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HIGHLIGHTS
A wide-bandgap non-fullerene

acceptor, IDT-T, is employed in a
ternary solar cell

The ternary solar cell delivers a
PCE of 12.2% with enhanced
device characteristics

IDT-T transfers energy to and

mediates the crystallization of
another acceptor ITIC
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The marriage of non-fullerene acceptors (NFAs) and ternary solar cell architecture
has brought about great advances in organic photovoltaics. The primary effort,
however, has been focusing on low-bandgap NFAs that exploit complementary
absorption and energy-level cascade. Here we report a wide-bandgap NFA IDT-T
that functions as an energy-level mediator, a fluorescence resonance energy-
transfer donor, an electron acceptor, and a crystallization modulator, which
contribute synergistically in a ternary blend to yield high organic photovoltaic
device performance.
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Multiple Roles of a Non-fullerene

Cell

Acceptor Contribute Synergistically
for High-Efficiency Ternary Organic Photovoltaics

Liangang Xiao,"-? Bo He,"? Qin Hu,>* Lorenzo Maserati,’ Yun Zhao," Bin Yang,®
Matthew A. Kolaczkowski," Christopher A. Anderson,’ Nicholas J. Borys," Liana M. Klivansky,'
Teresa L. Chen,"” Adam M. Schwartzberg," Thomas P. Russell,>* Yong Cao,”? Xiaobin Peng,””*

and Yi Liu'37*

SUMMARY

Ternary structure is an important design strategy to obtain high-efficiency non-
fullerene organic photovoltaics (OPVs). However, the role of the third compo-
nent to the standard binary system is still unclear. Here, a wide-bandgap
small-molecule acceptor, denoted IDT-T, is synthesized and used together
with a wide-bandgap donor polymer, PBDB-T, and a low-bandgap acceptor,
ITIC, for fullerene-free ternary solar cells. The ternary cell features an enhanced
power conversion efficiency (PCE) up to 12.2%, together with improved photo-
current density, open-circuit voltage (Voc), and fill factor. Studies of the thin
films indicate that IDT-T functions as an energy-level mediator, a fluorescence
resonance energy-transfer donor, an electron acceptor, and a crystallization
modulator in the blend, which contribute synergistically in the ternary blend
to deliver a higher V¢, more efficient exciton generation, suppressed bimolec-
ular charge recombination and enhanced charge transport, and an overall high
photovoltaic performance.

Q2 Q3 Q4 INTRODUCTION
Q7Qs5 Q6 The surging interest in the development of non-fullerene acceptors (NFAs) in recent

Q8 years represents the latest rapid advancement in the field of organic photovoltaics

(OPVs).'~ Single-junction devices have delivered impressive power conversion effi-
ciencies (PCEs) and device characteristics that have already surpassed fullerene-
based OPVs, due to the greater tunability of chemical structures, optical properties
and electronic properties of NFAs, and their ability to phase separate into nano-
scopic domains in blended thin films.®'® For conventional binary non-fullerene
OPVs, the absorption of solar spectrum of NFAs was broadened to enhance the
short-circuit current density (Jsc) by reducing their optical bandgaps.'*"® Such
bandgap modification is commonly accompanied by low open-circuit voltage
(Voc) due to the low-lying lowest unoccupied molecular orbital (LUMO) energy level
in the NFA. Such a trade-off between V¢ and Jsc is an impediment in realizing the
Shockley-Queisser theoretical maximum efficiency in non-fullerene OPVs.'”'®
Ternary solar cells using a third component in the active layer offer a mix-and-
match solution to realize a desirable energy-level cascade and complementary
absorption, and has emerged as a promising device architecture to achieve high
efficiencies.’”?” Several common design criteria have been conceived and exer-
cised to improve charge generation and collection efficiencies in ternary OPVs,

Context & Scale

Very recently, non-fullerene
acceptors (NFAs) based on low-
bandgap small molecules have
emerged as a new class of
acceptors that rival the
dominance of fullerene-based
acceptors. Such discovery also
stimulates promising device
architectures such as ternary solar
cells, with a handful that have
achieved high power conversion
efficiencies above 12%. The
primary effort, however, has been
focusing on low-bandgap NFAs
that exploit complementary
absorption and energy-level
cascade. Herein we report a rare
example of a wide-bandgap NFA
that leads to high-performance
ternary solar cells without relying
on full absorption
complementarity of all three
components. Detailed studies
revealed the multiple roles of this
acceptor in blend films, which
contribute synergistically to
improved device characteristics.
This work may inspire new design
principles of potent wide-
bandgap NFAs, which will open
the door to high-efficiency
organic photovoltaic devices
through new opportunities such
as multi-component solar cells.
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Chemical structures of (A) ITIC, (B) IDT-T, and (C) PBDB-T.
(D) Frontier molecular orbital plots of IDT-T.
(E) The synthetic scheme of IDT-T.

which typically concern the fulfillment of complementary absorption, modulation of
Voc to circumvent energy-level pinning to the smaller value of the two binary solar
cells, and good miscibility amid all the components for optimal film morphology.
Building on the early success whereby two donors and one fullerene acceptor

28-33 non-fullerene-based ternary solar cells

were used as the active components,
have progressed rapidly,'®?**" although only a few are able to deliver PCEs over
12%. Recently Hou and co-workers reported the use of one wide-bandgap polymer
donor and two low-bandgap NFAs to achieve solar cells with a PCE of 11.1%.%% Solar
cells with a PCE of 12.16% were also realized by Ge and co-workers using one
mid-gap polymer together with one wide-gap NFA and one low-bandgap NFA.**
Peng and co-workers employed two energy-transfer donor polymers and a wide-

gap NFA in ternary solar cells to realize an efficiency of 12.27%."°

One representative class of NFAs is ITIC (5,5,11,11-tetrakis(4-hexylphenyl)-dithieno
[2,3-d:2/,3'-d']-s-indaceno[1,2-b:5,6-b'[dithiophene; Scheme 1A) and its ana-
logs,**~*¢ the relatively low-lying LUMO energy levels of which typically result in
low Vo in the corresponding solar cells. Raising the LUMO energy levels of the elec-
tron acceptor can increase the Voc in either a binary solar cell or a ternary cell if the
Voc scales with the increasing fraction of the acceptor with a higher LUMO energy
level. Based on the acceptor-donor-acceptor structural feature of ITIC, energy-level
tuning can be implemented by changing the central fused ring system, introducing a
T bridge between the donor and acceptor moieties, and/or using end groups with
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different electron-accepting abilities. The most common end groups are rhodanine
units or malononitrile-derived indanone variants that possess differential electron-
withdrawing ability.**™*" Herein, to further raise the LUMO energy level and
decrease the highest occupied molecular orbital (HOMO) energy level, a weakly
electron-withdrawing thiobarbituric acid (TBA) unit®®®" s employed as the end
group for coupling with a penta-fused indacenodithiophene (IDT) core to afford a
wide-bandgap NFA acceptor, IDT-T (Scheme 1B). We have demonstrated that
IDT-T and ITIC are efficient fluorescence resonance energy transfer (FRET) part-
ners>?>° that display both spectroscopic complementarity and great miscibility in
the blended film. Spectroscopic studies provided great details of energy-transfer
and electron-transfer processes in the ternary blend involving a mid-bandgap poly-
mer donor, PBDB-T (Scheme 1C) and the two acceptors, while grazing incidence
wide-angle X-ray scattering (GIWAXS) studies revealed a unique composition-
dependent crystallization behavior. The well-aligned molecular orbitals and good
spectrum complementarity, together with combined electron-transfer and energy-
transfer processes in the optimally intermixed three-component blends, lead to
ternary organic solar cells (OSCs) with a high PCE of 12.2%, a Voc of 0.935V, a
Jsc of 17.9 mA cm™2, and a high fill factor (FF) of 73.1%. These device parameters
are significantly enhanced compared with the corresponding PBDB-T:ITIC binary
device, attributable to the unique roles of the IDT-T acceptor that incurs higher
Ve, greater exciton generation, suppressed charge recombination, and enhanced
charge transport.

RESULTS AND DISCUSSION

Molecular modeling of IDT-T based on density function theory calculations indicated
a 0.11-eV increase and 0.22-eV decrease of the LUMO and HOMO energy levels
compared with that of ITIC, respectively, corresponding to a 0.33-eV increase of
the optical bandgap (Table S1). The frontier molecular orbital plots (Scheme 1D)
illustrate that both HOMO and LUMO are effectively delocalized across the core
and the end groups. IDT-T was synthesized in 82% yield from the Knoevenagel
condensation reaction between bisaldehyde (1) and thiobarbituric acid (2) (Scheme
1E and Supplemental Experimental Procedures). UV-visible studies of IDT-T in tetra-
hydrofuran (Figure S2) indicate a red-shift of 25 nm in comparison with its thin-film
absorption (Figure 1A), suggesting intermolecular m-1 stacking in the solid state.
Due to the decreased effective conjugated length and the weaker electron-with-
drawing properties of the end groups, IDT-T shows a significantly blue-shifted
optical absorption when compared with ITIC. As shown in Figure 1A, IDT-T has an
absorption maximum and edge at 608 nm and 650 nm, respectively, in contrast to
705 nm and 800 nm for ITIC, clearly showing their complementary absorption fea-
tures. The optical bandgap (E4°P") of IDT-T calculated from the onset of film absorp-
tion is 1.91 eV, 0.36 eV larger than that of ITIC. On the other hand, strong overlap
between the absorption spectra of IDT-T and PBDB-T in the range of 500-650 nm
is observed. Notably, IDT-T has a higher extinction coefficient (1.26 x 10° cm™")
than PBDB-T (5.49 x 10* cm~") and ITIC (1.05 x 10° cm™"), underlining its strong
absorbing property. The absorption spectra of ternary-blend films with constant
1:1 donor/acceptor ratio but varying IDT-T compositions (Figure S3) show that
increasing the fraction of IDT-T gradually increases the absorption intensity between
500 and 630 nm, together with a decrease in the absorption intensity between 650
and 750 nm due to the diminished contribution from ITIC. The LUMO and HOMO
levels are evaluated using electrochemical methods (Figure STA), which are esti-
mated to be —3.59 eV and —5.73 eV for IDT-T and —3.76 eV and —5.47 eV for
ITIC, respectively. The HOMO-LUMO energy gaps and the relative energy-level
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Figure 1. UV-Visible and Fluorescence Spectra of Single Component or Mixtures of PBDB-T, ITIC,
and IDT-T, and Their Related Energy Diagram

(A) UV-visible absorption spectra of PBDB-T, ITIC, and IDT-T in films.

(B) PL spectra of PBDB-T, ITIC, and IDT-T, and the corresponding donor-acceptor binary and
ternary blends. Note that all of the spectra of the blends are at the baselines.

(C) PL spectra of ITIC, IDT-T, and their mixtures at the weight ratios of 9:1 and 8:2. The excitation
wavelength is 608 nm. The UV-visible spectrum of ITIC is also plotted (dotted line) to show the good
overlap with PL spectra of IDT-T.

(D) Schematic energy diagram of PBDB-T, ITIC, and IDT-T, and the related electron and energy-
transfer processes.

alignment are consistent with optical measurements and theoretical calculations
(Table S1).

To understand the photoexcitation and related processes in the multi-component
donor-acceptor systems, we measured photoluminescence (PL) spectra of films of
individual components and those with different compositions with excitation at
608 nm. As shown in Figure 1B, the PL of all the components is effectively
quenched in both the binary and ternary donor/acceptor blend films, suggesting
efficient charge transfer between the donor and acceptor(s) in these films. In
contrast, the binary blend of ITIC and IDT-T has PL behavior characteristic of
FRET. The broad emission between 620 and 700 nm of the pure IDT-T thin film dis-
appeared in the PL spectrum of the 9:1 mixture of ITIC:IDT-T, concomitant with a
broad ITIC emission between 720 and 840 nm. Increasing the IDT-T weight ratio
to 20 wt% does not result in emission from IDT-T itself but instead induces stronger
ITIC emission. Such emission properties suggest that IDT-T and ITIC behave as a
donor and acceptor FRET pair, which is consistent with the large overlap between
the emission spectrum of IDT-T and the absorption spectrum of ITIC (Figures 1C
and S4). The efficient energy transfer also implies that IDT-T and ITIC molecules
are well mixed and closely packed (within 10 nm) for effective non-radiative energy
transfer.>*>’ This good miscibility between electron acceptors is conducive to the
formation of a nanoscopic phase separation needed to realize high FF. The non-
radiative energy transfer from IDT-T and ITIC also enables generation of extra
ITIC excitons, which, when combined with the efficient electron transfer between

4 Joule 2, 1-13, November 21, 2018
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Figure 2. Device Characteristics and EQE Plots of the OPV Devices

(A) Representative J-V curves of two binary solar cells and the best-performing ternary solar cell.
(B) Plot of Jsc, Voc, FF, and PCE values at different IDT-T weight ratios. The black represents Jsc,
the red line PCE, the green line Voc, and the blue line FF.

(C) EQE curves of ternary solar cell devices based on different weight ratios.

(D) Difference in EQE spectra. The legends indicate weight ratios of PBDB-T:ITIC:IDT-T.

the donor and acceptors, may offer a unique pathway to produce high photocur-
rent in ternary blends.

OSC devices were fabricated with a structure of ITO/ZnO/active layer/MoO3/Al to
evaluate the photovoltaic performances of the binary and ternary mixtures. The
J-V curves of the best-performing devices are shown in Figure 2A. The optimal bi-
nary solar cell devices based on PBDB-T and IDT-T show a moderate PCE of
7.40% and an impressive Voc of 1.05 V (Figure 2A; Tables 1, S2, and S3), which
can be associated with the large energy-level separation between the high-lying
LUMO energy level of IDT-T and the HOMO of PBDT-T. The binary solar cells based
on PBDB-T:ITIC exhibit a PCE of 10.5%, an efficiency that is comparable with that in
previous re|oor'ts,58’60 with a Jsc of 16.80 mA cm™2, a Voc of 0.900 V, and an FF of
0.69.

Ternary solar cells were fabricated where the IDT-T:ITIC ratios were systematically varied
while keeping the overall donor/acceptor ratio at 1:1. The best-performing ternary OSC
devices were obtained at the weight ratio of 1:0.8:0.2 for PBDB-T:ITIC:IDT-T, showing an
average PCE of 12.0% and a maximum PCE of 12.2% with a Jsc of 17.9 mA em™2,a Vocof
0.935V, and an FF of 73.1% (Figures 2A and S5). The simultaneous improvement of all
three parametersleads to a 17% enhancement in PCE compared with the corresponding
binary solar cells based on PBDB-T:ITIC. Respectful PCEs higher than 11% were main-
tained when the weight percentage of IDT-T in the acceptors was kept at less than 50
wt% (Figure 2B and Table 1). The Jsc of the devices increased to 17.9 mA cm™2 when
20 wt% IDT-T was employed and decreased to 13.0 mA cm 2 at 80 wt% IDT-T. Mean-
while, the FFs of the devices also increased from 69.3% to 73.1% at 20 wt% loading of
IDT-T and reduced to 61.0% at 80 wt% IDT-T. In contrast to the trends in Jsc and FF
changes, increasing the fraction of IDT-T results in monotonically increased Voc
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Table 1. Photovoltaic Parameters for PBDB-T:ITIC:IDT-T-Based Solar Cells with Different Weight
Ratios of IDT-T

PBDB-T:ITIC:IDT-T Jsc (mA cm™?) Voc (V) FF (%) PCE (%)

1:1:0 16.8 (16.3)° 0.900 69.3 10.5° (10.4 + 0.2)°
1:0.9:0.1 17.3 (16.8)° 0.920 70.5 11.2° (1.1 + 0.1)°
1:0.8:0.2 17.9 (17.3)° 0.935 73.1 12.2° (12.0 + 0.2)°
1:0.7:0.3 16.7 (16.2)° 0.945 72.0 11.4° (1.1 + 0.2)°
1:0.5:0.5 15.3 (14.7)° 0.955 67.2 9.82° (9.68 + 0.16)°
1:0.2:0.8 13.0 (12.6)° 0.975 61.0 7.74° (7.51 + 0.14)°
1:0:1 11.8 (11.3)° 1.05 59.8 7.38°(7.25 + 0.14)°

?Jsc calculated from EQE curves.
The best PCE.
“Average PCE from ten devices.

(Figure 2B). The compositional dependence of Voc in ternary-blend solar cells suggests
that photoinduced charges are collected by separate charge-transfer paths involving
IDT-T and ITIC without energy-level pinning.

The external quantum efficiencies (EQEs) of the PBDB-T:ITIC:IDT-T ternary solar
cells were measured and are plotted in Figure 2C and Sé. The device based on
PBDB-T:ITIC exhibits a broad EQE response extending into the 800-nm region,
while the EQE response of the PBDB-T:IDT-T binary device mainly falls within the
range between 500 and 700 nm, together with notably lower quantum efficiencies.
As shown in the difference EQE plot in Figure 2D, incorporating 10 wt% IDT-T as the
third component into the solar cell significantly enhances the EQE values in the re-
gion between 500 and 650 nm, accompanied by decreased EQE in the region be-
tween 710 and 800 nm, which are consistent with the absorptivity of IDT-T in these
ranges. Intriguingly, simultaneous enhancement of EQE was also observed in the re-
gion between 650 and 720 nm, where decreased absorption is expected due to the
limited absorption range of IDT-T and lower fraction of ITIC in the blend. At 20 wt%
IDT-T, the quantum efficiency in the 500- to 800-nm region rises further while the dip
at 745 nm remains at a similar level. Further increase of IDT-T fraction in the ternary-
blend system leads to significantly reduced EQEs. The overall EQE dependence on
acceptor compositions is fully consistent with the corresponding device perfor-
mances. In addition, the calculated Jsc from the EQE measurement is slightly lower
(less than 5%) but still in good agreement with the Jsc obtained from the J-V mea-
surements, which confirms high consistency of the photovoltaic results. The
apparent inverse correlation between the EQE enhancement and the decreased
light absorption in the long-wavelength region suggests processes other than direct
photoexcitation that compensate the absorption loss to afford an overall increased
photocurrent.

Both transient absorption (TA) measurements and time-resolved photolumines-
cence (TR-PL) studies were carried out to provide more insight into the involved
charge-transfer and energy-transfer processes. We found that TA measurement
convincingly revealed improved hole transfer within the blends while TR-PL was
more suitable to probe the FRET process. In the TA studies, to simplify the investi-
gation of charge carriers’ dynamics in the blends, we chose to excite the materials
at the lowest transition, i.e., the HOMO-LUMO of ITIC (710 nm). This allowed us
to selectively excite a single component while monitoring the spectral dynamics of
the entire system. Figure 3A shows a comparison of the 625- to 635-nm integrated
spectral range in the ITIC, ITIC:PBDB-T (1:1), and ITIC:IDT-T:PBDB-T (8:2:10) films.
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Figure 3. Transient Absorption and TR-PL Spectra of the Donor and Acceptors

(A) Transient absorption spectroscopy on ITIC (purple circles), ITIC:PBDB-T (green triangles), and
ITIC:IDT-T:PBDB-T (brown diamonds) films. The films are pumped with a 50-fs pulse at 710 nm
(fluence 32 uJ cm™2), probed in the range 625-635 nm, and averaged data in that range are plotted.
The differential absorption signals are normalized to 1 at the time when the pump pulse peaks. The
further rise of the signals in the blends is associated with the hole injection in the PBDB-T and the
consequent bleaching of its 630-nm transition. A more significant hole injection is observed in
the three-component blend.

(B) Time-resolved photoluminescence of IDT-T (blue circles) and ITIC:IDT-T (red squares). The films

are pumped with a 5-ps pulse at 517 nm (fluence 200 pJ cm~?) and the PL is collected in the range

532-600 nm corresponding to the IDT-T emission line. The PL lifetime decays significantly faster in
the blend due to an additional decay channel with a 0.9-ns exponential time constant, suggesting
an energy transfer from IDT-T to ITIC.

For the sake of comparison, the data are normalized at the pump pulse peak. In the
pure ITIC thin film a transition bleaching is observed, corresponding to the transition
from the HOMO to the second-lowest unoccupied molecular orbital. When ITIC is
blended with the donor (PBDB-T), the creation of exciton due to resonant optical
pumping is immediately followed by a hole transfer to the PBDB-T HOMO. This
depopulation of ground state of the donor causes a bleach in its two optical transi-
tions (570 and 630 nm) that we observe as an increase in the absolute value of the
differential absorption signal in that spectral range for several picoseconds after
the pulse. The intensity of this differential absorption is such that the ITIC bleaching
signal is completely swallowed. This same effect is present and significantly more
pronounced in the three-component blend, where the hole injection appears
more efficient and clearly visible on a longer timescale (up to 100 ps), even though
the IDT-T is not excited. The hole injection signal increased in both intensity and
duration when going from the binary to the ternary blend, which clearly suggested
that the presence of IDT-T does not block the hole transfer but instead improves it.
This enhanced hole transfer may be related to the FRET process from IDT-T to ITIC
occurring in the ternary blend, which creates additional holes in ITIC that will be sub-
sequently injected into PBDB-T. The longer hole-transfer timescale may also be
related to the formation of co-crystallized acceptor domains (see later discussion
on the morphological studies) where holes are more delocalized, which correlates
well with the larger Jsc observed in devices.

On the other hand, the steady-state PL already suggested an FRET process involving
the IDT-T and the ITIC molecules. TR-PL studies confirmed that this effect happens
when we directly excite the IDT-T HOMO-LUMO transition in the IDT-T:ITIC (2:8)
blend film. Figure 3B shows a comparison between the PL of the blend and that of
the pure IDT-T film. In the blend, an additional decay channel is present (represented
by an additional, faster time constant of 0.9 ns). This leads to the conclusion that 70%
(relative amplitude of the fast decay, see Table S4) of the excited molecular orbitals
undergo FRET. Since this effect happens on the nanosecond timescale, it will sum up
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Figure 4. Dependence of Photocurrent Density on Effective Voltages and Light Intensity

(A) Photocurrent density versus effective voltage curves of solar cells based on different IDT-T
weight ratios.

(B) Dependence of Jsc on light intensity for the solar cells based on different IDT-T weight ratio. The
legends indicate weight ratios of PBDB-T:ITIC:IDT-T.

to the subnanosecond charge transfer discussed above, contributing to an overall
increased hole transfer from the ITIC to the PBDB-T in the three-component blend
under solar cell working conditions.

Single-carrier devices were fabricated and the dark J-V curves measured to evaluate the
carrier mobilities using the space-charge limited current method®' (Figures S7Aand S7B).
The hole and electron mobilities are 2.82 x 10™* and 1.88 x 107 cm? V" s~ for the
binary PBDB-T:ITIC-based device, and 2.17 x 10™* and 7.68 x 107> cm? V™" s7" for
the binary PBDB-T:IDT-T-based device, respectively. The respective hole and electron
mobilitiesare 3.17 x 10~*and 1.97 x 10~%cm?V~" s~ for the optimal ternary solar cells.
The simultaneously enhanced hole and electron mobilities correlate well with the
improvement of FF. To gain insight into exciton dissociation and charge-collection effi-
ciency of ternary solar cells with different IDT-T weight ratios, we plotted photocurrent
density (Joh) against the effective voltage (Veq) of the cells. Jg, and Ve are defined by
the following equations:

Joh=Ji = Jp, (Equation 1)
Vet = Vo — Va7 (Equation 2)

where Ji and Jp are the current densities under illumination and in the dark, respec-

tively; V, is the voltage at Jo, = 0; and V is the applied voltage.®?¢*

As shown in Figure 4A, Jyp is linearly proportional to the voltage at low Vg and rea-
ches saturation (Js,) when Vg is over 2V, where charge recombination is minimized
due to the high internal electric field in the solar cells. The charge dissociation and
collection probability P(E,T) of the solar cell devices, which can be assessed by the
Jon/Jsat ratio under short-circuit conditions, are 96.5%, 97.2%, and 93.1% for
PBDB-T:ITIC:IDT-T compositions at 10:10:0, 10:8:2, and 10:0:10, respectively. The
larger P(E,T) of the ternary solar cell compared with the PBDB-T:ITIC binary solar
cell indicates that the ternary blend facilitates a higher charge dissociation rate,
which is conducive for enhanced Jsc and FF. Furthermore, the maximum exciton
generation rate (Gmax) of the solar cells was calculated based on the equation
Jsat = gLGmax, Where g is elementary charge, L is the thickness of the active layer,
and Jgat is the Jpn at a high Vg of 2 V, under which conditions Js,¢ is only limited
by Gmax since all the photogenerated excitons are dissociated into free charge car-
riers. The values for the three devices are 1.07 x 1028 m—3s71,1.15 x 102 m3s~ ',
and 7.92 x 107 m~3 s~ for PBDB-T:ITIC:IDT-T compositions at 10:10:0, 10:8:2, and
10:0:10, respectively. The higher Gn.x in ternary solar cells indicates increased
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Figure 5. Linecuts of the GIWAXS Patterns of the Blends

(A and B) Vertical linecuts (A) and horizontal linecuts (B) of the GIWAXS patterns of the blends at
different mixing ratios of PBDB-T:ITIC:IDT-T. The dotted red and blue lines are eye guides that
indicate the two sets of peaks from PBDB-T and the induced crystallites, respectively.

overall exciton generation after adding 20 wt% IDT-T, which correlates well with the
complementary absorption between IDT-T and ITIC, higher absorption coefficient of
IDT-T compared with polymer PBDB-T, and sensitization of ITIC via energy transfer
from IDT-T.

To further investigate the effect of dual acceptors on the charge recombination of
the solar cell devices, we measured Jsc of solar cells based on three different com-
positions as a function of light intensity (Pighy). Generally, Jsc shows a power-law
dependence on light intensity, which can be expressed as Jsc o« (Pnght)s, where Pjignt
is light intensity and S is the exponential factor. Completely suppressed bimolecular
recombination in a device would lead to an S value equal to 1.4 As shown in Fig-
ure 4B, the S values are 0.964, 0.986, and 0.920 for devices with PBDB-T:ITIC:IDT-T
compositions at 10:10:0, 10:8:2, and 10:0:10, respectively. The highest S value of the
three-component device indicated that the bimolecular recombination was effec-
tively suppressed after adding 20 wt% IDT-T, consistent with the observed higher
Jsc and FF.

Atomic force microscopy studies of blend films with different weight ratios of IDT-T
show that all the films have smooth surfaces (Figure S8). The root-mean-square
roughness is typically under 1.8 nm with the exception of the film with 80 wt%
IDT-T, which has a slightly higher roughness of 2.7 nm. All the thin films exhibit
discernible interpenetrated fibril networks that are conducive for charge transport.
GIWAXS patterns of the blends shown in Figure S9 and the out-of-plane line cut (Fig-
ure 5A) show reflection at d spacing of 3.79 A arising from the -7t stacking of adja-
cent chains. The reflection is highly oriented in the out-of-plane direction, barely
evident in the in-plane line cut (Figure 5B), indicating that the chains assume a
face-on orientation. Additional reflections in the out-of-plane direction are seen at
d spacings of 14.4 A and 4.30 A for films containing 20 wt% and 30 wt% IDT-T,
with the 20 wt% IDT-T film showing a greater intensity. As indicated by the blue
dotted lines in Figure 5A, these reflections are independent of the lamellar stacking
peak of the donor, seen at d spacing of 25.9 A, and the wt-stacking peak at d spacing
of 3.79 A. As can be seen from the GIWAXS profiles of pure ITIC and IDT-T (Fig-
ure $10), ITIC displays out-of-plane peaks at d spacings of 11.1 A and 4.05 A, and
for IDT-T similar peaks are observed at slightly larger d spacings of 20.3 A and
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4.91 A. The dspacings of 14.4 A and 4.30 A in the ternary blends are between these
from pure ITIC and IDT-T, which suggest the co-crystallization of the two acceptors
at an intermediate periodicity. The absence of these scattering peaks in the blends
at other compositions also suggests that the co-crystallization of ITIC and IDT-T oc-
curs only under specific conditions within the confined geometry of the acceptor
phase. Resonance soft X-ray scattering (RSoXS) shows an interference at ~62 nm,
characteristic of center-to-center separation distance between domains (Figure S11)
for all the blend films. Consequently, the picture of the morphology that arises from
all of these data is one nanoscopic crystalline fibril of the acceptor embedded in a
matrix of the donor that assumes a face-on orientation. The co-crystallites of ITIC
and IDT-T formed within the acceptor domains at 20 wt% and 30 wt% IDT-T loading
correlate well with the peak device performances at these compositions. We are not
aware of observations of this co-crystallization behavior in other ternary systems, and
from the performance results this may point to a key morphology feature to enhance
performance.

In summary, an electron acceptor, IDT-T, was synthesized and used in high-efficiency
ternary OPVs. IDT-T features a penta-fused aromatic central moiety and two weakly
withdrawing TBA end groups, which has a wide bandgap of 1.91 eV, a high extinc-
tion coefficient, and a high-lying LUMO energy level. The ternary OPV devices em-
ploying PBDB-T:ITIC:IDT-T at the composition of 10:8:2 display a highest efficiency
of 12.2%, with a Jsc of 17.9 mA cm ™2, a Voc 0f 0.935V, and an FF of 73.1%, all being
significantly higher than the corresponding binary PBDB-T:ITIC device. The addition
of IDT-T contributes to the increased EQE not only in shorter-wavelength region
where it has strong absorption but also in the longer-wavelength region where ab-
sorption is diminished. Such EQE enhancement correlates with improved hole trans-
fer in the three-component blend observed by TA measurements and energy-trans-
fer process from IDT-T to ITIC verified by TR-PL spectroscopy. Notably, the structural
similarity between ITIC and IDT-T permits great miscibility in the thin film, which not
only facilitates efficient energy transfer but also induces crystallization of the accep-
tors. While the reported PCE here is among the highest-performing ternary solar
cells (see Table S5 for a performance comparison), it constitutes a rare example
that does not rely on full absorption complementarity of all three components.*’
The high efficiency of the ternary solar cells highlights the multiple roles of IDT-T:
an energy-level mediator, an energy-transfer donor, an electron acceptor, and a
solid-state crystallization modulator, which contribute synergistically to higher
Voce, Jsc, and FF in the corresponding devices.

EXPERIMENTAL PROCEDURES

Full details of experiments are provided in Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures, 11 fig-

ures, and 5 tables and can be found with this article online at https://doi.org/10.
1016/j.joule.2018.08.002.
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