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ABSTRACT: A thieno[3,4-b]thiophene-based electron
acceptor, ATT-1, is designed and synthesized. ATT-1
exhibits a planar conjugated framework, broad absorption
with a large absorption coefficient, and a slightly high
LUMO energy level. Bulk-heterojunction (BHJ) solar cells
based on PTB7-Th electron donor and ATT-1 electron
acceptor delivered power conversion efficiencies of up to
10.07%, which is among the best performances reported
for non-fullerene BHJ solar cells using PTB7-Th as the
electron donor.

O ver the past two decades, bulk-heterojunction (BHJ)
organic solar cells' have become a promising technology
to utilize solar energy because of their flexibility, light weight, and
low-cost roll-to-roll production. Generally, the active layer of
BH]J solar cells consists of an electron donor and an electron
acceptor that take a bicontinuous phase-separated morphology
to convert light into electricity.” To date, most BH]J solar cells use
fullerene derivatives as the electron acceptor and yield high
power conversion efficiencies (PCEs) up to 10%,” owing to
fullerene’s high electron affinity and isotropic charge transport.
However, fullerene acceptors have limitations, e.g., weak
absorption of sunlight, poor morphological stability, high
synthetic cost, and low tunability of the lowest unoccupied
molecular orbital (LUMO) energy level. These issues led to a
quick development of non-fullerene small-molecule acceptors,”
which now show PCEs comparable to or even higher than those
of fullerene-based BHJ devices.’

One of the most successful designs® for a photoactive material
uses quinoidal resonance, extending the s-conjugation through
the backbone, as seen in commercialized PTB7 or PTB7-Th
polymers that are widely used in the development of high-
performance solar cells.” Especially PTB7-Th has been used as a
standard donor material for the screening of new non-fullerene
acceptors.”® In our previous work, we extended this design by
introducing strong donor—acceptor pairs to couple with
quinoidal modulation,” e.g., combining a thieno[3,4-b]thiophene
(TbT)'*-rhodanine functional block with benzodithiophene.
This molecular design (STB-n series shown in Scheme 1) has
several distinct advantages, e.g., appropriate frontier energy
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Scheme 1. Molecular Design of TbT-Based Non-fullerene
Acceptor ATT-1

electron donor

levels, better molecular planarity, large molecular 7-surface to
facilitate molecule—PCBM interaction, and high PCEs
(9.26%)."" We envisioned that the TbT-rhodanine functional
block could be further used in designing acceptor materials
whose energy levels can be readily tuned by coupling with new
building blocks. A new non-fullerene acceptor, (Z)-dioctyl 6,6'-
(4,4,9,9-tetrakis(4-hexylphenyl)-4,9-dihydro-s-indaceno[ 1,2-
b:5,6-b']dithiophene-2,7-diyl)bis(4-((Z)-(2-(dicyano-
methylene)-3-ethyl-4-oxothiazolidin-S-ylidene )methyl )thieno-
[3,4-b]thiophene-2-carboxylate), named as ATT-1, connecting
TbT-rhodanine with the bulky indacenodithiophene (IDT) unit,
is shown in Scheme 1. Instead of alkyl-substituted THT and
rhodanine in STB-3, ester-substituted THT and 2-(1,1-dicyano-
methylene)rhodanine, with stronger electron-withdrawing abil-
ity, were applied to simultaneously decrease the LUMO and
highest occupied molecular orbital (HOMO) energy levels
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Scheme 2. Synthesis of Non-fullerene Acceptor ATT-1¢
CO,CgH17
ST

I\
OHC™ g~ ™Br 4

“Reagents and conditions: (a) Pd(PPh,),, toluene/DMF, reflux; (b) 3-
ethylrhodanine, f-alanine, dichloroethane/ethanol, 75 °C. Ar = p-
hexylphenyl.

(Supporting Information (SI), Figure S1). ATT-1 possesses a
planar conjugated framework, intense absorption ranging from
500 to 800 nm (€ggpnm = 1.2 X 10° L mol™" cm™), and a slightly
high LUMO energy of —3.63 eV. The as-cast BH]J solar cells with
PTB7-Th as the electron donor and ATT-1 as the electron
acceptor exhibited PCEs up to 10.07%, which is among the
highest efficiency for non-fullerene BHJ solar cells utilizing
PTB7-Th as the donor material.**

As shown in Scheme 2, ATT-1 was synthesized by a simple
two-step method: a Stille-type cross-coupling reaction between
octyl 4-bromo-6-formylthieno[3,4-b]thiophene-2-carboxylate
1'% and (4,4,9,9-tetrakis(4-hexylphenyl)-4,9-dihydro-s-
indaceno[1,2-b:5,6-b’]dithiophene-2,7-diyl)bis(trimethyl-
stannane) 2'’ to generate dialdehyde 3, followed by a
Knoevenagel condensation with 2-(3-ethyl-4-oxothiazolidin-2-
ylidene)malononitrile to afford ATT-1 in 76% yield. The
solubility of ATT-1 is quite good in halogenated solvents, e.g,,
chloroform, chlorobenzene, and o-dichlorobenzene. According
to thermogravimetric analysis, ATT-1 exhibits high thermal
stability (5% weight loss at 320 °C; SI, Figure S2). An ATT-1
chloroform solution shows intense absorption in the 500—800
nm region, with a large molar absorption coefficient of 1.2 X 10°
L mol™ em™" at 690 nm (Figure 1a). ATT-1 thin film exhibits a
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Figure 1. (a) Normalized UV/vis absorption spectra of ATT-1 in
chloroform and in thin film. (b) Cyclic voltammograms of ATT-1 and
PC,,BM.

maximum absorption peak at 736 nm, which is bathochromically
shifted by 46 nm. Noted that the maximum photon flux density
of sunlight is around 700 nm, so the strong and broad absorption
of ATT-1 could enhance the short-circuit current (J,) in
photovoltaic devices. The optical bandgap of ATT-1 is
determined to be 1.54 eV according to the thin-film absorption
onset. According to the cyclic voltammetry measurements
(Figure 1b), the HOMO and LUMO energy levels are estimated

to be —5.50 and —3.63 eV, respectively (Figure 1b), using
Enomo/Lumo = —(4.80 + Egreq'’?) €V. The LUMO energy level
of ATT-1 is slightly higher than that of PC;BM (—3.75 V),
which is beneficial to achiveing high open-circuit voltage (v,).B

For a feasible comparison of the performance of PC,;BM- and
ATT-1-based solar cells, we applied a conventional BHJ device
structure of ITO/PEDOT:PSS/PTB7-Th:ATT-1/PEN/AL The
optimized active layers with a thickness of 130 nm were formed
by spin-coating from a chlorobenzene solution of PTB7-
Th:ATT-1 (1:1.5 weight ratio, 25 mg/mL in total weight
concentration). As indicated in Table 1, the PCE values

Table 1. Device Performance of BHJ Organic Solar Cells
Based on PTB7-Th:ATT-1 and PTB7-Th:P,;BM (Both 1:1.5
Weight Ratio) under AM 1.5G Illumination, 100 mW cm >

thickness V. Jse FF
acceptor (nm) W) (mA cm™2) (%) PCE (%)“
ATT-1 130 0.92 12.29 39 4.46 (4.39)
ATT-1° 100 0.88 16.18 68 9.78 (9.67)
ATT-1° 130 0.87 16.48 70 10.07 (9.89)
ATT-1° 160 0.87 16.41 66 9.59 (9.43)
PC,,BM® 100 0.79 16.62 67 9.02 (8.85)
PC,,BM* 130 0.78 16.03 67 8.46 (8.22)

“Average PCEs in parentheses for 24 devices. ®1% DIO is added. “3%
DIO is added.

dramatically increase from 4.46% to 10.07% when 1% (v/v)
1,8-diiodooctane (DIO) is applied as the processing additive,
which leads to increased J. and fill factor (FF) (12.29 vs 16.48
mA cm™* and 0.39 vs 0.70 without and with DIO presented in
devices, respectively, Figure 2b). The ATT-1-based solar cells
exhibit higher V. and FF than those based on PC,;BM acceptor
(0.87 vs 0.79 eV and 0.70 vs 0.67 in devices; SI, Figure S3) with
comparable J,.. External quantum efficiency (EQE) curves are
shown in Figure 2c. The ], value is calculated to be 15.8 mA cm ™
according to the EQE curve, which agrees well with those from
photovoltaic J—V test (~4% error). Thus, the PCEs of PTB7-Th
and ATT-1-based solar cells are comparable to, if not better than,
those of the state-of-the-art BHJ solar cells using PC,;BM.

The influence of DIO on charge generation and extraction is
investigated by measuring the photocurrent density (J,;) versus
the internal voltage (V;,) (Figure 2d) and the dependence of the
J. on illumination intensity (Figure 2e). Jon is defined as J; — Jp,
where J; and ] are the current density under illumination and in
the dark, respectively. V,, is calculated by V, — V."* As shown in
Figure 2d, ], of the blend film without DIO does not saturate,
even at high V, (>1.5 V), indicating that the charge extraction in
the solar cell is quite poor. Meanwhile, ], of the blend film using
1% DIO increases dramatically at low V,; and saturates promptly
at Vi, & 0.3 V. Thus, the corresponding short-circuit voltage falls
within the saturation regime, and the saturation current density
(Jo) is 16.83 mA cm ™2 The high Jon/Jsa values under the short-
circuit condition and maximum power points are 0.98 and 0.82,
indicating eflicient exciton dissociation in the system of PTB7-
Th:ATT-1. The dependence of J,. on illumination intensity is
also measured to study the recombination kinetics."” If the slope
of the J vs illumination curve approaches 1, the bimolecular
recombination can be neglected, and the free carriers can be
collected effectively. In Figure 2e, the slopes for the blend film
with and without DIO are 0.94 and 0.87, respectively, indicating
that strong bimolecular recombination can be suppressed when
DIO is introduced. Consequently, efficient charge generation,
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Figure 2. (a) Chemical structures of non-fullerene acceptor ATT-1 and
polymer donor PTB7-Th. (b) Characteristic current density vs voltage
(J-V) curves of the PTB7-Th:ATT-1-based solar cells without (blue
line) and with (red line) solvent additive DIO (1%, v/v) under AM 1.5G
irradiation (100 mW cm™2). (c) EQE curves of the corresponding solar
cells. (d) Joh— Vegs characteristics. (e) Double-logarithmic plots of ], as a
function of incident light intensity.

extraction, and weak recombination give rise to the improved J
after addition of 1% DIO.

Charge-transport properties were investigated by the space
charge-limited current (SCLC) method using hole- and electron-
only devices (SI, Figure S4). The hole and electron mobilities of
the blend film without DIO are determined to be 0.58 X 10~* and
0.25 X 10~ cm? V™! 574, respectively. After addition of 1% DIO,
the hole and electron mobilities are increased to 5.13 X 10~* and
2.40 X 107* ecm® V™' 57, respectively. The 10-fold increase of
hole and electron mobilities is responsible for the improved FFs
in devices.

To understand the excellent device performance of the PTB7-
Th:ATT-1 blend, we used grazing incidence X-ray diffraction
(GIXD) and resonant soft X-ray scattering (RSoXS) to
investigate the microstructures of the neat and blend thin
films.'"® The two-dimensional (2D) GIXD patterns and the
corresponding line-cuts of neat PTB7-Th, neat ATT-1, and their
blends with and without DIO are shown in Figure 3. PTB7-Th
showed a (100) diffraction peak in the in-plane (IP) direction at
0.27 A~ and a (010) diffraction peak in the out-of-plane (OOP)
direction at 1.63 A™". The corresponding inter-lamellae spacings
are 22.4 and 3.85 A, and the polymer crystalline regime takes
preferential face-on orientation as seen from enhanced 77—z
stacking diffraction in OOP direction.'” The neat film of ATT-1
exhibits a broad alkyl-stacking peak at 0.34 A with no azimuthal
dependence, which corresponds to the inter-lamellae spacing of
18.5 A. The neat film of ATT-1 shows a diffusive diffraction arc
around 1.26 A™' and a broad 7—7 stacking peak at 1.75 A™,

BIEERRe] (b) 10° 4

il

BHJ with DIO

\SO
Ehe S 108
=3
3 10
Q >
° =
@
c
N 2
~ =
— 2
o 10
Lo
N
o
I3
o
1
o 10
N
Lo
s
o ",
0 "
10 . v
2

2 T T T T T T T
©1.51.00.50.0 2 3 45678

Oy [A"] Q vector [A]

Figure 3. (a) 2D GIXD diffraction images of the pristine and PTB7-
Th:ATT-1 blend films. (b) IP (dotted line) and OOP (solid line) X-ray
scattering profiles extracted from the 2D GIXD images.

corresponding to 7—z stacking distance of 3.58 A. The blend film
without DIO shows combined diffraction features of PTB7-Th
and ATT-1. The alkyl—alkyl packing region and 7—7 stacking
region are combined features from both components and appear
as broad peaks that cannot be easily separated. Peak-splitting
fitting of the 0.2—0.5 A™" region yields PTB7-Th and ATT-1
crystal sizes of 7.2 and 4.1 nm, respectively. In DIO-processed
blends, enhanced diffraction features from ATT-1 are seen in
both alkyl—alkyl packing and z—7 stacking regions. The crystal
sizes of (100) for PTB7-Th and ATT-1 are 7.4 and 10.2 nm.
Thus, DIO strongly enhanced ATT-1 crystallization. The 7—7x
stacking peak region cannot be easily fitted. However, the sharper
peakaat 1.70 A" in the OOP direction indicated that both PTB7-
Th and ATT-1 intermolecular stacking were enhanced. We
scaled IP and OOP profiles and normalized around the 1—1.2
A™! amorphous region signal (S1, Figure S6). More intense 7—7
stacking features were seen in the OOP region; thus, face-on
orientation dominates. These characteristics of the increased
crystal sizes and preferential face-on orientation lead to improved
charge transport in DIO-processed thin films.

RSo0XS is used to investigate the phase separation of PTB7-
Th:ATT-1 blend films. A photon energy of 285.2 eV was used by
employing enhanced contrast at the carbon K-edge. As indicated
in SI, Figure S7, the PTB7-Th:ATT-1 blend with no DIO
treatment shows weak scattering features with a broad hump
located at around 0.01 A™', giving a size scale of ~60 nm for
phase separation. PTB7-Th and ATT-1 are both conjugated
materials of similar components, and the scattering contrast is
low."® A weak scattering signal indicates that these molecules mix
well. This feature leads to poor carrier extraction and low FF in
devices. DIO additive helps to improve the thin-film
morphology, and in RSoXS, enhanced scattering intensity across
abroad q region from 0.04 to 0.2 A~! was seen, and thus a broad
length scale of phase separation (30—150 nm). The enhanced
phase separation and crystallinity in the blended thin film give
rise to a mobility jump for both electrons and holes, leading to
dramatically increased FFs and PCEs. Thus, a proper
morphological optimization is critical in exploring the potential
of new OPV materials.
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In summary, a new electron acceptor, ATT-1, based ona TbT-
rhodanine building block has been designed and synthesized.
ATT-1 exhibits broad absorption, with a large absorption
coefficient and suitable LUMO energy level. BH]J solar cells
based on PTB7-Th donor and ATT-1 acceptor delivered high
PCEs of up to 10.07%, which is among the highest for non-
fullerene BHJ solar cells using PTB7-Th as the electron donor.
To our knowledge, ATT-1 is the first TbT-based non-fullerene
acceptor. The proper energy level alignment, excellent carrier
transport property, and proper morphology in ATT-1-based BH]
blends advocate for its promising future in OPV applications.
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