FF was obtained at the optimal BTR content.

Resonant soft X-ray scattering (R-S0XS) was also carried out
to detect the domain size (characteristic phase separation
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length scale) and relative average domain purity of the blend
films. Lorentz-corrected R-SoXS scattering profiles of different
BTR content blend films are shown in Figure 7. Log-normal
distribution fitting results (Figure S7) reveal that the PTB7-
Th:PC71BM binary and ternary blends with various BTR
content show a similar hierarchical morphology on three length
scales. The similar domain size can explain the small differences

—1:0:1.1_100nm
——0.9:0.1:1.1_100nm
1.1_100nm
——0.75:0.25:1.1_100nm
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—0:1:1.1_110nm
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Figure 7. R-SoXS scattering profiles of PTB7-Th:BTR:PC71BM blend
films with various content of BTR with 100 nm thickness.
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of Jsc between different ternary blend systems, as domain size
has a large effect on Joo.¥ Although the addition of BTR leads
to little change on the characteristic phase separation length
scale, the domain purity varies considerably. The relative
average domain purity (shown in Table 3) is estimated by
calculating the total scattering intensity through the integration
of the scattering profiles over the g range and taking film
thickness into account.”” The blend film of 25% BTR obtained
the highest domain purity among the ternary systems and was
also higher than the PTB7-Th:PC71BM binary system, which
could be another reason for its high mobility and FF.

It has been reported that some nucleating agents®**” can
induce the crystallization of conventional polymers such as
polypropylene. We speculate that BTR may play a similar role
as a nucleating agent to induce the arrangement, orientation, or
even crystallization of PTB7-Th, which result in decreased 7—7x
stacking distance, enlarged coherence length, and enhanced
domain purity in blend film. It can also be clearly observed in
TEM images that fine dispersed fibrils were produced when
25% of BTR is added into the PTB7-Th:PC71BM blend, which
may indicate the formation of more ordered polymer domains

Furthermore, BTR was introduced into a non-BDT polymer
system poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-
2-thienyl-2/,1’,3'-benzothiadiazole)] (PCDTBT)"’ (Figure
S8) to explore the general applicability of our approach. The
device (conventional structure) results (Table S4) show that
both thin-film (80 nm) and thick-film (250 nm)
PCDTBT:BTR:PC71BM ternary OSCs exhibited a higher
PCE than thin-film (80 nm) and thick-film (250 nm)
PCDTBT:PC71BM binary OSCs, respectively. Due to the
low hole mobility of PCDTBT (~107° cm* V' 5! to 10™* cm?
V= s71),”" when the thickness of PCDTBT:PC71BM binary
film increased from 80 to 250 nm, the devices’ PCE dropped a
lot, which only remain 66.6% of that with 80 nm. However, the
introduction of BTR mitigated the PCE loss caused by the
increased thickness, and the PCE still remained at 86.6% when
the thickness of PCDTBT:BTR:PC71BM ternary film
increased from 80 to 250 nm. Therefore, our approach is not
only applicable to BDT polymer system but also non-BDT
polymer system, which may have wide applications in ternary
OSCs.

B CONCLUSION

We have successfully developed a highly efficient ternary OSC
with thick active layer by introducing the highly crystalline
small molecule BTR into a PTB7-Th:PC71BM host blend.
This OSC could be a potential candidate for future roll-to-roll
mass production because of its thickness-insensitive perform-
ance and ability to be processed at room temperature.
Compared with binary systems, a higher PCE of 10.37% was
achieved for ternary OSCs with 25% (w/w) BTR content at the
250 nm-thick active layer, mainly because of improved light
harvesting, more eflicient charge separation, faster charge
transport, more efficient charge extraction resulting from higher
mobility, and optimized BHJ morphology. The PCE of the
optimized ternary OSCs was further improved to 11.40% when
using an inverted device structure. Therefore, our results
showed that the introduction of a highly crystalline small
molecular material into ternary OSCs is an efficient way to
achieve high-performance thick-film devices that can meet the
needs of future roll-to-roll production.
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