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The synthesis of donor (D)-acceptor (A) polymers using structurally elaborated
monomers is an active research field. Some of the challenges with the use of alternating
D-A polymers for photovoltaic applications are the relatively narrow absorption widths,
the presence an absorption valleys in the visible region, unoptimized molecular energy
levels and even lack of compatibility of the polymers with the common acceptors.
The synthesis and characterization of polymers consisting of multiple chromophores
(random and regular terpolymers) with complementing properties is currently gaining
momentum in order to delicately optimize properties of polymers. A random terpolymer
can either be of a system composed of one donor and two acceptors [(D-A1)-ran-
(D-A2)] or a one acceptor and two donor segments [(D1-A)-ran-(D2-A)] incorporated
in the polymer backbone. By varying the composition of the monomers in the feed
of the polymerization reaction, the properties of the resulting terpolymers can be
carefully optimized. Using this strategy, many materials with desired properties have
been developed and power conversion efficiency (PCE) surpassing 14% in a single layer
bulk heterojunction (BHJ) solar cell device have been reported. This review summarizes
the most recent advances made in the development of electron donor terpolymers for
organic photovoltaics (OPVs). The properties of the terpolymers are compared with their
respective reference polymer.

Keywords: conjugated polymers, solar cells, terpolymers, random terpolymers, regular terpolymers

INTRODUCTION

Conjugated polymers and small molecules have been the focus of research in the past few decades
because of the clear advantage they potentially offer in the production of cheap products in various
fields such as organic field-effect transistors (OFETs), organic photovoltaics (OPVs) and light-
emitting diodes (LEDs). In OPVs, the photoactive material commonly consist of a blend of electron
rich polymer (donor) and electron deficient (acceptor) materials intermixed on a nanometer
scale. Among the various donor polymer architectures, polymers consisting of single molecular
repeating units (homopolymers) were of interest in OPV research community. Repeating units such
as thiophenes and benzodithiophenes have been utilized for the synthesis of the corresponding
homopolymers with necessary modifications introduced to the core aromatic molecular units to
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impart desired properties such as good solubility, desired level
of crystallinity, high optical coverage and desired molecular
energy levels on the resulting polymers (Elsenbaumer et al., 1986;
Almeida et al., 2009; Lee et al., 2012; Cai et al., 2017). Even
though there have been tremendous progresses in the synthetic
methodology for the structural modifications of the monomers,
there are still inherent shortcomings of homopolymers such as
narrow absorption band and mostly raised HOMO energy levels
and hence yielding a relatively lower photovoltaic performances.
In order to circumvent the narrow absorption profile and
modulate the molecular energy levels, a “the Donor-Acceptor
(D-A) design motif” where an electron rich (donor) and electron
deficient (acceptor) aromatic fragments are linked together by a
covalent bond was developed (Havinga et al., 1992; Gedefaw et al.,
2017a; Gedefaw and Andersson, 2019; Atl: et al., 2020).

The D-A strategy have enabled synthetic chemists to better
control the optoelectronic properties of conjugated polymers and
small molecules to produce materials (Kitamura et al., 1996;
Cheng et al., 2009).

Along with the synthesis of novel conjugated materials with
desired properties, significant advances have been achieved in
device structures and optimization techniques (Glenis et al.,
1984; Tang, 1986; Halls et al., 1995; Yu et al., 1995; Granstrom
et al.,, 1998; Yohannes et al., 2004). With the continued enhanced
understanding of the nature of film microstructure (Bolognesi
et al,, 2016) and meticulous device optimization efforts (Li et al.,
2014), PCE in the range of 14-18% with a binary blend and
tandem OPVs have been reported (Li S. et al.,, 2018; Meng et al.,
2018; Zhang et al., 2018; Chen, 2019; Cui et al., 2019; Fan et al,,
2019; Xu et al., 2019b; Liu Q. et al., 2020; Luo et al., 2020; Salim
et al.,, 2020). One of the promising feature of organic solar cells
is the solution processability of the photoactive materials, which
have opened the possibility of fabrication of photovoltaic devices
using printing technologies at a relatively lower cost (Hoth et al.,
2007; Aernouts et al., 2008; Sumaiya et al., 2017).

The synthesis of well-defined polymers with pre-determined
composition and structure is vital in order to have a control in
the properties of conjugated polymers. Many of the monomeric
units developed in the past have highly elaborated molecular
features. Besides the challenges encountered in the synthesis
of these monomers, the final polymers end up to have a
narrow absorption profile, unoptimized energy levels and poor
compatibility with the acceptor counterparts, resulting in a
material that will likely perform less efficiently in organic solar
cells. One way to tune the optical and electrochemical properties
of polymers is by incorporating multiple chromophores such
as three monomeric units in the polymer chains. According to
TUPAC definition, polymers consisting more than one species of
monomers (real, implicit or hypothetical) are called co-polymers
(Jenkins et al., 1996). The polymers discussed in this paper
consists of two species of monomers and not three different
species of monomers as in terpolymers. Interestingly, this type of
polymers are normally referred to as terpolymers in the literature
and therefore we also call them terpolymers in the article (Jenkins
et al.,, 1996). Recently, the synthesis and use of terpolymers for
photovoltaics have gained tremendous attention (Colella et al.,
2011; Khlyabich et al., 2011; Paulsen et al., 2014; Scott et al., 2019;

Gao et al,, 2020). Terpolymers can either be random or regular.
In random terpolymers, two acceptors and one donor monomers
(D, A1, and A2) or two donors and one acceptor (A, D1, and D2)
in a predetermined feed ratio of the monomers are introduced
for the polymerization reaction, where the monomeric units will
be assembled in the backbone of the polymer randomly to yield
a polymer structure of the type (D-Al)-ran-(D-A2) or (A-D1)-
ran-(A-D2), respectively. In regular terpolymers on the other
hand, a properly functionalized D1-A-D2 or Al-D-A2 based
monomeric segments are reacted with a functionalized acceptor
(A) or donor (D), respectively, to form an alternating polymer.
The diversity of monomers developed in the past allows the
synthesis of countless multi-component materials with tailored
properties (Heintges et al, 2020). The regular terpolymers
have definite composition and hence provides the possibility
of better control of the electronic properties (Heintges et al.,
2020). It is expected that regular terpolymers to display a better
inter polymer chain interaction due to the defined monomeric
composition in the chain and hence are expected to have
higher crystallinity. For instance, Heo et al. have demonstrated
that a regioregular polymer prepared based on dithieno[3,2-
b:2/,3’-d]silole (DTS, D1), benzo[1,2-b:4,5-b]dithiophene (BDT,
D2), and thieno[3,4-b]thiophene (TT, A) monomeric units to
have a higher crystallinity and displayed a stronger absorption
coefficient. Due to these advantages possessed, the regioregular
polymer performed well in photovoltaic devices (Heo et al., 2016;
Heintges et al., 2020). On the other hand, random terpolymers
have less defined composition of the monomeric segments in
the final polymer structure. Though the composition of the
monomers in the feed is precisely known, the composition of
the monomeric segments in the resulting polymer could either
be same as the feed or it could be different depending on the
polymerization kinetics of the monomers. In the same work as
above, the random terpolymer prepared from DTS, BDT and TT
showed a broadening toward higher wavelengths in the optical
study ascribed to -TT-DTS-TT-DTS enriched segments. This is
an interesting example that demonstrates how the polymerization
kinetics affect the optical property and also how tricky predicting
properties of random terpolymers will be unless the reactivity of
the monomers are known (Heo et al., 2016).

Though random terpolymers have undefined composition,
several of them have shown promising performances, which
heralds the great potential of the strategy to produce tailored and
efficient polymer donors and non-fullerene acceptors (Pan et al.,
2017; Song et al., 2018; Wang et al., 2019, 2020; Yang et al., 2019;
Zhang et al., 2020). Random terpolymers are also hailed from
the point of view of reducing material cost by using a cheaper
third component without compromising the efficiency (Jiang
et al.,, 2016). These promising classes of terpolymers have been
reviewed in the past. Some of the reported articles have attempted
to classify the polymers based on the material properties such
as complimentary absorption, crystallinity, morphology and so
on (Luo et al, 2018; Gao et al., 2020). Herein, terpolymers
(regular and random) developed recently are discussed in the
following approach. The materials were first classified in two
broad groups: polymers having two donors and two acceptors.
Then, the polymers further grouped based on the type of acceptor
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used to construct the terpolymers. The properties of terpolymers
are then thoroughly discussed in terms of the optical properties,
morphology, and crystallinity and so on. The properties of the
terpolymers were compared with reference alternating polymers.

TERPOLYMERS CONSISTING TWO
DONORS AND ONE ACCEPTOR UNITS

Here, terpolymers prepared from two electron rich and
an electron deficient monomers are discussed. The optical,
electrochemical and photovoltaic properties of the terpolymers
are compared with the reference polymers. The terpolymers are
classified based on the acceptor type.

Diketopyrrolopyrrole (DPP) and Other

Lactam Ring Based Polymers
Among the various electron deficient molecular units developed
to date, the DPP lactam ring is widely known in OPV research
and has been incorporated in many D-A polymers (Hendriks
et al.,, 2013; Choi et al.,, 2015; Zheng et al., 2016). In order to
exploit the peculiar properties of random terpolymers in tuning
physico-chemical properties, Ko et al. (2015) reported regular
(P1 Reg-PBDPPT) and random (P2 Ran-PBDPPT) terpolymers
based on (E)-1,2-di(thiophen-2-yl)ethene, 2,2’-bithiophene and
DPP monomers (Figure 1). The two terpolymers (P1 and
P2) showed comparable optical and electrochemical properties
(Table 1). The properties of the reference alternating polymers
synthesized (P3 PDPPBT and P4 PDPPTVT) are also tabulated
in Table 1. A blend of P1 or P2 with PC;;BM, processed
from a chloroform: o-dichlorobenzene (ODCB) (4:1 v/v) solvent,
was embedded between PEDOT:PSS and Li/Al electrodes to
investigate the photovoltaic properties. The regular terpolymer
(P1) based optimized photovoltaic device gave a PCE of 5.45%
while the random terpolymer (P2) based device gave a 5. 24%
PCE with 2% diiodooctane (DIO) solvent additive. The slightly
higher PCE of the devices based on the regular terpolymer
(P1) is mainly due to the higher fill factor (FF) achieved
due to well-formed nanophase crystalline domains as observed
with atomic force microscopy (AFM) and transmission electron
microscopy (TEM) images. P1 based devices gave a FF = 71%
compared to a FF = 65% from P2 based devices. The photovoltaic
performance of P3 and P4 (reference polymers) were also studied
with and without the DIO solvent additive. A 1:2 wt/wt blend
of each of the polymers (P3) and (P4) with PC;;BM as a
photoactive material processed from chloroform and ODCB (4:1
v/v) with DIO additive achieved a maximum PCE of 4.66 and
3.84%, respectively. In contrast to the devices prepared from
the terpolymers, the reference D-A polymers (P3 and P4) based
devices showed a much coarser surface textures and microphase
segregation in the internal structure as studied by AFM and
scanning electron microscopy (SEM), which is the cause for
the lower short circuit current (Js¢) and lower PCE of the
devices (Table 1).

The effect of aromatic w-linkers in the properties of many
D-A type polymers were studied in the past. For instance,
thieno[3,2-b]thiophene as a w-linker of quinoxaline and BDT

based monomer have resulted in an alternating polymer with
a rigid, planar and linear backbone structure compared to the
use of thiophene as wt-linker (Gedefaw et al., 2014). A systematic
study on the effect of aromatic m-linkers in random terpolymers
were studied in DPP based polymers. The DPP base monomer
was copolymerized with quaterthiophene (QT) donor unit with
the random introduction of various aromatic monomers as a
third component. Consequently, random terpolymers denoted
as P5 PATFDPP, P6 PATPDPP, P7 P5TDPP, and P8 PATVDPP
consisting of fluorene, phenyl, thiophene and vinyl units as
third components, respectively, were reported. P7 and P8 were
synthesized by Stille metal catalyzed cross coupling reaction while
P5 and P6 were prepare by Suzuki cross coupling reactions,
using the properly functionalized monomeric units and reaction
conditions in both systems (Figure 1; SambathKumar et al,
2016). The structure-property relationships of the polymers was
investigated with DFT on optimized geometry consisting of two
repeating units. Hence, the dihedral angles measured between
thiophene and the linker unit (fluorene, phenyl, thiophene, and
vinyl) vary between 19° and 25° for P5 and P6 dimers compared
to a lower dihedral angle in the range of 1° and 10° for P7
and P8 dimers. The large dihedral angle for P5 and P6 is
presumed to be due the bulky nature of fluorene and benzene
aromatic linkers resulting in a twisted backbone. As expected,
P8 and P7 with thiophene and vinyl linkers, respectively, gave
a red shifted absorption with an onset of optical absorption
in thin film reaching above 1000 nm. The vinyl linker is
particularly known at promoting intermolecular - 7 stacking,
extending conjugation length and shifting of absorption to a
longer wavelength (Chen et al., 2012). However, a blue shifted
optical absorption of the polymers with benzene and fluorene
nt-linkers (P5 and P6) were found likely due to the twisted
nature of the polymer backbones. The HOMO and LUMO energy
levels of the polymers were estimated using cyclic voltammetry
(CV). Consistent with the optically determined band gap, P8
showed a narrow band gap (1.22 eV) from the CV measurement
due to the raised HOMO and lowered LUMO energy levels.
The fluorene linked polymer (P5) showed the deepest HOMO
(—5.46 eV) energy level compared to the other three polymers,
which is vital to generate a higher open circuit voltage (Voc) in
photovoltaic devices.

BH] photovoltaic were fabricated from the terpolymers
[ITO/MoOx (10 nm)/polymer: PC71BM (1:2 wt%)/Al (100 nm)],
where the donor-acceptor blends were processed from a
chloroform: ODCB solvent mixture. The fluorene bridged
polymer (P5) based device gave the highest PCE 4.9% with
corresponding Voc = 0.88 V, Jsc = 9.4 mA/cm? and FF = 59%
while P8 based devices were reported to have given the
lowest PCE of 2.9% with corresponding Voc = 0.69 V,
Jsc = 9.43 mA/cm? and FF = 44%. While the Jsc generated from
the devices prepared from the two polymers were comparable,
the Voc of P5 based devices was found to be significantly
higher than that of the devices prepared from P8. The higher
Voc of P5 based devices is in accordance with the deeper
HOMO energy level (CV measurement). A high Voc is a
typical characteristics of photovoltaic devices based on fluorene
based polymers (Yohannes et al, 2004; Zhang et al., 2006;
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FIGURE 1 | Donor polymers with DPP as an acceptor (P1-P11).
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TABLE 1 | Summary of optical, electrochemical, and photovoltaic properties of polymers (P1-P17).

Polymer \ onset (nm) HOMO (eV) LUMO (eV) Jsc (mA/cm?) Voc (V) FF (%) PCE (%) Acceptor References

P1 871 -5.25 —3.83 12.29 0.62 71 5.45 PC71BM Ko et al., 2015

P2 878 —5.29 -3.88 13.18 0.61 65 5.24 PC71BM Ko et al., 2015

P3 - - - 11.60 0.58 69 4.66 PC71BM Ko et al., 2015

P4 - - - 9.40 0.59 69 3.84 PC71BM Ko et al., 2015

P5 - —5.46 -3.75 9.4 0.88 59 4.9 PC71BM SambathKumar et al., 2016
P6 - —5.25 —-3.79 10.05 0.72 50 3.8 PC71BM SambathKumar et al., 2016
P7 - —5.11 —-3.85 8.57 0.77 61 4.1 PC71BM SambathKumar et al., 2016
P8 - —-5.04 -3.82 9.43 0.69 44 2.9 PC71BM SambathKumar et al., 2016
P9 783 —5.40 —-3.82 12.01 0.72 52 4.46 PC71BM Kim et al., 2018

P10 845 —5.33 —3.86 9.31 0.60 54 3.02 PC71BM Kim et al., 2018

P11 830 -5.35 —3.86 7.25 0.66 49 2.36 PC71BM Kim et al., 2018

P12 800 —5.43 —3.58 13.9 0.96 68.34 9.10 m-ITIC Chen et al., 2017

P13 800 —5.42 —-3.57 17.12 0.93 69.26 11.02 m-ITIC Chen et al., 2017

P14 800 —5.36 —3.52 14.97 0.91 65.66 8.95 m-ITIC Chen et al., 2017

P15 800 —-5.22 —3.38 14.40 0.91 62.14 8.13 m-ITIC Chen et al., 2017

P16 593 —5.76 —-3.73 2.7 0.89 56 1.4 PC71BM Gedefaw et al., 2017b
P17 580 —5.85 -3.73 6.9 0.91 63 3.9 PC71BM Gedefaw et al., 2017b

Gedefaw et al., 2009). Optimized devices fabricated based on P6
and P7 gave a PCE of 3.8 and 4.1%, respectively.

The terpolymers were generally found to be less ordered
(X-Ray diffraction (XRD) measurement) with a weak diffraction
peak and a wider d-spacing. However, the vinyl bridged
terpolymer (P8) showed a stronger diffraction pattern, a higher
aggregation tendency and excessive phase separation in the blend
films with PC;;BM. However, the hole mobility was found to
decrease in the order of P5 > P7 > P6 > P8. P5 showed
better miscibility with fullerene (AFM image) which supports the
reason why the device showed higher PCE in photovoltaics, in
contrary to P8 based devices (rough surface morphology) and
lower photovoltaic performances.

Pyrene and benzodithiophene (BDT) have been extensively
studied as electron rich core units in alternating polymers
(Beimling and Kofimehl, 1986; Hou et al, 2008; Bolognesi
et al., 2013; Gedefaw et al., 2017a; Alkan et al., 2020).
Pyrene and bithiophene based monomers were used as a third
component together with BDT and DPP based monomers to
form two regular terpolymers, denoted as P9 PDPPPYBDT
and P10 PDPPBTBDT. Alternating polymers based on DPP
and BDT (P11 PDPPBDT) was also reported (Kim et al,
2018; Figure 1). Regular terpolymers have an advantage of
having defined chemical compositions compared to random
terpolymers (Hendriks et al., 2013). The onset and the peak
optical absorption wavelengths of P11 fell between those of
pyrene (P9) and bithiophene (P10) based terpolymers. In both
liquid and solid state, the absorption peak of the pyrene
(P9) containing terpolymer displayed a blue shift compared
to the bithiophene (P10) terpolymer. This is expected as the
bithiophene molecular unit has a strong electron donating
characteristic that shifts absorption to a longer wavelength. The
HOMO and LUMO energy levels of P11 was slightly up shifted
(—5.35/-3.86) compared to the values of P9 (—5.40/—3.82)
and P10 (—5.33/—3.86). The HOMO of P10 is slightly raised

due to the stronger electron donating effect of bithiophene
compared to P9. A conventional BHJ solar cells were fabricated
(ITO/PEDOT:PSS/polymer: PC7;BM/LiF/Al). Hence, a PCE of
4.46, 3.02, and 2.36% were reported from P9, P10, and P11-
based devices, respectively, using a mixture of chloroform and
ODCB (2:1 v/v) with the addition of 3% DIO solvent and
further annealing at 180°C. P9 based devices gave improved Jsc
(12.1 mA/cm?) due to the uniform morphology and well-defined
nanophase segregation and higher PCE. Moreover, P9-based
device gave relatively higher Voc.

D-A polymers with multicyclic lactam aromatic systems show
extended conjugation length, reduced band gap, enhanced m-
electron delocalization, strong m-m stacking, and high hole
mobility (Cao et al., 2013, 2015; Kroon et al., 2015). Random
terpolymers containing a fused penta cyclic lactam ring,
thiophene and bithiophene were reported to modulate molecular
packing and nanophase blending in devices (Chen et al,
2017). The terpolymers prepared are denoted as P12 PTPTI-
T100, P13 PTPTI-T70, P14 PTPTI-T50, and P15 PTPTI-T30
consisting of 100, 70, 50, and 30% of the thiophene-lactam block,
respectively (Figure 2).

m-ITIC (Yang et al,, 2016; Figure 2) was blended with
the donor polymers for fabricating solar cells. The UV-visible
absorption spectrum of the polymers blended with ITIC were
found to be comparable except for the stronger absorption bands
observed for the P13:m-ITIC blend, which could contribute
toward a higher Jsc of the devices. The HOMO energy levels
of the polymers were determined using ultraviolet photoelectron
spectroscopy (UPS). The HOMO of the polymers shifts upward
as the amount of thiophene is decreasing. Hence, the deepest
HOMO was observed for P12 (—5.43 eV) while P15 (—5.22 eV)
showed a raised HOMO energy level. The HOMO and LUMO
values of m-ITIC are —5.50 and —3.92 eV, respectively.

To evaluate the photovoltaic properties, a device structure of
ITO/ PEDOT:PSS/active layer/PDINO (Zhang etal., 2014)/Al
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CgH1g CgH17 P16: m:n =1:0 CeH13 CgHy7

P17: m:n =1:1

FIGURE 2 | Donor polymers containing lactam ring (P12-P17) and ITIC.

P12 PTPT1-T100: m:n= 100:0
P13 PTPT1-T70: m:n= 70:30
P14 PTPT1-T50: m:n= 50:50

P15 PTPT1-T30: m:n= 30:70

m-ITIC

was used and film was processed from chlorobenzene:
chloroform: DIO (1:2:0.5 vol%). P12:m-ITIC based device
showed a PCE of 9.10% with corresponding Jsc = 13.9 mA/cm?,
Voc = 0.96 V, and FF = 68.34%. P13:m-ITIC-based device
on the other hand exhibited an impressive PCE of 11.02%,
Jsc = 17.12 mA/cm?, FF = 69.26%, and a Voc = 0.93 V. The
higher Jsc achieved from the P13:m-ITIC-based device could
be attributed to: (i) the stronger absorption bands of the blend,
(ii) Finely distributed microstructure with a small domain
size and an increased fraction of face-on oriented crystallites,
(iii) a relatively balanced hole and electron mobility. Further
increase in the content of the bithiophene monomer (P14 and
P15) resulted in a decrease in the PCE (8.95% for P14 and
8.13% for P15).

Pyridopyridinedithiophene is another penta cyclic lactam
ring derivative copolymerized with thiophene monomer to yield
a medium band gap polymer (PTNT) (Kroon et al, 2014).
A blend of PTNT:fullerene based solar cell gave a Voc of 0.9
V, a FF of 60% and a PCE of 5% for >200 nm thick active
layer. The introduction of fluorine atom in the backbone of
a polymer increases planarity and improves hole mobility (Li
et al., 2011; Bronstein et al., 2013). Hence, a fluorine atom
modified 2,2-bithiophene based monomer was copolymerized
with pyridopyridinedithiophene based unit to yield an alternating
polymer (P16) (Figure 2). However, P16 had poor solubility
in solvents, resulting in a premature precipitation during the
polymerization. The devices prepared from a blend of P16
and PC7;BM gave only 1.4% PCE with low Jsc and FF
though the Voc was respectable (~0.9 V). The film was rough
(AFM investigation) due to the severe phase segregation of

the polymer chains and PC;1BM. A random terpolymer (P17)
consisting difluoro-2,2’-(bithiophene) (25%), thiophene (25%)
and pyridopyridinedithiophene (50%) molar amounts in the feed
of the polymerization was synthesized to improve processability,
miscibility, optical and electrochemical properties (Gedefaw
et al., 2017b). As presumed, P17 showed an excellent solubility
giving rise to a decent molecular weight (number averagel7.2
KDa). The absorption onset of P16 and P17 at solid state was
found to be 610 and 585 nm, respectively: both are red shifted
compared to the reference polymer (PTNT) (hopser = 560 nm),
which could be due to the rigid bithiophene unit. P17 showed
good film making property and hence a smooth surface with
smaller root-mean-square roughness (rms) film was obtained
when blended with PC7{BM (1:2.5 w/w). As the result, P17-based
photovoltaic devices gave more than 2 times higher PCE than the
P16 based devices (Table 1).

Difluorobenzothiadiazole Ring Based

Polymers

In 2011, Li et al. (2011) incorporated difluorobenzothiadiazole as
an acceptor together with BDT based donor monomer to make a
D-A polymer that gave a 3.4% PCE in photovoltaics. Thereafter,
several efficient polymers containing difluorobenzothiadiazole
were developed and characterized (Stuart et al., 2013; Wang et al.,
2013; Duan et al., 2015).

Deng et al. (2015) reported a regular terpolymer (P20
PBDT-DTABT-F-DTABT) based on BDT, fluorene and difluoro
benzothiadiazole based monomers. By incorporating a weak
electron donating fluorene based monomer as a third component,
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R4= 2-ethylhexyl
P18 PBDT-DTffBT P19 PF-DTffBT

R,= octyl

n=0, FBT-Th4 P21
n=0.1, PDT2fBT-BT10 P22
n=0.2, PDT2fBT-BT20 P23

n=0.3, PDT2fBT-BT30 P24

CyoH24

Ci2H2s

P25 PFBT4T-BDT10

FIGURE 3 | Donor polymers with benzothiadiazole acceptor molecular units (P18-P25).

the molecular energy level and optical absorption were tuned.
Reference polymers (P18 PBDT-DTfIBT and P19 PE-DTfiBT)
(Deng et al., 2015; Figure 3) were also reported.

The solid state onset of absorption was estimated to be 725,
602, and 696 nm for P18, P19, and P20, respectively. The HOMO
and LUMO energy levels were calculated to be —5.46/—3.75,
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—5.53/—3.47, and —5.47/—3.69 eV for P18, P19, and P20,
respectively (CV measurement). Clearly, the optical behavior
and molecular energy levels of the terpolymer are intermediate
between the properties displayed with P18 and P19. For instance,
the HOMO of P20 was deeper, which is beneficial for achieving
higher Voc in solar cell devices than P19. The LUMO of the
terpolymer is slightly raised than P18. A moderate 2.6% PCE
was generated [glass/ITO/PEDOT:PSS/polymer:PC71BM (1:1.5
wt/wt)/LiF/Al] from a blend of P20 and PC;;BM, processed
using chlorobenzene and 3% DIO. P18 and P19 based solar cells
gave a PCE of 3.0 and 0.5%. Though the Vo and Jsc of P20 based
solar cells was improved, the FF (39.8%) were lower compared to
the P18 based devices (FF = 55.8%). The lower FF of P20 based
devices could have arisen from a poor film morphology and lower
hole mobility compared to the films prepared P18.

In another work, terpolymers based on
difluorobenzothiadiazole, bithiophene and 5,6-difluoro-2,1,3-
benzothiadiazole (FBT) (P21 FBT-Th4, P22 PDT2fBT-BT10,
P23 PDT2{BT-BT20, and P24 PDT2fBT-BT30) with 0, 10, 20,
and 30%, respectively of bithiophene-FBT segment have been
reported (Figure 3; Shin et al., 2018). The FBT unit was used
as a third component to reduce the aggregation tendency of
the highly crystalline reference polymer (P21). The polymers
have comparable peak absorption and onset of absorption
wavelengths. However, P22 showed a stronger absorption
intensity at longer wavelength, which could be due to the better
solubility in chlorobenzene and acetonitrile (AcCN) co-solvents.
A downward shift in the HOMO energy level (CV) was observed
with the increase in FBT content: P21 (—5.35 eV) >P22
(—5.42eV) > P23 (—5.43 V) > P24 (—5.44 eV). Consequently,
a 0.2 cm? solar cell device fabricated based P22 gave a PCE of
10.31%, Jsc of 18.92 mA/cm?, FF of 73.45%, and Voc of 0.742
V (ITO/PEI ethoxylated/polymer:PC;1BM/Mo00O3/Ag). Further
increase of the device area to 1.0 cm? resulted a PCE of 9.03%.
The high PCE of P22 based devices is due to the improved
processability, crystallinity and morphology. Conversely,
optimized solar cell devices fabricated based on P21, P23, and
P24 yielded a PCE of 8.62, 9.28, and 8.02%, respectively.

A random terpolymer (P25 PFBT4F-BDT10) (Figure 3;
Qing et al, 2020) using 2D-BDT, bithiophene and 5,6-
difluorobenzothiadiazole (FBT) based monomers was reported.
The bithiophene and BDT monomers were mixed in 0.9-0.1
molar ratio, respectively, in the feed of the polymerization
reaction. P25 showed an absorption peak at 633 nm and a

moderate shoulder at 687 nm. The HOMO energy level was
found to be —5.47 eV (CV) while the LUMO (—3.83 eV) was
estimated from the optical band gap and the HOMO. A blend
of P25:PC71BM delivered a PCE of 2.40%, with a Voc of 0.76
V, a Jsc of 5.87 mA/cm?, and a FF of 53.8% (ITO/ZnO/polymer
interlayer/active layer/MoO3/Al). The lower performance was
probably because of the poor BH] morphology and the poor
compatibility of P25 and PC;;BM. In order to modulate the
morphology, a ternary blend of P25, IDIC and PC7;BM was used.
A 0.6:1 (wt/wt) of IDIC and PC;;BM blend together with P25
gave over 10% PCE with a Voc = 0.75 V, Js¢ = 21.12 mA/cm?
and FF = 63.9%. The ternary blend gave broader absorption,
favorable phase separation, and stronger crystallinity induced by
the synergistic effect of the acceptors. Further increase in the
content of IDIC, the FF of the devices showed improvement.
For instance, a 1:0.6 mixture of IDIC: PC;;BM based device
showed a FF = 68.2%. However, the Jsc dropped to 17.80 mA/cm?
and hence the PCE decreased to 9.27%. Table 2 summarizes the
properties of P18-P25.

Benzodithiophenedione (BDD) and
Thienopyrroledione (TPD) Rings Based

Polymers

The BDD molecular acceptor have a large planar structure, strong
electron-withdrawing ability and high aggregation tendency and
polymers based on BDD show high PCE in solar cells (Qian
et al,, 2012; Huo et al,, 2015; Zhang et al., 2017). Aromatic -
bridges such as thiophene can be attached to the BDD unit easily
to extend conjugation and control the backbone twisting (Ie
et al., 2012; Qian et al., 2012). Here, the most recent BDD based
terpolymers developed are summarized.

A series of polymers with two electron rich 2D-BDT and BDD
based monomers are reported. The BDT based monomers have a
thiol alkyl chains differing in the length of the alkyl groups (butyl
octyl versus ethyl hexyl). The polymers are represented as P26
PBO01, P27 PB37, P28 PB55, P29 PB73, and P30 PB10 with 0, 30,
50, 70, and 100% of the BDTBO-BDD (BDTBO: butyl octyl side
chain on the BDT) segment, respectively (Figure 4; Huo et al,,
2018).

Bands at 300-400 and 500-700 nm corresponding to a m-7t*
transition and intramolecular charge transfer (ICT), respectively,
are displayed in the UV-visible spectrum. The polymers showed
similar optical band gaps (in the range of 1.83 and 1.85 eV)

TABLE 2 | Summary of optical, electrochemical, and photovoltaic properties of polymers (P18-P25).

Polymer '\ onset (nm) HOMO (eV) LUMO (eV) Jsc (mA/cm?) Voc (V) FF (%) PCE (%) Acceptor References

P18 725 —5.46 —-3.75 7.33 0.733 55.8 3.0 PC71BM Deng et al., 2015
P19 602 —5.53 —3.47 2.21 0.649 31.9 0.5 PC71BM Deng et al., 2015
P20 696 —5.47 —3.69 7.48 0.865 39.8 2.6 PC71BM Deng et al., 2015
P21 765 —5.35 —-3.73 16.48 0.753 69.52 8.62 PC71BM Shin et al., 2018
P22 767 —-5.42 —3.80 18.92 0.742 73.45 10.31 PC71BM Shin et al., 2018
P23 756 —5.43 -3.79 18.46 0.719 69.73 9.28 PC71BM Shin et al., 2018
P24 757 —5.44 -3.80 16.00 0.724 69.21 8.02 PC71BM Shin et al., 2018
P25 775 —5.47 -3.83 21.12 0.75 63.9 10.17 IDIC: PC71BM Qing et al., 2020
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ot P31 LGC-D013

C4Ho

P35 Ph00: x:y=100:0
P36 Ph25 x:y= 75:25

P37 Ph50 x:y= 50:50
P38 Ph75 x:y= 25:75

P32 PTPD-BDT75-DTS25
P33 PTPD-BDT50-DTS50

P39 Ph100 x:y= 0:100

FIGURE 4 | Donor polymers based on BDD or TPD or derivative acceptors (P26-P39) and ITCPTC non-fullerene molecular acceptor.

P26 PBO1: x=0

P27 PB37: x=0.3
P28 PB55: x= 0.5
P29 PB73: x= 0.7

P30 PB10: x=1

R= 2-ethylhexyl

P34 PTPD-BDT25-DTS75

ITCPTC

in solid state, apart from slight variations in the absorption
intensity caused by the difference in their aggregation tendency.
The HOMO/LUMO energy levels (CV) of P26, P27, P28,
P29, and P30 were calculated to be —5.40/—3.54, —5.42/—3.56,
—5.44/—3.57, —5.44/—3.59, and —5.46/—3.60 eV, respectively.
A down ward shift in the energy levels was observed as the
content of the BDT monomer with the BO alkyl group increases
which could be due to the improved solubility, reduced chain
aggregation and hence minimizing the aggregation initiated
upward shift of the molecular energy levels (Heuvel et al., 2018).
Finally, solar cell devices were prepared (ITO/PEDOT:PSS/active
layer/ZrAcac/Al) by blending the polymers with either PC;,BM

or ITCPTC. A blend of P28 and ITCPTC acceptor (Figure 4)
gave an impressive PCE of 12.1% with a corresponding Jsc = 17.0
mA/cm?, Voc = 0.93 V, and FF = 74.8%. The devices prepared
based on P26, P27, P29, and P30 yielded a PCE of 10.3, 11.0,
11.0, and 10.1%, respectively, when blended with ITCPTC. The
use of PC7;BM yielded a slightly lower PCE as indicated in
Table 3. In both acceptor types, P28 outperformed due to its
enhanced optical absorption and fine-tuned electrochemical and
morphological properties.

Another versatile aromatic structure molecular with two
imide functional groups, easy synthesis and provides structural
flexibility is TPD (Zou et al, 2010; Bang et al, 2017;
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TABLE 3 | Summary of optical, electrochemical, and photovoltaic properties of polymers (P26-P39).

Polymer '\ onset (nm) HOMO (eV) LUMO (eV) Jsc (mA/cm?) Voc (V) FF (%) PCE (%) Acceptor References

P26 - —5.40 —3.54 12.6 0.92 76.0 8.8 PC71BM Huo et al., 2018
P27 - —5.42 —3.56 13.5 0.91 731 8.9 PC71BM Huo et al., 2018
P28 - —5.44 -3.57 13.7 0.94 76.5 9.9 PC71BM Huo et al., 2018
P29 - —5.44 -3.59 13.2 0.92 72.0 8.7 PC71BM Huo et al., 2018
P30 - —5.46 —3.60 13.3 0.92 68.6 8.4 PC71BM Huo et al., 2018
P26 - - - 15.3 0.91 72.3 10.1 ITCPT Huo et al., 2018
P27 - - - 15.9 0.91 72.6 10.5 ITCPT Huo et al., 2018
P28 - - - 17.0 0.93 74.8 11.8 ITCPT Huo et al., 2018
P29 - - - 16.5 0.91 71.6 10.8 ITCPT Huo et al., 2018
P30 - - - 15.6 0.91 68.9 9.8 ITCPT Huo et al., 2018
P31 673.8 —5.56 - 11.29 0.87 73.13 7.22 PC71BM Bang et al., 2017
P32 689 —5.58 -3.79 10.83 0.94 56.52 5.78 PC71BM Heo et al., 2018
P33 701 —5.50 -3.74 8.17 0.92 46.90 3.52 PC71BM Heo et al., 2018
P34 720 —5.42 —-3.70 9.65 0.89 55.01 4.74 PC71BM Heo et al., 2018
P35 673.8 —5.26 -3.11 15.92 0.85 54.82 7.42 ITIC LiK. etal., 2018
P36 663 —5.29 -3.11 16.11 0.86 59.44 8.23 ITIC LiK. etal.,, 2018
P37 656 —5.30 -3.12 15.87 0.87 61.97 8.55 ITIC LiK. etal., 2018
P38 652.6 —5.32 -3.13 15.45 0.89 56.08 7.71 ITIC LiK. etal., 2018
P39 652.6 -5.33 -3.15 15.23 0.90 55.58 7.62 ITIC LiK. etal., 2018

Heo et al., 2018). Terpolymers based on TPD molecular unit
have been reported.

Bang et al. (2017) reported a terpolymer based on TPD,
BDT and terthiophene molecular structures in a 50, 25,
and 25% mixing molar ratio of the monomers, respectively
(P31) (Figure 4). It showed broad optical absorption (300-
700 nm) and a band gap of 1.84 eV. The HOMO energy
level of the polymer was estimated to be —5.56 eV (CV).
P31 was tested in photovoltaics (ITO/PEDOT:PSS/P31
LGCDO013:PC;;BM/Ca/Al), where P31 and PC;BM (1:2
wt/wt) is processed with ODCB. As prepared device gave a
6.09% PCE, Voc = 0.88 V, Jsc = 9.48 mA/cm? and FF = 72.55%.
The PCE was improved to 7.22% with the addition of 3%
DIO as an additive.

Thienyl-substituted BDT, dithieno[3,2-5:2",3'-d]silole (DTS)
and TPD based monomers were used to prepare random
terpolymers (P32 PTPD-BDT75-DTS25, P33 PTPD-BDT50-
DTS50, and P34 PTPD-BDT25-DTS75) with 25, 50, and 75% of
the TPD-DTS segment (Figure 4; Heo et al,, 2018). Note that
the DTS based monomers are widely known for its relatively
simple and symmetrical structure and strong electron-donating
ability. D-A polymers based on DTS and TPD were reported
in the past and used in solar cell devices (Chu et al., 2011).
The polymers showed a red shift in the onset of the optical
absorption with the increase of the DTS content. Hence, the
onset of absorption P34 is 720 nm while P32 and P33 shown
689 and 701 nm, respectively. The absorption intensity of
P32 (25% of TPD-DTS) was stronger at longer wavelength
which indicates its better light harvesting capability while
P34 showed a relatively broader absorption attributed to an
enriched - TPD-DTS-TPD-DTS- segment. The HOMO and
LUMO energy levels shifted upwards with the increase in DTS
content. Therefore, the HOMO energy levels of P32, P33, and

P34 were estimated to be —5.58, —5.50, —5.42 eV, respectively.
Similarly, the LUMO energy levels shifted up wards with the
increase in DTS content. Finally, solar cells were fabricated in an
inverted configuration (ITO/ZnO/polymer:PC71BM/MoO3/Ag).
The highest PCE achieved were 5.78, 3.52, and 4.74% from
P32, P33, and P34, respectively, based devices. The higher
PCE P32 based device was due to the better Jsc, Voc, and FF
compared to P33 and P34 based devices. The higher Voc of
P32 based device is expected as it has a deeper HOMO. Despite
the narrower absorption, P32 based devices gave a better Jsc
probably due to: (i) the higher hole and electron mobility, (ii)
stronger absorption coefficient, and (iii) bicontinuous, uniform
and smooth morphology (Kawashima et al., 2015).
4,8-di(thien-2-yl)-6-octyl-2-octyl-5H-pyrrolo[3,4-f]benzotria
zole-5,7(6H)-dione (TzBI) monomer possesses a TPD-triazole
functional group and have a moderate electron-withdrawing
ability (Fan et al., 2017). The TZBI acceptor was also combined
with variable amount of two BDT based donor monomers
(an alkyl thiophene (Th) and an alkyl phenyl (Ph) side groups).
The polymers prepared are represented as P35 Ph00, P36 Ph25,
P37 Ph50, P38 Ph75, and P39 Ph100, where P35 and P39 are
reference polymer prepared from the BDT-Th and the BDT-Ph
based monomers, respectively. In the contrary, P36, P37, and
P38 have 25, 50, 75% the BDT-Ph-TZBI backbone (Figure 4;
Li K. et al,, 2018). The peak and onset of absorption blue shifts
with the increase in BDT-Ph based monomer content. Hence,
the optical band gaps are 1.84, 1.87, 1.89, 1.90, and 1.90 eV
for P35, P36, P37, P38, and P39, respectively. The HOMO
energy levels are between —5.26 and —5.33 eV with the deepest
given by P39 while the LUMO are in the range of —3.11 to
—3.15 eV. ITIC (Figure 2) was used as an acceptor for the
solar cells (ITO/PEDOT:PSS /active layer/(PFN-Br)/Ag). The
photoactive layers were spin cast from chlorobenzene with
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0.5 vol% dibenzyl ether (DBE) solvent additive and subsequently
thermally annealed (120 °C for 10 min). The best PCE recorded
were 7.42, 8.23, 8.55,7.71, and 7.62% for P35, P36, P37, P38, and
P39 based devices, respectively. Clearly, the performance showed
improvement with the introduction of some amount of phenyl
substituted BDT monomer: the highest performance being
achieved from P37 based devices: Voc = 0.87 V and FF = 61.97%
and Jsc = 15.29 mA/cm?. However, when the content of the
BDT-Ph based monomer further increased (P38 and P39), the
PCE dropped. It is interesting to note that the terpolymers (P36,
P37, and P38) performed better than the binary polymers (P35
and P39) presumably due to the balanced hole and electron
mobility and suppressed bimolecular recombination.

Thieno[3,4-b]Thiophene (TT) Ring Based
Polymers

The TT molecular unit stabilizes the quinoidal structure and
hence its presence in polymer backbones helps to lower band
gap. The TT core unit has been widely utilized as an acceptor
in D-A polymers (Liang et al, 2009a,BR74). Recently, the
TT based acceptor was used for the synthesis of terpolymers
and the properties are summarized in Table 4. The TT
based monomer was copolymerized with DTS and BDT based
monomers to give random (P40 ran-PDTSTTBDT) and regular
(P41 reg-PDTSTTBDT) terpolymers. T'T, DTS and BDT based
monomeric units were introduced in 50, 25, and 25% molar
ratios, respectively, as a feed of the polymerization reaction
to form P40. P41 on the other hand was prepared from a
copolymerization of BDT-TT-BDT and DTS based monomers
(Figure 5; Heo et al., 2016). P40 showed a 24 nm blue shift in
the absorption peak compared to that of P41. However, P40
revealed a broader optical absorption covering in the high and
low energy regions (Kang et al.,, 2013; Hendriks et al., 2014).
The lower energy broadening is attributed to a TT-DTS-TT-
DTS enriched segment while the high energy broadening to
TT-BDT-TT-BDT- rich segments in the chain. P41 exhibited
low lying HOMO energy level (—5.19 eV) compared to the
P40 (—5.08 eV) (CV measurement). The higher HOMO of
the random terpolymer is attributed to the higher content of
TT-DTS-TT-DTS rich segments, which would have an impact
on the Voc of the solar cell devicee The LUMO energy
level of both polymers is —3.62 eV. Inverted BHJ PSCs were
fabricated (ITO/ZnO/polymer:PC;;BM/MoQO3/Ag) to evaluate

the photovoltaic properties of the polymers. The device based
on the P40 showed a Voc = 0.50 V, a Jgc = 5.61 mA/cm?, a
FF = 39.19%, and a PCE of 1.11%. However, P41 based device
exhibited remarkably improved PCE with a Voc = 0.64 V, a
Jsc = 14.35 mA/cm?, a FF = 61.81%, and a PCE of 5.64% with
chlorobenzene processing solvent. The PCE of P41 based devices
further increased to 5.75% with the use o-xylene and 5% DIO
processing solvent. A mixture of 2% p-anisaldehyde (AA) and
3% DIO solvent additive has further increased the PCE to 6.14%.
The higher PCE of P41 based devices is attributed to better
crystallinity, higher charge carrier mobility, excellent solubility
in solvents, low lying HOMO, bicontinuous interpenetrating
network and smoother surface.

Kim et al. (2019) reported terpolymers based on two BDT
donor units (thio-2-ethylhexyl substituted BDT and a 2-
ethylhexyl-substituted BDT and fluorinated TT denoted as P43
Ra-(D1-A-D2-A) and P44 RR-(D1-A-D2-A). A reference
polymer (P42 DI1-A) prepared from 2-ethylhexyl-thio-
substituted BDT and fluorinated TT based monomers was also
reported (Figure 5). Regioregular polymer (P44) showed a strong
absorption coefficient at longer wavelength attributed to the
stronger polymer inter-chain interactions, believed to improve
light harvesting. On the basis of the electrochemical study,
both P43 and P44 showed a slight up-shifted HOMO energy
levels compared to P42 which arises from the difference in the
composition of the alkyl substituents. An all-PSC was fabricated
by blending each of the polymers with P45 P(NDI2HD-DTAN)
(ITO/ZnO/active layer/MoO3/Ag). A device fabricated from
a blend of P44 and P45 gave a maximum PCE of 6.13%,
Voc = 0.73 V, Jsc = 13.59 mA/cm? and FF = 60%. Devices
fabricated based on P42 or P43 yielded a PCE of 4.81 and
4.93%, respectively. The high PCE of the device based on P44 is
attributed to the improved charge transport and enhanced light
absorption coeflicient. P45 was chosen as an acceptor due to its
miscibility with BDT based monomers (Cho et al., 2018).

Random terpolymers (P46 PL1 and P47 PL2) possessing
fluorinated TT, BDT and thiophene-substituted with porphyrin
center were reported (Figure 5) Liu Z. et al, 2020). The
feed of the porphyrin, BDT and TT containing monomers
were in 0.01:1:0.99 molar ratio in the polymer synthesis. The
absorption edges of P46 and P47 are 816 and 761 nm,
respectively. The HOMO of P46 and P47 was estimated to be
—5.38 and —5.44 eV, respectively. Solar cells were fabricated
(ITO/PEDOT:PSS/donor:PC;1 BM/PFN/AI) that gave 5.73 and

TABLE 4 | Summary of optical, electrochemical, and photovoltaic properties of polymers (P40-P47).

Polymer '\ onset (nm) HOMO (eV) LUMO (eV) Jsc (mA/cm?) Voc (V) FF (%) PCE (%) Acceptor References

P40 855.1 —-5.19 —-3.62 5.61 0.50 39.19 1.1 PC71BM Heo et al., 2016
P41 968.6 —5.08 —3.62 14.35 0.64 61.81 5.64 PC71BM Heo et al., 2016
P42 789.7 —5.43 —3.68 12.22 0.74 51 4.81 P45 Kim et al., 2019
P43 789.7 —5.38 —3.63 11.53 0.71 58 4.93 P45 Kim et al., 2019
P44 784.7 —5.38 —3.65 13.59 0.73 60 6.13 P45 Kim et al., 2019
P45 756.0 —5.59 —3.95 - - - - - Kim et al., 2019
P46 816 —5.38 —3.60 12.3 0.86 54.4 5.73 PC71BM Liu Z. et al., 2020
P47 761 —5.44 —3.47 15.2 0.84 55.9 714 PC71BM Liu Z. et al., 2020
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FIGURE 5 | Donor polymers with TT molecular acceptor unit (P40-P47).

CoHar

CeHis

R= 2-ethylhexyl

7.14% PCE for the devices based on P46 and P47, respectively,
after processing the film with chlorobenzene and 1.5% DIO (v/v).

TERPOLYMERS CONSISTING TWO
ACCEPTORS AND ONE DONOR UNITS

Random and regular terpolymers built from two electron-
accepting and one electron-rich monomers have been
investigated with the objective of optimizing absorption
spectra and molecular energy levels. Herein, materials developed
recently are discussed.

Quinoxaline Ring Based Polymers

Andersson’s research group developed the synthesis of
quinoxaline based molecular structures and subsequently
incorporated in a wide assortment of D-A polymers for
polymer solar cells (Gedefaw et al., 2009; Lindgren et al., 2009;
Zhou et al,, 2010; Gedefaw et al., 2017a). The quinoxaline
molecular system is among the structures used to develop
terpolymers and some of the efforts are summarized in this
section and the properties are shown in Table 5. Suzuki
coupling reaction of benzothiadiazole (25%), quinoxaline
(25%), and fluorene (50%) based monomers yielded a random
terpolymer (P49) (Figure 6). A reference polymer based

Frontiers in Materials | www.frontiersin.org

August 2020 | Volume 7 | Article 280


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/
https://www.frontiersin.org/journals/materials#articles

Gedefaw et al.

Conjugated Terpolymers for Solar Cells

TABLE 5 | Summary of optical, electrochemical, and photovoltaic properties of polymers (P48-P55).

Polymer '\ onset (nm) HOMO (eV) LUMO (eV) Jsc (mA/cm?) Voc (V) FF (%) PCE (%) Acceptor References
P48 630 —-5.7 -3.3 7.78 0.82 50 3.18 PC71BM Gedefaw et al., 2016a
P49 630 -57 -3.3 5.97 0.84 42 2.14 PC71BM Gedefaw et al., 2016a
P50 760 —5.87 -3.97 8.9 0.79 64 4.5 PCs1BM Serietal., 2017
P51 925.3 -5.23 -3.60 13.88 0.83 64 7.37 PC71BM Keshtov et al., 2019
P52 953.7 —5.24 —3.63 14.36 0.83 66 7.87 PC71BM Keshtov et al., 2019
P53 1068.8 —5.26 —3.67 15.74 0.86 68 9.20 PC71BM Keshtov et al., 2019
P54 1078 -5.28 -3.70 14.78 0.88 66 8.58 PC71BM Keshtov et al., 2019
P55 1087.6 —5.30 -3.73 14.08 0.90 64 8.11 PC71BM Keshtov et al., 2019

on quinoxaline and fluorene monomers was also reported
(P48) (Gedefaw et al., 2016a). P49 has revealed an extended
and broad optical absorption spectrum, showing the role of
the third component (benzothiadiazole) in fine tuning the
optical absorption. The HOMO and LUMO energy levels of
both polymers were estimated to be —5.7 and —3.3 eV (CV).
The photovoltaic properties of the polymers were studied
(glass/ITO/PEDOT:PSS/Polymer:PC7BM (1:4 wt/wt) /LiF/Al).
P49 based device gave a PCE of 2.14% while P48 based devices
gave a higher PCE (3.18%) when the films are processed with
ODCB. The lower performance of P49 based devices is due
to the lower Jsc and FE attributed to the higher content of
the third component (25%) which results in polymer chain
twisting and likely causing excessive miscibility of the polymer
with the acceptor.

In another work, a regular terpolymer (P50 PBDTQx-ii)
based on fluorinated quinoxaline, isoindigo and BDT monomers
was reported (Figure 6; Seri et al., 2017). P50 showed a
760 nm onset of absorption at solid state. A D-A polymer
prepared from the quinoxaline and BDT based monomers was
reported to have an absorption onset of 714 nm (Tessarolo
et al, 2014). The HOMO and LUMO energy levels of P50
was estimated to be —5.87 and —3.97 eV, respectively (CV).
The photovoltaic property of the polymer was probed in a
glass/ITO/ZnO/active layer/ MoO3/Ag structure. A 1:2 wt/wt
blend of P50 and PCsBM processed with o-xylene and 3%
DIO with the films prepared by blade coating technique gave
a 4.5% PCE, Jsc = 8.9 mA/cm?, Voc = 0.79 V and FF = 64%.
For comparison, a PCE of 4.0% was achieved when the film is
processed with ODCB.

A series of terpolymers (P51-P55) (Figure 6) were
synthesized by mixing different feed amounts of monomers
based on benzothiadiazolequinoxaline (BTQx), DPP and BDT
based molecular units (Keshtov et al, 2019). P51 and P55
are reference polymers with no BTQx and DPP, respectively.
P52, P53, and P54 are random terpolymers composed of
the BDT-DPP and BDT-BTQx segments in 3:1, 1:1, and
1:3 ratios, respectively. The polymers were blended with
PC7;BM to fabricate solar cells (ITO/PEDOT:PSS/active
layer/PEN/AI). P53 showed excellent light collecting ability,
high charge-carrier mobility, and a low-lying HOMO energy
level and hence P53 based device exhibited a Voc = 0.86 V,
Jsc = 15.74 mA/cm?, and FF = 68%, leading to a PCE = 9.20%:
higher than the PCE achieved from P51 (7.37%) and

P55 (8.11%). P52 and P54 based devices gave a PCE of
7.87 and 8.58%.

Difluorobenzothiadiazole Ring Based
Polymers

Table 6 summarizes the properties of terpolymers based
on difluorobenzothiadiazole acceptor. Duan et al. (2016)
synthesized random terpolymers using 5,6-difluoro-4,7-
dithieno([2,1,3]thiadiazole (DTBT), 5,6-difluorobenzo
[2,1,3]thiadiazole (ffBT), and thienyl-substituted benzol[1,2-
b:4,5-b’]dithiophene (BDT): P56 Th00, P57 Th25, P58 Th35,
and P59 Th100 (the BDT monomer has a n-decyl alkyl side chain
in P59). P56 and P59 are reference polymers based on flBT-BDT
and DTABT-BDT segments, respectively. P57 and P58 are
random polymers consisting of 25 and 35% of the DTfIBT-BDT
segment, respectively (Figure 7; Duan et al., 2016). The onset
of absorption is the same for all polymers while the absorption
maxima of P57 and P58 lie between P56 and P59. Similarly, the
polymers showed ideal molecular energy levels and within the
same range. Promising PCE of 8.0 and 7.9% were achieved from
the P57 and P58 based solar cell devices, respectively, higher
than the devices fabricated based on P56 (PCE = 4.9%) and
P59 (PCE = 6.9%).

To further understand the effect of electronegative atoms,
random terpolymers were reported: P58 P2TBT-BT, P60 P2TBX-
BT, P61 P2TBT-BX, and P62 P2TBX-BX (Liu et al., 2019). P58
P2TBT-BT is the same as Th35 reported earlier (Duan et al,
2016). Contrary, P62 is a difluorobenzoxadiazole (BX) analog of
P58 (sulfur is replaced with oxygen). P60 and P61 have both
BT and BX units in their backbones (Figure 7). The polymers
showed an absorption maxima between 658 nm and 662 nm while
the absorption onsets are between 730 nm and 734 nm (Wang
et al., 2017). However, differences in the molecular energy levels
(CV study) have been noticed: the LUMO energy level shifted
downward going from P58 to P62 which could be due to the
stronger electron negativity of BX compared to BT (oxygen is
more electronegative than sulfur). A similar trend was observed
with the HOMO energy level, however, the change was small
compared to the LUMO. In the photovoltaic properties study
(ITO/PEDOT:PSS/polymers:PC7;BM/ PEN-Br/Ag), the PCEs
generated were 8.8, 7.9, 7.0, and 6.7% from P58, P60, P61, and
P62 based devices, respectively. With the introduction of BX,
the PCE decreased due to the decrease in Jsc even though the
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FIGURE 6 | Donor polymers based on quinoxaline acceptor as one component (P48-P55).

P48 m=0
P49 m:n=1:1

OCgH+7

P50 PBDTQx-ii

\\(Cus

CgHi7

P51 m:n=1:0
P52 m:n=3:1
P53 m:n=1:1
P54 m:n=1:3
P55 m:n=0:1

Voc slightly increases. The morphology of the films (GIWAXS
and TEM) was similar. PL quenching efficiencies of films are
94, 88, 88, and 82% when P58, P60, P61, and P62 are blended
with PC71BM, respectively, indicating the decrease in the charge
transfer efficiencies with the introduction of BX in the polymer
backbone, which could be due to the closeness of the LUMO of

the polymers to the LUMO of P7; BM. This explains the decrease
in the Jg¢ of the devices with the introduction of BX. On the other
hand, P58 has the most favorable energy level alignment with
PC7;BM and therefore resulting in a high PCE (8.8%).
4,7-bis(5-bromo-4-(2-octyldodecyl)thiophen-2-yl)-5,6-difluo
robenzol[c][1,2,5]thiadiazole, dimethyl2,2’-(thieno[3,2-b]thioph
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TABLE 6 | Summary of optical, electrochemical, and photovoltaic properties of polymers (P56-P79).

Polymer 2\ onset(nm) HOMO (eV) LUMO (eV) Jsc (mA/cm?) Voc (V) FF (%) PCE (%) Acceptor References
P56 729 —5.93 —-3.76 8.4 0.91 64 4.9 PC71BM Duan et al., 2016
P57 729 —5.86 -3.72 12.6 0.90 70 8.0 PC71BM Duan et al., 2016
P58 729 —5.85 —3.71 12.3 0.89 72 7.9 PC71BM Duan et al., 2016
P59 721 —5.79 —3.61 12.2 0.84 67 6.9 PC71BM Duan et al., 2016
P58 729.3 —5.45 -3.10 13.8 0.88 73 8.8 PC71BM Liu et al., 2019
P60 729.3 —5.52 —3.40 12.5 0.88 72 7.9 PC71BM Liu et al., 2019
P61 733.6 —5.56 —3.50 12.9 0.91 60 7.0 PC71BM Liu et al., 2019
P62 733.6 —5.58 —3.53 1.7 0.93 61 6.7 PC71BM Liu et al., 2019
P63 751 —5.30 —3.66 19.0 0.744 73.5 10.39 PCes1BM Xie et al., 2019
P64 747 —5.39 -3.74 18.6 0.745 75.2 10.42 PCg1BM Xie et al., 2019
P65 742 —5.41 -3.74 16.6 0.718 75.0 8.94 PCgs1BM Xie et al., 2019
P66 756 —5.34 —3.69 18.5 0.79 71 10.3 PC71BM Ma et al., 2015
P67 742 —5.39 -3.67 11.08 0.86 64 6.12 PC71BM Tang et al., 2019
P68 882 —5.37 —3.59 12.52 0.75 68 6.41 PC71BM Tang et al., 2019
P69 912 —5.35 —3.66 9.61 0.73 68 4.82 PC71BM Tang et al., 2019
P70 946 —5.35 —3.68 6.68 0.75 71 3.57 PC71BM Tang et al., 2019
P71 923 —5.34 3.78 7.87 0.73 66 3.80 PC71BM Tang et al., 2019
p72 - —4.90 —3.33 19.17 0.903 70.9 12.27 ITCPTCq.7:meta-TrBRCNp 3 Xu et al., 2019a
P73 - —4.88 -3.35 20.16 0.886 76.3 13.63 ITCPTCq.7:meta-TrBRCN 3 Xu et al., 2019a
P74 - —4.86 —-3.35 19.49 0.877 74.4 12.72 ITCPTCq.7:meta-TrBRCNg 3 Xu et al., 2019a
P75 795 —5.23 —3.67 18.19 0.732 71 9.76 PC71BM Rasool et al., 2019
P76 795 —5.24 -3.68 18.13 0.726 70 9.59 PC71BM Rasool et al., 2019
P77 795 —-5.27 —3.71 17.89 0.736 71 9.66 PC71BM Rasool et al., 2019
P78 795 —-5.27 —3.71 15.23 0.729 65 7.47 PC71BM Rasool et al., 2019
P79 795 —5.28 -3.72 14.75 0.724 64 7.12) PC71BM Rasool et al., 2019

ene-2,5-diyl)bis(thiophene-3-carboxylate) (4T2C) and bithio
phene were reacted together to yield three random terpolymers:
P63 PfiBT4T-4T2C-19/1, P64 PfiBT4T-4T2C-9/1, and P65
PIBT4T-4T2C-4/1 (Xie et al, 2019). An alternating polymer
was prepared by the polymerization of 4,7-bis(5-bromo-4-(2-
octyldodecyl)thiophen-2-yl)-5,6-difluorobenzo[c][1,2,5] thiadiaz
ole and 5,5 -bis(trimethylstannyl)-2,2’-bithiophene to yield
P66 PIBT4T-20D (Ma et al, 2015; Figure 7). The content
of the 4T2C monomer increases going from P63 to P64 to
P65. The optical absorption of the terpolymers were tuned by
varying the composition of the monomers introduced in the
chain. Hence, a higher content of the 4T2C monomer resulted
in the weakening of the absorption peak intensity at “680 nm
indicating the reduction of the intermolecular polymer chain
interactions. However, generally a strong polymer aggregation
was observed even in solution and at room temperature. The
HOMO of the polymers shits downward with the increase
in the 4T2C content (CV). The polymers were used in solar
cells (ITO/PEDOT:PSS/ (polymer:PCgs; BM)/bis-C60/Ag or an
inverted structure of ITO/ZnO/polymer:PCg;BM:MoO3/Ag.
P63 based devices gave a PCE of 9.29%, Jsc = 16 mA/cm?,
Voc = 0.772 V and FF = 75.2% in a conventional device
processed without DIO. With the increase in the 4T2C unit
(P64), the PCE increased to 9.61%, Jsc¢ = 15.5 mA/cm?,
Voc = 0.784 V and FF = 79.1%. Further increase in the 4T2C
unit, the PCE lowered to 7.47%. With the addition of 3% DIO
and the use inverted structure, a PCE of 10.39, 10.42, and

8.94% for P63, P64, and P65, based devices, respectively, were
achieved. The highest PCE of the devices based on P64 was due
to the relatively high and balanced hole- electron mobility (hole
mobility = 2.006 x 1072 and electron mobility = 1.799 x 1073
cm?V~1s7! for P64). Moreover, P64 based films showed a
proper size of phase separation in the nano-network structure:
beneficial for charge transport for improved FF and Jsc. The
reference polymer (P66) based device together with PC;;BM
gave a comparable PCE of 10.3% with the random terpolymers
(Ma et al., 2015).

Tang et al. (2019) reported random terpolymers denoted
as P68 FD21, P69 FD11, and P70 FD12 based on monomers
having  3,3'-difluoro-2,2’-bithiophene ~ (FTT), fluorinated
benzothiadiazole (FBT) and DPP core structures with a 2:1, 1:1,
and 1:2 amounts of the FT'T -FBT and FTT -DPP segments,
respectively. P67 FD10 and P71 FDO1 (reference polymers)
consisting of FBT-FTT and DPP-FTT segments, respectively,
were also studied (Figure 7). Moreover, the properties of
a 1:1 physical blend of P67 and P71 were examined. The
onset of absorption of the polymers in solid state were found
to be 742, 882, 912, 946, and 923 for P67, P68, P69, P70,
and P71, respectively. As presumed, the onset of absorption
shifted to longer wavelength with the increase in the DPP
content (Zheng et al,, 2016). The HOMO energy levels were
found to be —5.39, —5.37, —5.35, —5.35, and —5.34 ¢V, for
P67, P68, P69, P70, and P71, respectively (CV). The HOMO
generally lie on the FBT unit and hence an upward shift in
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P56 ThOO m:n=0:100 R=n-CgH47
P57 Th25 m:n=25:75 R=n-CgH,7
P58 Th35 m:n= 35:65 R=n-CgHq7
P59 Th100 m:n=100:0 R = n-CqgHz4

P58 P2TBT-BT X=S;Y=8
P60 P2TBX-BT X=0;Y=S
P61 P2TBT-BX X=8;Y=0
P62 P2TBX-BX X=0;Y=0

P63 PffBT4T-4T2C-19/1 m:n= 19:1
P64 PffBT4T-4T2C-9/1 m:n=9:1
P65 PffBT4T-4T2C-4/1 m:n=4:1
P66 P1n=0

CeH13 CgHi7

P67 FD10 n:m=1:0
P68 FD21 n:m= 2:1
P69 FD11 n:m= 1:1
P70 FD12 n:m=1:2
P71 FDO1 n:m= 0:1
Blend P67 FD10: P68 FD21= 1:1

FIGURE 7 | Continued
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meta-TrBRCN
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FIGURE 7 | Donor polymers based on benzothiadiazole acceptor as one component (P56-P79) and meta-TrBRCN.

CeHis

R, = C4Hg

P72 PT1 m:n=0.9:0.1
P73 PT3 m:n=0.7:0.3
P74 PT5 m:n=0.5:0.5

P75 PNTz4T x=0

P76 PNTz4T-3MTC x=0.03
P77 PNTz4T-5MTC x=0.05
P78 PNTz4T-7TMTC x=0.07
P79 PNTz4T-10MTC x=0.1

the values is observed with the decrease in the content of
the FBT moiety. The LUMO of P67, P68, P69, P70, and
P71 were calculated to be —3.67, —3.59, —3.66, —3.68, and
—3.78 eV, respectively.

PSCs were fabricated using an inverted configuration
(ITO/ZnO/polymer: PC7;1BM/MoO3/Al), with the active layer

prepared by spin coating from chlorobenzene and DIO. Solar
cell devices based on P67 and P71 showed a PCE of 6.12
and 3.80%, respectively. The higher performance of the P67
based device is mainly attributed to the improved Voc and
Jsc. However, the devices prepared from a 1:2 blend of
P68 and PC;;BM gave a PCE as high as 6.41% with the
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addition of 2.5% DIO. The high performance was attributed
to a balanced hole and electron mobility (2.36 x 10-4 and
223 x 107* ecm? V7! s7!). The devices prepared from
P69 and P70 gave a maximum PCE of 4.82 and 3.57%,
respectively. Interestingly, the PCE of a ternary blend of P67,
P68, and PC;1BM in a 0.5:0.5:1.5 (wt/wt ratio respectively)
was 7.04% with a corresponding Jsc¢ = 13.79 mA/cm?,
Voc = 0.77 V and FF = 66%. The respectable Jsc of the
ternary blend is attributed to a broader and complimentary
optical absorption.

The FBT and DPP based acceptors were also reacted with
a BDT based monomer to yield terpolymers namely P72 PT1,
P73 PT3, and P74 PT5 with 10, 30, and 50% of a BDT-
DPP segment in the backbone, respectively (Xu et al., 2019a;
Figure 7). Upon increase in the BDT-DPP segment content,
a broad and red shifted absorption spectrum was observed.
Moreover, the frontier orbital energy levels, charge transport
and morphological compatibility were optimized by changing
the feed ratio of the monomeric units in the terpolymer (Xie
et al,, 2018). Absorption study revealed the main absorption
bands appear in the range of 550-850 nm, while the absorption
bands shifting to longer wavelength with the increase in the
DPP unit. This is consistent with the result observed with
terpolymers prepared from FT'T, FBT and DPP based monomers
(Tang et al., 2019). Hence, P74 with an equal content of
the BDT-DPP and BDT-BT segment in the backbone of the
polymer (assuming that the feed ratio is same as to the
ratio of monomer fraction installed in the polymer backbone),
have the most red shifted absorption peak compared to that
of P72 and P73. Two acceptors [meta-TrBRCN (Figure 7)
and ITCPTC (Figure 4)] have been used to evaluate the
photovoltaic properties of the materials. The main absorption
peak of meta-TrBRCN and ITCPTC are close to 500 nm
and 750 nm, respectively, which compliments the absorption
spectrum of the polymers. The HOMO/LUMO levels were
—4.90/—3.33 eV, —4.88/—3.35 eV, and —4.86/—3.35 eV for
the P72, P73, and P74, with a slight shift in the values.
Using meta-TrBRCN blended with each of the polymers, the
best PCE was 9.61% obtained from P74 while P72 and P73
gave 8.75 and 9.47%, respectively. Looking at the device
parameters, the Voc and Jsc of the devices fabricated using
the three polymers are close to each other while a difference
was observed in the FF of the devices. While P73 and P74
based devices showed a FF of 74 and 76%, respectively, P72
based device showed a 71% FF. In addition, P73 and P74
based devices showed a smoother morphology compared to P72
based films (AFM and TEM study) and thus explaining the
relatively better performance of both P73 and P74 based devices.
Moreover, a ternary blend that consist of P73, meta-TrBRCN
(0.3) and ITCPTC (0.7) were used to fabricate photovoltaic
device which gave a Jgc = 20.16 mA/cm?, FE = 76.3%,
and PCE = 13.63%.

The use of random terpolymers to control crystallinity
and aggregation of naphtho[1,2-c:5,6-¢']bis[1,2,5]thiadiazole
based polymers have been explored. Rasool et al. (2019)
reported P75 PNTz4T, P76 PNTz4T-3MTC, P77 PNTz4T-5MTC,
P78 PNTz4T-7MTC, and P79 PNTz4T-10MTC terpolymers

prepared from (2-decyltetradecyl)thiophen-2-yl)naphtho[1,2-
c:5,6-c']bis[1,2,5]thiadiazole, 5,5 -bis-(2,2’-bithiophen-2-yl) and
methyl thiophene-3-carboxylate (MTC). P75 is a reference
polymer having (2-decyltetradecyl)thiophen-2-yl)naphtho[1,2-
c:5,6-¢’bis[1,2,5]thiadiazole and 5,5'-bis-(2,2’-bithiophen-2-yl)
(Figure 7). The absorption bands of the polymers are at 400-
500 nm and 650-750 nm. Among these polymers, P77 gave a
PCE of 9.66% with 0.12 cm? cell area, when fabricated at room
temperature in a halogen-free solvent (Rasool et al., 2019).

Benzotriazole Ring Based Polymers
Benzotriazole based monomers have been widely used for the
synthesis of medium band gap D-A polymers (Price et al., 2011;
Gedefaw et al., 2016b).

In a recent study, random terpolymers based on fluorinated
benzotriazole, cyano benzotriazole and BDT monomers were
reported and properties were compared with a ternary blend of
two alternating polymers and PC;1BM (Figure 8; Kelly et al,
2018). The random terpolymers are prepared from CNTAZ and
FTAZ in 9:1 P81, 7:3 P82, 1:1 P83, 3:7 P84, and 1:9 P85 feed
ratios, respectively. P80 MonoCnTAZ and P86 FTAZ are the
reference polymers. The terpolymers and ternary blends showed
similar optical absorption behavior. The photovoltaic properties
of the polymers were investigated (ITO/CuSCN/BH]J/Ca/Al). The
highest efficiency achieved was 8.25% from P81 based device.
A ternary blend consisting P80, P86 (9:1 ratio) and the acceptor
gave a PCE up to 7.92%. The details of the properties are tabulated
in Table 7.

Guo et al. (2018) used thiazolothiazole (TTz), fluorinated
benzotriazole and a 2D-BDT based monomers to yield random
terpolymers with 20% (P88 PSBTZ-80), 40% (P89 PSBTZ-60),
and 60% (P90 PSBTZ-40) of the BDT-TTz segment.

A thioalkyl substituted thiophene was attached to the BDT
core unit to exploit the advantage of a 2D molecular units
(Guo et al, 2018). The reference polymers containing BDT-
Tz (P87 PSBZ) and BDT-TTz (P91 PSTZ) were also studied
(Figure 8). The polymers showed similar optical properties,
with an absorption peak and shoulder peak appearing at 545
and 594 nm, respectively. A gradual down ward shift of the
HOMO and LUMO energy levels was observed with the increase
in the TTz content. The HOMO/LUMO values P87 and P91
are —5.37/—3.44 and —5.44/—3.48 eV, respectively while the
energy levels of the random terpolymers are between those of the
binary polymers.

To probe the photovoltaic properties, a device structure of
ITO/ZnO/PEN/polymers: ITIC/MoO3/Al was used. A device
based on a 1:1 blend of P89 and ITIC processed from toluene
gave a PCE of 9.1% due to the relatively higher Js¢ (16.5
mA/cm?) and increased to 10.3% with 1% DPE additive. Devices
fabricated based on P87, P88, P90, and P91 yielded a PCE
of 8.1, 9.3, 9.3, and 8.5%, respectively. The better performance
of P89 based devices was presumably due to: (i) an improved
Jsc, (ii) a smoother blend film (P89:ITIC) with an smaller rms
(1.17 nm) compared to P87:ITIC (2.23 nm), P88:ITIC (1.80 nm),
P90:ITIC (1.77 nm), and P9L:ITIC (1.73 nm), (iii) >95% PL
quenching of P89:ITIC, and (iv) relatively balanced hole/electron
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TABLE 7 | Summary of optical, electrochemical, and photovoltaic properties of polymers (P80-P94).

Polymer '\ onset (nm) HOMO (eV) LUMO (eV) Jsc (mA/cm?) Voc (V) FF (%) PCE (%) Acceptor References

P80 - - - 13.30 0.935 68.9 8.57 PCg1BM Kelly et al., 2018
P81 - - - 12.62 0.922 68.1 7.92 PCgs1BM Kelly et al., 2018
P82 - - - 12.36 0.904 69.5 777 PCg1BM Kelly et al., 2018
P83 - - - 12.37 0.899 66.7 7.42 PCg1BM Kelly et al., 2018
P84 - - - 11.98 0.863 68.7 711 PCgs1BM Kelly et al., 2018
P85 - - - 11.57 0.834 68.5 6.61 PCg1BM Kelly et al., 2018
P86 - - - 11.76 0.811 70.7 6.74 PCg1BM Kelly et al., 2018
P87 637 —5.37 —3.44 14.7 0.89 61.5 8.1 ITIC Guo et al., 2018
P88 637 —5.39 —3.45 16.5 0.90 62.4 9.3 ITIC Guo et al., 2018
P89 637 —5.40 —3.46 18.0 0.91 62.7 10.3 ITIC Guo et al., 2018
P90 637 —5.41 —3.46 15.7 0.93 63.2 9.3 ITIC Guo et al., 2018
P91 637 —5.44 -3.48 14.9 0.96 59.1 8.5 ITIC Guo et al., 2018
P92 650 —5.27 -3.24 6.0 0.85 56 2.9 PCg1BM Pang et al., 2019
P93 650 —5.27 -3.23 10.3 0.82 64 5.4 PCg1BM Pang et al., 2019
P94 650 —5.26 -3.23 11.1 0.82 69 6.3 PCes1BM Pang et al., 2019
P92 - - - 11.2 0.87 70 6.8 N2200 Pang et al., 2019
P93 - - - 9.4 0.88 60 5.0 N2200 Pang et al., 2019
P94 - - - 4.4 0.86 60 2.3 N2200 Pang et al., 2019
P92 - - - 14.7 0.91 66 8.8 ITIC Pang et al., 2019
P93 - - - 12.6 0.89 60 6.7 ITIC Pang et al., 2019
P94 - - - 10.6 0.86 60 5.50 ITIC Pang et al., 2019

mobilities (h/pe) (6.27/3.65 x 10~%) (space charge limited
current method).

Cao’s group investigated the role of alkyl side chain length
in terpolymers based on alkylthienyl substituted BDT,
difluorinatedbenzotriazole (TAZ) and thienopyrroledione
(TPD) monomores (Pang et al., 2019). The terpolymers are
denoted as P92 PTAZ-TPD10-C10, P93 PTAZ-TPD10-C8,
and P94 PTAZ-TPD10-C6 with n-CioHj;, n-CgHj; and
n-CgHj3 alkyl side chains, respectively, attached to the 2D-BDT
based monomer (Figure 8). The polymers showed similar
optical band gap (1.91 eV). A 30 nm red shift in the solid
state absorption was observed due to the high aggregation
tendency compared to the solution state. The HOMO and
LUMO energy levels of the polymers were calculated to be
similar (~-5.27 and —3.23 eV), respectively. The photovoltaic
properties of the polymers were tested by blending each
of the polymers with PC;;BM, N2200 (Figure 8), ITIC
(Figure 2) [(ITO/PEDOT:PSS)/active  layer/PFN-Br/Al].
Interestingly, the PCE, Jsc¢ and FF decreased with shorter
alkyl side chains blended with the non-fullerene acceptors
(N2200 and ITIC). However, the Voc was not affected by
the alkyl chain length. The highest PCE recorded were 6.8
and 8.8% when P92 was blended with N2200 and ITIC,
respectively. The PCE of the devices based on P94 blended
with N2200 and ITIC were 2.3 and 5.5%, respectively.
Surprisingly, the opposite trend was observed when PC;;BM
was used. In this case, the PCE of the devices were 2.9,
54, and 6.3% for P92, P93, and P94, respectively. The
difference in photovoltaic properties of the polymers with
the acceptors is explained by taking morphology into
account. For instance, P94 (shorter alkyl chain) showed a

better miscibility, contracted domains, and favorable vertical
phase distribution that encourages charge transport and
suppressed recombination.

Benzodithiophenedione (BDD) Ring

Based Polymers
The BDD core unit is another acceptor used for the development
of terpolymers (Figure 9) (P95-P107). It is to be noted that
D-A alternating polymer based on NTDO and dithienosilole is
known to give a moderate performance solar cell (Cui et al,
2011). A D-A polymer consisting of thio alkyl side chain modified
NTDO and chlorine-substituted BDT (PBN-Cl) based monomers
was reported by Li’s group (Wu Y. et al, 2019). The same
group have recently investigated the effect of the addition of a
BDD monomeric unit as third component to the NTDO and
BDT based monomers to yield a series of random terpolymers
denoted as P95 PBN-CI, P96 PBN-CI-B20, P97 PBN-CI-B40,
P98 PBN-CI-B60, P99 PBN-CI-B80 and P100 PBDB-T-2Cl,
with 0, 20, 40, 80, and 100% of the BDD-BDT-CI segment,
respectively (Figure 9; Yang et al, 2019). For comparison,
reference alternating polymers were also studied. A blue shift
was noticed with the increase in the content of the BDD-BDT
segment in UV-visible spectrum. Hence, the polymer with the
lowest band gap in the series (1.8 eV) is P95 (contain no BDD
component). While there is no significant change in the HOMO
energy levels, the LUMO, however, showed a successive upward
shift as the BDD-BDT segment content increases.

IT-4F (Figure 9) was wused as an acceptor to
investigate the photovoltaic properties of the polymers
[(ITO)/PDEOT:PSS/polymer:IT-4F/ZnO/Al]. ~ The  device

Frontiers in Materials | www.frontiersin.org

August 2020 | Volume 7 | Article 280


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/
https://www.frontiersin.org/journals/materials#articles

Gedefaw et al. Conjugated Terpolymers for Solar Cells

co-mC-F: terpolymer

P80 monoCNTAZ m: n=1:0
P81 m:n=9:1

P82 m:n=7:3

P83 m:n=1:1

P84 m:n=3:7

P85 m:n=1:9

P86 m:n=0:1 FTAZ

CNTAZ FTAZ
mc:F: Physical blend (ternary blend mixed with PCBM)

P87 PSBZ m:n= 100:0
P88 PSBTZ-80 m:n= 80:20
P89 PSBTZ-60 m:n= 60:40
P90 PSBTZ-40 m:n= 40:60
P91 PSTZ m:n= 0:100

CeH1g CaHs R,

Ry = R, =
+/\C4H9 ) MCAHQ

P92 PTAZ-TBD10-C10 R= n-CyqHy
R P93 PTAZ-TBD10-C8 R= n-CgH7
P94 PTAZ-TBD10-C6 R= n-CgHys

FIGURE 8 | Donor polymers based on benzotriazole (P80-P94) and N2200.
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P95 PBN-CI n=0%

P96 PBN-CI-B20 n=20%
P97 PBN-CI-B40 n=40%
P98 PBN-CI-B60 n=60%
P99 PBN-CI-B80 n=80%
P100 PBDB-T-2Cl n=100%

Ry = C4Hg Cl R,

P101 PBDB-TBT1: m:n=90:10
P102 PBDB-TBT2: m:n= 70:30
P103 PBDB-TBT3: m:n= 50:50
P104 PBDB-TBT4: m:n= 30:70

P105 PBDD-TBT (P1) P106 PBDD-TFBT (P2) P107 PBDD-T2FBT (P3)
CgHq7

R = \%/KCWHM

FIGURE 9 | Continued
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R = +)\C4Hg

F
R= @Cem IT-4F

FIGURE 9 | Donor polymers based on benzodithiophene-dione (BDD) used as one of the acceptors (P95-P107) and IT-4F.

P108 m:n=100:0
P109 m:n=75:25
P110 m:n=50:50
P111 m:n= 25:75
P112 m:n=0:100

P113 PBDB-TF: m=1;n=0
P114 T1: m=0.8;n=0.2
P115 T2: m=0.5;n=0.5
P116 T3: m=0.2; n=0.8
P117 PTO2: m=0; n=1

based on P95 yielded a 11.21% PCE, Voc = 0.868 V, Js¢ = 21.01
mA/cm?, and FF = 61.5%. With the introduction of the BDD
monomer, the FF showed an improvement reaching to 72.1%
for the device prepared based on P99. Hence, P99 based
device demonstrated the highest PCE = 14.05%, Jsc = 21.85
mA/cm? and Voc = 0.891 V. Device based on P100 however
showed an outstanding PCE of 14.08% with Voc = 0.885 V,
a Jsc = 21.41 mA/cm?, and a FF = 74.3%. Even though the
overall performances of P99 and P100 devices are comparable,
both Jsc and Voc of the devices based on the terpolymer (P99)
were higher indicating terpolymerization as a feasible strategy

to fine-tune the photovoltaic properties. Charge transport
study showed a balanced hole and electron mobility of the film
prepared from a P99:IT-4F. Moreover, P99:IT-4F film showed
a well-developed and more uniform phase separation (TEM),
benefitting FF and Jsc of the devices.

Wu M. et al. (2019) combined BDD, difluorobenzothiadizole
(BT) and BDT based monomers to construct a series of PBDB-
TBTn random terpolymers. The amount of the BDT-BT based
segment were 10, 30, 50, and 70% in P101 PBDB-TBTI,
P102 PBDB-TBT2, P103 PBDB-TBT3, and P104 PBDB-TBT4,
respectively (Figure 9). The random terpolymers revealed similar
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absorption tendency in both solution and solid-state, with the
peaks appearing from 300 nm to 700 nm. The absorption onset of
the polymers are in the range of 693 nm to 708 nm. The HOMO
and LUMO energy levels (CV measurement) are estimated to be
—5.30/—3.42, —5.33/—3.45, —5.35/—3.47, and —5.36/—3.45 eV
for P101, P102, P103, and P104, respectively. Obviously, the
HOMO levels showed a gradual down-shift with the increase in
the BT based monomer content due its electron-deficiency. The
same trend was observed for the LUMO energy levels except the
mismatch for P104. The photovoltaic performances investigation
(ITO/ZnO/polymer:ITIC/MoO3/Ag) showed a drop with the
increase of the BDT-BT content. The highest PCE recorded
was 9.09% with a Voc = 0.86 V, a Jsc = 16.84 mA/cm? and
FF = 62.85% from P101 based device. The devices based on
P102, P103 and P104 displayed a PCE of 7.95, 5.93 and 2.09%,
respectively. The better performance of P101 based devices is
explained by the high and balanced hole and electron mobility
(412 x 107* cm?V~ s and 4.74 x 1074 cm?V—1s71), well-
distributed microstructural morphologies and smaller domain
sizes (10-20 nm).

Kini et al. (2018), reported regular terpolymers consisting of
BT, BDD and thiophene (Figure 9). The terpolymers showed
broad absorption coverage in the range of 300 and 750 nm.
The blue shift in the onset of absorption with the increasing
content of the fluorine atom is ascribed to the weakening
of conjugation due to the strong electron withdrawing effect
of the fluorine atom/s. The HOMO/ LUMO of the P105
PBDD-TBT, P106 PBDD-TFBT, and P107 PBDD-T2FBT was
estimated to be —5.57/—3.89, —5.62/—3.92, and —5.67/—3.94,

respectively (CV). The downward shift in the HOMO values
with the presence of fluorine atoms is known to have a
positive effect for the Voc of the devices. In an inverted device
structure (ITO/ZnO/active layer/MoO3/Ag), a 1:0.8 ratio P107
and PC7;BM based device gave a PCE of 5.97%, Voc = 0.99
V, Jsc = 8.96 mA/cm? and FF = 67.6%. The maximum PCEs
obtained from P105 and P106 based devices were 1.33 and
1.55%, respectively. The better performance of P107 based
devices is ascribed to the strong interchain interaction, face
on polymer orientation and higher crystallinity of the film,
which have contributed to a higher hole mobility of the
devices (hole mobility of P107 based devices = 4.92 x 1073
cm?V~1s7! compared to the hole mobility of P105 and P106
based devices (3.67 x 1073 cm?V~1s™! and 1.86 x 1073
ecm?V~1s™1 respectively).

To tune the polymer properties, the BDD, methyl-3-
thiophenecarboxylate (3MT) and BDT based monomers were
reacted in different mixing ratio to give P109, P110, and
P111 (random terpolymers) with 25, 50, and 75% of the
BDT-BDD segment in the backbone. P108 and P112 are
alternating polymers with the backbones made of the BDT-
3MT and BDT-BDD segments, respectively (Figure 9; Hoang
et al., 2019). It is to be noted that a BDT-BDD containing
polymer combined with ITIC was known to provide a high
efficiency in solar cells (Zhao et al., 2016). The absorption peaks
of the terpolymers were located between P108 (539 nm) and
P112 (625 nm), where the peaks shifted to longer wavelength
with BDT-BDD segment content increase. Hence, the solid state
absorption peak was found to be at 569, 574, and 616 nm,

TABLE 8 | Summary of optical, electrochemical, and photovoltaic properties of polymers (P95-P117).

Polymer '\ onset (nm) HOMO (eV) LUMO (eV) Jsc (mA/cm?) Voc (V) FF (%) PCE (%) Acceptor References
P95 688.8 —5.55 —3.54 21.01 0.868 61.5 11.21 [T-4F Yang et al., 2019
P9o6 685 —5.55 —-3.52 21.55 0.856 63.8 1.77 [T-4F Yang et al., 2019
P97 681.2 —5.55 -3.50 21.89 0.863 69.8 13.18 [T-4F Yang et al., 2019
P98 677.5 —5.55 —3.48 21.21 0.858 69.9 12.73 [T-4F Yang et al., 2019
P99 673.8 —5.55 —3.47 21.85 0.891 721 14.05 [T-4F Yang et al., 2019
P100 670.2 —5.55 —3.45 21.41 0.885 74.3 14.08 [T-4F Yang et al., 2019
P101 693 —5.30 —3.42 16.84 0.86 62.85 9.09 ITIC Wu M. et al., 2019
P102 696 —5.33 —3.45 15.50 0.88 58.26 7.95 ITIC Wu M. et al., 2019
P103 698 —5.35 —3.47 11.45 0.91 56.91 5.93 ITIC Wu M. et al., 2019
P104 708 —5.36 —3.45 412 0.90 56.80 2.12 ITIC Wu M. et al., 2019
P105 740 —-5.57 -3.89 2.55 0.86 60.3 1.33 PC71BM Kini et al., 2018
P106 726 —5.62 -3.92 2.96 0.93 57.8 1.55 PC71BM Kini et al., 2018
P107 718 —5.67 —-3.94 8.96 0.99 67.6 5.97 PC71BM Kini et al., 2018
P108 625 —5.42 —3.44 15.59 0.97 54.38 8.22 ITIC Hoang et al., 2019
P109 664 —5.38 —3.51 15.76 0.95 59.76 8.95 ITIC Hoang et al., 2019
P110 677 —5.37 —3.54 17.18 0.94 63.52 10.26 ITIC Hoang et al., 2019
P111 681 —5.37 —3.55 17.19 0.90 61.77 9.56 ITIC Hoang et al., 2019
P112 687 —5.34 —3.54 16.30 0.88 61.48 8.82 ITIC Hoang et al., 2019
P113 681.2 —5.45 —3.64 20.5 0.863 78 13.8 [T-4F Cui et al., 2019
P114 677.5 —5.48 —3.63 21.5 0.899 78 15.1 [T-4F Cuietal., 2019
P115 663.0 —5.51 -3.62 21.3 0.909 75 145 [T-4F Cui et al., 2019
P116 642.4 —5.55 —3.61 21.6 0.920 70 13.9 [T-4F Cui et al., 2019
P117 623.0 —5.60 —-3.57 21.5 0.925 73 14.5 [T-4F Cui et al., 2019
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respectively, for P109, P110, and P111. Similarly, onset of
absorption shifted to longer wavelength with the increase in the
content of the BDT-BDD segment. The solid state optical band
gaps were estimated to be 1.98, 1.87, 1.83, 1.82, and 1.80 eV for
P108, P109, P110, P111, and P112, respectively. The HOMO and
LUMO energy levels of the polymers gradually moved to higher-
lying and lower-lying positions, respectively, as the content of the
BDD unit increases. Hence, P112 have a HOMO and LUMO of
—5.34 and —3.54 compared to —5.42 and —3.44 eV for P108. The
HOMO and LUMO values of the rest of the polymers were found
to lie between that of P108 and P112.

To evaluate the photovoltaic properties of the polymers,
a non-fullerene BHJ] PSCs were fabricated (ITO/ZnO/
polymer:ITIC/MoOs3/Ag). Each of the polymers were blended
with ITIC in a 1:1 wt%. Interestingly, the PSCs fabricated from
the terpolymers showed an impressive Voc of more than 0.9
V and Jsc of more than 15 mA/cm?. In detail, the highest
Voc was 0.97 V achieved from P108 devices while the lowest
Voc was 0.88 V extracted from P112 based devices. P110
(50% of BDT-BDD segment) and P111 (75% of BDT-BDD
segment) based devices gave the highest Jsc reaching more
than 17.18 mA/cm?. Consistently, P110 gave the highest FF
reaching to about 63.52%. The combination of the parameters
have offered a 10.26% PCE based on P110 based devices. The
best device efficiency based on P111 was found to be 9.56%
PCE, slightly lower than that of the P110 based device. The
devices prepared based P108, P109, and P112 offered a 8.22,
8.95, and 8.82% PCE, respectively. In order to understand the
differences in the performance of the polymers in solar cells,
the hole and electron mobility of the films were studied. The
study showed that a blend of P110 and ITIC gave a balanced
hole and electron mobility with a ratio of 3.37, which have
likely contributed toward the higher FF values of the devices.
Moreover, a TEM image on P110:ITIC blend film showed a
more homogeneous and fine domains, that maximizes the charge
separation and collection.

The effect of fluorine atom substitution on a BDT donor
unit combined with 3MT and BDD based monomers were also
studied. In this work, alternating polymers containing either
BDD-BDT (P113 PBDB-TF) or 3MT-BDT (P117 PTO2) were
reported. Additionally, three random terpolymers represented
as P114 T1, P115 T2, and P116 T3 with 20, 50, and 80% of
3MT-BDT segments, respectively, are also reported (Figure 9;
Cui et al., 2019). With the increase in the content of 3MT-BDT
in the backbone, it was possible to finely tune the properties of
the resulting polymers. For instance, a blue shift in the optical
absorption with higher content of 3MT-BDT was observed.
Hence, P117 (consist of 3MT-BDT) revealed the most blue
shifted onset of absorption (623.0 nm) while P113 (has 0%
3MT-BDT) showed the most red shifted onset of absorption
(681.2 nm). The three random terpolymers have an onset of
absorption intermediate between the two alternating polymers
(P117 and P113). The terpolymers have wider absorptions at
the full width at half maximum (FWHM), which is due to
the contributions of different segments in the chains. In the
electrochemical study, a gradual downward-shift in the HOMO

levels were observed with the increase of the thiophene ester
(3MT) content. The opposite trend was observed with the LUMO
energy levels. Photovoltaic devices with an inverted structure
were fabricated (ITO/ZnO/photoactive layer/MoOs/Al). An
increase in the Voc was observed with the increase of ester
group-substituted thiophene content. Moreover, the Jsc of all
the terpolymer:IT-4F devices are higher (wide FWHM) than
that P113:IT-4F-based devices. However, a decrease in the PCE
going from P114 to P116 was mainly due to the decrease
in the FF. Among the devices, the highest PCE recorded was
15.1% from a blend of P114 and IT-4F with corresponding
Jsc = 21.5 mA/cm?, Voc = 0.899 V, and FF = 78% processed
from CB with DIO solvent additive. The devices prepared
from P113, P115, P116, and P117 gave a PCE of 13.8, 14.5,
13.9, and 14.5%, respectively (Table 8). The relatively higher
performance of the P114 based device could arise from the
smooth surfaces with small rms values (below 2 nm) which favors
charge transport.

SUMMARY AND OUTLOOK

The synthesis of conjugated polymers is an ongoing research
for various applications in organic electronics. Recently, the
development of terpolymers have gained a wider attention and is
being intensively studied. With the synthesis of terpolymers, key
properties such as light absorption, energy levels, morphology
and charge carrier mobility can be optimized, which have
enabled to achieve over 14% PCE in single layer solar cells.
Further development of optimized monomers, synthesis of multi
chromophore polymers and understanding of structure- property
relationships is anticipated to further enhance the PCE of solar
cells. One of the key challenges with the synthesis of random
terpolymers is the little understanding of the composition along
the backbone of the polymer, as the latter will depend on the
reaction kinetics of the monomers. For most of the random
terpolymers reported to date, the contribution of the different
monomers in the polymer backbone is not known for certainty
in spite of the known composition of the monomers in the feed
of the polymerization reaction.
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