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Abstract

To pursue high power conversion efficiency (PCE) of polymer solar cells (PSCs), many
new semiconducting polymers with low band gaps have been developed in the past several
years. In this perspective paper, we focused on super low band gap photovoltaic polymers
with photocurrent response extending over 1000 nm. This kind of micrometer-response
polymers imR-polymer) could increase the short circuit currdgt)(due to better match of
absorption spectra of the polymers with the solar irradiation and show tremendous potential
for application in tandem solar cells and transparent solar cells. The necessary conditions for
the design of this kind gfmR-polymers are discussed. Furthermore, the remaining problems

and challenges, and the key research direction in near future are discussed.



Introduction

Over the past two decades, polymer solar cells (PSCs) have received a great deal of
attention as a potential alternative to silicon-based solar cells because of PSCs having the
unique advantages of low cost, light weight, energy-saving fabrication processes, and
applicability in flexible large-area devices [1-8]. Bulk-heterojunction (BHJ) devices were first
reported in 1995 [9] and consist of a conjugated polymer (electron donor) and fullerene
derivative (electron acceptor); the development of BHJ devices has greatly enhanced the
power conversion efficiency (PCE) of PSCs under sunlight.

Generally, the energy conversion from light energy to electrical energy in BHJ PSCs
comprised of five fundamental steps: 1) harvesting of photons by chromophores (donor or
acceptor) to generate excitons, 2) diffusion of the excitons to the interface of donor and
acceptor, 3) dissociation of the excitons into free charge carriers, 4) transportation of the free
charge carriers towards the corresponding electrodes, and 5) charge collection at electrodes.
Thus, the overall performance of PSCs could be improved through research focused on two
different approaches: optimization of device fabrication and development of new materials
to facilitate the above five steps. The former approach includes optimization of the solvent,
molecular additives, solution concentration, donor/acceptor ratio, spin-coating rate during
deposition, drying temperature, and annealing conditions. On the other hand, the choice of
the photovoltaic polymers also has a crucial effect on photovoltaic performance. Among the
large variety of photovoltaic polymers, regioregular poly(3-hexylthiophene) (P3HT) has
been studied as a “benchmark” electron donor material. BHJ photovoltaic devices with a
mixture of P3HT and [6,6]-phenyl¢cbutyric acid methyl ester (PCBM) have been reported
to have PCEs as high as 5% [10, 11]. Structural modification of polythiophene derivatives
has also been extensively investigated [12-18]. However, for devices utilizing such
polythiophene derivatives, it appears that the upper limit on PCE has been reached because

the large mismatch between the relatively large band gap (~2.0 eV) and solar spectrum leads
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to insufficient light absorption, limiting further improvement of the photocurrent. Hence, it is
essential to lower the band gap of photovoltaic polymers such that the absorption band is
shifted toward longer wavelengths.

There are two successful and flexible strategies to design low band gap conjugated
polymers, one is converting aromatic moieties to quinoid structures along the polymer
backbone [19], another is to incorporate an electron-rich unit (donor) and electron-deficient
unit (acceptor) into repeating units, forming internal donor-acceptor (D-A) structures [20,
21]. The alternating D-A copolymer approach enables tuning of the optical and electronic
properties of the resulting copolymer through intramolecular charge transfer (ICT) from the
donor to the acceptor. Clearly, the rational selection of building blocks is critical to the
realization of the well-defined control of the photophysical properties and frontier molecular
orbital energy levels of the resulting copolymers to meet the requirements for BHJ-PSC
applications. Therefore, various aromatic heterocycles were exploited to develop highly
efficient donor polymers for BHJ-PSC applications.

For electron-donating building blocks, thiophene and benzene aromatic rings are the
most important structural ingredients to construct these segments. Among them, tricyclic
aromatic structures based on biphenyl or bithiophene with a bridging atom (C, S, Ge or N)
have been extensively studied. Scheme 1 shows eight examples of donor segments, with
their abbreviations: fluorene (F) [22-24], dibenzosilole (DBS) [25, 26], dibenzogermole
(DBG) [27], carbazole (C) [28-30], cyclopenta[2,1-b:3,4-b]dithiophene (CPDT) [31-34],
dithienosilole (DTS) [35-37], dithienogermole (DTG) [38-41] and dithienof823'-
d]pyrrole (DTP) [42-45].

On the other hand, the acceptor segment is often based on a pyrazine or thiadiazole unit

with electron-deficient C=N bonds. Scheme 2 shows seven typical examples of acceptor
segments with their abbreviations: 2,1,3-benzothiadiazole (BT) , quinoxaline (Qx) [46-50],

thieno[3,4-b]pyrazine (TP) [51-56], thieno[3,4-c][1,2,5]thiadiazole (TT) [57, 58],
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pyrazino[2,3-g]quinoxaline (PQ) [59-61], [1,2,5]thiadiazolo[3,4-g]quinoxaline (TQ)[62-67],

and benzo[1,2-c;3,4-c]bis[1,2,5]thiadiazole (BBT) [68-71].
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Scheme 1Eight typical donor segments based on fused biphenyl or bithiophene units.
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Scheme 2Seven typical acceptor segments containing C=N bonds.

A necessary requirement for a D-A type polymer to have promising photovoltaic
performance is a proper combination of donor and acceptor segments such that the absorption
spectrum of the polymer is matched to the solar spectrum. If we assume that a transparent

electrode has a transmittance of 85%, from the standard spectrum of solar irradiation (AM



1.5G), the theoretical maximum of the short circuit current dendity ¢f a PSC device is
approximately 14.3 mA cff) with a response range from 300 to 650 nm (when using the
standard material P3HT). If the photocurrent response is extended to 800 nm, the theoretical
maximum ofJsc can be increased to ~23.0 mA &nfurthermore, if the response is extended

to 1000 nm, the theoretical maximumJat can be increased to ~31.9 mA &nThese simple
calculations clearly show that the absorption spectrum strongly affects photovoltaic
performance, especiallgc.

In reality, it is not practical to absorb the whole range of the spectrum with a single
polymer material due to the limited absorption bandwidth. Since the solar spectrum have the
maximum of the photon flux at around 700 nm, the semiconducting polymers with an
absorption maximum at around 700 nm would have the highest matching of the spectra with
single absorption band. This approach also enables a relatively high open-circuit voltage
(Voo), since a large difference between the HOMO and lowest unoccupied molecular orbital
(LUMO) energies can be maintained for the acceptor material (PCBM). Recently, this
strategy, along with rigorous device optimization, has been used to achieve considerable
improvements in the performance of D-A copolymers. Certain polymers based on the building
blocks described above, such as PDBS-DTBT[25], PC-DTBT[30], PCPDT-BT[32] and
PDTS-BT[35], show relatively largdsc(9.5-16.2 mA cif) under sunlight, and the onset of
the photocurrent response reaches 660-800 nm. These are only moderately red-shifted, by
10-150 nm, when compared with the adsorption onset of P3HT (~650 nm). Furthé&fsaore,
can be kept at a high value, owing to the deep HOMO levels of the donor polymers. The
delicate balance between these two factors results in high PCEs of 5-6%. There are a number
of review articles that discuss D-A type photovoltaic polymers with absorption onsets up to
800 nm.

Up to now, this “balanced” strategy has given the best result, in terms of PCE, for single-

layer BHJ PSCs. However, in consideration of the simple photocurrent calculation above, an
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alternative approach to achieving high performance may exist: aim for the highdst
collecting as much of the photon flux as possible. In this manuscript, we focus on
photovoltaic polymers with low band gaps whose optical absorption and photocurrent
response extend to dm. We call this type of polymer a “micrometer-response polymer”
(umR-polymer).umR-polymers can utilize a larger proportion of the sunlight and have the
possibility to obtainJsc of over 30 mA crif. They also have great promise for application in
tandem photovoltaic cells in combination with polymers having larger band gaps and
transparent solar cells that can be used for windows.

A tandem structure is equivalent to two cells connected in series, which offers a number
of advantagesVoc for a tandem cell is increased to the sumVeé for the two individual
cells and the use of two semiconductors with different band gaps enables absorption over a
broad range of photon energies within the solar emission spectrum. However, the current is
limited by whichever cell has the lowest value. In addition, the overlap between the
absorption spectra of the two cells decreases the efficiency of the tandem cells [72, 73].

Thus, development ofmR-polymers with strong absorption in the range over 700 nm is
very important to achieve promising tandem photovoltaic cells with higher PCE, after
combining with effective moderate band gap polymers. In recent years, several research
groups [74-79] focused on tandem devices and highest PCE over 10% have been achieved
[80].

FurthermorepumR-polymers should also be useful in polymer photodetector devices with
high sensitivity in the near-infrared (NIR) region [81]. Additionally, the synthesjsrdR-
polymers is a challenge and is a field that has been relatively less explored. We will firstly
discuss the principles for designing polymers used in photovoltaic devices, and then review
examples of photovoltaic devices with these polymers. We summarize the current state of the

art inumR-polymers and conclude by discussing the prospects for this research field.



Design ofumR-polymers for PSCs

The fundamental requirements for promising photovotlaic polymers include (1) a broad
absorption bandwidth, which enables more sunlight to be absorbed; (2) a low-lying HOMO to
keepVoc as high as possible, together with a suitable LUMO energy level to enable effective
photoinduced charge transfer from the polymers to the acceptor in the BHJ device; (3) high
carrier mobility to ensure that effective charge carrier transport to the electrodes suppresses
photocurrent loss; and (4) good solubility, and appropriate compatibility with fullerene
derivatives, in order to form high-quality films by solution processing.

For umR-polymers, requirement (1) is well fulfilled due to the super low band gap (less
than 1.24 eV). However, in regard to the energy level, it is a big challenge to fulfill both low-
lying HOMO and suitable LUMO energy level simultaneously with one polymer, which
might be one main reason for the lack of successiR-polymers

For the D-A type copolymer approach, strong ICT from the donor segment to the
acceptor unit is necessary to realizeumR-polymer. Here, we classify the polymers
according to their strong acceptor building blocks, which include TQ, TP, PQ, TT,

diketopyrrolopyrrole (DPP), perylendiimide (PDI) and naphthalene diimide (NDI).



Table 1 Device characteristics of PSCs basegumiR-polymers.

Oneset of
LUMO/
absorption Donor/acceptor Voc Jsc FF PCE
Polymer HOMO Ref.
in film ratio (wt/wt) V) | (mAcm?d
(eV/eV)
PCBM (1:4) 0.69 0.53 047 017% (o
ol BTPF (1:4) 0.54 1.76 032  0.3%
Pl 1000nm | -3.9/-5.1 BTPF70 (1:4) 0.58 3.4 035  0.79 [63]
P2 1200 nm PCBM (1:4) 0.34 3.26 034 038  [69]
P3 1200nm | -3.7-4.8 PCBM 0.41 5.16 029 061%  [66]
o4 — PCBM (1:4) 0.37 0.45 046 008%
M| 3741471 PGBM (1:4) 0.10 0.28 035 0010 ©
P5 1034 nm PCBM 0.56 3.1 058 110 L°°
P6 1200nm | -4.1/5.0 PCBM ~0.2 [82]
P7 1030nm | -3.96/-5.73  PEBM (1:3) 0.66 15 050 05%[
P8 1130 nm | -3.90/-5.64  PEM (1:3) 0.52 7.3 054 2.1%
P9 1220 nm | -3.59/-4.71 PCBM (1:1) 0.35 0.83 039 0.11%  [57]
P10 1030 nm | -3.5/-5.1 P@BM (1:2) 0.41 2.33 0.36| 0.359
P11 1130 nm | -3.4/-5.0 P@BM (1:2) 0.19 1.04 028 0.05% [58]
P12 1380nm | -3.6/-4.9 P@BM (1:2) 0.22 1.45 0.31] 0.099
P13 1100 nm | -3.64/-5.02 PCBM (1:1) 0.44 4.47 057 1.12%  [4B]
al PGoBM (1:2) 0.38 14.87 048 2.71%  [44]
P14 1100nm | -3.63/-4.90—5F Byr1 5y [ 0.40 17.55 050  3.48%
P15 1100 nm | -3.56/-4.86  PEBM (1:15) | 0.42 22.65 052 4990 [
P16 1000 nm | -3.76/5.04  PE@BM (1:2) 0.57 8.9 059 3.0%| [83]
P17 1055 nm | -3.63/-4.90  PEBM (1:2) 0.66 13.7 0.66| 6.059 [84]

TQ-basedpumR-polymers

As a strongly electron-deficient building block, TQ was introduced into photovoltaic
polymers by Wang et al. in 2004, and the resulting matétialwas the first example of a
umR-polymer [62].P1 shows optical absorption peaks in two wavelength ranges, 300-500
nm and 650-1000 nm. PSCs were fabricated in a traditional BHJ type sandwich structure of
ITO/PEDOT:PSS/active layer/LiF/Al. When using PCBM as the acceptor, the PSCs exhibited
Voc of 0.69 V,Jsc of 0.53 mA cn, and PCE of 0.17%. The low-lying LUMO energy level of

P1 (—4.0 eV) might have inhibited efficient photoinduced charge transfer. Thus, the PCBM
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was replaced with another fullerene derivative, 3'-(3,5-bis-trifluoromethylphenyl)-1'-(4-
nitrophenyl)pyrazolino[60]fullerene (BTPF), which has a lower-lying LUMO (-4.1 eV). This
PLBTPF combination resulted in an increase in the PCE of the PSCs to 0.3%. In addition to
the more effective photoinduced charge transfer, the improved morphology of the PSC
network structure could also contribute to effective charge separation and transport. Atomic
force microscopy studies of morphology showed that there was no obvious phase separation
in the PL:BTPF films, whereas the1:PCBM films had large phase separation, with domains
sizes up to 10-20m when deposited by spin coating from solution. Furthermore, use of 3’-
(3,5-bis-trifluoromethylphenyl)-1’-(4-nitrophenyl)pyrazolino[70]fullerene (BTPF70) as the
accepter in combination witR1 increased the PCE of the device to 0.7%. The external
quantum efficiency (EQE) was as high as 28% at 400 nm and 7% at 900 nm, indicating that
there was a significant photocurrent contribution from BTPF70 in addition toPthe
absorption [63].

To increase the solubility, branched alkyl side chains were introduced to the TQ segment
or phenylene unit in TQ by the same groj§g]. However, the bandgaps of resulting
polymers increase to 1.3 eV and 1.5 eV respectively, and the photovoltaic performance was
inferior. The reason for this is still not clear, but it could be that the poor morphology of the
blend films, or the large steric hindrance between the polymers, reduces the charge transfer

ability.



e o
CeHiz  CgHyy ; g CaHﬂ
N/ \N / 7\

/\/\ C A A
S { s O ss
N\\s//N " 0 NN "

R

© vwov

%@Q—@%

P3 P4
Scheme 3Reported TQ-basggdnR-polymers.

Compared with 9-dialkylfluorene, a 2,5-dialkoxyphenylene unit is a stronger electron donor,
owing to the electron donating properties of the alkoxyl group. As a réaihlas a lower
band gap (~1.0 eV) thaPl A BHJ type PSC, based orP2:PCBM mixture, exhibited/oc
of 0.34 V, Jsc of 3.26 mA cnf, fill factor (FF) of 0.34, and PCE of 0.38%, with
monochromatic photoresponse up to @ [65] . For further optimizing the electron-rich
group,P3 was designed and synthesized, in which the carbazole contains a triarylamine unit
[66]. The LUMO and HOMO energy levels Bf3 were —3.7 and —4.8 eV, respectively, and
the high-lying LUMO energy level ensured effective photoinduced charge transfer to PCBM.
The fluorescence d?3 was almost fully quenched when 6% w/w of PCBM was mixed into
films of the polymer. PSCs using 1:1 w/w blendsR#& and PCBM as the active layers

exhibited PCE of 0.61% and a photoresponse up tori.2
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P4, a polymer of the TQ unit with only bithiophene segment as spacer, was reported by
Janssen and co-workers in 2009 [67]. Four 2-ethylhexyl side chains were introduced to the
phenyl group to increase the solubility of the resulting polyiéexhibits a very small band
gap of only 0.94 eV. A BHJ type PSC, based Rhand a higher fullerene derivative
(PGs4BM), provides a photoresponse up to juf3 with EQE of <1% in the region of 660
1300 nm.

All of these TQ-basedimR-polymers in Scheme 3 showed rather poor photovoltaic
performance, having PCEs of less than 1%. This is mainly due to the low EQE values in the
NIR region. By changing the donor segment (e.g., to DBS, CPDT, DTS, or DTP mentioned
above), the absorption spectra should be extended to the micrometer range, owing to the
strong electron-accepting ability of TQ. Therefore, new TQ-bas#d-polymers should still
be possible. However, other criteria must be satisfied, such as a suitable LUMO energy level
to ensure effective photoinduced charge transfer to PCBM, good solubility and miscibility
with PCBM to obtain a uniform blend film, and a high absorption coefficient in the NIR
region.

TP-based and PQ-basegmR-polymers

Scheme 4shows fourpmR-polymers based on TP or PQ units. PolymeEs was
synthesized by Janssen and coworkers in 2006 from corresponding dibrominated monomer
via a Yamamoto condensation polymerization using bis(1,5-cyclooctadiene)nickel(0)
(Ni(COD),) as the catalyst [53]. The UV-vis spectraR& in solid state revealed that optical
absorption extended into the NIR region with onsets of 1034 nm.

The P5:PCBM photovoltaic devices exhibitédhc of 0.56 V,Jsc of 3.1 mA cn?, FF of
0.58, and PCE of 1.1% under white light illumination (75 mW?EnThe highei/oc value
for P5:PCBM arises from the lower-lying HOMO energy level, and the higbercan be
attributed to the more uniform film morphology and more intimate mixinf®PCBM.

Interestingly, photovoltaic devices with active layers prepared by depositing an additional
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guantity of mixed®5:PCBM solution on top of the drying layer during spin coating exhibited

a much higher EQE in the NIR region. The EQE of these “doubled layer” devices exceeds
15% in the 700-900 nm region. The reason for this enhancement is not clear, but this result
reveals a unique possibility to optimize PSC devices.

A simple homopolymer of TP, poly(thieno[3,4-b]pyrazind)6), also showed strong
absorption properties in the NIR region [82]. The EQE response of devices based on
P6:PCBM exhibited maxima at 450 and 925 nm, with an absorption onset up to 1200 nm for
post-annealed devices. However, the value of the EQE was low (3~6%) and the overall
performance was consequently low, probably because the low-lying LUMO energy level

prevented efficient photoinduced charge transfer.

N N N N
S/ \__S 7\
\ / >~ \ ./ /n s /n
P5 P6
CgH470 Q Q OCgHq7 CgH17OOCSH17
I\ I\
N N N N
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\ / \_/
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Scheme 4Two TP-based (P5, P6) and two PQ-based (P7uR&-polymers.
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Two high molecular weight PQ-based copolymes, and P8 (Scheme 4), were
synthesized by the Stille coupling reactioM,(= 75000 and 100000 foP7 and P8,
respectively) [59]. The optical band gaps, determined by the onset of the absorption spectra
of the films, were 1.2 eV foP7 and 1.1 eV foP8. For the films, the maximum absorption
peak at the long wavelength BB showed a large redshift, approximately 90 nm, and an
increase in intensity. Both of these properties indicate good intermolecular ordering in the
solid state, probably due to the longer oligothiophene units. Photovoltaic devices created with
P8PC,0BM exhibitedVoc of 0.52 V,Jsc of 7.3 mA cnt, FF of 0.54, and PCE of 2.1%. The
Jsc value was enhanced compared with that of a sirRil@PCBM device (3.5 mA cr'ﬁ),
indicating that the charge transfer betwddhand PGBM is effective and thus that the
energy offset between the LUMO levels B8 and PGoBM (0.22 eV) was sufficient. The

increase inlsc could be also attributed to the smaller domain siZe80°C,;BM blend films.

TT-basedumR-polymers

Scheme 5Four TT-base@mR-polymers.
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Scheme 5 shows four kinds of TT-based copolymeBwas synthesized by Cao and
coworkers [57], which had good solution processability, and the film of the polymer absorbed
light in the 330—-1220 nm region. The LUMO and HOMO energy level9afdte —3.59 eV
and —-4.71 eV, respectively, with an electrochemical band gap of 1.12 eV. The PSCs based on
a P9:PCBM blend had/oc of 0.35 V,Jsc of 0.83 mA crif, and FF of 38.6% under AM 1.5
irradiation (100 mW crf)), with the photocurrent response wavelengths extending to about
1100 nm. Although the photovoltaic performance was not HR¢hwas used in polymer
photodetectors with high sensitivity in their wide spectral response from 300 to 1450 nm [81].

In 2012, Jenekhe and coworkers synthesized a series of TT-pasegolymers with
optical band gap of 1.2 e\P10), 1.1 eV P11) and 0.9 eVRR12) [58]. Although these three
polymers showed high FET mobility in the range of 6.1 ¥ 1 4.6 x 10° cnf V''s?,
the PCEs were relatively low (<0.35%). The high-lying HOMO energy levels of these

polymers resulted in smaWoc of 0.19 0.36 V, and the poor quality of the spin-coated

polymer/fullerene blend films could explain the low fill factor and PCE of the solar cells.

DPP-basedimR-polymers
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Scheme 6 Five DPP-basegmR-polymers

The above-mentionegmR-polymers exhibit lowlsc and poor photovoltaic performance,
mainly due to the weak absorption coefficient in near-infrared region and low-lying LUMO
energy levels. From 2009, with a new electron-deficient building block, diketopyrrolopyrrole
(DPP) was introduced tomR-polymers design, and large improvements in ternidg®and
PCEs were achieved.

DPP derivatives were first obtained as by-products by Farnum et al. in 1974 [85] and
commercialized as high performance pigments with exceptional light, weather and heat
stability. The first DPP-based photovoltaic polymer was reported by Janssen et al. in 2008
[86]. Since then, extensive device engineering has resulted in a number of D-A type, DPP-
containing copolymers that have been used in PSCs to achieve PCEs above 5% [87-90]. On
the other hand, dithieno[3)22’,3’-d]pyrrole (DTP), as a planar building block with strong
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electron-donating ability, has been first studied for use in D-A type photovoltaic polymers in
2008 [42]. The design of low band gap polymers that combine DTP and electron-deficient
acceptor segments has attracted much attention, owing to their tunable optical and electronic
properties. In 2009, our group copolymerized DTP with DPP to obtain copolpi@r
(Scheme 6)P13 has an absorption band in the long wavelength region, two absorption peaks
at 780 nm and 847 nm, and an onset absorption qimh.[43]. The absorption coefficient of

P13 in CHCL solutions is 6.28xT0L mol' cm™ at the absorption maxima. Photovoltaic
devices based oR13PCBM exhibitVoc of 0.44 V,Jsc of 4.47 mA crif, FF of 0.57, and

PCE of 1.12%.

10 nm

CHCI3: DCB

3 nm

CHCI3 : DCB il

0 nm 0 nm

Figure 1. AFM height images (4m x 4 um) of polymer:PGBM blend films, spin-coated
from CHC solution and from CHGkolution witho-dichlorobenzene (DCB) additives.
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Figure 2. EQE curves of PSCs based on &4 and P15 The normalized AM1.5
photon flux spectrum is also shown for comparison.

Numerous researchers have shown that side chains in conjugated polymers can affect their
photovoltaic performance. Thus, we synthesi2éd (Scheme 6) by changing the alkyl chain
in the diketopyrrolopyrrole segment B3 from 2-ethylhexyl to n-butylP14 also has a broad
absorption band in the range of 500—-1100 nm with a tail extending toril.Bhe full width
at half-maximum oP14film is 324 nm, nearly double that of P3HT film (158 nm). Since the
same energy bandwidth would produce a larger width in the wavelength scale, a lower band
gap polymer can collect a broader photon flux range. BHJ type PSCs with device
configuration of ITO/PEDOT:PSBL14PC;;BM(1:2 w/w)/LiF/Al, have a broad photocurrent
response wavelength range from 300 nm touinl and highlsc of 14.87 mA cnf, and PCE
of 2.71% were achieved. Compared with the PSC Wwitd:PCBM units, those based on
P14PC,,BM have higher EQE values, 30-40% in the 450 to 850 nm range, which
contributed to the improvement &fc from 11.31 mA crif to 14.87 mA crif [44].

The above-mentioned polymers were based on common D-A type polymer design
strategies, which include (1) synthesizing novel building blocks or combinations of building
blocks, (2) introducingt-spacers for DeA polymers, (3) optimizing the alkyl side chains to
balance the crystallinity and solubility, and (4) introducing substituents, for example fluorine,
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to tune the energy levels. However, designing new materials by these methods is rapidly
reaching its limits. Therefore, we adopt an alternative approach to designing D-A polymers by
introducing a conjugated tris(thienylenevinylene) (TTV) side chain. We utilized this method
to modify P14 and got new polymer d?15[45]. The TTV side chain show negligible effect

on the absorption spectra and energy levels, but largely improve the photovoltaic performance.
By using blend solvents of chloroform and dichrolobenzene, the film morphology can be
improved, compared with that from pristine chloroform (Figure 1). A 43% improvement in
the PCE was observed for tRA5PC;0BM device (4.99%) compared with the P15;58M

device (3.48%). In particuladsc increased from 17.55 mA/énto 22.65 mA/cr after the

TTV side chains were introduced, which is the higllestreported for a PSC to date. The
improvement in EQE over the whole absorption region was observed f&r1&RC,:BM

system compared with thel4PG,BM system, with high value (>0.5) from 400-900nm
(Figure 2). Because this method of introducing conjugated side chain is also effective for
other D-A type polymer, we believe this approach could provide a new general method for
designing high-performance D-A photovoltaic polymers.

It is worth noting that introduction of the TTV side chain was also effective to improve
the performance of other D-A polymers such as copolymer of benzo[1,2-b;3,4-b’]dithiophene
(BDT) and thieno[3,4-c]pyrrole-4,6-dione (TPD). We speculate that the introduction of the
TTV side chain improves the charge separation efficiency at the polymegBMnterface.

The presence of the conjugatedystem may enhance the coupling between the photoexcited
state of the polymer and the charge separated state, assuming that the TTV side chains exist at
the polymer-fullerene interface (Figure 3). Of course, the complexity of the BHJ structures in
PSCs and the difficulty in analyzing the polymer/fullerene intenfieean that the role of the

conjugated side chain requires further investigation.
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Figure 3. Schematic diagram of the BHJ structure solar cell. Conjugated side chains placed at
the interface are hypothesized to improve the charge separation efficiency.

Although theP15showed the highestc, theVoc was as low as 0.42 V, which is due to
the high HOMO energy levels (4.86 eV). In order to get DPP-bas#g-polymers with
higherVoc, P16 and P17 were designed and synthesizeld16 is a thieno[3,2-b]thiophene-
DPP based copolymer with relatively low HOMO energy level of 5.04 eV. Photovoltaic
devices created with16PC,BM exhibitsVoc of 0.57 V,Jsc of 8.9 mA cn?, FF of 0.59, and
PCE of 3.0%. Further changing the donor building block to dithieno[3,2-b:2’,3'-d]thiophene
(DTT), the resulting polymeiR?17 shows maximum absorption at 802 nm and the absorption
onset at 1015 nm in CF solution, while the thin film spectrum exhibits slightly extended onset
at 1055 nm.P17 shows an outstanding hole mobility of 0.60%cwi* s*and low-lying
HOMO energy levels (5.19 eV). A PCE of 6.05% witla 6f 13.7 mA cnif, Voc of 0.66 V,
and FF of 66.1% were achieved by usiRG7.PC,BM as active layer. These results
demonstrate large potential of DPP building block for the desigmé&-polymers.

The success of DPP-basgihR-polymers should attribute to several factors, including
the strong absorption in near-infrared region with high absorption coefficient, higher hole
mobility, the suitable LUMO energy levels for efficient photoinduced charge transfer to

fullerene and good miscibility with fullerene derivatives.
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n-Type pmR-polymers

Scheme 7 PDI and NDI-based n-typemR-polymers.

All the aboveumR-polymers are p-type polymers, which are blended with fullerene
derivatives for photovoltaic applications. Despite this remarkable success of polymer:fulerene
blend solar cells, the need for high purity fullerene derivatives, low light absorption in the
long wavelength region and the metastable morphology of the fullerene-based BHJs mean
that new n-type materials are required.

After almost two decades investigation, four types of n-type polymers containing the
electron-deficient groups cyano (CN) [91-93], 2,1,3-benzothiadiazole (BT) [94-96], perylene
diimide (PDN[97-99], and naphthalene diimide (NDI) [100-103] have been recognized as
important photovoltaic materials and the highest PCEs for devices based on these four types
of polymers are 2.0% [93], 2.7% [96], 2.2% [99], and 1.6% [103] , respectively, after
intensive device optimization.

A promising advantage of all-polymer solar cells is that the absorption spectra can be
modulated individually, thus development of n-typ@®R-polymers is vital to utilize most
portion of the sunlight. By copolymerization PDI with DTP and introduction of a thiophene
unit as a spacer, we synthesized an n-pypR-polymerP18(Scheme 7) [98]. The absorption

of P18in film extended to over im, and the LUMO and HOMO energy levels were —4.00
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eV and -5.27 eV, respectively. However, owing to the poor solubiliB18f the photovoltaic
performance was poor in comparison with other n-type polymers. Another n#ypRe
polymer, P19 is based on NDI and CPDT building blocks with thiophene as spacer. The
LUMO and HOMO energy levels were —4.15 eV and —5.35 eV, respectively. A PCE of 1.1 %
with Jsc of 2.43 mA cnif, Voc of 0.63 V, and FF of 70% were achieved by using P3HT as the
donor material and optimization of the processing solvent. It was found that by suppressing
the aggregation dP19 at the early stage of film formation, the intermixing of the donor and
acceptor component is improved, thereby allowing efficient harvesting of photogenerated
excitons at the donor-acceptor heterojunction. Furthermore, correlations between the

macroscopic absorption and solar cell performance were also investigated.

Conclusion and outlook

In this review, we have summarized the recent works on photovoltaic polymers with
photocurrent response extending ovemi. The band gap can be tuned by using strong ICT
from an electron-rich segment to an electron-deficient segment in the polymer backbone.
Fine-tuning of the LUMO and HOMO energy levels pmR-polymers by structural
modification is critical, as doing so can improVgc and simultaneously enable effective
photoinduced charge transfer from the polymer to the acceptor. The absorption coefficient is
another important parameter, which ensures that the thin active layer in PSCs can absorb a
large proportion of the solar spectrum. Moreover, the morphology of the active layer
(polymer:PCBM blend film) is critical for the performance of BHJ cells. If there are large
domains and significant phase separation in the active layer, the number of interfaces for
efficient charge separation will be reduced. As has been shown, the highesisP@gd
EQE for the PSCs based on the presepteR-polymers reached 6%, 22 mA éand 60%
respectively. We can expect to fipthR-polymers that achieve even higldeg values and

better performance in PSCs after material design and device optimization.
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A promising application ofimR-polymers is tandem photovoltaic devices. Considering
Voc for a tandem cell is equal to the sun\vgt for the two individual cells and the current is
limited by whichever cell has the lowest value. Therefore, although there has been great
success in producing PSCs with photocurrent responses below 700 nm, there will be an
increasing need for highly efficieptnR-polymers materials to utilize sunlight above 700 nm
as the manufacturing technology for tandem cells matures. Moreover, becausgns@me
polymers show little absorption in the visible region, they may have the potential to create

semitransparent PSCs, which are attractive for application in solar cell windows.
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