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ABSTRACT: In this study, we combined two small-molecule
donors—a diketopyrrolopyrrole-based small molecule (SMD)
and a benzodithiophene-based molecule (BDT6T)—with
[6,6]-phenyl-C¢;-butyric acid methyl ester (PC4BM) to
form ternary blend solar cells. The power conversion efficiency
of the binary SMD:PCyBM bulk heterojunction solar cell
improved from 4.57 to 6.28% after adding an appropriate
amount BDT6T as a guest. We attribute this 37% improve-
ment in device performance to the complementary absorption
behavior of BDT6T and SMD, as evidenced by the increase in
the short circuit current. After addition of BDT6T to form the
ternary blend, the crystallinity and morphology of the active
layer were enhanced. For example, the features observed in the
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ternary active layers were finer than those in the binary blends. This means that BDT6T as a third component in the ternary
blend has effective role on both the absorption and the morphology. In addition, adding BDT6T to form the ternary blend also
led to an increase in the open-circuit voltage. Our findings suggest that the preparation of such simple all-small-molecule ternary
blends can be an effective means of improving the efficiency of photovoltaic devices.
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B INTRODUCTION

Bulk heterojunction (BHJ) organic photovoltaics (OPVs) are
attractive for the production of electricity from solar energy
because of their flexibility, lightweight, and simple processability
over large areas at low cost. These features, together with the
sun as a sustainable source of clean energy, make OPVs among
the most promising devices for future energy needs."”
Typically, an OPV employs two organic semiconductors—
one a donor (polymer or small molecule) and the other an
acceptor (fullerene derivative)—that form what is known as a
binary BHJ blend system. The fundamental aspect of a BHJ
organic solar cell is its interconnecting bicontinuous nano-
morphology.” Small molecules have many advantages over their
polymeric counterparts, including high charge carrier mobilities,
higher crystallinity, and less batch-to-batch variation.”” Single-
junction polymer solar cells have achieved power conversion
efficiencies (PCEs) of up to 10%,” as have single-junction
small-molecule solar cells.” In a binary BHJ solar cell, the short-
circuit current density (J.) is related mainly to the photoactive
layer’s absorption profile, which is limited generally by the band
gap of the donor material. For that reason, and based on an
understanding of the structure—property relationships of the
organic donors, several new small molecules have been
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synthesized to broaden the absorption spectrum. This task
can be difficult because the organic donors often have
intrinsically narrow absorption widths. As a result, light
harvesting in binary organic solar cells is typically poorer than
that in devices based on efficient inorganic counterparts.
Accordingly, the highest PCE of a single-junction binary
organic solar cell has been limited to ~10%.°

Several strategies have been employed to expand the spectral
absorption range of organic active layers. For example, donors
with different band gaps and absorption behavior can be
coupled into tandem-architecture cells. The fabrication of
tandem-architecture cells is, however, challenging because
several parameters must be controlled, including the active
layer thickness in each subcell, the need for a robust
intermediate layer for eficient recombination, and the coupling
of complementary light absorption between the subcells.”"’
Ternary blend systems are also promising alternatives. They
combine the simplicity of fabricating single-junction active
layers with the broader absorption of tandem architectures.'" In
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Figure 1. (a) Chemical structures of SMD, BDT6T, and PCBM. (b) Energy levels of SMD, BDT6T, and PCBM. (c) UV—vis absorption spectra of

neat SMD, BDT6T, and PCBM thin films.

addition, ternary blends have a great variety of materials from
which to form the ternary active layer.'””~"" Successful ternary
blends have been formed from two polymer donors and a
fullerene acceptor,"””~"” one polymer donor and two fullerene
acceptors,'* ™" and a polymer donor, a fullerene acceptor, and a
small molecule.””** Mixing two small-molecule donors and a
fullerene acceptor to form all-small-molecule ternary devices,
the topic of this study, has been reported previously to form a
solar cell having a PCE of 1.70%.>"

The enhancements in PCE of ternary OPV devices can be
attributed mainly to the higher values of J,. arising from their
broader spectral responses.’ Nevertheless, tunable open-circuit
voltages (V,.) are also possible depending on the composition
of the ternary blend; thus, the value of V. can also be enhanced
in a ternary OPV device and not be pinned to the lowest value
dictated by the energy levels of its donor and acceptor
units.>>*¢ Combining the enhancement in ], with the
enhancement in V. can lead to reasonably high PCEs.
Optimization of the morphology of the active layer is another
critical parameter, because a nonideal nanomorphology can
result in strong bimolecular recombination. Adding a third
material to enhance the morphology of the active layer can be
an effective approach for controlling the morphology and,
thereby, enhancing device performance.”’~*

Herein, we report an efficient all-small-molecule ternary BHJ
solar cell featuring (2Z,2'E)-dioctyl 3,3'-(5",5""'-(4,8-bis(5-
octylthiophen-2-yl)benzo[ 1,2-b:5,4-b’ ]dithiophene-2,6-diyl ) bis-
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(3,4' 4" -trioctyl-[2,2": §',2'-terthiophene]-5”,5 diyl))bis(2-cya-
noacrylate) (BDT6T), a benzodithiophene-based small mole-
cule, as the guest donor in a binary system of a
diketopyrrolopyrrole-based small molecule 2,5-di-2-ethylhexyl-
3,6-bis-5"-n-hexyl-2,2",5',2" -terthiophen-S-yl-pyrrolo[3,4-c]-
pyrrole-1,4-dione (SMD) and [6,6]-phenyl-Cq,-butyric acid
methyl ester (PC;;BM). Relative to the binary SMD:PCy,BM
system, the ternary blend system exhibited simultaneous
enhancements in the values of ], V,, and the fill factor
(FF), leading to a PCE of 6.3% (a 37% improvement over that
provided by the binary blend) under optimized conditions. We
attribute this enhanced performance in part to the increase in
Js arising from the complementary absorption behavior of
BDT6T and SMD. In addition, the crystallinity and
morphology of the active layer were enhanced after the
addition of BDT6T to form the ternary blend. For example,
features in the ternary active layers were finer than those in the
binary blend. Adding BDT6T to form the ternary blend also
increased the value of V. suggesting the formation of an
organic alloy with energy levels for the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) that were based on their average composition.
In addition to measurements of device performance, we also
studied this ternary blend system using UV—vis absorption
spectroscopy, atomic force microscopy (AFM), grazing
incidence X-ray diffraction (GIXD), photoluminescence (PL),
and measurements of external quantum efficiency (EQE).
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Figure 2. (a, b) J—V photovoltaic characteristic of (a) devices based on the SMD:PCBM:BDT6T ternary blend (1:1:X), where X is 0, 0.1, 0.2, and
0.3 (devices postannealed at 100 °C) and (b) devices based on the SMD:PCBM:BDT6T ternary blend (1:1:0.2) that had been subjected to
postannealing at various temperatures. (c, d) Corresponding EQE spectra.

B EXPERIMENTAL SECTION

Materials and Solutions Preparation. The dialkylated diketo-
pyrrolopyrrole chromophore SMD (purity > 99%) was obtained from
Luminescence Technology (Lumtec). PC;;BM was purchased from
Solenne b.v. The conducting polymer poly(3,4-ethylenedioxythio-
phene)/polystyrenesulfonate (PEDOT:PSS) was obtained from
Clevios (PVP 4083). The solvent additive (3-chloropropyl)-
trimethoxysilane (CP3MS) was purchased from Alfa Aesar. Small
molecule donor BDT6T was prepared earlier by our group.’* A
solution of SMD and PC4xBM in 0.1% CP3MS-containing
chlorobenzene was heated at 70 °C in a glovebox. To form ternary
blends, different amounts of BDT6T were added to form ratios of
SMD/PCBM/BDT6T of 1:1:X, where X ranged from 0.1 to 0.3 in
weight.

Device Fabrication. Devices were fabricated on 0.1 cm?
prepatterned indium tin oxide (ITO)-coated glass substrates (sheet
resistance: 15 Q square™') with the conventional device structure
ITO/PEDOT:PSS (40 nm)/SMD:PCg,BM:BDT6T blend [1:1:X (w/
w); donor concentration of 10 mg mL™']/Al (100 nm). Prior to
device fabrication, the ITO-coated glass substrates were cleaned using
standard procedures, including sonication in detergent followed by
rinsing in deionized water, and then treated with UV/ozone for 15
min. The solution of PEDOT:PSS was passed through a 0.45 mm
syringe filter onto the clean substrates, which were then spin-coated
(4000 rpm) and annealed in air for 30 min at 130 °C. The active layer
was then spin-coated at various speeds for 60 s inside a glovebox filled
with N,. The optimum active layer thickness is 100 nm. Finally, the Al
cathode (100 nm) was deposited through thermal evaporation in a
vacuum chamber (7 X 107 Torr). Postannealing (annealing the full
device after Al electrode deposition) of the devices was performed at
various temperatures (75, 100, 125 °C) inside a glovebox filled with
N,. The configurations of the hole-only and electron-only devices were
ITO/PEDOT:PSS/small molecule:PC4;BM/V,04/Al and ITO/
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Cs,CO;/small molecule:PC4BM/Ca/Al, respectively. The electron
and hole motilities were determined by fitting the plots of the dark J—
V curves for single-carrier devices to the SCLC model.”

Device Characterization. Absorption spectra of the films were
measured using a Jacobs V670 UV—vis—NIR spectrophotometer. The
photovoltaic performance of each device was measured inside a
glovebox filled with N, under simulated AM 1.5 G illumination (100
W cm™) using a Xe lamp-based solar simulator (Thermal Oriel 1000
W). The light intensity was calibrated using a monosilicon photodiode
featuring a KG-S color filter (Hamamatsu). EQE spectra were
recorded using a QE-R apparatus (Enlitech) operated in AC mode.
The devices were encapsulated within a glovebox filled with N, prior
to removal for the EQE measurements. A Bruker Innova atomic force
microscope (Digital Instrument NS 3a controller equipped with a
D3100 stage) was used, in the tapping mode, to record the surface
morphologies of the active layers. XRD experiments were performed
using X-rays having a wavelength of 1.0252 A at the superconducting
wiggler beamline BL13Al of the National Synchrotron Radiation
Research Center, Taiwan. PL spectra were recorded using a
fluorescence spectrophotometer (F-4500, Hitachi, Tokyo, Japan)
with a Xe lamp operated at 150 W as the excitation source at an
excitation wavelength of 405 nm.

Bl RESULTS AND DISCUSSION

Figure la,)b presents the chemical structures and energy levels,
respectively, of the materials used in this study. SMD is the host
donor, and PCyBM is the acceptor. BDT6T is used as a third
component (guest donor) to form the ternary blend. The
HOMO levels of SMD and BDT6T are $5.35 and 5.3 eV
respectively, while LUMO levels of SMD and BDT6T have
been also reported to be 3.6 and 3.5 €V, respectively.'”*°
BDT6T was added at various amounts to the SMD:PC4,BM
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Table 1. Photovoltaic Characteristics of Ternary Blend Devices Prepared Using Different Amounts of BDT6T and Different

Post-Annealing Temperatures®

SMD:PCBM:BDT6T post. ann. temp [°C] Joe [mA cm™?]
1:1:0 100 12.31
1:1:0.1 100 12.26
1:1:0.2 100 13.00
1:1:0.3 100 12.04
1:1:0.2 RT 7.27
1:1:0.2 75 13.61
1:1:0.2 100 13.22
1:1:0.2 125 12.88

V,. [V] FF [%] PCE [%] R, [Q-cm?]
0.73 50.86 4.57 2.53
0.75 49.05 451 323
0.77 50.59 5.06 1.90
0.78 48.34 4.54 3.35
0.69 43.86 2.20 15.56
0.81 56.97 6.28 1.86
0.77 50.69 5.16 2.03
0.77 4828 4.85 498

“All devices were cast from chlorobenzene containing 0.1% CP3MS as a solvent additive. RT = room temperature.

binary blend. Herein, we refer to the SMD:PCBM:BDT6T
ternary blends in terms of their blend ratios (1:1:X). All
solutions were prepared in chlorobenzene containing 0.1%
CP3MS, following the approach we described in a previous
report.”” CP3MS as solvent additive was reported to have
positive effect on the morphology of SMD:PCBM binary
system, which can be noticed in PCE enhancement. Figure 1c
displays the absorption spectra of neat SMD, BDT6T, and
PCBM. All of these films were annealed at 75 °C for 10 min
inside a glovebox filled with N,. The spectrum of the neat SMD
film features a broad absorption over the entire visible spectrum
up to 800 nm, with four absorption peaks. The high-energy
absorption band at 416 nm represents the 7—7z* transitions in
both the diketopyrrolopyrrole (DPP) core and thiophene units.
For wavelengths in the region of 500—800 nm, three absorption
peaks are evident: at 594, 644, and 714 nm. We attribute the
former two to intramolecular charge transfer between the DPP
and oligothiophene units and the latter to transitions involving
an aggregate species arising from strong intermolecular
interactions.”® The spectrum of pure BDT6T features
absorptions in the range from 400 to 700 nm with a maximum
at 565 nm, complementing the absorption spectrum of SMD.
When combined with PCBM, the three components in the
single-junction active layer covered absorption spectrum from
300 to 800 nm.

We investigated the photovoltaic characteristics of
SMD:PCBM:BDT6T ternary blends prepared under different
fabrication conditions. In a previous study, we found that the
SMD:PCBM binary system provided a device exhibiting a PCE
of 4.55% when we prepared the active layer using CP3MS as a
solvent additive in conjunction with postannealing treatment.’”
We ascribed the enhancement in PCE to the improvements in
both the value of J. and the FF. For the SMD:PCBM binary
system postannealed at 100 °C for 10 min (no CP3MS additive
used), the PCE reached 3.5%. In this present study, we initially
examined the addition of BDT6T to form the ternary blend
having a blend ratio of (1:1:0.2). When we postannealed this
ternary active layer at 100 °C for 10 min (no CP3MS additive
used), we obtained a significant improvement in PCE (Figure
S1 and Table S1 in the Supporting Information)—from 3.5%
for the binary blend to 4.7% for the ternary blend—with
simultaneous enhancements in the values of ], V,, and the FF.
These promising results suggested that further improvements
might be possible when using CP3MS as an additive.

Figure 2a and Table 1 display the effect of adding BDT6T
into the binary blend to form SMD:PCBM:BDT6T ternary
blend systems at various ratios (1:1:X), where X was 0.1, 0.2, or
0.3 in weight. These ternary active layers were cast from
chlorobenzene containing 0.1% CP3MS as a solvent additive

and then postannealed at 100 °C for 10 min. The optimal
ternary blend ratio, where the values of J. and V.. were
enhanced significantly relative to those of the binary system,
was 1:1:0.2, and the PCE increased to 5.06% from a value of
4.57% for the binary blend system. One possible reason for the
increase in the value of J is the complementary absorption
behavior of BDT6T, which complements the missing part
absorption of SMD at wavelengths between 400 to 600 nm.
Interestingly, increasing the BDT6T ratio in the blend caused
the value of V. to increase. For the device prepared from the
SMD:PCBM binary blend system, we obtained a value of V. of
0.73 V (Table 1), consistent with literature reports.’”** Device
performance of the binary BDT6T:PCBM blend system is
shown in Figure S2 and Table S2, which is consistent with a
previous study where V. has value of 0.90 V.>* For the ternary
blend systems, the value of V_ reached its maximum of 0.78 V
at a blend ratio of 1:1:0.3. The open-circuit voltage is primarily
determined by the difference between the HOMO energy level
of the donor and the LUMO energy level of the acceptor. The
energy level diagram in Figure 1b shows HOMO levels of SMD
and BDT6T of 5.35 and 5.3 eV, respectively. With the LUMO
energy level of PCBM being ~3.9 eV, an interface gap of 1.4 eV
exists. Another interface gap of 1.6 eV also exists between the
HOMO of BDT6T and the LUMO of SMD. A wider energy
difference between the LUMO of the acceptor and the HOMO
of the donor at the BDT6T—SMD, BDT6T—PCBM, and
SMD—PCBM junctions would lead to an elevated open-circuit
voltage. Thompson39 revealed that the D/D and A/A
components in ternary donor/donor/acceptor (D/D/A) and
donor/acceptor/acceptor (D/A/A) composites, respectively,
form organic alloys featuring HOMO and LUMO energy levels
based on their average composition.”>*" Therefore, the charge
transfer state energy and, consequently, the value of V,_ of the
ternary blend changes as the ratio of either the donors or
acceptors is changed. This phenomenon allows higher values of
V.. in ternary D/D/A systems than are possible in binary D/A
systems. Thus, we conclude that the increases in the open-
circuit voltages in our ternary blends arose from improved
alignment of the energy levels between the frontier molecular
orbitals at the D/A and D/D interfaces. The FFs obtained
under these fabrication conditions changed slightly relative to
those of the binary blend system [Figure 2a]. Ultimately, the
PCE enhanced to 5.06% at a ternary blend ratio of 1:1:0.2,
compared with a value of 4.57% for the binary blend system.
For further optimization of the system at a ternary ratio of
1:1:0.2, we examined the effect of the postannealing temper-
ature (75, 100, or 125 °C). Figure 2b and Table 1 display the
photovoltaic characteristics of devices prepared using the
different postannealing conditions. Compared with the
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performances of the devices prepared without postannealing,
we observed significant enhancements in all of the device
parameters (J,, Voo FF) at all annealing temperatures. The
significant effects of postannealing on device performance have
been reported previously.*”** Employing the optimized blend
ratio, the ternary SMD:PCBM:BDT6T system (1:1:0.2)
provided its best device performance when the postannealing
temperature was 75 °C, achieving a PCE of 6.28% with a value
of J,. of 13.61 mA cm™2 a value of V,_ of 0.81 V, and an FF of
57%.

Figure 2c¢ displays the EQE measurements of devices
featuring different amounts of BDTG6T added to the
SMD:PCBM blend. Previous studies of the EQE spectra of
ternary blends have revealed either local enhancements
corresponding to the absorption of the guest material or
overall enhancements over the entire range of wavelengths.“”43
In this present study, we observed that the incorporation of
BDT6T into the SMD:PCBM blend increased the EQEs over
the region corresponding to the absorption of BDT6T (450—
650 nm). In addition, we noted improvements in the SMD
absorption region from 600 to 800 nm for the ternary blends at
ratios of 1:1:0.1 and 1:1:0.2, which is mainly attributed to the
enhanced SMD crystallinity. Thus, BDT6T effectively con-
tributed to the light harvesting of SMD to cover wavelengths
over the range from 300 to 800 nm. Increasing the amount of
BDT6T in the ternary blend significantly increased the amount
of light harvested up to a ternary blend ratio of 1:1:0.2, as
indicated in the EQE spectra. Further increasing the amount of
BDT6T in the ternary blend decreased in the EQE, especially
in the absorption range of SMD. The addition of BDT6T at the
optimal ratio (1:1:0.2) achieved an EQE of 69%, compared
with a value of 56% for the binary SMD:PCBM blend. Figure
2d displays the EQEs obtained for the optimal ternary blend
ratio of 1:1:0.2 after postannealing at various temperatures. It
confirms that one reason for the enhanced values of ] after the
addition of BDT6T was the greater light-harvesting ability of
the ternary blend. The enhanced EQE arising from the
contributions of both SMD and BDT6T in the ternary blend
can also be ascribed to the change in film composition. We can
approximately quantify the enhancement in the PCE that
resulted from enhanced light harvesting compared to the
improved morphology due to BDT6T addition. At 1:1:0.2
ternary blend ratio, the EQE enhancement in the range of
~700 nm is mainly attributed to the enhanced morphology.
Compared to the binary blends, the EQE enhancement
resulting from morphology change due to BDT6T addition
might be more than 50% of the full enhancement. Figure S3 in
the Supporting Information shows the internal quantum
efficiency (IQE) of devices with different amounts of BDT6T
added to the SMD:PCBM blend consistent with EQE.

The absorption spectra of blend films can provide
information regarding the molecular ordering of their
components. Figure 3a displays the effect of adding different
amounts of the small molecule BDT6T to the binary
SMD:PCBM blend. All of these films had been annealed at
75 °C for 10 min inside a glovebox filled with N,. In the
absence of BDT6T, mixing SMD with PCBM led to a slight
blue shift in the aggregate absorption band relative to that for
neat SMD (from 714 to 707 nm). Furthermore, the intensity of
this aggregate peak for neat SMD decreased after mixing with
PCBM, indicative of disruption of the donor packing after the
addition of fullerene molecules.’** Adding BDT6T to form
ternary blends led to significant enhancements in the peak
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Figure 3. UV—vis absorption spectra displaying the effects on the
absorptions of ternary blends after (a) adding BDT6T and (b)
applying different annealing temperatures.

intensities over the whole absorption spectrum. For the 1:1:0.1
ternary blend, we attribute the enhancement in the wavelength
region of 400—600 nm mainly to the complementary
absorption effect of the addition of BDT6T as a guest donor.
Interestingly, we observed clear enhancements in the main
absorption peaks of SMD at 594, 644, and 707 nm relative to
those of the active layers prepared without BDT6T, presumably
because of increased molecular ordering of the SMD donor
molecules after the addition of BDT6T. Increasing the amount
of BDT6T in the ternary blend increased the intensity of the
signals from SMD, suggesting that BDT6T induced the
crystallization of SMD. Although the absorption signals at
594, 644, and 707 nm become more prominent upon increasing
the content of BDT6T, increasing the amount of BDT6T
beyond 0.3 (w/w) slightly suppressed the peak at 707 nm, but
it remained more intense than that from thin films prepared
without BDT6T. This behavior suggests that well-ordered
SMD molecules formed through aggregation and crystalliza-
tion, due to intramolecular interactions with BDT6T. There-
fore, we suspect that the optimal amount of BDT6T facilitated
the crystallization of SMD in the ternary blend system.

Figure 3b displays the UV—vis spectra of active layers cast
from the ternary blend at a ratio of 1:1:0.2 that had been
subjected to annealing at temperatures of 75, 100, and 125 °C.
Upon increasing the annealing temperature, the vibronic peaks
of SMD become more prominent compared with those from
the nonannealed active layer, indicating a higher degree of
ordering in the donor phase."* The annealing temperature that
provided the most significant vibronic features was 75 °C.
Increasing or decreasing the annealing temperature from 75 °C
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dramatically affected the film’s crystallinity. Increasing the
amount of BDT6T had an effect on the crystallinity of films
(vibronic peaks) cast from the ternary blends that was similar to
that of increasing the annealing temperature. Both had optimal
conditions at which the molecular ordering of SMD was the
highest. By analogy, we can conclude that BDT6T acted as a
crystallizing agent in the ternary blend and successfully
modulated the crystallization of SMD domains. Thus,
BDT6T played two roles in the ternary blends: as a
complementary absorption component and as a crystallizing
agent. It is well-established that™ the value of J,. depends
strongly on the absorption intensity, derived from the
crystallinity, of the donor. The effect of BDT6T on the
crystallinity of SMD was clear from the UV—vis absorption
spectra in Figure 3. Accordingly, the enhanced crystallinity of
SMD induced upon the addition of BDT6T might be another
reason for the enhanced values of J,.. Combining these
observations with the device performance data, we can confirm
that BDT6T had a positive influence on not only the light-
harvesting capability but also the morphology and crystallinity
of the SMD domains in the ternary active layer.

We recorded PL spectra to examine the kinetic processes of
energy transfer and charge carrier transport in the ternary blend
films. Figure 4a presents the PL spectra of neat SMD and
BDT6T and of binary blend active layers of SMD:PCBM,
BDT6T:PCBM, and SMD:BDT6T under excitation at 405 nm.
The PL emission peaks appear at 750 and 825 nm for neat
SMD and at 724 nm for neat BDT6T. Because these PL
emissions of SMD and BDT6T overlap, Forster energy transfer
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Figure 4. PL spectra of (a) the neat donors and of active layers based
on binary blends and (b) for SMD:PCBM:BDT6T ternary blends
(1:1:X), where X = 0, 0.1, 0.2, and 0.3.
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is energetically favorable at the BDT6T—SMD interface.
Excitons generated in BDT6T diffuse efficiently to SMD
prior to diffusion to an interface with PCBM for dissociation. "’
The PL emissions of the pristine SMD and BDT6T films were
quenched significantly upon blending with PCBM. The same
significant quenching was noticed in the binary blend system of
BDT6T:PCBM. This highly efficient PL quenching might be
ascribed to the possible charge transfer pathway between
SMD:PCBM, BDT6T:PCBM, and SMD:BDT6T as well. For
the binary SMD and PCBM blend, the emission from SMD was
quenched primarily by PCBM. Adding BDT6T with different
ratios to form the ternary system caused the emission from
SMD in the SMD:PCBM mixture to become further quenched
as shown in Figure 4b. This observation suggests that almost all
the BDTOT excitons were efficiently transferred to SMD
molecules, confirming the existence of energy transfer from
BDT6T to SMD.*** The quenching in the ternary blends at
ratios of 1:1:0.2 and 1:1:0.3 was higher than that in the binary
system and 1:1:0.1 ternary blend. From these observations, we
conclude that incorporation of BDT6T decreased the PL of the
blend, suggesting that fewer excitons were quenched through
radiative recombination, leading to higher exciton diffusion
efficiency."” Thus, we can attribute the higher values of J,. and
FF observed after the addition of BDT6T not only to its
contribution to light harvesting but also to efficient exciton
diftusion. The energy transfer between SMD and BDT6T was
also confirmed by the J—V photovoltaic characteristic of
SMD:BDT6T shown in Figure S4 and Table S3. Clearly, the
blends of SMD:BDT6T also exhibit a photoresponse, due to
the ambipolarity of BDT6T. Even though its photocurrent is
low compared to binary or ternary devices, the ambipolarity of
BDT6T makes it possible to prepare multijunctions, thereby
increasing the interface for charge separation, leading to greater
photocurrents when mixed in the ternary blend.

We recorded AFM images (tapping mode) to further
investigate the effect of BDT6T on the morphologies of the
ternary active layers at various blend ratios. The binary active
layer of SMD:PCBM [Figure Sa] featured an inhomogeneous
distribution of large SMD domains. Adding BDT6T had a
significant influence on the morphology of the ternary active

Figure 5. AFM height images of active layers based on
SMD:PCBM:BDT6T ternary blends 1:1:X. (a) X = 0, (b) X = 0.1,
(¢) X=02,and (d) X = 0.3.
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layers. The ternary blend of 1:1:0.1 [Figure Sb] possessed
smaller, well-distributed SMD domains. Increasing the amount
of BDT6T in the ternary blend to 1:1:0.2 gave an active layer
[Figure Sc] exhibiting finer features relative to those in the
1:1:0.1 ternary blend. Further increasing the ratio of BDT6T in
the blend to 1:1:0.3 [Figure 5d] led to an increase in the
domain size relative to that of the 1:1:0.2 ternary blend, but it
remained smaller than that in the binary active layer. Significant
differences in the roughnesses of the active layers were evident
after incorporation of BDT6T in the blend. The ternary blends
at ratios of 1:1:0.1, 1:1:0.2, and 1:1:0.3 had roughnesses (rms)
of 1.8, 1.3, and 0.93 nm, respectively, that were lower than that
of the binary active layer (2.4 nm). Thus, we conclude that
adding BDT6T tailored the morphology of the ternary active
layer. BDT6T acted as a refining agent, forming smaller SMD
domains with more homogeneous distribution than those
formed in the active layer in its absence. Smaller SMD domains
with less PCBM agglomeration led to larger interfaces between
the donor and acceptor components, as required for better
charge dissociation.””** Control over the morphology of the
ternary active layer might be another reason, in addition to
complementary absorption, for the higher values of J . obtained
for devices containing BDT6T. A thiophene-containing small
molecule has been found to act as a nucleating agent to
improve the conformation of polymer chains and enhance their
crystallinity.49 Accordingly, we conclude that BDT6T, a small
molecule containing thiophene units, could function as a
morphology controller, inducing a favorable active layer
morphology with interpenetrating nanoscale domains. Figure
SS shows AFM images (tapping mode) with higher resolution
for different conditions. Figure S6 and Table S4 show the
charge carrier mobility measurements of devices based on
SMD:PCBM:BDT6T ternary blends with different BDT6T
ratios. On the basis of the fitting of the dark current by the
SCLC model, electron and hole mobilities of the 1:1:0 were
found to be 530 X 107® and 85 x 107 m?> V! s}
respectively, with charge carrier mobility ratio u./uy, of 6.2.
After BDT6T addition to form the ternary blend, the p./p,
ratio decreased to 1.78, 1.55, and 1.40 for blend ratios of
1:1:0.1, 1:1:0.2, and 1:1:0.3, respectively, exhibited much more
balanced charge transport properties. The results indicate that
adding BDT6T in the ternary blend is not only beneficial for
complementary absorption and morphology control but also
enhanced the hole mobility leading to more balanced charge
transport.

We used GIXD to further investigate the effect of BDT6T in
the ternary blend and its impact on the PCE. Figure 6a presents
the GIXD spectra of the neat donors SMD and BDT6T and of
their blend. The neat SMD film exhibited a characteristic X-ray
reflection at a value of g of 0.446 A™' (d = 14.08 A) arising from
the lamellar structure of SMD crystallites. The neat BDT6T
film exhibited a characteristic X-ray reflection at 0.268 A™* (d =
2344 A) reflecting the lamellar structure of single BDT6T
crystals. Blending BDT6T with SMD caused two reflection
peaks to appear: one at 0.256 A™' (d = 24.54 A) assigned to
BDT6T crystallites and the other at 0.437 A™" (d = 14.38 A)
for SMD crystallites. Although the peak of BDT6T broadened
and was less intense than that in its neat state, the SMD peak
was only slightly changed relative to that of neat SMD. Figure
6b displays the GIXD patterns of the active layers in the
absence of BDT6T (binary) and in its presence (ternary) at
various amounts. The pattern of the SMD:PCBM binary blend
system featured two peaks: one at 0.211 A™' (d = 29.78 A) and
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Figure 6. GIXD patterns of (a) neat donors and (b) active layers
based on SMD:PCBM:BDT6T ternary blends (1:1:X), where X = 0,
0.1, 0.2, and 0.3.

another at 0.44 A™' (d = 14.28 A). We assign the latter to
crystalline, well-ordered SMD and the former to a stacking of
layers of SMD. Layers in the stacking structure are separated by
the PCBM, which can interfere with the nucleation sites of
small-molecule crystallites.””**** This result is consistent with
the absorption spectra in Figure 3a, where the suppression of
the peak at 707 nm was due to disruption of donor packing
after the addition of the fullerene. In addition, SMD layers are
stacked in a random way azimuthally because the shape of the
diffraction peak is very asymmetric.’”® The signal for the
crystalline, well-ordered SMD at 0.44 A" in the blend appeared
at a slightly lower value of q relative to that for the neat SMD (g
= 0.446 A™"), possibly because PCBM interfered with the SMD
molecules. Adding BDT6T to SMD:PCBM to form ternary
blend systems resulted in two peaks appearing for all of the
examined ratios. For the 1:1:0.1 active layer, the main peak,
attributed to crystalline, well-ordered SMD, remained almost
unchanged at 0.445 A~". A significant shift to a higher value of g
occurred for the peak corresponding to layer stacking SMD
phase (q = 0.26 A™"). This peak underwent further shifting to
higher values of g upon increasing the BDT6T content. For the
1:1:0.2 blend, it shifted to 0.3 A™", while the other peak (for
crystalline, well-ordered SMD) remained unchanged at 0.44S
A", For the 1:1:0.3 blend, the two peaks shifted toward lower
slightly values of g: 0.292 A™" for the stacked layers of SMD
phase and 0.436 A™" for the crystalline, well-ordered SMD. For
all of the ternary active layers, significant increase in peak
intensity and more narrow diffraction width at 0.445 A~
occurred after incorporating BDT6T into the ternary blend,
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an indication of better crystallinity of SMD in the active layer.
The increase in the degree of crystallinity might be attributable
to the increased content of small-molecule crystals (SMD,
BDT6T) dispersed in the blend system, increasing the number
of nucleation sites for SMD crystallites, consistent with the
AFM images and confirming the refining effect of BDT6T in
the ternary blend. Thus, the enhanced values of J. can be
explained by the increased number of nanoscale SMD
crystallites leading to larger interfacial areas between the
donors and acceptor and, consequently, facilitating charge
dissociation and the transport of charge carriers in the active
layer. The peak at 0.211 A™"' (d = 29.78 A) in the binary blend
experienced significant shifts toward higher values of g upon
increasing the BDT6T content in the ternary blend, reaching
values of 0.26 A™ (d =24.17 A) and 0.3 A™" (d = 20.94 A) for
ternary blend ratios of 1:1:0.1 and 1:1:0.2, respectively,
thereafter remaining almost unchanged for the 1:1:0.3 ternary
blend ratio (g = 0.292 A™'; d = 21.52 A). Shifting toward higher
values of g implies that the addition of BDT6T induced greater
packing and ordering of the layer stacking of SMD phase—
further evidence for the role of BDT6T as a crystallizing agent
in the ternary blend. The normal XRD patterns in Figure S7
(Supporting Information) reveal a similar trend, confirming the
role of BDT6T as a crystallizing agent.

B CONCLUSION

We have examined the effects of adding various amounts of
BDT6T, a small-molecule donor, to a binary SMD:PCBM
blend to form ternary blend systems for use as active layers in
BH]J solar cells. The devices incorporating the ternary blends
exhibited significantly improved PCEs—reaching 6.3% (a 37%
improvement)—relative to that of the binary system. We
observed simultaneous enhancements in the values of all the
device parameters when using the optimized ternary blend ratio
and postannealing temperature. The absorption of BDT6T is
complementary to that of SMD, together covering absorption
wavelengths from 300 to 800 nm, in part explaining the
increase in the values of J. In addition, BDT6T enhanced the
crystallization of SMD in the active layer and, at the same time,
resulted in the formation of finer features that were favorable
for charge separation. Adding BDT6T to form the ternary
blend also increased the value of V,, suggesting the formation
of an organic alloy with HOMO and LUMO energy levels
based on their average composition. This study opens new
directions for the design of new ternary structures and the
development of high-performance molecular solar cells.
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