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Abstract Tremendous efforts have been dedicated to develop low-
bandgap nonfullerene acceptors (NFAs) for organic solar cells (OSCs). In
comparison, the NFAs with a wide bandgap (WBG) have received less
attention. Here, three novel acceptor-donor-acceptor type WBG NFAs
(TPT-T, TPTT-T, and TPTTT-T) have been designed and synthesized with
different fused central cores by varying the m-conjugation length and
molecular structures, which all exhibit wide optical bandgaps over
1.8 eV. The successive m-conjugation extension of electron-donating
central cores (from TPT-T to TPTT-T and to TPTTT-T) induces red-shifted
absorption spectra, lower optical bandgap, and enhanced electron
mobility simultaneously. As a result, the optimized OSC devices based
on TPTTT-T:PBT1-C achieved a power conversion efficiency of 7.42%,
which was higher than those of PBT1-C:TPTT-T (6.93%) and PBT1-C:TPT-
T (6.11%) based devices. These results indicate that extending the
molecular m-conjugation structure is an effective strategy to design
efficient NFAs for OSCs.

Key words organic solar cells, nonfullerene acceptors, m-conjugation,
wide-bandgap, power conversion efficiency

Introduction

Bulk-heterojunction organic solar cells (OSCs) have
gained significant progress owing to their irreplaceable
advantages, such as light weight, semitransparency, solu-
tion processability, and mechanical flexibility for roll-to-roll

PCE

Tuning core conjugation in the wide-bandgap acceptors

large-area printing manufacturing and wearable devices.!~”

Generally, the photoactive layer of OSCs consists of p-type
polymer donor and n-type semiconductor acceptor materi-
als. In the past few decades, n-type acceptors have been
nearly dominated by fullerene derivatives owing to their
high electron mobility and excellent isotropic charge-
transport abilities.31? Nevertheless, the drawbacks of the
fullerene acceptors, including high production costs, weak
absorption of the visible light, and limited tunability of
molecular energy levels, severely restrict their further
applications in 0SCs.!>~'> Therefore, the small molecular
nonfullerene acceptors (NFAs), possessing significant supe-
riorities of wider and stronger absorption and adjustable
energy levels, have gradually become promising alterna-
tives to fullerene derivatives.!5-23

Recently, the NFAs with an acceptor-donor-acceptor (A-
D-A) structure have attracted great attention.?4>> Through
the rational chemical modification of either a D or A unit, the
absorption spectra, molecular energy levels, intramolecular
charge transfer (ICT) effect, and intermolecular interactions of
the NFAs can be effectively modulated. Up to now, a library of
low-bandgap (LBG) A-D-A-type NFAs has been designed and
synthesized, which have effectively promoted the develop-
ment of efficient 0SCs.24-2635-56 However, few studies have
focused on wide-bandgap (WBG; >1.80 eV) A-D-A-type
NFAs. In fact, it is quite important to explore WBG accepters,
since they can generate relatively higher open-circuit voltage
(Vo) for photovoltaic devices, which is beneficial for direct
driving portable consumer electronic devices.>” Besides, it
would facilitate optimization of the tandem and ternary OSCs
owing to the complementary absorption combined with
numerous LBG NFAs.>8-62

Among the various structural engineering methods for
molecular design, reducing the ICT effect by combining
weakly electron-donating and electron-withdrawing units
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is one of the effective strategies to design WBG A-D-A-type
NFAs.%3 For example, Liu et al. reported a WBG A-D-A-type
NFA IDTT-T based on indacenodithienothiophene (IDTT)
core, with weakly electron-deficient barbituric acid as the
terminal A unit. When paired with an LBG polymer donor,
PTB7-Th, a 10% power conversion efficiency (PCE) with a
high V,. of 1.01 V was achieved.>” Huang and coworkers
designed four WBG A-D-A-type NFAs and studied the effects
of four different terminal groups on the device perform-
ances systematically.®® Recently, Zhu and colleagues
reported a WBG A-D-A-type NFA NIDBT based on a novel
ladder-type heteroarene central core, indacenodibenzo-
thiophene (IDBT), which has strong aromaticity and weak
electron-donating ability.5* However, the effect of n-
conjugation extension in central cores on the photovoltaic
performance of WBG NFAs has rarely been studied.
Meanwhile, the development of the asymmetric NFAs has
shown great potential for improving the performance of
nonfullerene 0SCs.®> Therefore, it should be interesting to

L)

(o} (o}

design a novel WBG acceptor by combining the extended m-
conjugation structure and an asymmetric core strategy.

In this work, three WBG NFAs were developed based on
A-D-A-type structures with different fused central cores by
varying the m-conjugation length and molecular structures
(from a symmetric to an asymmetric structure). The
molecular structures of the NFAs are shown in Scheme 1.
Compared with symmetric TPT-T, the central cores of
asymmetric TPTT-T and TPTTT-T had one and two more
thiophene units fused on one side of central cores,
respectively. The extended conjugated structures led to
red-shifted absorption spectra, elevated LUMO levels, and
higher electron mobilities of the NFAs, which gave rise to
different PCEs of 6.11%, 6.93%, and 7.42% for the OSCs based
on TPT-T, TPTT-T, and TPTTT-T with a polymer donor (PBT1-
C; Figure S1), respectively. A detailed investigation, includ-
ing charge transport, exciton dissociation, and charge
collection properties, morphology and molecular orienta-
tion, and packing behavior, was performed to understand

TPTTT-CHO

Scheme 1 Synthetic routes of TPT-T, TPTT-T, and TPTTT-T.

Pyridine CHCI,

TPTTT-T
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the effect of asymmetric extension of a conjugated core on
the photovoltaic properties of a new series of WBG NFAs.

Results and Discussion

Material Synthesis and Characterization

The molecular structures of three WBG NFAs (TPT-T, TPTT-T,
and TPTTT-T) are shown in Scheme 1. The compound TPT-T has
a symmetric molecular structure. By combining one or more
thiophene units with the terminal thiophene unit on the right
side of the TPT-T central core, two asymmetric compounds
(TPTT-T and TPTTT-T) were synthesized with extended
molecular conjugated structures. The synthetic routes to
TPT-T, TPTT-T, and TPTTT-T are illustrated in Scheme 1.
The intermediates TPT-CHO,°® TPTT-CHO,*® and TPTTT-
CHO*! were prepared by following the previously reported
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literature. Three WBG acceptors TPT-T, TPTT-T, and TPTTT-T
were prepared via the Knoevenagel condensation reaction of
1,3-diethyl-2-thioxodihydropyrimidine-4,6(1H,5H)-dione
with TPT-CHO, TPTT-CHO, and TPTTT-CHO, respectively. The
detailed synthetic procedures are provided in the Supporting
Information and all the compounds were fully characterized by
'H NMR, ®C NMR, and matrix-assisted laser desorption
ionization-time of flight (MALDI-TOF) mass spectrometry.
The normalized absorption spectra of three acceptors in
dilute chloroform solutions and thin films are presented
inFigure 1a,b. The corresponding data are collected in Table 1.
In solution, TPT-T, TPTT-T, and TPTTT-T displayed the
maximum absorption peaks at 598, 611, and 622 nm,
respectively, along with prominent shoulder peaks. But, in
the solid films, all the acceptors showed broader absorption
spectra compared with those in solution. Furthermore, the
absorption maxima of TPT-T, TPTT-T, and TPTTT-T were red-
shifted to 611, 622, and 632 nm, respectively, due to the

— TPT-T
— TPTT-T
—— TPTTT-T
PBT1-C
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Figure 1 Normalized absorption spectra of the WBG NFAs (a) in chloroform solution and (b) in thin films. (c) Cyclic voltammograms. (d) Energy level

diagram of PBT1-C and the WBG NFAs.
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Table 1 Optical and electrochemical data of the three WBG NFAs

NFA Amax (nm)? Amax (nm)° Aonset (nm)° Eg*" (eV)© Eox (V) Erea (V) HOMO (eV) LUMO (eV)
TPT-T 598 611 643 1.93 1.48 ~0.59 ~5.85 ~3.78
TPTT-T 611 622 665 1.86 138 ~0.61 -5.75 -3.76
TPTTT-T 622 632 684 1.81 1.35 -0.64 -5.72 -3.73

?In CHCl5 solution.
®In thin film drop-casted from CHCl; solution.
“Estimated from the empirical formula: £g°P" = 1240/Aonset-

strong intermolecular interactions in the solid states.
The onset of TPT-T, TPTT-T, and TPTTT-T films was located
at ~ 643, 665, and 684 nm, which could be converted to the
optical bandgap (E;°"") 0f 1.93,1.86,and 1.81 eV, respectively.
Thus, these three acceptors belong to WBG semiconductor
materials. From compound TPT-T to TPTTT-T, the red-shifted
absorption with a narrower optical bandgap could be ascribed
to the gradual extension of m-conjugation in the central cores.

Cyclic voltammetry (CV) measurements were employed to
study the electrochemical properties of the NFAs. As shown
in Figure 1c, the onset oxidation/reduction potentials of TPT-T,
TPTT-T, and TPTTT-T (relative to Ag/Ag") were measured to be
1.48/— 0.59, 1.38/— 0.61, and 1.35/— 0.64 V, respectively.
Therefore, the HOMO/LUMO energy levels of TPT-T, TPTT-T,
and TPTIT-T were determined to be -5.85/— 3.78,
—5.75/— 3.76, and —5.72/— 3.73 eV, respectively (Figure 1d).
These data suggest that the extended conjugation elevates both
HOMO and LUMO levels of the acceptor molecules, in which,
the increase in the HOMO levels was more conspicuous than
that in the LUMO levels. In addition, TPTT-T and TPTTT-T
presented higher LUMO levels due to the extended conjugation
and enhanced electron-donating ability of the central core,
which is conducive to obtaining a higher V,. in OSCs.

Photovoltaic Properties

To evaluate the photovoltaic characteristics of the WBG
NFAs, the OSCs were fabricated with an inverted structure of
ITO/ZnO/PBT1-C:NFA/MoOs/Ag. The WBG polymer donor
PBT1-C was employed as a donor material.%” First, we tested
the donor/acceptor (D/A) blend ratio, and the optimal D/A
ratio was found to be 1:1 (by weight) for all of the devices.
With chlorobenzene as a processing solvent, the as-cast
device based on PBT1-C:TPTTT-T delivered a PCE of 6.08%
with a V,¢ of 1.154 V, a short-circuit current density (Jsc) of
9.76 mA cm~2, and fill factor (FF) of 54.0%, respectively,
showing superior photovoltaic performances over PBT1-C:
TPT-T and PBT1-C:TPTT-T blends under the same processing
conditions (as shown in Figure S2 and Table S1). Despite a
rather high V,. of over 1.1 V, the relatively low Js. and FF still
limited the PCEs of the devices, and thermal annealing was
further conducted to adjust the blend morphology. The
detailed device results are exhibited in Figure S3

and Table S2. The J-V curves and corresponding photovol-
taic data of the optimized devices are depicted in Figure 2a
and Table 2. It was found that the optimized thermal
annealing temperature was 120 °C for PBT1-C:TPT-T and
140 °C for both PBT1-C:TPTT-T and PBT1-C:TPTTT-T blends.
After the thermal treatment, the PBT1-C:TPTTT-T-based
device yielded the highest PCE of 7.42% with a V,. 0of 1.109 V,
a Jsc of 11.06 mA cm 2, and a FF of 60.5%, respectively. By
contrast, the optimized PBT1-C:TPTT-T-based device exhib-
ited a moderate PCE of 6.93% (Vo. of 1.084V, Js. of
10.94 mA cm~2, and FF of 58.4%), and the PBT1-C:TPT-T-
based device presented a relatively low PCE of 6.11% (V, of
1.068 V, Joc of 9.85 mA cm~2, and FF of 58.1%). These results
suggest that extended m-conjugation of the NFAs could
promote the photovoltaic parameters (Vyc, Js., and FF) of the
corresponding devices. In addition, these three WBG NFA-
based devices all exhibited a high V., which exceeded the
Voc values of majority of highly efficient OSCs based on A-D-
A-type NFAs (Figure 2c and Table S3).

The corresponding external quantum efficiency (EQE)
curves of the optimized devices are provided in Figure 2b.
All of the devices exhibited broad photoresponses over a
range from 300 to 700 nm. The PBT1-C:TPTT-T- and PBT1-C:
TPTTT-T-based devices presented integrated J,. values of
10.45 and 10.56 mA cm 2, which were substantially higher
than that of the PBT1-C:TPT-T-based device. These data
indicate that TPTTT-T- and TPTT-T-based OSCs might have
more efficient photon-harvesting and charge collection
properties, because of their extended conjugation as well as
asymmetric structures.® Besides, these integrated J. values
agreed well with the J;. values extracted from J-V curves,
within 5% mismatch.

Mobility and Charge Transfer

The charge transport characteristics of the three pristine
NFAs and their blends were investigated via space-charge
limited current (SCLC) measurements. As shown
in Figure S4 and Table S4, the pristine TPT-T, TPTT-T, and
TPTTT-T films exhibited electron mobilities (u.) of
1.65 x 1074, 1.93 x 1074, and 2.60 x 1074 cm? V! s7},
respectively, which indicated that the extension of the
central core conjugation was beneficial to enhance the
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Figure 2 (a)/-Vand (b) EQE curves of the optimized OSCs based on PBT1-C:NFA blends. (c) PCE against V, plots of the reported A-D-A-type NFA-based
organic solar cells. The list of the data is available in the Supporting Information. (d) Light-intensity-dependent /.. characteristics for the optimized OSCs.

Table 2 Photovoltaic parameters of the optimized OSCs based on PBT1-C:NFAs

NFA Voc (V)a jsc (mAlcmz)a lsc,cal (mA/cmz) FF (%)a PCE (%)a

TPT-T 1.068 (1.073 + 0.010) 9.85 (9.70 £ 0.15) 9.41 58.1 (58.38 + 0.34) 6.1 (6.08 £ 0.11)
TPTT-T 1.084 (1.081 + 0.003) 10.94 (11.00 + 0.07) 10.45 58.4 (57.03 + 1.11) 6.93 (6.78 £ 0.13)
TPTTT-T 1.109 (1.109 + 0.001) 11.06 (11.04 + 0.10) 10.56 60.5 (59.28 + 0.90) 7.42 (7.26 £ 0.13)

?Average values with standard deviations were obtained from 20 devices.

electron mobility. When blending with the polymer PBT1-C,
the average hole mobilities (up)/ue values of the PBT1-C:
TPT-T, PBT1-C:TPTT-T, and PBT1-C:TPTTT-T devices were
measured to be 20.04 x 107%/1.14 x 1074, 19.58 x 1074/
1.27 x 1074, and 19.01 x 1074/2.20 x 1074 cm? V! s,
with the pp/u. ratios of 17.58, 15.42, and 8.64, respectively.

It is worth noting that the PBT1-C:TPTTT-T blend films
presented the highest p. value with the most well-balanced
Un/Ue ratio, which may lead to the higher Js. and FF values of
the corresponding devices.

The exciton dissociation and charge collection charac-
teristics were studied by measuring the photocurrent
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density (Jpn) versus effective voltage (Verr). As exhibited
in Figure S5, the saturated J,p, (Jsar) values of the NFA-based
devices could be reached at a high V¢ (>2 V), indicating
that all the photogenerated charge carriers are collected
effectively with negligible recombination in this region.®®
The Jsa¢ values of the PBT1-C:TPTT-T and PBT1-C:TPTTT-T
devices were measured to be 11.89 and 11.82 mA cm 2,
respectively, which were higher than that of the PBT1-C:
TPT-T device (11.21 mA cm2). The higher J,, values via the
extension of the conjugated core improved the resulting Js
values of OSCs. Under the short-circuit conditions, the
exciton dissociation probability (Pgiss = Jpn/Jsat) Values of
the PBT1-C:TPT-T, PBT1-C:TPTT-T, and PBT1-C:TPTTT-T
devices were calculated to be 88.1%, 91.3%, and 93.3%,
respectively, which suggested that the devices based on
asymmetric acceptors with extended conjugated cores had
more efficient exciton dissociation and charge collection
efficiency.%® As a result, the optimal device of PBT1-C:
TPTTT-T showed the best Js. and FF values among the three
devices.

Furthermore, the charge recombination behavior was
investigated by measuring the evolutionary trend of the J.
depending on light intensity (Pjign:). The relationship
between the J;. and P can be interpreted by the exponential
formula: Jic oo Piign’, Wherein the exponential factor s
represents the degree of bimolecular recombination.®® As
displayed in Figure 2d, the s values of the TPT-T-, TPTT-T-,

>
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and TPTTT-T-based devices were determined to be 0.979,
0.992, and 0.998, respectively. These data imply that the
TPTT-T- and TPTTT-T-based devices show a relatively
weaker bimolecular recombination compared with the
TPT-T-based device, which also agrees well with the higher
Jsc and FF values of the TPTT-T- and TPTTT-T based OSCs.

Morphology

To get a deeper insight into the morphologies of these
NFA-based active layers in OSCs, the atomic force micros-
copy (AFM) measurements were performed. Figure 3 dis-
plays smooth and uniform surfaces in height images of the
blend films with a rather small root mean square roughness
0f 0.859 nm for PBT1-C:TPT-T, 0.873 nm for PBT1-C:TPTT-T,
and 0.866 nm for PBT1-C:TPTTT-T blend films. In addition,
all the blends present a fibril network morphology in the
AFM phase images, and the donor/acceptor phases are well
intermixed, which is responsible for the efficient exciton
dissociation and charge carrier transport.”

In addition, 2D grazing incident wide-angle X-ray
scattering (GIWAXS) measurements were performed to
understand the molecular orientation and packing behav-
iors of these acceptors in the pristine and blend films. The
2D GIWAXS patterns and the corresponding line-cuts are
illustrated in Figure 4. It can be seen that all the neat films of

6.0 nm

-

~RMS=0.866nm - *

15.1°

2.0um

Figure 3 (a-c) AFM height images and (d-f) AFM phase images of the blend films.
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Figure 4 (a) 2D GIWAXS patterns and (b) the corresponding line-cut profiles along the in-plane and out-of-plane directions for the pristine WBG NFAs

and their blend films.

the acceptors show weak crystallinity. As shown
in Figure S6, the polymer donor PBT1-C presents a sharp
(100) lamellar stacking peak in the in-plane (IP) direction
together with a well-defined (010) -7t stacking peak in the
out-of-plane (OOP) direction, indicating that PBT1-C mainly
prefers the face-on orientation relative to the substrate.
After blending PBT1-C with the NFAs, the predominant face-
on orientation was still maintained in all the blend films,
which is beneficial for vertical charge transport in OSCs. As a
result, all the blend films showed high hole mobilities and
the electron mobilities of NFAs in the blend films were
found to have the same trend in their neat films.

Experimental Section

Materials

All reagents and chemicals were purchased from
commercial sources and used without further purification
unless otherwise noted. The compounds TPT-CHO,%® TPTT-
CHO,3° and TPTTT-CHO?! were synthesized according to the
previously reported literature.

Instrumentation

NMR spectra were measured on a Bruker Avance 300
spectrometer with deuterated chloroform (CDCls) as the
solvent and with trimethyl silane (TMS) as the internal
reference. UV-visible absorption spectra were measured on
a Hitachi (model U-3010) UV-vis spectrophotometer. Mass
spectra were recorded on a Bruker Daltonics Biflex III
MALDI-TOF analyzer in the MALDI mode. CV measurements
were performed under a nitrogen atmosphere at a scan rate
of 100 mV s~! using a Zahner IM6e Electrochemical
workstation. A platinum plate coated with sample film
was used as a working electrode, a platinum wire was used
as a counter electrode, a saturated Ag/AgCl electrode was
used as a reference electrode, 0.1 M tetra-n-butylammo-
nium hexafluorophosphate (BuyNPFg) in anhydrous aceto-
nitrile solution was employed as a supporting electrolyte
and the ferrocene/ferrocenium (Fc/Fc") redox couple was
used as an internal standard. The onset oxidation potential
of the ferrocene external standard was determined to be
0.43 eV. Therefore, the HOMO and LUMO energy levels
could be calculated from the following equations: HOMO
— (Ex®™®" + 4.37)eVand LUMO = - (Ereq®™®" + 4.37) eV,
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where E,,°™° and E°"*¢" are the onset oxidation potential

and onset reduction potential relative to Ag/AgCl, respec-
tively. AFM measurements were performed using a Dimen-
sion Icon AFM (Bruker) in the tapping mode. GIWAXS
measurements were performed at the PLS-II 9A U-SAXS
beamline of the Pohang Accelerator Laboratory in Korea.

Organic Solar Cell Fabrication and Characterization

0SCs with an inverted device structure of ITO/ZnO/
PBT1-C:NFA/MoO3/Ag were fabricated. The ITO-coated
glass substrates were successively cleaned by ultrasonic
treatment with a detergent, deionized water, acetone, and
isopropyl alcohol for 20 minutes, respectively. After
drying for one night, the ZnO precursor solution was
spin-coated at 4,000 rpm and the ZnO layer was
generated by thermal treatments at 200 °C for 15 minutes
in an ambient atmosphere. In a N,-filled glovebox, the
active layers were spin-coated from a solution of PBT1-C:
TPT-T, PBT1-C:TPTT-T, or PBT1-C:TPTTT-T with a D/A
weight ratio of 1:1 in chlorobenzene, and all of them were
stirred overnight prior to cast. The average thickness of
the active layer was controlled at 90-120 nm. The active
layers were allowed to be annealed at 120 °C for
10 minutes for PBT1-C:TPT-T and at 140 °C for 10 minutes
for PBT1-C:TPTT-T and PBT1-C:TPTTT-T in a N,-filled
glovebox. The MoOs; (3 nm) and Ag (90 nm) were
deposited by sequential thermal evaporation. Current
density-voltage (J-V) characteristics were measured
using a Keithley 2400 Source Measure unit. The currents
were measured under a 100 mW/cm? simulated 1.5
Global (AM 1.5 G) solar simulator (Enli Technology Co.,
Ltd, SS-F5-3A). The light intensity was calibrated by a
standard Si solar cell (SRC-2020, Enli Technology Co., Ltd).
EQE spectra were measured on a solar-cell spectral-
response measurement system (QE-R, Enlitech).

Space-Charge Limited Current Measurement

The charge transport properties were evaluated via a
SCLC method. The electron-only devices were fabricated
with a structure of ITO/ZnO/PBT1-C:NFA/ZrAcac/Al, and the
hole-only devices were fabricated with a structure of
ITO/PEDOT:PSS/PBT1-C:NFA/Mo00O3/Ag. The J-V curves of
the devices were fitted by using the Mott-Gurney equation:
J = 9¢,,uV?/8L3, where ] is the current density, &y is the
permittivity of free space, €, is the permittivity of the active
layer, p is the hole mobility or electron mobility, V is the
internal voltage of the device (V = V,pp — Vii) (where Vypp,
is the applied voltage and V},; is the offset voltage), and L is
the film thickness of the active layer. The electron/hole
mobility could be calculated from the J°°-V curve.

Conclusions

In summary, three A-D-A-type WBG NFAs were devel-
oped with different fused central cores by varying m-
conjugation extension and molecular symmetry (from
symmetric to asymmetric). As the fused central core was
gradually extended, asymmetric TPTTT-T displayed more
red-shifted absorption, lower optical bandgaps, upshifted
LUMO energy levels, and enhanced electron mobilities
compared with symmetric TPT-T. As a consequence, the
optimized OSCs based on PBT1-C:TPTTT-T yielded a PCE of
7.42%, which was higher than those of PBT1-C:TPTT-T
(6.93%) and PBT1-C:TPT-T (6.11%) based devices. Our results
may suggest a useful design tip for efficient asymmetric
NFAs for OSCs.
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