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ABSTRACT: We develop an efficient fused-ring electron
acceptor (ITIC-Th) based on indacenodithieno[3,2-b]-
thiophene core and thienyl side-chains for organic solar cells
(OSCs). Relative to its counterpart with phenyl side-chains
(ITIC), ITIC-Th shows lower energy levels (ITIC-Th:
HOMO = —5.66 eV, LUMO = —3.93 eV; ITIC: HOMO =
—5.48 eV, LUMO = —3.83 eV) due to the o-inductive effect of
thienyl side-chains, which can match with high-performance
narrow-band-gap polymer donors and wide-band-gap polymer
donors. ITIC-Th has higher electron mobility (6.1 X 107* cm*
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V™! s7!) than ITIC (2.6 X 10~ cm® V™! s7!) due to enhanced intermolecular interaction induced by sulfur—sulfur interaction.
We fabricate OSCs by blending ITIC-Th acceptor with two different low-band-gap and wide-band-gap polymer donors. In one
case, a power conversion efficiency of 9.6% was observed, which rivals some of the highest efficiencies for single junction OSCs

based on fullerene acceptors.

B INTRODUCTION

Solar cells, which have the potential to be an inexpensive,
renewable energy technology by efficiently converting sunlight
into electricity, are promising long-term solutions for energy
and environmental problems caused by mass production and
use of fossil fuel, such as coal, oil, and gas. Significant research
has been dedicated to the development of printable, flexible
organic solar cells (OSCs) as a promising cost-effective,
lightweight alternative to silicon-based solar cells for certain
applications, such as the so-called bulk heterojunction
architecture (BHJ)' in which typically a donor polymer (i.e.,
one with a low ionization energy) is blended with an acceptor
(ie, a material with a relatively high electron affinity). While
many structures have been explored as donor polymers, and
now several have yielded high-performance solar cells (> ~7.5%
efficiency and recently as high as 11%),” " the vast majority of
systems use a fullerene-based acceptor, in part because
fullerenes exhibit relatively hi%h electron affinity and isotropic
charge transport properties.l’l

Recently some solution-processed, fullerene-free OSCs have
shown greatly enhanced PCEs up to 6—8%,"” >° which in
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several cases was even higher than those of the fullerene-based
control devices. To date, the majority of nonfullerene acceptors
(PCE > 6%) were constructed on the basis of a strategy of
tailoring extended quasi-2D z-systems with electron-deficient
groups like halogenated s.ub(na)g;hthalocyanine26’27 and imide/
diimide-functionalized rylenes.'”"*~'7**7%% In BHJ architec-
tures with perylene diimides, care must be taken to find the
correct balance for aggregation that leads to eflicient charge
separation and mobility, but not so much as to lead to complete
phase separation. In light of these few examples, there is still
much room to address the significant limitations of fullerene
acceptors, specifically: they have relatively weak absorption in
the visible and often constitute a large fraction of the material in
the film; and they have relatively limited tunability of their
electronic and optical properties. This provides both scientific
and technological motivation to develop a general strategy for
new acceptors, which can address these issues effectively. In an
attempt to identify promising materials as nonfullerene
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Figure 1. (A) Chemical structures of PTB7-Th, PDBT-T1, ITIC, and ITIC-Th. (B) UV—vis absorption spectra of PTB7-Th, PDBT-T1, and ITIC-
Th in thin film. (C) Estimated energy levels of PTB7-Th, PDBT-T1, and ITIC-Th from electrochemical cyclic voltammetry.

acceptors, we proposed the following criteria as being
important: (i) the basic properties, such as solubility,
crystallinity, absorption, energy levels, and packing, can be
varied somewhat systematically; (ii) the HOMO and LUMO
levels that can be realized need to be appropriate for a range of
donor polymers that are known to give high performance in
solar cells; and (iii) the compounds should possess a rigid
extended fused-ring backbone to decrease the reorganization
energy and have wave functions in the LUMO that are
delocalized to afford the opportunity for significant intermo-
lecular electronic coupling, both of which are associated with
high mobilities.

In the past for the most part as noted above, the structural
building blocks for acceptors did not necessarily take full
advantage of some of the design motifs that have led to high
mobilities and absorptive properties of donor materials. We
reasoned that use of the rigid indacenodithieno[3,2-b]-
thiophene (IDTT) core subsitituted with strong electron-
withdrawing groups could provide electron acceptor materials
while providing out-of-plane side-chains* for tuning process-
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ability and morphology/phase separation. In our previous work,
an electron acceptor (ITIC, Figure 1A) based on IDTT with
four phenyl side-chains showed a promising PCE of 6.8%." In
ITIC, electron-withdrawing groups derived from 2-(3-ox0-2,3-
dihydroinden-1-ylidene)malononitrile (shown in Scheme S1)
lead to appropriate (and by use of modifications tunable)
electron affinities (LUMO of ca. —3.83 eV)."> Furthermore,
acceptor—donor—acceptor structure in ITIC can induce
intramolecular charge transfer and lead to both strong and
somewhat panchromatic absorption throughout the visible
(500—800 nm) relative to most fullerenes and even perylene
dimides."® In addition, the four rigid substituents on IDTT
main chain do not disrupt the planarity of the IDTT core, but
may lead to low energetic dispersion identified by Sirringhaus
and co-workers® to be impact for high mobilities (both hole
and electron mobilities are >1072 ecm® V™! s7!) in field-effect
transistors.”® However, ITIC possesses relatively high HOMO
energy level of —5.48 eV, which leads to the limited
compatibility with high-performance electron donors, especially
moderate- or wide-band-gap donors with HOMO levels of ca.—
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Figure 2. J—V curves of OSCs based on (A) PTB7-Th:ITIC-Th (1:1.3, w/w) and (B) PDBT-T1:ITIC-Th (1:1, w/w) without and with CN additive.
(C) Statistical histogram of PCEs of OSCs based on PTB7-Th:ITIC-Th (1:1.3, w/w) and PDBT-TL:ITIC-Th (1:1, w/w) with CN (60 devices for
each case). The average PCEs for PTB7-Th:ITIC-Th and PDBT-T1:ITIC-Th are 8.5% and 9.3%, respectively. (D) J—V curve of the OSCs based on

PDBT-TL:ATIC-Th (1:1, w/w) with 1% CN certified by CPVT.

54 eV and even deeper, like PDBT-T1 (Figure 1A).” In
addition, there is room for improvement in the electron
mobility of ITIC (2.6 X 10™* cm® V! s™! measured by space-
charge-limited current (SCLC) method), which is lower than
those (107 cm® V™! s7!) of fullerene acceptors.

Here, we design and synthesize an electron acceptor (ITIC-
Th, Figure 1A) based on IDTT as core and four 2-thienyl
groups as out-of-plane side chains. Thienyl side-chains can
downshift molecular energy levels relative to phenyl side-chains
since 2-thienyl group is inductively somewhat electron-
withdrawing.38 As a result, ITIC-Th has lower energy levels,
which can match with narrow-band-gap polymer donor like
PTB7-Th (Figure 1A)* and wide-band-gap polymer donor like
PDBT-T1.”” Moreover, relative to phenyl side-chains, thienyl
side-chains are expected to increase intermolecular interactions,
which facilitate 7-stacking and charge transport because the
sulfur atoms are more easily polarized than carbon atoms of
benzene and sulfur—sulfur interaction is stronger than carbon—
carbon interaction. As a result, ITIC-Th has stronger
absorption and higher electron mobility than ITIC. Finally,
the PTB7-Th:ITIC-Th and PDBT-T1:ITIC-Th-based OSCs
exhibited PCEs up to 8.7% and 9.6%, respectively, which are
excellent values reported on OSCs based on new alternative
acceptors. The 9.6% value is the highest PCE reported on the
fullerene-free OSCs, and even higher than that of most of
tullerene-based devices.

B RESULTS AND DISCUSSION

Molecular Design and Characterization. ITIC-Th was
synthesized by means of two facile reactions (Scheme S1). The
indacenodithieno[3,2-b]thiophene with four thienyl side-chains
(IT-Th) was lithiated and then quenched with dimethylforma-
mide (DMF) to afford IT-CHO, followed by a Knoevenagel
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condensation with 2-(3-oxo0-2,3-dihydroinden-1-ylidene)-
malononitrile to afford ITIC-Th. Compound ITIC-Th has
good solubility in common organic solvents (e.g., chloroform,
o-dichlorobenzene (0-DCB)) and good thermal stability (5%
weight loss at 310 °C in thermogravimetric analysis, Figure S1).
ITIC-Th in dichloromethane solution (107° M) exhibits strong
absorption in the 550—730 nm region with a maximum
extinction coefficient of 1.5 X 10° M~ cm™ at 668 nm (Figure
$2), which is slightly higher than that of ITIC in dichloro-
methane solution (1.3 X 10° M~ ecm™ at 664 nm)."”’ In
comparison, the fullerene derivatives have very weak absorption
in visible and near-infrared (NIR) region (for example, 6,6-
phenyl C61 butyric acid methyl ester (PCBM), extinction
coefficient < 1.4 X 10* M~ cm™ in 450—700 nm, see Figure
S3). Relative to its solution, absorption of an ITIC-Th film
exhibits a significant red-shift of 38 nm and a strong shoulder
peak, suggesting that there is some molecular self-organization
in the film. The optical band gap of ITIC-Th film estimated
from the absorption edge (772 nm) is 1.60 eV (Figure 1B).
The HOMO and LUMO energies of ITIC-Th film are
estimated to be —5.66 and —3.93 eV (Figure 1C) from the
onset oxidation and reduction potentials from electrochemical
cyclic voltammetry (Figure S4), respectively. Due to the o-
inductive effect of thienyl side chains, ITIC-Th shows lower
energy levels than those of ITIC (HOMO = —5.48 eV; LUMO
—3.83 eV)."” In terms of thermodynamics, the energy levels
of ITIC-Th can match with those of most typical electron
donor materials (LUMO > —3.7 eéV; HOMO > —5.4 eV). The
electron mobility of ITIC-Th film measured using the space-
charge-limited current (SCLC) method is up to 6.1 X 10~* cm®
V™! s7! (Figure S5) with an average value of 5.6 X 107* cm?
V! s7! for 10 devices, which is improved relative to that of
ITIC (2.6 X 107* cm® V™! s7!) due to increased intermolecular
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interactions in ITIC-Th. From grazing incident wide-angle X-
ray diffraction (GIWAXS) analysis of ITIC and ITIC-Th neat
films (Figure S6), ITIC-Th shows reduced d-spacing (ITIC-Th
= 3.5 A; ITIC = 3.8 A) and increased coherence length (ITIC-
Th = 5.5 nm; ITIC = 2.4 nm) of 7—7 stacking relative to ITIC
with phenyl side-chains. Then, this relatively high electron
mobility is promising to ensure effective charge carrier
transport to the electrodes.

Photovoltaic Performance. The LUMO of —3.59 €V and
HOMO of —5.20 €V of electron donor PTB7-Th'® are 0.34
and 0.46 eV higher than those of ITIC-Th (Figure 1C),
respectively, and the LUMO and HOMO differences between
PTB7-Th and ITIC-Th are expected to be sufficient for
efficient exciton dissociation, for which a suggested empirical
value of ca. 0.3 €V is often taken.*” Thus, to demonstrate
potential application of ITIC-Th in OSCs, we used PTB7-Th as
a donor and ITIC-Th as an acceptor to fabricate BHJ OSCs
with a structure of ITO/ZnO/PTB7-Th: ITIC-Th/MoO,/Ag.
Table S1 summarizes open circuit voltage (V¢), short circuit
current density (Jsc), fill factor (FF), and PCE of the devices at
different donor/acceptor (D/A) weight ratios. OSCs based on
as-cast PTB7-Th:ITIC-Th (1:1.3, w/w) film gave a V¢ of 0.80
V, Jsc of 15.15 mA cm ™%, FF of 0.618, and PCE of 7.5% (Figure
2A and Table 1). Furthermore, when 3% 1-chloronaphthalene

Table 1. Device Data of OSCs Based on PTB7-Th:ITIC-Th
(1:1.3, w/w) and PDBT-T1:ITIC-Th (1:1, w/w) under the
Mlumination of AM 1.5 G, 100 mW cm™>

donor CN (%) Voc (V) Jsc (mAecm™)“ FF  PCE (%)"
PTB7-Th 0 0.80 15.15 (15.00) 0618 7.5 (7.4)
3 0.80 1593 (15.95) 0.680 8.7 (8.5)

PDBT-T1 0 0.90 15.80 (15.75) 0528 7.5 (7.4)
1 0.88 1624 (16.17) 0671 9.6 (9.3)

“Values calculated from IPCE in brackets. bAverage PCEs in brackets
for 60 devices.

(CN) was used, the OSC yielded an enhanced PCE of 8.7%
(Figure 2A) with Vo of 0.80 V, Jsc of 15.93 mA cm ™2, and FF
of 0.680, and the average PCE value of 60 devices reached 8.5%
(Figure 2C). As seen in Figure 1B, PTB7-Th shows strong
absorption at 600—700 nm, which significantly overlaps with
that of ITIC-Th. Our previously reported wide-band-gap (1.85
eV) polymer donor PDBT-T1 possesses complementary
absorption (Figure 1B), suitable energy levels (HOMO =
—5.36 eV; LUMO = —3.43 V) matched with ITIC-Th (Figure
1C), and a high hole mobility of 0.03 cm* V! s7'.*” Thus, we
used PDBT-T1 as a donor and ITIC-Th as an acceptor to
fabricate BH] OSCs. The devices processed from chloroform
without any post-treatments show a PCE of 7.5% (Figure 2B,
Tables 1 and S2). Similar to the case of the PTB7-Th:ITIC-Th
system, CN can considerably improve the device performance
of PDBT-T1:ITIC-Th. Relative to the devices as-cast, the
devices with 1% CN additive show much higher FF, slightly
higher Jsc, and finally higher PCE (9.6%, see Figure 2B, Tables
1 and S2). For 60 devices, the average PCE of PDBT-T1:ITIC-
Th-based OSCs with 1% CN is 9.3% (Figure 2C), which is
higher than those of other fullerene-free OSCs reported in
literature. The devices without encapsulation were sent to the
National Center of Supervision and Inspection on Solar
Photovoltaic Products Quality of China (CPVT) for certifi-
cation. A certified PCE of 8.85% was obtained with a Jsc of
15.01 mA cm™, Vo of 0.89 V, and FF of 0.661 (Figures 2D
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and S7). The certified PCE value differs by 5% from the average
value (9.3%) obtained from our laboratory. Among the
parameters, the drop in efficiency results predominantly from
the lower Jgc, most probably due to degradation of the device,
because the devices were not encapsulated before testing at
CPVT.

Compared with the PTB7-Th:ITIC-Th system, PDBT-
T1:ATIC-Th-based devices show higher V¢ and Js¢c; higher
Voc is related to lower HOMO of PDBT-T1, while higher Jy is
attributed to complementary absorption of PDBT-T1 and
ITIC-Th, which is consistent with the incident photon to
converted current efficiency (IPCE) spectra of the blended
films (Figure S8). For both PTB7-Th:ITIC-Th and PDBT-
TI1:ITIC-Th, solvent additive CN improves the IPCE. Both
PTB7-Th:ITIC-Th and PDBT-T1:ITIC-Th show the IPCE
maximum up to ca. 80%. The highest Js¢’s of the devices based
on PTB7-Th:ITIC-Th and PDBT-T1:ITIC-Th with CN
calculated from integration of the IPCE spectra with the AM
1.5G reference spectrum are 1595 and 16.17 mA cm™?
respectively, which are very close to those measured by J—V
measurements (15.93 and 16.24 mA cm™2).

We investigate the initial stability of the best device of
PDBT-T1:ITIC-Th-based OSCs (Figure S9). After heating at
100 °C for 5—10 min, the device PCE decreases ca. 10%, and
then keeps almost stable around 85—88% of original value. In
contrast, the PCE of PDBT-T1:PCBM-based device decreases
35% after heating at 100 °C for 3 h. Furthermore, PDBT-
T1:ITIC-Th-based OSCs also show better long-term stability
than PDBT-T1:PCBM-based OSCs under storage at room
temperature both in N, glovebox and in ambient condition.

Film Morphology Analysis. To better understand the role
of the solvent additive CN, the morphology of PTB7-Th or
PDBT-T1:ITIC-Th blended films was investigated. From
atomic force microscopy (AFM) images (Figures S10 and
S11), the PTB7-Th:ITIC-Th and PDBT-T1:ITIC-Th blended
films show relatively smooth surfaces. GIWAXS was used to
investigate the molecular-level structural information such as
molecular orientation and packing of PTB7-Th:ITIC-Th and
PDBT-T1:ITIC-Th with and without CN solvent additive. The
two-dimensional (2D) GIWAXS patterns of blends with or
without CN are shown in Figure 3A, and the corresponding
scattering profiles in the in-plane and out-of-plane direction are
displayed in Figure 3B. The peaks with g ~ 0.3 and 0.9 A™' are
generated from the lamellar packing of PTB7-Th or PDBT-T1
(the scattering of the corresponding neat films is shown in
Figure S12). The sharp peaks with g ~ 0.48 and 0.96 A~
originate from ITIC-Th lamellar packing (Figure S12). The
m—n stacking peak of PTB7-Th and PDBT-T1 is shown at g &
1.6—1.7 A7, 1t is interesting to note that all the peaks become
sharper/stronger after processed with additive CN, which
indicates that CN enhances molecular packing of both
conjugated donor polymers (PTB7-Th and PDBT-T1) and
ITIC-Th in the blended film. The coherence length of PTB7-
Th and ITIC-Th z—7 stacking is calculated (via Scherrer
equation)*' to be 1.4, 3.0 nm and 1.5, 3.8 nm for the blend
without and with CN, respectively. The coherence length of
PDBT-T1 and ITIC-Th n—x stacking is calculated to be 1.2,
2.8 nm and 1.3, 3.3 nm for the blend without and with CN,
respectively. This again confirms that the molecular packing is
improved after processing with CN, which may be attributed to
different solubility of donor and acceptor in CN (~40 mg mL™"
for ITIC-Th, ~9 mg mL™"' for PTB7-Th, ~0.5 mg mL™" for
PDBT-T1) and different drying speed of solution (boiling
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Figure 3. (A) 2D GIWAXS patterns and (B) scattering profiles of in-plane and out-of-plane for PTB7-Th:ITIC-Th (1:1.3, w/w) and PDBT-
TLITIC-Th (1:1, w/w) blended films as-spun and processed with CN (3% for PTB7-Th:ITIC-Th, 1% for PDBT-T1:ITIC-Th).
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Figure 4. R-SoXS profiles in log scale for (A) PTB7-Th:ITIC-Th (1:1.3, w/w) blended films without and with 3% CN additive and (B) PDBT-
T1:ATIC-Th (1:1, w/w) blended films without and with 1% CN additive.

point of CN, o-DCB and chloroform is ~260, 180 and 61 °C,
respectively). The improved z—rn stacking ordering will be
favorable for charge transport and thus device performance.
Also, the 7—r stacking in the out-of-plane direction of blended
films processed without and with CN is obviously stronger than
those in the in-plane direction, which indicates molecules take
predominantly face-on orientation relative to the electrode
substrates. The vertical 7—7 stacking is well-known to benefit
charge transport between anode and cathode of solar cells.

In addition, resonant soft X-ray scattering (R-SoXS) was
used to probe the phase separation in PTB7-Th or PDBT-
TL:ITIC-Th blended films (Figure 4). The resonant energy
284.8 eV was selected to provide highly enhanced contrast.”'
The median of the distribution .4, of the scattering
corresponds to the characteristic median length scale, £, of
the corresponding log-normal distribution in real space with £ =
1/Smediany @ model independent statistical quantity. It is noted
that the median domain size is the half of & The & of 60—70
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nm is obtained for the PTB7-Th:ITIC-Th blends without any
treatment. Further analysis reveals that PTB7-Th:ITIC-Th
films with 3% CN show slightly larger phase separation with &
of 90—100 nm. Furthermore, R-SoXS can also reveal the
average composition variations (relative domain purity) via
integrating scattering profiles, which are indicative of the
average purity of donor material and acceptor material domains.
In Figure 4, the higher the total scattering intensity (integration
of the scattering profiles over q), the purer the average domains.
The relative domain purity of the as-cast blend is about 82% of
the blend processed with CN. Thus, 3% CN increases average
domain purity of the film. The purer domains are favorable to
reduce bimolecular recombination.*” Meanwhile, in the PDBT-
T1: ITIC-Th system, we can find that PDBT-T1:ITIC-Th films
with 1% CN shows smaller £ ~ 50 nm than that of the blend
film without CN (& ~ 200 nm). The total scattering intensity of
PDBT-TI1:ITIC-Th without CN is lower than that with the
addition of 1% CN, which indicates that CN leads to higher
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relative domain purity. The appropriate domain sizes and the
pure domains are beneficial to exciton dissociation and charge
transport, respectively.”> As a result, the PTB7-Th:ITIC-Th
and PDBT-T1:ITIC-Th with CN show higher Jsc and FF, and
finally higher PCE.

PTB7-Th or PDBT-T1: ITIC-Th blended films without and
with CN as solvent additive show balanced charge transport
(electron mobility/hole mobility = 1.3—2.2, Table S3), with
relatively high hole and electron mobilities in order of
magnitude of 10™* cm® V™! s7! (Table S3, Figures S13—S16).
As GIWAXS and R-SoXS predicted, for both PTB7-Th:ITIC-
Th and PDBT-T1:ITIC-Th systems, the blended films with CN
exhibit higher hole and electron mobilities than as-cast films,
due to the improved 7—7 stacking ordering (see in GIWAXS
analysis) and higher domain purity (see in R-SoXS analysis) in
the blended films. Thus, in these two systems, CN improves
Jsc, FF, and PCE.

B CONCLUSIONS

ITIC-Th with thienyl side-chains exhibits relatively stronger
absorption in the visible and NIR regions, lower energy levels,
and higher electron mobility relative to ITIC with phenyl side-
chains. PTB7-Th:ITIC-Th and PDBT-T1:ITIC-Th blended
film show balanced charge transport and predominant
intermolecular 7—n interactions vertical to the substrates.
The solvent additive CN improves the phase purity and charge
transport of blended film. The OSCs based on PTB7-Th:ITIC-
Th blended films with 3% CN show PCEs as high as 8.7%.
Furthermore, relative to narrow-band-gap PTB7-Th, the wide-
band-gap polymer donor PDBT-T1 has a lower HOMO energy
level and more complementary absorption with ITIC-Th;
PDBT-T1:ITIC-Th-based devices with 1% CN show PCEs as
high as 9.6%, with an average PCE of 9.3% and a certified PCE
of 8.85%, which are higher than those (6—8%) reported on
fullerene-free OSCs. We expect that the PCE could be further
enhanced to breaking 10% after careful device optimization,
such as cathode/anode interlayers and plasmonic nanostruc-
tures. These results demonstrate that the approach we
described above, clearly illustrated with the electron acceptor
ITIC-Th, is a promising alternative to those based on fullerene
(or rylene diimide) derivatives for high-performance OSCs, and
we suggest that this approach can be broadly applicable to the
development of new acceptors for a wide range of donor
materials given the tunability of the building blocks and the
modularity of the synthetic strategy.
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