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Recent progress of ultra-narrow-bandgap polymer
donors for NIR-absorbing organic solar cells
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Solution-processed near-infrared (NIR)-absorbing organic solar cells (OSCs) have been explored worldwide
because of their potential as donor:acceptor bulk heterojunction (BHJ) blends. In addition, NIR-absorbing
OSCs have attracted attention as high specialty equipment in next-generation optoelectronic devices, such
as semitransparent solar cells and NIR photodetectors, owing to their feasibility for real-time commercial
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application in industry. With the introduction of NIR-absorbing non-fullerene acceptors (NFAs), the value

of OSCs has been increasing while organic donor materials capable of absorbing light in the NIR region
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1 Introduction

The development of clean and sustainable energy is becoming
essential worldwide, as increased urbanization and industrial-
ization are accelerating expectations and demand for future
energy resources. Among various renewable energy resources,
such as solar and wind energy, biomass, and fuel cells, and in
particular green energy sources, research on generating
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have not been actively studied yet compared to NIR-absorbing acceptor materials. Therefore, we
present an overall understanding of NIR donors.

electrical energy from natural light through photocurrent
conversion has progressed rapidly over the past few decades
with enormous research efforts. Organic solar cells (OSCs) are
advantageous for solar-energy applications because they can be
used in terms of various perspectives based on the unique
advantages of organic semiconductors, such as processability in
solution, light weight, low cost, flexibility, semitransparency,
and suitability for large-scale roll-to-roll processing.™*
Recently, semi-transparent (or visibly transparent) solar cells
using NIR regions have gained attention for various applica-
tions, including in existing windows, rooves, vehicles, mobile
electronic devices, and sensors, owing to their advantage of
semitransparency.”® As shown in Fig. 1(a), Chen et al. realized
high-performance, visibly transparent solar cells by using
a diketopyrrolopyrrole (DPP)-based polymer to harvest solar
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energy from the NIR region." In addition, the use of transparent
solar cells can extend beyond simple solar-cell applications.
When energy is generated from light in the NIR region, the
essential wavelength region of sunlight used by animals and
plants remains; thus, a synergistic effect is created among the
environment, life, and energy production. As shown in Fig. 1(b),
Liu et al performed plant (mung) growth under normal
sunlight and transparent solar cells. They selected the donor
polymer PTB7-Th and the acceptor IEICO-4F as photoactive
materials for photocurrent production. Under transparent solar
cells or normal sunlight, the final lengths of mung were
comparatively similar.”> The penetrated visible light is utilised
for photosynthesis in plants, indicating the potential for con-
structing self-powered greenhouses using transparent solar
cells. Moreover, for human beings, transparent solar cells can
be used for not only generating power from sunlight but also for
solar shading and heat insulation employed in power-
generating windows and building-integrated photovoltaics, as
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shown in Fig. 1(c) and (d), respectively, and reported by Zhang
et al. and Sun et al.'>"

Therefore, to realise these applications, photoactive mate-
rials that absorb light from the NIR region must be developed.
To absorb light in the NIR region, both donor and acceptor
materials in a bulk heterojunction system must have a smaller
band gap than the energy range of visible wavelengths (380-780
nm) for photocurrent generation. In the development of
acceptor materials, many narrow-band gap non-fullerene
acceptors (NFAs) have been reported, and their power conver-
sion efficiency (PCE) is continuously being updated.'**°
However, studies have reported a PCE of <10% in the existing
narrow-band gap polymer donors, and their efficiency tends to
decrease as the band gap decreases. To achieve transparency,
a material with an extremely small band gap (over the 830 nm
band gap edge and below the band gap energy of 1.5 eV) is
necessary to minimize absorption in the visible region. Thus,
significant research and development of donor materials is
required.
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Illustration of the various applications of NIR-absorbing solar cells. (a) Visibly transparent polymer solar cell.* Copyright 2012 American

Chemical Society. (b) Potential agricultural application of flexible transparent organic solar cells (OSCs); length change of mung beans under
different light conditions.*> Copyright 2019 American Chemical Society. (c) Digital photographs of a doctor-blade-coated J71:PTB7-Th:IHIC-
based ternary ST-OSC and glass counterparts. Right: used as glass applied to windows.*® Copyright 2019, Wiley-VCH. (d) Schematic repre-
sentation of a ST-OSC for power generation and heat-insulation applications. Reproduced with permission.** 2018, Elsevier Inc.

In this review, we focus on solution-processed NIR-absorbing
ultra-narrow-band gap (UNBG; below 1.5 €V) polymer donors.
These polymers are usually called UNBG materials and can be
applied to NIR OSCs. We investigated polymers based on their
optical band gap (Eg); thus, all polymers included in this review
have absorption edges over 830 nm. In this paper, the discussed
UNBG polymers are organized from past high-performance
structures to the most recent achievements and trends. The
representative material trends are shown in Fig. 2. In terms of
chemical structure, the narrow band gap is affected by the
strong electron-withdrawing group within the polymer chain;

thus, these polymers are discussed and summarized according
to the electron-withdrawing group type. Finally, we conclude
with a discussion on the chemical structure and overall devel-
opment trend of narrow-band gap polymers.

2 Narrow-band gap polymer donor
materials for NIR organic solar cells
2.1 Molecular design strategies for UNBG polymer donors

To effectively reduce the optical band gap to the NIR range,
systematic synthesis strategies are as follows; first of all, donor-
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Fig. 2 Band gap and power conversion efficiency trends in narrow-band gap polymers for organic solar cells.
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polymer donors. (a) Band gap narrowing mechanism of a D—A type

polymer. (b) Aromatic resonance form verse the quinoidal resonance form. (c) Schematic representation of the strategy for the enhancement of

coplanarity along the polymer main chain.

accepter (D-A)-type polymer donors have the ability to effec-
tively adjust intramolecular charge transfer (ICT) effect between
electron-donating and -accepting building blocks, thereby
reducing the optical band gap as shown in Fig. 3(a). According
to molecular orbital theory, the highest occupied molecular
orbital (HOMO)/the lowest unoccupied molecular orbital
(LUMO) of a D-A type polymer donor originated from the
combination of HOMOs/LUMOs of the electron-donating and
-accepting building blocks. Thus, D-A type polymers involving
orbital hybridization and electron redistribution between
electron-donating and -accepting building blocks show
a narrow band gap. In particular, the combination of strong
electron-donating and -accepting building blocks, such as
diketopyrrolopyrrole (DPP) and isoindigo, is able to reduce the
optical bandgap more to the NIR range because the ICT effect is
proportional to the electron-donating/accepting strengths.
Secondly, the electron-deficient quinoid type has been used in
NIR semiconducting materials, as shown in Fig. 3(b). In
particular, a fused molecular structure that can stabilize a qui-
noidal resonance form is more effective in narrowing the band
gap than a common thiophene derivative.>*** Compared with
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aromatic resonance molecules, the quinoidal resonance mole-
cule is well known to effectively reduce the optical band gap
because conjugate segments are linked by energetic double
bonds, resulting in stabilization of the quinoidal resonance
form compared with the aromatic resonance form. In addition
to those described above, various factors including molecular
coplanarity, inter/intramolecular interactions, and substitution
of the electron-withdrawing unit onto the polymer backbone
should be considered. As shown in Fig. 3(c), such a fluoro-atom
introduced by fluorination into the backbone can form the S-F
interactions with the adjacent thiophene unit, which can
induce backbone planarization and enhance intra- and inter-
molecular interactions. The progress of research on band gap
narrowing for polymer donors including all these strategies is
summarized and discussed according to the electron-
withdrawing group type.

2.2 DPP-based narrow-band gap polymers

DPP-based conjugated polymers and small molecules have been
widely researched in the field of organic electronics for
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Fig. 4 Chemical structures of DPP-based polymers used in the past (~2019).
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applications, such as OSCs, organic field-effect transistors, and
organic photodiodes owing to the superior properties,
including strong electron-withdrawing characteristics, planar
geometric structures, and high hole/electron mobilities.**>?
Among semiconducting materials for NIR-absorbing OSCs, D-A
type DPP-based conjugated polymers are promising candidates
because they can produce strong intra/intermolecular charge
transport effects between an electron-donating building block
and DPP, resulting in a UNBG up to 1.22 eV. Among the many
reported NIR-absorbing polymer donors, we focused on the
most recent progress after a review in 2019 by Xie et al.*® Thus,
this section deals with the understanding and analysis of
previous DPP-based polymer donors (~2019) as well as the
latest DPP-based polymer donors (2019-present) for NIR-
absorbing OSCs. Herein, we focused on UNBG DPP-based
polymer donors with absorption edges over 830 nm (E, < 1.50
eV). The summarized NIR-absorbing molecular structures,
comprising DPP, depending on the optical band gap are shown
in Fig. 4 and 5, and the optical, electrochemical, and

View Article Online
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photovoltaic performances of the polymer donors are summa-
rized in Tables 1 and 2.

Generally, most previous DPP-based polymer donors (~2019)
were of the D-A type, and most of the electron acceptors in the
corresponding OSCs were limited to fullerene-based derivatives.
In 2008, Janssen et al. reported a DPP-based NIR-absorbing
material (pBBTDPP2) that absorbed wavelengths up to 900 nm
with the optical band gap of 1.40 eV. The OSC combining
pBBTDPP2 and the fullerene derivative (PC,1BM) exhibited the
maximum PCE of 4.0%.*” Various DPP-based D-A-type polymer
donors have been reported and studied since the development
of pBBTDPP2. In particular, typical polymer donors constituting
DPP and simple electron-donating building blocks such as
naphthalene, thiophene, and thieno[3,2-b]thiophene have been
used to produce PDPP-TNT, PDPP3T, and DT-PDPP2T-TT,
respectively.?®*® Compared with PDPP3T and DT-PDPP2T-TT,
PDPP-TNT has a relatively wide band gap (E; = 1.50 eV)
because naphthalene is a weaker electron-donating building
block, which could lead to a weak intramolecular charge
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Fig. 5 Chemical structures of the most recent progress in DPP-based polymers (after 2019).
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Table 1 Summary of the optical, electrochemical, and photovoltaic performances of past DPP-polymers

Materials EP' [eV]  Erumo/Euomo Acceptor Vo [V] Jsc[mAcem™] FF[%] PCE[%] pnlem®V 's '] pe[em®V 's™'] Ref
pBBTDPP2 1.40 — PC,sBM  0.61 11.5 0.58 4.0 — — 27
PDPP-TNT 1.50 —3.79/—5.29 PC,;BM  0.76 11.8 0.52 4.7 — — 28
PDPP3T 1.36 —3.61/—5.17 PC,sBM  0.65 11.8 0.60 4.7 — — 29
DT-PDPP2T-TT 1.35 —3.68/—5.10 PC,;BM  0.66 14.8 0.70 6.9 — — 30
PDTTDPP 1.22 —3.80/—5.19 PC,1BM  0.66 13.7 0.66 6.05 5.33 x 10 — 31
DPP-P1 1.38 —3.68/—5.06 PC,;BM  0.58 15.0 0.61 5.4 — — 32
DPP-P2 1.28 —3.76/—5.04 PC,BM  0.57 8.9 059 3.0 — —

C3-DPPTT-T 1.39 —3.69/—5.08 PC,;BM  0.57 23.5 0.66 8.8 — — 33
C3-DPPTT-Se 1.37 —3.70/—5.07 PC,sBM  0.56 21.5 0.63 7.6 — —

C3-DPPTT-Te 1.32 —3.73/-5.05 PC,BM  0.52 21.7 0.63 7.1 — —

PDPP3T-014 1.28 —3.65/—5.13 PC,,BM 0.50 16.42 0.55 4.52 414 x 1073 — 34
PDPP3T-0O16 1.30 —3.61/—5.09 PC,sBM  0.57 14.30 0.66 5.37 2.53 x 102 —

PDPP3T-020 1.33 —3.60/—5.21 PC,.BM  0.56 4.82 0.44 1.20 — —

PDPP3T-C20 1.34 —3.50/—5.20 PC,;BM  0.68 6.45 0.68 3.00 1.55 x 103 4

transfer (ICT) effect between DPP and naphthalene. Conse-
quently, the OSC based on PDPP-TNT and PC,;BM exhibited
a PCE of 4.7% with the short-circuit current (Jsc) of 11.8 mA
cm > The strong ICT effect between DPP and thiophene or
thieno[3,2-b]thiophene effectively generated narrow bandgaps
of 1.36 eV for PDPP3T and 1.35 eV for DT-PDPP2T-TT, respec-
tively. In particular, the OSC based on DT-PDPP2T-TT and
PC,,BM exhibited a maximum PCE of 6.9% with a significantly
improved Jsc of 14.8 mA cm™?, which is related to the broad
absorption range and high hole-carrier mobility of DT-PDPP2T-
TT. Jo et al. introduced dithienothiophene (DTT) as a strong

electron-donating building block to produce PDTTDPP, which
could harvest a broad absorption range up to 1015 nm with
a significantly narrow band gap (1.22 eV) because of the strong
ICT effect between DPP and DTT as well as the extension of -
conjugation.*® Moreover, strong m-7 intermolecular interac-
tions have been observed in PDTTDPP, which are related to the
improved charge carrier mobility. As a result, the optimum OSC
based on PDTTDPP:PC-,BM exhibited a PCE of 6.05%.

The m-bridges of DPP provide an effective strategy and have
been extensively studied to modulate the optical band gap and
frontier molecular orbital energy levels as well as m-m

Table 2 Summary of the optical, electrochemical, and photovoltaic performances of recent DPP polymers

Materials Eg”* [eV] Erumo/Enomo Acceptor Voc [V] Jsc[mAcem™2] FF[%] PCE[%] pn[ecm®*V 's™ ] ue[em®>V 's '] Ref.

1’"HD-PDPP3T 1.50 —3.13/—5.07 PC,;BM 0.88 8.00 0.56  3.96 1.6 x 107 — 43

2'HD-PDPP3T 1.32 —3.13/—4.93 PC,;BM 0.67 15.4 0.69 7.1 2.6 x 102 —

PBDT-TS-DPP 1.38 —3.91/-5.29 PC,;BM 0.78  11.52 0.61 5.48 2.37 x 107 1.30 x 10~* 44

PBDT-TDPP 1.41 —3.86/—5.27 PC,;BM 0.74 9.46 68.30  4.78 2.40 x 10°* 1.04 x 10°*

DPP-P3 1.31 —3.89/—5.20 PCgBM 0.79  12.82 0.48  4.85 — — 45

P(T4-DPP-M) 1.40 —4.00/—5.40 PC,;BM 0.56 16.4 0.58 5.4 — — 46
ITIC 0.69 6.7 0.46 2.2 — —

DPP2T 1.40 —3.70/—5.10  IEICO-4F 0.75 16.85 0.72 9.3 4.08 x 1073 1.07 x 103 47
IEICO-4F? 0.75  10.61 0.69 5.74 — —

P(TDPPPy-T)-ran 1.49 —3.20/—5.16 PC,;BM 0.85 11.1 0.61 5.7 3.3x10°° — 49

P(TDPPPy-T)-reg 1.49 —3.20/—5.19 PC,;BM 0.87 11.8 0.62 6.4 8.4 x 10°* —

DPP-P4 1.43 —3.60/—5.28 PC,;BM 0.62  15.20 0.60 5.74 1.3 x10°° 4.91 x 10 59
IEICO-4F 0.62  15.09 0.55 5.24 5.55 x 104 437 x 10°*

DPP-P5 1.46 —3.57/-5.20 PC,;BM 0.64 13.27 0.66  5.54 2.23 x 107* 6.76 x 107°
IEICO-4F 0.63  15.90 0.52  5.49 2.71 x 10°* 5.59 x 10’

PffBT-DPP 1.33 —3.56/—5.66 PC,;BM 0.74 12.5 0.74 6.8 5.3 x 107* 3.2x107* 60
MelC 0.78 4.5 058 2.0 7.1 x 107 2.2 x 107
PC,,BM:MeIC 0.76  16.1 0.73 9.0 6.2 x 10°* 4.0 x 1074

TBT-DPP 1.35 —3.42/-5.32 PC,;BM 0.31 3.82 0.32  0.39 — — 61

FTBT-DPP 1.30 —3.37/-5.35 PC,BM 0.63 3.31 0.54  1.15 — —

HFTBT-DPP 1.28 —3.45/-5.22 — — — — — — —

DPP-P6 1.08 —4.11/-5.19 PC,;BM 0.55 8.52 0.48  2.27 — — 62

DPP-P7 1.12 —4.04/—5.16 PC,;BM 0.54 6.25 0.46  1.56 — —

DPP-P8 1.30 —3.87/—5.17 PC,BM 0.59 3.36 0.62  1.23 — —

“ Photovoltaic performances of semitransparent OSCs.
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intermolecular stacking.**** McCulloch et al. reported thieno
[3,2-b]thiophene-flanked DPP derivatives instead of thiophene
as a m-bridge to extend m-conjugation, enhance polymer
planarity, and promote charge carrier mobility.** The corre-
sponding polymer donor was polymerized with thiophene and
thieno[3,2-b]thiophene-flanked DPP to produce DPP-P1, and
a homopolymer (DPP-P2) was developed. DPP-P2 displayed
a significantly broad absorption range with a narrow optical
band gap (1.28 eV), while the optical band gap of DPP-P1 was
1.38 eV. The OSC based on DPP-P1 and PC,;BM exhibited
a higher PCE of 5.4% despite a narrow absorption range
compared to DPP-P2; however, the PCE of DPP-P2:PC,,BM was
3.0% with a reduced Jsc value of 8.9 mA cm ™ owing to the
unfavourable morphology observed in the DPP-P2 film. Ashraf
et al. demonstrated a chalcogenophene substitution strategy for
a m-bridge in DPP-based polymers to effectively induce a narrow
band gap.** With increasing chalcogen atomic size, the optical
band gaps of the desired polymers gradually narrowed owing to
the stabilization of the lowest unoccupied molecular orbital
(LUMO) energy level, high polarizability, and strong intermo-
lecular interactions between molecules. Polymers containing
selenophene and telluophene as w-bridges showed slightly
narrower band gaps of 1.37 and 1.32 eV for C3-DPPTT-Se and
C3-DPPTT-Te, respectively, than the reference polymer (C3-
DPPTT-T, E; = 1.39 eV). OSCs based on C3-DPPTT-Se:PC,;BM
and C3-DPPTT-Te:PC,;BM exhibited moderate PCEs of 7.6%
and 7.1%, respectively, while the highest PCE was achieved
using C3-DPPTT-T:PC,;BM, which exceeded 8.8% despite
a slightly wide band gap because of the high charge-carrier
mobility.

Most research on alkyl side chains focused on improving
solubility or optimising the molecular structure without
causing special changes in the optical and electrical proper-
ties.**** However, Wang et al. reported oligo(ethylene glycol)
(OEG) as a sidechain-substituted DPP-based polymer donor
(PDPP3T-016).** The substitution of OEG as a side chain has
been proven to effectively reduce the band gap because OEG can
facilitate dense m-m intermolecular stacking of polymers while
showing better solubility and flexibility than alkyl chains. Thus,
PDPP3T-O16 exhibited not only a clearly narrower band gap
(1.30 eV) but also a higher PCE (5.47%) than the alkyl-chain-
substituted reference polymer (PDPP3T-C20, E, = 1.34 eV,
PCE = 3.00%).

Considering the latest DPP-based polymer donors, not only
D-A-type polymer donors, such as the past DPP-based polymer
donors, but also the complex molecular structure, terpolymer
system, and D-A1-D-A2-type have been investigated. Further-
more, regarding device fabrication, it has been remarkable to
manufacture OSCs by blending with NFAs, instead of fullerene
derivatives, since the development of ITIC as an NFA in 2015.*
Janssen et al. reported a- and B-branched alkyl side chain-
substituted DPP-based polymer donors (1’'HD-PDPP3T and
2'HD-PDPP3T) to investigate the effect of side chains on the
structural and optoelectronic properties.** 1’'HD-PDPP3T
showed a relatively wide band gap (1.50 eV) because of the
interruption of m-m intermolecular stacking caused by the o-
branched alkyl side chain close to the conjugated backbone
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compared with 2’HD-PDPP3T (E, = 1.32 €V). An OSC based on
the polymer and PC,;BM exhibited PCEs of 3.96% for 1'HD-
PDPP3T and 7.10% for 2’HD-PDPP3T, respectively. This indi-
cates that the optical properties of the polymer depend on the
steric hindrance effect. Xia et al. studied polymer donors pos-
sessing the highest occupied molecular orbital (HOMO) energy
level by changing their counterpart to realise a high open-circuit
voltage (Voc).** Thiothiophene-substituted benzo[1,2-b;4,5-b']
dithiophene (BDT-TS), which effectively adjusts the frontier
molecular orbital energy levels to a deeper level, was selected as
a counterpart because typical DPP-based polymers tend to
possess high frontier, molecular orbital energy levels. PBDT-TS-
DPP, comprising BDT-TS and DPP, showed a deeper HOMO
energy level (—5.29 eV) and smaller E, (1.38 eV) than PBDT-T-
DPP, constituting a typical BDT (Eyomo = —5.27 €V and E; =
1.41 eV). The PCE of PBDT-TS-DPP:PC,;BM was 5.48% with
enhanced V¢, while the OSC based on PBDT-T-DPP:PC-;BM
exhibited a PCE of 4.78%. Nguyen et al. reported dithieno[3,2-
b:2,3-d]pyrrole (DTP), which could reduce the optical band gap
with high charge carrier mobility owing to the electron-rich N
atom on DTP, and a polymer-based polymer donor (DPP-P3).**
DPP-P3 was found to have an absorption range up to 900 nm
with E, = 1.31 eV, and the corresponding fullerene-based OSC
exhibited a maximum PCE of 4.85%.

Reynolds et al. reported a D-A-type polymer (P(T4-DPP-M))
with a methyl sidechain on the DPP unit, which displayed an
absorption range up to 900 nm with the optical band gap of
1.40 eV.*® Furthermore, P(T4-DPP-M) exhibited competitive hole
mobility values in the order of 10 cm® V' §77, realized from
a space charge-limited current mobility experiment; this corre-
sponded with the introduction of methyl side chains to reduce
sterically hindered sites and enhance intermolecular interac-
tions. An OSC based on P(T4-DPP-M):PC,;BM was manufac-
tured to investigate the photovoltaic performance and exhibited
a maximum PCE of 5.4% with a high Jsc of 16.4 mA® ecm™>.
Interestingly, ITIC was also selected as an NFA instead of
PC,,BM to utilise both the broad absorption profiles up to the
NIR region for high Jsc and the high LUMO energy level for high
Voc of ITIC. However, P(T4-DPP-M):ITIC showed a low PCE of
2.2% with Jsc = 6.7 mA”> ecm > despite an improved Voc value
(from 0.56 to 0.69 V), as expected. Recently, Durrant and Lee
reported visibly transparent OSCs based on an NIR-harvesting
bulk heterojunction blend.*” The visibly transparent OSC
could selectively harvest NIR photons using a DPP-based poly-
mer (DPP2T) as a donor and IEICO-4F as an NFA. This OSC
based on DPP2T:IEICO-4F exhibited the highest PCE of 9.13%
with a strong external quantum efficiency (EQE) response in the
wavelength range of 700-900 nm. The visibly transparent OSC
was manufactured by incorporating ultrathin Ag and MoO;
layers as transparent top electrode and antireflection layers,
respectively, and exhibited a PCE of 5.74% with the visible
transmittance reaching 60%. Notably, both opaque and visibly
transparent OSCs displayed excellent air and photostable
properties without a specific burn-in loss. Moreover, asym-
metric heteroarene-flanked DPP is a complex molecular struc-
ture in the DPP unit, and various corresponding polymers have
been reported since 2016.*® Janssen et al. developed two

© 2021 The Author(s). Published by the Royal Society of Chemistry
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asymmetric thiophene/pyridine-flanked DPP-based polymers to
compare the optical, electrochemical, and photovoltaic prop-
erties of region-random and region-regular conjugated back-
bones.* The synthesized region-regular asymmetric polymer
(P(TDPPPy-T)-reg) showed a stronger vibrionic peak and nar-
rower band gap (1.49 eV) than the random polymer (P(TDPPPy-
T)-ran, E; = 1.53 eV). In addition, the OSC of P(TDPPPy-T)-
reg:PC,,BM exhibited a slightly higher PCE of 6.6% than that of
P(TDPPy-T)-ran:PC,1BM (PCE = 5.9%) because of the slightly
increased Jsc.

A terpolymer system containing three different monomers is
effective for fine-tuning the optical and electrochemical prop-
erties as well as intermolecular packing.**** Typically, DPP-
based polymers display weak absorption profiles in the wave-
length range of 350-500 nm.”>?® By introducing fluorinated
benzotriazole (FTAZ) as a secondary accepting building block,
a ternary system was built into a copolymer system consisting of
DPP and BDT to complement the weak absorption of short
wavelengths.®® A strong absorption profile in the long-
wavelength range of 600-900 nm (E,; = 1.43 €V) was observed
for DPP-P4, which comprised DPP and FTAZ in the ratio of 3 : 1,
while DPP-P5, comprising DPP : FTAZ of 1 : 1, showed a slightly
blue-shifted absorption range and strong absorption in the
wavelength range of 350-650 nm due to the weak ICT effect
caused by the introduction of FTAZ. Fullerene-based OSCs were
fabricated and exhibited PCEs of 5.58% and 5.24% for P1 and
P2, respectively. In addition, non-fullerene-based OSCs
comprising IEICO-4F as the NFA were fabricated and achieved
PCEs of 5.24% and 5.49% for P1 and P2, respectively.

To further reduce the optical band gap, Cao et al. constructed
a D-A1-D-A2-type polymer donor (PffBT-DPP) that not only
exhibits a larger full width at half maximum (FWHM) but also
enables finer modulation of the frontier molecular orbital
energy levels, wherein A1 is the DPP, A2 is the benzothiadizole
(BT) derivative, and D is thiophene. The D-A1-D-A2-type poly-
mer donor enabled a strong ICT effect between the strong-

Eg,=140eV
PCE=10.28%

PBTT-TBDTT
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withdrawing units (DPP and BT) and bithiophene, resulting in
a broad FWHM and narrow optical bandgap (1.33 eV).*® More-
over, the estimated frontier molecular orbital energy levels of
PffBT-DPP are —5.66 and —4.56 eV for the HOMO and LUMO,
respectively, which enable a cascade energy level between PffBT-
DPP and the electron acceptors (PC,,BM and MeIC) for efficient
OSCs. The OSC fabricated based on PffBT-DPP:PC-,BM exhibi-
ted a PCE of 6.8%, whereas PffBT-DPP:MelC achieved a rather
poor PCE of 2.0%. This is because PffBT-DPP formed highly
impure domains with MelC, affecting the charge trap site.
Interestingly, the ternary OSC based on PffBT-DPP:PC,;-
BM:MelC achieved an improved PCE (9.0%). This demonstrates
the significance of the detailed miscibility between the donor
and acceptor in establishing structure-performance relation-
ships in OSCs. Huang et al. reported other D-A1-D-A2-type
polymer donors.”® BT derivatives were also selected as
secondary acceptor units to produce three polymer donors,
TBT-DPP, FTBT-DPP, and HFTBT-DPP. These polymers also
show a broad FWHM with a narrow optical band gap (<1.35 eV).
However, PC,;BM-based OSCs demonstrate a low PCE (<1.15%)
despite realising a narrow band gap through state-of-the-art
molecular design concepts. Shimizu et al. reported UNBG
DPP-based polymer donors comprising pyrrolopyrrole aza-
BODIPY (PPAB) that enabled NIR absorption because of the
pi-extended structure.®> PPAB was polymerized with cyclo-
pentadithiophene (CPDT), which is a strong electron-donating
building block, to produce DPP-P6 and DPP-P8. DPP-P7 was
produced using a terpolymer system comprising DPP, PPAB,
and CPDT. As expected, polymers comprising PPAB absorbed
up to 1200 nm with UNBGSs of 1.08 eV for DPP-P6 and 1.12 eV for
DPP-P7, respectively. The fullerene-based OSCs showed PCEs of
2.27%, 1.56%, and 1.23% for DPP-P6, DPP-P7, and DPP-PS8,
respectively.
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Fig. 6 Chemical structures of benzothiadiazole-based polymers.
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Table 3 Summary of the optical, electrochemical, and photovoltaic performances of BT-based polymers

Materials E? ErumolEuomo — Acceptor  Voc (V) Jsc (mA em %) FF (%) PCE (%) up[em®*V's™'] pe[em*V 's'] Ref.
PBTT-TBDTT 1.45 —3.39/-5.35 PC,BM  0.75 13.15 0.63 6.07 8.89 x 107° — 67
BT-P1 1.40 —4.03/—5.43  PCeBM  0.81 20.83 0.61 10.28 2.1 x 1074 1.8 x 10°* 68
BT-P2 1.37 —4.01/-5.38 PCy,BM  0.83 14.09 0.64 7.52 1.6 x 10°* 1.4 x 107*

PTQT 0.78 —3.77/-4.55 PC,;BM  0.80 0.18 0.19 0.01 — — 71
BT-P3 1.06 —3.92/—5.38 PC,»BM  0.72 9.66 0.58 4.03 8.05 x 107* 2.56 x 107* 73
BT-P4 1.18 —3.76/—5.26  PC,;BM  0.69 14.34 0.70 6.93 1.18 x 107* 2.45 x 107*

P 112 —3.83/—5.25 PC,»BM  0.65 16.12 0.72 7.54 1.45 x 10 2.63 x 107 74
P11 1.34 —3.60/—5.23 PC,,BM  0.83 13.88 0.64 7.37 8.4 x10° 2.31 x 107* 72
P12 1.30 —3.63/—5.24 PC,,BM  0.83 14.36 0.66 7.87 1.34 x 107* 2.43 x 107*

P13 116 —3.67/-5.26 PC,,BM  0.86 15.74 0.68 9.20 1.98 x 107* 2.49

P14 115 —3.70/—5.28 PC,,BM  0.88 14.78 0.66 8.58 1.16 x 107* 2.42 x 107*

P15 114 —3.73/-5.30 PC,,BM  0.90 0.64 14.08 8.11 7.2 x107° 2.26 x 107*

CDT-PSE 1.02 —3.92/—4.94 PCyz,BM 053 1.45 0.30 0.24 — — 75
CDT-FBSE 1.26 —3.91/-5.17 PCe&BM  0.63 2.37 0.33 0.49 - —

2.3 BT-based narrow-band gap polymers

BT derivatives are strong electron-withdrawing building blocks
that are used to construct NIR-absorbing materials.®**® In
particular, a fused molecular structure based on BT that can
stabilize a quinoidal resonance form is more effective in nar-
rowing the band gap than the commonly used BT derivative.”***
This section describes the investigation of NIR-absorbing
polymer donors based on BT derivatives. The molecular struc-
ture of the BT derivative, which depends on the optical band
gap, is shown in Fig. 6, and the corresponding optical, elec-
trochemical, and photovoltaic performances of the polymer
donors are summarized in Table 3.

In 2014, Qin et al. reported a novel strong electron-accepting
building block, established by fusing a thiophene ring on BT, as
thieno|2,3-f]-2,1,3-benzothiadiazole-6-carboxylate (BTT). BDT
was polymerized with BTT via typical Stille polymerization to
obtain an NIR-absorbing polymer donor (PBTT-TBDTT) for
comparison with conventional BT-based reference polymer
donors (PBT-TBDTT).*” The introduction of a carboxyl group on
BTT is key to both stabilizing the quinoidal resonance form and
reducing the HOMO energy level. Noticeably, PBTT-TBDTT
showed a broad absorption range with a narrow optical band
gap (1.43 eV) and a low-lying HOMO energy level (—5.35 eV),
while the E, of PBT-TBDTT was 1.70 eV. Consequently, the
maximum PCE of PBTT-TBDTT:PC,,BM was 6.07% with
simultaneously enhanced Jsc and Voc owing to the broad
absorption range and deep HOMO energy level. Facchetti et al.
developed NIR-absorbing polymer donors substituted with
different alkyl sidechains (BT-P1 and BT-P2) based on benzo
[1,2-d:4,5-d]bis([1,2,3]thiadiazole) (iso-BBT).®* The design
strategy was inspired by both the regioisomer of benzobis[1,2-
¢;4,5-c]bis[1,2,5]thiadiazole (BBT) that is a strong nonclassical
pi-electron-accepting building block and their prior research on
the development of benzo[d][1,2,3]thiadiazole (iso-BT) as a well-
known BT derivative.*>”® From the absorption onset of the film
state, the optical band gaps were 1.40 eV for BT-P1 and 1.37 eV
for BT-P2. By considering PCq;BM as an electron acceptor, the
OSCs displayed PCEs of 10.28% and 7.52% for BT-P1 and BT-P2,
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respectively, with a remarkable Eyogs of <0.6 €V. Charas et al.
reported a UNBG polymer donor (PTQT) containing thiophene
and a thiadiazoloquinoxaline derivative.” Although a UNBG
(0.78 eV) was successfully achieved, the estimated HOMO
energy level of PTQT was significantly high (—4.55 eV). The OSC
based on PTQT and PC,;BM had an inferior PCE of 0.01%
because pronounced PC,;BM aggregations that affect exciton
dissociation and charge carrier transport were unfavourably
affected by PTQT:PC,,BM. Sharma et al. reported benzothia-
diazole quinoxaline (BTQx) derivatives.””® The strong electron-
accepting building block BTQx, in which the Qx derivative is
fused onto the BT, is a suitable candidate to narrow the band
gap because it can easily induce a stabilized quinoidal reso-
nance form. Among the BTQx derivatives, fluorene-substituted
BTQx and the corresponding polymers (BT-P3 and BT-P4)
were designed and developed. As expected, both polymers
showed broad absorption profiles with significantly narrow
band gaps; in particular, BT-P3, comprising a strong donating
benzo[2,1-b:3,4-b'|dithiophene, absorbed a broad range up to
1170 nm (E; = 1.06 eV). OSCs based on the synthesized polymer
and PC,,BM were fabricated and exhibited maximum PCEs of
4.03% for BT-P3 and 6.93% for BT-P4. From the EQE curves,
relatively low responses with valleys of 400-900 nm were
observed in both OSCs. Although the OSCs were able to harvest
broad sunlight below 1200 nm, the low Jsc values were corre-
lated to the valleys from the EQE curves.

To finetune the optical and electrochemical properties as
well as intermolecular packing, a D-A1-D-A2-type polymer
donor was produced, comprising a thiophene donating
building block and two different acceptors fluorinated BTQx
and BT.” The synthesized polymer (P), which enabled a strong
ICT effect due to the introduction of BT, exhibited a broad
absorption profile up to 1100 nm with the optical band gap of
1.12 eV. The OSC based on P:PC,;BM showed a PCE of 7.54%
after solvent addition followed by thermal annealing. However,
the valley remained in the EQE curve. To address this problem,
new D-A1-D-A2-type polymer donors using two kinds of
accepting building blocks, DPP and BTQx, were developed to
modulate the optical band gap and their photovoltaic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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properties.”” Considering P11-P15, P15, containing DPP:BTQx
contents of 0 : 100, displayed the narrowest optical band gap at
1.14 eV. With increasing DPP content, the optical band gaps of
the polymer donor gradually increased from 1.15 to 1.30 eV. In
addition, P11 without BTQx demonstrated a narrow absorption
range and broad band gap of 1.34 eV. The fabricated OSC based
on P15:PC,,BM showed a PCE of 8.11% despite the valley from
450 to 900 nm in the EQE curve, while the PCE of BT-
P11:PC,;BM was 7.37%. Among the D-A1-D-A2-type polymers,
the OSC based on BT-P13:PC,,BM exhibited the highest PCE of
9.20% and a broad EQE response up to 1050 nm without a valley
appearing in the EQE curve. This demonstrates that the D-A1-
D-A2-type polymer can complement the disadvantages of each
acceptor, including the absorption range or frontier molecular
orbital energy levels. Liu et al. reported a D1-A-D2-A-type
polymer donor containing [1,2,5]selenadiazole[3,4-c|pyridine
(PSe) with a photocurrent response of up to 1100 nm.”> CPDT
derivatives with different alkyl side chains (D1 and D2) were
selected as strong electron-donating building blocks to over-
come the poor solubility of PSe. The D1-A-D2-A-type regular
polymer based on PSe (CDT-PSE) displayed a significantly broad
absorption range up to 1200 nm with the optical band gap of
1.02 eV whereas, a relatively wide band gap was observed in the
CDT-FBSE film containing 5-fluorobenzo[c][1,2,5]selenadiazole
(FBSe) due to the weak ICT effect between CPDT and FBSe.
Although the optimum OSC based on PC¢BM displayed low
PCEs of 0.49% for CDT-FBSE and 0.24% for CDT-PSE, the broad
photoresponse wavelength over 1000 nm results in great
potential for NIR applications.

2.4 Isoindigo-based narrow-band gap polymers

The chemical structure of isoindigo contains two five-
membered lactam rings joined by an exocyclic double bond at
the 3 and 3’ positions. Isoindigo is a naturally occurring indi-
goid pigment, a geometric isomer of the common dye indigo, as
shown in Fig. 7(a).”®”” Isoindigo has a planar p-conjugated
symmetric structure originating from a fully conjugated struc-
ture and electron-withdrawing properties owing to its two lac-
tam rings. After being synthesized and reported in 1988, it was
only recognized in 2010 by Reynolds et al. that small molecules
based on isoindigo have demonstrated the potential for use as
electron donors in OSCs.” In 2011, Wang et al. reported
a narrow-bandgap polymer donor (P3TI, E, = 1.5 €V)
comprising isoindigo and terthiophene in the polymer back-
bone, and fullerene-based OSCs showed a PCE of 6.3%.%°
Various isoindigo-based polymer donors have been reported
and studied since the synthesis of P3TL.*** This section pres-
ents a brief summary of isoindigo-based polymer donors with
an UNBG, and the molecular structure is shown in Fig. 7(b). The
latest polymer donors are highlighted in blue. Additionally, the
corresponding optical, electrochemical, and photovoltaic
performances of the isoindigo-based polymer donors are
summarized in Table 4.

One method for narrowing the band gap involves the intro-
duction of halogens with electron-withdrawing properties, such
as fluorine, bromine, and chlorine, onto the polymer backbone,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Chemical structure of indigo, isoindigo and (b) isoindigo-
based polymers.

which is an effective strategy for structure manipulation to
finely tune energy levels and phase separation simultaneously.
By introducing halogens onto the polymer backbone, two iso-
indigo polymers, substituted with chlorine (CI-IIDT) and fluo-
rine (F-IIDT), were synthesised by Zheng et al. in 2015.** The
incorporation of electron-withdrawing halogens on the polymer
backbone can effectively induce low-lying frontier molecular
orbital energy levels and expand the absorption spectra to
longer wavelengths. As a result, CI-IIDT containing chlorine,
which has a stronger electron affinity than fluorine, showed
a low-lying LUMO energy level and a high-lying HOMO energy
level, resulting in a narrower optical band gap than F-IIDT.
Moreover, planarity of the polymer backbone was improved by
halogen substitutions because the lone pair of a halogen can
noncovalently interact with a neighbouring S atom of thio-
phene. As a result, the OSC based on CI-IIDT and PC,,BM
showed a PCE of 4.60%, while that based on F-IIDT:PC,,BM
exhibited a low PCE (1.19%) because of the unfavourable film
morphology, which was due to the high crystallization tendency
of F-IIDT, observed in F-IIDT:PC,;BM. Contrary to F-IIDT, Cl-
IIDT, which contains Cl with a larger atomic size than F, can
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Table 4 Summary of the optical, electrochemical, photovoltaic performances of isoindigo-based polymers

Materials EP" (eV)  Erumo/Enomo Acceptor Voo (V)  Jsc (mAcm™®)  FF (%) PCE (%) pun[em®V 's™] pe[em®>V's™'] Ref.
P3TI 1.50 —3.83/—5.82 PC,BM 0.70 13.00 0.69 6.30 — — 80
CI-IIDT 1.50 —3.85/—5.53 PC,BM 0.75 10.00 0.61 4.60 1.06 x 107° — 85
F-IIDT 1.45 —3.92/-5.51 PC, BM 0.63 4.26 0.44 1.19 2.07 x 107° —

BT2 1.49 —3.92/-5.41 PC,;BM 0.62 10.07 0.67 4.18 — — 86
F-BT2 1.49 —3.95/-5.44 PC,BM 0.64 4.48 0.57 1.66 — —

PC8I8 1.37 —3.89/—5.24 PC¢;BM 0.66 10.10 0.5 3.30 — — 87
PC8lIe 1.42 —3.88/—5.31 PCqBM 0.73 8.20 0.45 2.70 — —

PCel8 1.47 —3.85/—5.33 PC¢;BM 0.79 9.70 0.46 3.60 — —

PCele 1.48 —3.96/—5.45 PCqBM 0.80 11.60 0.43 4.00 — —

PR1 1.46 —3.79/-5.50 PC,;BM 0.78 7.84 0.57 3.49 — — 88
PR2 1.40 —3.89/—5.62 PC,BM 0.77 13.52 0.58 6.04 — —

PR3 1.38 —3.92/-5.63 PC,;BM 0.69 12.35 0.57 4.86 — —

PTITQ-IID 1.41 —3.58/—4.98 PCsBM 0.59 1.24 0.47 0.34 89
Bis-il-T 1.30 —4.09/-5.73 PC,;BM 0.80 0.89 0.59 0.42 — — 90
Bis-il-3T 1.31 —4.02/—5.64 PC,;BM 0.66 2.61 0.62 1.07 — —

DTKP-BDT 1.10 —3.80/—4.90 PCBM 0.40 4.75 0.46 0.87 — — 91
DTKP-CPDT  1.00 —3.80/—4.80 PCBM 0.31 1.23 0.59 0.23 — —

PBDT-TIID 1.17 —3.68/—5.06 PC,;BM 0.42 10.34 0.54 2.40 1.75 x 10°* 6.72 x 10°* 92

generate a relatively distorted polymer backbone to reduce
interchain interactions. In addition, Ide et al. reported a new
conjugated polymer constituting fluorinated benzothienoi-
soindigo (F-BTIDG) and nonfluorinated F-BTIDG.*® F-BT2 con-
taining F-BTIDG exhibited a low PCE of 1.66% despite the
planar geometric structure by introducing fluorine whereas, the
PCE of BT2:PC71BM reached 4.18% owing to the preference of
face-on orientation for beneficial charge transfer in the OSC.
An appropriate choice of electron-donating building block is
essential to develop an ideal and sustainably low band gap. Ho
et al. reported four types of narrow-bandga p isoindigo-based
polymer donors containing CPDT as an electron-donating
building block.?” They explained that specific electron-
donating and electron-accepting building blocks were chosen
because these monomers (CPDT and isoindigo) are able to
satisfy the requirements a strong acceptor and a weak donor,
leading to a strong ICT effect. The synthesized polymers
exhibited broad absorption bands and optical band gaps at
1.37-1.48 eV. Furthermore, the steric hindrance effects of bulky
alkyl side chains in PCele caused a reduction in the ICT effect,
and thus increased their optical band gaps. They also argued
that by increasing the steric hindrance, the HOMO energy level
can be lowered, while the LUMO energy levels are less affected.
Jung et al. reported random copolymers with two kinds of
electron-accepting building blocks, DPP and isoindigo,
demonstrating complementary absorption in D-A-type polymer
donors for NIR-absorbing OSCs.*® The copolymer PIT comprises
thiophene as an electron-donating building block and
isoindigo-absorbed photons shorter than 750 nm in wavelength
(Eg = 1.63 eV) with a low-lying HOMO energy level of around
—5.65 eV. Meanwhile, the DPP-based polymer donor (PDPP3T)
exhibited NIR absorption over 900 nm with a relatively high-
lying HOMO energy level around —5.35 eV compared with
that of PIT. The random copolymers absorbed a wide range of
solar spectra from 600 to 900 nm and possessed low-lying

4316 | Nanoscale Adv., 2021, 3, 4306-4320

HOMO energy levels. In particular, PR2 (DPP/isoindigo = 0.5/
0.5) showed ideal absorption profiles with a broad FWHM, as
mentioned above, and appropriate frontier molecular orbital
energy levels for achieving high-performance OSCs. Conse-
quently, PR2:PC,;BM demonstrated the best PCE of 6.04% with
a high Jsc value, whereas low PCEs were measured in
PIT:PC,;BM and DPP3T:PC,;BM. Recently, Miao et al. used 7-
tetradecylthieno[3',2":7,8]indolizino[6,5,4,3-ja]thieno|2,3-c]qui-
nolone as an electron-donating building block, which is ex-
pected to have a strong ICT effect to induce a narrow band gap,
that was polymerized with isoindigo via commercial Stille
polymerization to obtain PTITQ-IID.* As expected, PTITQ-IID
showed a broad absorption range up to 900 nm, and the
HOMO/LUMO energy levels were estimated at —4.98 and
—3.58 eV, respectively. However, the corresponding OSC
exhibited an inferior PCE of 0.28% because of the unfavourable
morphology, including aggregated regions, for the OSC. More-
over, Randell et al. developed isoindigo dimer (di-iI) and bisi-
soindigo (bis-iI) to investigate the effects of the acceptor unit
length and planarity on the optoelectronic properties.®® The

CaHo

PBBDT CaHs PMBBDT CaHs
E,=1.31eV E,=1.41eV
PCE =0.28 % PCE =5.67 %

Fig.8 Chemical structures of boron dipyrromethene (BODIPY)-based
polymers and B—N bonds on the benzothiadiazole polymer.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Summary of the optical, electrochemical, and photovoltaic performances of boron dipyrromethene (BODIPY)-based polymer donors

Materials  Eg® (eV)  Erumo/Euomo Acceptor Voo (V) Jsc (mAcm™?)  FF (%) PCE (%) pn[em*V 's™'] pelem®V 's™'] Ref
PBBDT 1.31 —4.05/—5.36 N2200 0.69 1.52 0.31 0.32 2.0 x 1077 94
PMBBDT 1.41 —3.90/-5.31 N2200 0.83 13.9 0.5 5.8 1.9 x 103 95
ITIC-2Cl  0.72 17.40 0.60 7.56 112 x 1073 1.15 x 10°*
BTP-2C1 0.77 21.44 0.60 9.86 1.42 x 1073 2.47 x 107*

coplanarity of polymer donors (bis-iI-T and bis-iI-T) containing
bis-iI substantially reduced the optical band gap to around
1.62 eV relative to those of isoindigo- and di-il-based polymer
donors. They found that bis-iI-based polymer donors displayed
the trends of decreasing LUMO energy levels and increasing
electron mobility. However, although bis-il-based polymer
donors absorbed well up to 950 nm, negligible photocurrents
were produced beyond 700 nm. They demonstrated that the
effects of the acceptor unit length and planarity provide an
effective approach for finetuning the optical and electro-
chemical properties of OCSs.

To further reduce the optical band gap, thienoisoindigo
(TII), produced by replacing the outer benzene of isoindigo with
thiophene, has been introduced, which is expected to improve
planarity along the polymer backbone, resulting in strong
stacking between molecules and improved charge carrier
mobilities.”* Koizumi et al. reported various TII-based polymer
donors that produced extensively narrow band gaps up to
1.00 eV compared with typical isoindigo-based polymer
donors.” TIID is a promising candidate as an electron-
accepting building block for NIR-absorbing OSCs. Wang et al.
reported PBDTT-TIID comprising benzodithiophene and TIID
in 2016.” Owing to the strong electron-deficient and highly
coplanar conformation of TIID, PBDT-TIID exhibited a very
narrow band gap (1.17 eV) with a high-lying HOMO energy level
of —5.06 eV. Although a narrow band gap was successfully
realized, the optimum PCE of PBDTT-TIID:PC,,BM was 2.40%
with a significantly low V¢ (0.42 V) owing to the high-lying
HOMO energy level of PBDT-TIID.

2.5 Other polymers

For the development of narrow-bandgap polymers, two types of
repeating units that are well-known chemical structures have
recently been reported, as shown in Fig. 8 and summarized in
Table 5. First, Guo et al. reported boron dipyrromethene
(BODIPY) as an electron-deficient unit that can also be used to
construct D-A-type conjugated polymers that absorb in the NIR
region.”* The PBBDT exhibited NIR absorption at around
900 nm with the optical band gap of 1.31 eV, whereas PMBBDT,
formed by substituting two methyl units in BODIPY, showed
slightly blue-shifted absorption profiles because the substituted
methyl units act as weak-donating units, resulting in a reduc-
tion in the electron-accepting properties. In this study, N2200
was used as an electron acceptor, and the OSC based on
PMBBDT:N2200 exhibited the best PCE of 5.8% with a broad
photoresponse from 300 to 900 nm owing to improved hole
mobility by introducing methyl, despite the slightly blue-shifted

© 2021 The Author(s). Published by the Royal Society of Chemistry

absorption profile; however, PBBDT:N2220 showed a PCE of
0.32%. Recently, PMBBDT with excellent potential, including
broad absorption and high charge carrier mobility for NIR-
absorbing OSCs, was investigated further for application in
non-fullerene-based OCSs.”” Two chlorinated electron accep-
tors, ITIC-2Cl and BTP-2Cl, were carefully selected to satisfy the
cascade stage between the electron donor and acceptor. The
fabricated OSC of PMBBDT:ITIC-2Cl displayed a maximum PCE
of 7.56% due to the limited Jsc of 17.4 mA cm 2, while
PMBBDT:BTP-2Cl achieved the best PCE of 9.86% with Jsc =
21.44 mA cm ™2 It seems that the broad absorption range and
FWHM of BTP-2Cl contribute greatly to improving Jsc. Notably,
the measured Jsc value of PMBBDT-BTP-2Cl (21.44 mA cm ™ ?) is
the highest photocurrent among OSCs based on polymer
donors containing BODIPY. These results demonstrate that
BODIPY-based conjugated polymers are promising candidates
for NIR-absorbing OSCs and suggest a new paradigm that
doesn’t involve traditional molecular design concepts.

3 Summary and outlook

For the structural design of UNBG, strong intra/inter-molecular
charge transfer strategies are usually used to control the band
gap in the D-A-type polymer backbone. The band gap-
narrowing effects are dependent on the strength of the “A”
unit (electron accepting or withdrawing units), and represen-
tative “A” groups including DPP, BT, and isoindigo. In this
review, the dependence of the optical band gap of UNBG poly-
mer donors was examined according to the type of electron-
withdrawing groups. Thus far, with band gaps larger than
1.3 eV, many polymer donors comprising DPP, typical-BT, or
isoindigo and exhibiting moderate PCEs have been reported.
However, UNBG polymers (below 1.0 eV) showing high photo-
voltaic performances have seldom been reported despite the
successful realization of UNBG through introduction of strong
withdrawing groups (thienoisoindigo or fused-BT). Because the
smaller the energy bandgap, the more difficult the HOMO/
LUMO energy matching between the electron donor and
acceptor in this narrow-band gap system, a systematic study of
the driving force of exciton dissociation is also required.
Moreover, most NIR-absorbing OSCs have been fabricated with
PCBM until now; in particular, only a few OSCs comprise state-
of-the-art NFAs. Consequently, research on OSCs comprising
NIR polymer donors and NFAs should be conducted continu-
ously, and the development of state-of-the-art strong electron-
withdrawing units to solve the mismatch between the HOMO/
LUMO energy levels of the electron donor and acceptor is
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necessary. For example, boron dipyrromethene (BODIPY) with
B-N bonds has not yet been studied, and only a few groups have
synthesized and characterized BODIPY-based polymer donors.
Although the absolute photovoltaic performances of BODIPY-
based polymers are inferior to those of traditional polymer
donors such as DPP, BT, and isoindigo, BODIPY-based poly-
mers are promising candidates for NIR-absorbing OSCs because
they exhibit sufficient potential, and are able to avoid conven-
tional molecular design concepts. As a result, when this narrow
band gap polymer is developed, it can be used for two different
purposes: first, with the narrow band gap acceptor, it will lead to
the realization of transparent energy harvesting applications. In
addition, with the wide band gap acceptor, the absorption
wavelength range does not overlap, resulting in panchromatic
absorption for efficient photocurrent gain. Thus, for next
generation energy material development, we believe that the
design and synthesis of novel narrow band gap polymer struc-
tures as well as a deeper fundamental understanding of the
physics and chemistry of the molecules are required.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors would like to acknowledge the financial support
from the National Research Foundation of Korea (NRF) of the
Republic Korea under program number (2020R1C1C1005609,
2020M3H4A3081813, and 2020M3H4A1A02084909).

References

1 K. Fukuda, K. Yu and T. Someya, Adv. Energy Mater., 2020, 10,
2000765.

2 J. Qin, L. Lan, S. Chen, F. Huang, H. Shi, W. Chen, H. Xia,
K. Sun and C. Yang, Adv. Funct. Mater., 2020, 30, 2002529.

3 Y. Li, G. Xu, C. Cui and Y. Li, Adv. Energy Mater., 2018, 8,
1701791.

4 Y. Xie, L. Huo, B. Fan, H. Fu, Y. Cai, L. Zhang, Z. Li, Y. Wang,
W. Ma, Y. Chen and Y. Sun, Adv. Funct. Mater., 2018, 28,
1800627.

5 Y. Li, C. He, L. Zuo, F. Zhao, L. Zhan, X. Li, R. Xia, H.-L. Yip,
C.-Z. Li, X. Liu and H. Chen, Adv. Energy Mater., 2021, 11,
2003408.

6 G. P.Kini, S.J.Jeon and D. K. Moon, Adv. Funct. Mater., 2021,
31, 2007931.

7 C. Peng, Y. Huang and Z. Wu, Energy Build., 2011, 43, 3592-
3598.

8 N. C. Davy, M. Sezen-Edmonds, J. Gao, X. Lin, A. Liu, N. Yao,
A. Kahn and Y.-L. Loo, Nat. Energy, 2017, 2, 17104.

9 C. Ballif, L.-E. Perret-Aebi, S. Lufkin and E. Rey, Nat. Energy,
2018, 3, 438-442.

10 J. Zhang, G. Xu, F. Tao, G. Zeng, M. Zhang, Y. Yang, Y. Li and
Y. Li, Adv. Mater., 2019, 31, 1807159.

4318 | Nanoscale Adv, 2021, 3, 4306-4320

View Article Online

Review

11 C.-C. Chen, L. Dou, R. Zhu, C.-H. Chung, T.-B. Song,
Y. B. Zheng, S. Hawks, G. Li, P. S. Weiss and Y. Yang, ACS
Nano, 2012, 6, 7185-7190.

12 Y. Liu, P. Cheng, T. Li, R. Wang, Y. Li, S.-Y. Chang, Y. Zhu,
H.-W. Cheng, K.-H. Wei, X. Zhan, B. Sun and Y. Yang, ACS
Nano, 2019, 13, 1071-1077.

13 C. Sun, R. Xia, H. Shi, H. Yao, X. Liu, J. Hou, F. Huang,
H.-L. Yip and Y. Cao, joule, 2018, 2, 1816-1826.

14 S. Dai and X. Zhan, Adv. Energy Mater., 2018, 8, 1800002.

15 W. Liu, X. Xu, J. Yuan, M. Leclerc, Y. Zou and Y. Li, ACS
Energy Lett., 2021, 6, 598-608.

16 Y. Wang, J. Lee, X. Hou, C. Labanti, J. Yan, E. Mazzolini,
A. Parhar, J. Nelson, J.-S. Kim and Z. Li, Adv. Energy Mater.,
2021, 11, 2003002.

17 H. Sun, X. Song, J. Xie, P. Sun, P. Gu, C. Liu, F. Chen,
Q. Zhang, Z.-K. Chen and W. Huang, ACS Appl. Mater.
Interfaces, 2017, 9, 29924-29931.

18 W. Chen and Q. Zhang, J. Mater. Chem. C, 2017, 5, 1275-
1302.

19 X. Fan, J. Gao, W. Wang, S. Xiao, C. Zhan, X. Lu and
Q. Zhang, Chem.-Asian J., 2019, 14, 1814-1822.

20 L. Lu, T. Zheng, Q. Wu, A. M. Schneider, D. Zhao and L. Yu,
Chem. Rev., 2015, 115, 12666-12731.

21 T. Mikie and 1. Osaka, J. Mater. Chem. C, 2020, 8, 14262—
14288.

22 Z.Yi, S. Wang and Y. Liu, Adv. Mater., 2015, 27, 3589-3606.

23 M. Kaur and D. H. Choi, Chem. Soc. Rev., 2015, 44, 58-77.

24 D. Chandran and K.-S. Lee, Macromol. Res., 2013, 21, 272-
283.

25 Q. Liu, S. E. Bottle and P. Sonar, Adv. Mater., 2020, 32,
1903882.

26 B. Xie, Z. Chen, L. Ying, F. Huang and Y. Cao, InfoMat, 2020,
2, 57-91.

27 M. M. Wienk, M. Turbiez, J. Gilot and R. A. J. Janssen, Adv.
Mater., 2008, 20, 2556-2560.

28 P. Sonar, S. P. Singh, Y. Li, Z.-E. Ooi, T.j. Ha, I. Wong,
M. S. Soh and A. Dodabalapur, Energy Environ. Sci., 2011,
4, 2288-2296.

29 J. C. Bijleveld, A. P. Zoombelt, S. G. J. Mathijssen,
M. M. Wienk, M. Turbiez, D. M. de Leeuw and
R. A.]J. Janssen, J. Am. Chem. Soc., 2009, 131, 16616-16617.

30 W. Li, K. H. Hendriks, W. S. C. Roelofs, Y. Kim, M. M. Wienk
and R. A. J. Janssen, Adv. Mater., 2013, 25, 3182-3186.

31 J. W. Jung, F. Liu, T. P. Russell and W. H. Jo, Energy Environ.
Sci., 2012, 5, 6857-6861.

32 H. Bronstein, Z. Chen, R. S. Ashraf, W. Zhang, ]J. Du,
J. R. Durrant, P. Shakya Tuladhar, K. Song, S. E. Watkins,
Y. Geerts, M. M. Wienk, R. A. J. Janssen, T. Anthopoulos,
H. Sirringhaus, M. Heeney and I. McCulloch, J. Am. Chem.
Soc., 2011, 133, 3272-3275.

33 R. S. Ashraf, I. Meager, M. Nikolka, M. Kirkus, M. Planells,
B. C. Schroeder, S. Holliday, M. Hurhangee, C. B. Nielsen,
H. Sirringhaus and I. McCulloch, J. Am. Chem. Soc., 2015,
137, 1314-1321.

34 X. Chen, Z. Zhang, Z. Ding, J. Liu and L. Wang, Angew. Chem.,
Int. Ed., 2016, 55, 10376-10380.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1na00245g

Open Access Article. Published on 09 June 2021. Downloaded on 3/2/2026 10:06:00 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

35 C. J. Mueller, C. R. Singh, M. Fried, S. Huettner and
M. Thelakkat, Adv. Funct. Mater., 2015, 25, 2725-2736.

36 Z. Li, X. Xu, W. Zhang, Z. Genene, W. Mammo, A. Yartsev,
M. R. Andersson, R. A. ]J. Janssen and E. Wang, J. Mater.
Chem. 4, 2017, 5, 11693-11700.

37 A. T.Yiu, P. M. Beaujuge, O. P. Lee, C. H. Woo, M. F. Toney
and J. M. ]. Fréchet, J. Am. Chem. Soc., 2012, 134, 2180-2185.

38 B. Sun, W. Hong, Z. Yan, H. Aziz and Y. Li, Adv. Mater., 2014,
26, 2636-2642.

39 H. S. Kim, G. Huseynova, Y.-Y. Noh and D.-H. Hwang,
Macromolecules, 2017, 50, 7550-7558.

40 I. Kang, H.-J. Yun, D. S. Chung, S.-K. Kwon and Y.-H. Kim, J.
Am. Chem. Soc., 2013, 135, 14896-14899.

41 H.J. Yun, H. H. Choi, S.-K. Kwon, Y.-H. Kim and K. Cho,
Chem. Mater., 2014, 26, 3928-3937.

42 Y. Lin, J. Wang, Z.-G. Zhang, H. Bai, Y. Li, D. Zhu and
X. Zhan, Adv. Mater., 2015, 27, 1170-1174.

43 B. W. H. Saes, M. M. Wienk and R. A. J. Janssen, Chem. - Eur.
J., 2020, 26, 14221-14228.

44 C. Wang, P. Guo, P. Guo, Y. Liu, S. Ren, G. Liu, B. Zhao,
E. Wang, C. Gao, Y. Xia and H. Wu, Dyes Pigm., 2020, 177,
108263.

45 H. L. T. Mai, N. T. T. Truong, T. Q. Nguyen, B. K. Doan,
D. H. Tran, L.-T. T. Nguyen, W. Lee, J. W. Jung,
M. H. Hoang, H. P. K. Huynh, C. D. Tran and
H. T. Nguyen, New J. Chem., 2020, 44, 16900-16912.

46 B. Schmatz, I. Pelse, A. Advincula, J. Zhang, S. R. Marder and
J. R. Reynolds, Org. Electron., 2019, 68, 280-284.

47 J. Lee, H. Cha, H. Yao, J. Hou, Y.-H. Suh, S. Jeong, K. Lee and
J. R. Durrant, ACS Appl. Mater. Interfaces, 2020, 12, 32764-
32770.

48 K. Aoshima, M. Nomura and A. Saeki, ACS Omega, 2019, 4,
15645-15652.

49 P. ]J. Leenaers, H. van Eersel, J. Li, M. M. Wienk and
R. A. J. Janssen, Macromolecules, 2020, 53, 7749-7758.

50 G. E. Park, H. J. Kim, D. H. Lee, M. J. Cho and D. H. Choi,
Polym. Chem., 2016, 7, 5069-5078.

51 M. Lee, T. Kim, H. V. T. Nguyen, H. W. Cho, K.-K. Lee,
J.-H. Choi, B. Kim and J. Y. Kim, RSC Adv., 2019, 9, 42096~
421009.

52 M. L. Keshtov, S. A. Kuklin, I. O. Konstantinov, I. E. Ostapov,
D. Y. Godovsky, E. E. Makhaeva, Z. Xie and G. D. Sharma, J.
Polym. Sci., Part A: Polym. Chem., 2019, 57, 1478-1485.

53 E. Y. Ko, G. E. Park, D. H. Lee, H. A. Um, J. Shin, M. ]J. Cho
and D. H. Choi, ACS Appl. Mater. Interfaces, 2015, 7, 28303~
28310.

54 S.B. Kim, H. A. Um, H. J. Kim, M. J. Cho and D. H. Choi, Org.
Electron., 2016, 31, 198-206.

55 Y. Yu, Y. Wu, A. Zhang, C. Li, Z. Tang, W. Ma, Y. Wu and
W. Li, ACS Appl. Mater. Interfaces, 2016, 8, 30328-30335.

56 P. Homyak, Y. Liu, F. Liu, T. P. Russel and E. B. Coughlin,
Macromolecules, 2015, 48, 6978-6986.

57 J.-H. Kim, M. Lee, H. Yang and D.-H. Hwang, J. Mater. Chem.
A, 2014, 2, 6348-6352.

58 K. H. Hendriks, W. Li, M. M. Wienk and R. A. ]. Janssen, J.
Am. Chem. Soc., 2014, 136, 12130-12136.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

59 A. Negash, Z. Genene, R. Thiruvallur Eachambadi, J. Kesters,
N. Van den Brande, J. D'Haen, H. Penxten, B. A. Abdulahi,
E. Wang, K. Vandewal, W. Maes, W. Mammo, ]J. Manca
and S. Admassie, J. Mater. Chem. C, 2019, 7, 3375-3384.

60 L. Pan, T. Liu, J. Wang, L. Ye, Z. Luo, R. Ma, S. Pang, Y. Chen,
H. Ade, H. Yan, C. Duan, F. Huang and Y. Cao, Chem. Mater.,
2020, 32, 7309-7317.

61 J. Du, S. Feng, P. Qin, L. Xu, W. Zhu and J. Huang, J. Appl.
Polym. Sci., 2020, 137, 49342.

62 R. Feng, N. Sato, M. Nomura, A. Saeki, H. Nakanotani,
C. Adachi, T. Yasuda, H. Furuta and S. Shimizu, J. Mater.
Chem. C, 2020, 8, 8770-8776.

63 Y. Dong, W. Cai, M. Wang, Q. Li, L. Ying, F. Huang and
Y. Cao, Org. Electron., 2013, 14, 2459-2467.

64 Y. Dong, W. Cai, X. Hu, C. Zhong, F. Huang and Y. Cao,
Polymer, 2012, 53, 1465-1472.

65 C.-Y. Yu, C.-P. Chen, S.-H. Chan, G.-W. Hwang and C. Ting,
Chem. Mater., 2009, 21, 3262-3269.

66 W. Yue, Y. Zhao, S. Shao, H. Tian, Z. Xie, Y. Geng and
F. Wang, J. Mater. Chem., 2009, 19, 2199-2206.

67 P.Zhou, Z.-G. Zhang, Y. Li, X. Chen and J. Qin, Chem. Mater.,
2014, 26, 3495-3501.

68 L. Bianchi, X. Zhang, Z. Chen, P. Chen, X. Zhou, Y. Tang,
B. Liu, X. Guo and A. Facchetti, Chem. Mater., 2019, 31,
6519-6529.

69 Z. Chen, J. Brown, M. Drees, M. Seger, Y. Hu, Y. Xia,
D. Boudinet, M. McCray, M. Delferro, T. J. Marks,
C.-Y. Liao, C.-W. Ko, Y.-M. Chang and A. Facchetti, Chem.
Mater., 2016, 28, 6390-6400.

70 K. Ono, S. Tanaka and Y. Yamashita, Angew. Chem., Int. Ed.,
1994, 33, 1977-1979.

71 C. Costa, ]J. Farinhas, J. Avo, J. Morgado, A. M. Galvdo and
A. Charas, New J. Chem., 2019, 43, 5202-5213.

72 M. L. Keshtov, S. A. Kuklin, I. O. Konstantinov, I. E. Ostapov,
E. E. Makhaeva, A. Y. Nikolaev, Z. Xie, Y. Zou and
G. D. Sharma, New J. Chem., 2019, 43, 5325-5334.

73 M. L. Keshtov, S. A. Kuklin, I. O. Konstantinov, I. E. Ostapov,
M. A. Topchiy, A. R. Khokhlov, E. N. Koukaras and
G. D. Sharma, Org. Electron., 2016, 37, 411-420.

74 M. L. Keshtov, S. A. Kuklin, A. R. Khokhlov, S. N. Osipov,
N. A. Radychev, D. Y. Godovskiy, I. O. Konstantinov,
F. C. Chen, E. N. Koukaras and G. D. Sharma, Org.
Electron., 2017, 46, 192-202.

75 X. Huang, N. Lan, Y. Yan, X. Hu and S. Liu, Front. Chem.,
2020, 8, 1-7.

76 T. Maugard, E. Enaud, P. Choisy and M. D. Legoy,
Phytochemistry, 2001, 58, 897-904.

77 T.Mohn, I. Plitzko and M. Hamburger, Phytochemistry, 2009,
70, 924-934.

78 C. Papageorgiou and X. Borer, Helv. Chim. Acta, 1988, 71,
1079-1083.

79 J. Mei, K. R. Graham, R. Stalder and J. R. Reynolds, Org. Lett.,
2010, 12, 660-663.

80 E. Wang, Z. Ma, Z. Zhang, K. Vandewal, P. Henriksson,
O. Ingands, F. Zhang and M. R. Andersson, J. Am. Chem.
Soc., 2011, 133, 14244-14247.

81 N. M. Randell and T. L. Kelly, Chem. Rec., 2019, 19, 973-988.

Nanoscale Adv., 2021, 3, 4306-4320 | 4319


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1na00245g

Open Access Article. Published on 09 June 2021. Downloaded on 3/2/2026 10:06:00 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

82 P. Deng and Q. Zhang, Polym. Chem., 2014, 5, 3298-3305.

83 E. Wang, W. Mammo and M. R. Andersson, Adv. Mater.,
2014, 26, 1801-1826.

84 R. Stalder, J. Mei, K. R. Graham, L. A. Estrada and
J. R. Reynolds, Chem. Mater., 2014, 26, 664-678.

85 Y.-Q. Zheng, Z. Wang, J.-H. Dou, S.-D. Zhang, X.-Y. Luo,
Z.-F. Yao, ]J.-Y. Wang and ]. Pei, Macromolecules, 2015, 48,
5570-5577.

86 M. Ide and A. Saeki, Chem. Lett., 2017, 46, 1133-1136.

87 C.-C. Ho, S.-Y. Chang, T.-C. Huang, C.-A. Chen, H.-C. Liao,
Y.-F. Chen and W.-F. Su, Polym. Chem., 2013, 4, 5351-5360.

88 J. W. Jung, F. Liu, T. P. Russell and W. H. Jo, Energy Environ.
Sci., 2013, 6, 3301-3307.

4320 | Nanoscale Adv, 2021, 3, 4306-4320

View Article Online

Review

89 D. Miao, C. Aumaitre and J.-F. Morin, J. Mater. Chem. C,
2019, 7, 3015-3024.

90 N. M. Randell, C. L. Radford, J. Yang, J. Quinn, D. Hou, Y. Li
and T. L. Kelly, Chem. Mater., 2018, 30, 4864-4873.

91 M. Ide, Y. Koizumi, A. Saeki, Y. Izumiya, H. Ohkita, S. Ito and
S. Seki, J. Phys. Chem. C, 2013, 117, 26859-26870.

92 K. Wang, W.y. Su, B. Guo, X. Guo, M. Zhang and Y. Li, Synth.
Met., 2016, 220, 134-140.

93 Y. Koizumi, M. Ide, A. Saeki, C. Vijayakumar, B. Balan,
M. Kawamoto and S. Seki, Polym. Chem., 2013, 4, 484-494.

94 Y. Guo, D. Xia, B. Liu, H. Wu, C. Li, Z. Tang, C. Xiao and
W. Li, Macromolecules, 2019, 52, 8367-8373.

95 B.Liu, Z.Ma, Y. Xy, Y. Guo, F. Yang, D. Xia, C. Li, Z. Tang and
W. Li, J. Mater. Chem. C, 2020, 8, 2232-2237.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1na00245g

	Recent progress of ultra-narrow-bandgap polymer donors for NIR-absorbing organic solar cells
	Recent progress of ultra-narrow-bandgap polymer donors for NIR-absorbing organic solar cells
	Recent progress of ultra-narrow-bandgap polymer donors for NIR-absorbing organic solar cells
	Recent progress of ultra-narrow-bandgap polymer donors for NIR-absorbing organic solar cells
	Recent progress of ultra-narrow-bandgap polymer donors for NIR-absorbing organic solar cells
	Recent progress of ultra-narrow-bandgap polymer donors for NIR-absorbing organic solar cells
	Recent progress of ultra-narrow-bandgap polymer donors for NIR-absorbing organic solar cells
	Recent progress of ultra-narrow-bandgap polymer donors for NIR-absorbing organic solar cells

	Recent progress of ultra-narrow-bandgap polymer donors for NIR-absorbing organic solar cells
	Recent progress of ultra-narrow-bandgap polymer donors for NIR-absorbing organic solar cells
	Recent progress of ultra-narrow-bandgap polymer donors for NIR-absorbing organic solar cells


