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Length evolution of fused-ring electron acceptors
toward optimal blend morphology in polymer solar
cells incorporating asymmetric benzodithiophene-
based donorst

Qiangian Zhu,1* Deyu Liu,3> Zhou Lu,* Chunyang Gu,’ Kaili Zhang,”
Xichang Bao, 2* Qun Li*and Rengiang Yang (2*

Two new wide-bandgap polymers (PBDTBDD-Ph and PBDTBDD-PhPh) with different aggregation degrees
and fused-ring electron acceptors (FREAs) (ITIC-4T, ITIC-3T and ITIC-2T) with different sizes were
synthesized. The work was used to understand how to design the donor polymers and fused-ring
electron acceptors (FREAs) for high-performance non-fullerene polymer solar cells (NF-PSCs). The
results clearly demonstrated that weakly aggregated donor polymers and small-sized FREAs in
appropriate degrees can match well with each other to achieve high power conversion efficiencies
(PCEs). In other words, small-sized FREAs can be embedded more easily into the interspace of polymer
chains and weakly aggregated polymers can offer larger space for the intercalation of FREAs. As a result,
an NF-PSC device based on weakly aggregated polymer PBDTBDD-Ph and small-sized ITIC-3T yielded
over 11% PCE. Thus, it would offer a feasible guideline to design high-performance NF-PSCs that meet
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Introduction

Polymer solar cells (PSCs) have attracted signikfcant aienfin
from academics and industry because of their advantages of
light weight, mechanical ¥exibility and potentially kg
areas.””’The most efficient PSCs are fabricated using a bulk
heterojunction (BHJ) structure with a p-type conjugated poly-
merasthedonorand an n-type semiconductor as the acceptor.
In the past few years, bene#ting from the rapid development d
fused-ring electron acceptors (FREAs) due to their better
absorptioninthevisible spectralregion and more facile energy-
level modulation, non-fullerene polymer solar cells (NF-PSCs)
have made signi¥cant progress.*** Some FREA systems have
boosted the power conversion efficiencies (PCEs) of NF-PSCs
over 14%."%

Typically, the reported efficient FREAs have acceptor-donor-
acceptor (A-D-A)-type structural characteristics.”*In this type
of structure, planar aromatic fused rings, such as
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the requirement of future industry-scale production.

indacenodithieno[3,2-b]thiophene (IDTT),” are used as the
donor core, and electron-withdrawing units, such as 3-
(dicyanomethylidene)indan-1-one (IC),”serve as the acceptor
terminal. Compared to traditional fullerene acceptors, such as
phenyl-Ce;1-butyric acid methyl ester (PCs1BM) and phenyl-C71-
butyric acid methyl ester (PC71BM), FREAs present their
impressive advantages as follows. (1) Stronger absorption in the
visible and even near infrared region can be obtained by using
excellent central fused rings and acceptor terminals. As a result,
more photons can be captured and the short-circuit current
density (Jsc) is improved.*” (2) By changing the end-capping
electron-de®icient groups of the acceptor, the apaoite
frontier molecular orbital levels of the acceptor can combine
well with those of the donor polymers and guarantee high open
circuit voltage (Voc).”” Although these two advantages of
FREAs have been proven to increase PCEs of PSCs, the elon-
gated planein their geometry makes it difficult to control the
morphology of the active layer.”® Thus, the morphologies of the
active layers in almost all high-performance NF-PSCs need to be
optimized using additional complicated treatments such as
solvent additive processing and thermal/solvent anneal-
ing."**?*'These complicated treatments go against the simple,
low-cost industry-scale production of large-area solar cells.

To overcome this problem, recently, we proposed an efficient
strategy from the viewpoint of molecular structure to design
donor polymers that can generate preferred morphologies of
active layers, which can then be used to fabricate high-
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performance NF-PSCs without post-treatments.* The new two-
dimensional (2D) asymmetric benzodithiophene (BDT)
building blocks were employed to construct the polymers. In
these structures, the thienylthiol group with alongalkyl chain
asonesidechainonthe BDTunitcould modulate energylevels,
broaden absorption spectra and improve solubility. For another
side chain, the bare rigid aryl rings could be regarded as lever
arms to stirup the elongated non-fullerene acceptor well in the
solution of the blends and weaken the entanglements among
polymer chains during the spin-coating process, which enabled
favorable morphology without post-treatments. Compared to
conventional symmetric BDT units, the key feature ofa 2D
asymmetric structure is that it can efficiently control the

morphology of the blend £1m with the elongated mnibae
acceptor and simplify device fabrication. Although some
insights aregiveninto controllingthe morphologies of NF-PSCs
from the donor polymer point of view, there is almost no
guideline currentlyavailableforanon-fullereneacceptoritself.

In2015,Zhanetal.reported original FREAwith an A-D-A

structure exempliffed by ITIC?(namely, ITIC-4T, Fig. 1). Since
then, a series of ITIC derivatives, such as ITIC1,*ITIC2 (ref. 33)
andITIC-Th,*havebeenreportedinthe NF-PSC £ield. Based on
the system, many donor polymers achieved very high PCEs.
Thus, inthismanuscript, we selected ITIC for the study ofblend
morphology. Itisnoteworthythat PC7;BM and ITICwith almost
same carbon atomic numbers showed signi®{cant difference n
geometries. PC71BMisroughlysphericalwithasmallnumberof
solubilizing groups, while ITIC is elongated plane-shaped with
signi¥cantly more solubilizing groups. This resulted in
different morphologies of active layers. As reported in our
previous studies,®*unlike spherical PC71BM, elongated ITIC
can only be embedded well into sufficient interspace among
the weakly aggregated polymer chains, which forms a
favorable micro- structure. Thus,decreasingthelength ofITIC
will be one key for

favorable morphology and high-performance NF-PSCs.

In this regard, we decreased the length of ITIC via cutting
one thiopheneringofthe fused-ringbackbone and synthesized
theacceptor ITIC-3T (Fig. 1). Infact, thereis anotherlocation to
decreasethesize:thesidechains (fourrigid phenylsidechains).
However, their functions for improving solubility and restrict-
ing severe self-aggregation could not be replaced. For compar-
ison, we synthesized other two acceptors, as reported in
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Fig. 1 Chemical structures of materials used in PSCs.
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literatures: longer ITIC-4T?and shorter ITIC-2T (namely, IC-
1IDT-IC),*as shownin Fig. 1. By studying the three molecules,
weinvestigated the effectsof thelengths of backbonesonthe
morphologies of active layers. Furthermore, we still adopted
promising asymmetric BDT building blocks and employed two
types of rigid aryl rings (benzene and biphenyl) as one side
chain to construct the donor polymers with different degrees of
self-aggregations. Based on the well-known acceptor unit 1,3-
bis(5-bromothiophen-2-yl)-5,7-bis(2-ethylhexyl)-4H,8H-benzo
[1,2-c:4,5-c%|dithiophene-4,8-dione (BDD), two new wide-
bandgap polymers (PBDTBDD-Ph and PBDTBDD-PhPh) were
synthesized, as shown in Fig. 1. In addition, the polymer
PBDTsTh-BDD?* (Fig. 1) with stronger self-aggregation reported
previouslybyuswaschosenasacontrast. Three polymers were
applied to three FREAs (ITIC-4H, ITIC-3H and ITIC-2H). As
a result, it was found that decreasing the size of FREAs
adequately was efficient for improving photovoltaic properties.
Compared to classic ITIC-4T-based devices, ITIC-3T-based
devices showed higher PCEs. In particular, the PBDTBDD-
Ph:ITIC-3T solar cells achieved impressive PCE of 11.02%. It
isunreasonable to decrease the size of FREAs to alarge extent.
These devices based on ITIC-2T with minimum sizes showed
the worst photovoltaic performance with PCEs less than 7%.
Meanwhile, the devices based on PBDTBDD-Ph achieved higher
PCEs than those based on PBDTsTh-BDD and PBDTBDD-PhPh.
The results further conErmed our viewpoint in our peius
report®that decreasing the self-aggregation of donor polymers
adequately was beneEcial for blending with FREAs for hgh
efficiencies.

Results and discussion

The synthetic routes of donor polymers and non-fullerene
acceptors are outlined in Scheme S1,1 and the synthetic
procedures are described in the ESI.1 The polymers were ob-
tained through Stille polymerization using Pd(PPhs)4as the
catalyst. The synthesized polymers and acceptor could be dis-
solved in common solvents such as chloroform, chlorobenzene
(CB) and o-dichlorobenzene (DCB). The number-average
molecular weight (Mn) and polydispersity index (PDI) were
measured by gel permeation chromatography (GPC) using THF
as the eluant and polystyrene as the internal standard. The M,
values of PBDTBDD-Ph and PBDTBDD-PhPh were 48.6 and 55.8
KDa, respectively (Table S1t). The thermal properties of the
materials were determined by thermogravimetric analysis
(TGA), as shown in Fig. S1.1 The TGA results revealed that the
onset temperature with 5% weight loss (Tq) of all materials was
over300°C (TableS1t). Thesevaluesindicated thatthethermal
stability of the materials is good enough for NF-PSC
applications.

Density functional theory (DFT) calculations using the
Gaussian 09 program at the B3LYP/6-31G(d,p) level*were per-
formed to gain insights into the chemical geometries of FREAs
and polymers with simpliZfed side chains. As shown in Fig. 2
three FREASs (ITIC-4T, ITIC-3T and ITIC-2T) exhibit similar #at
backbone con¥gurations via SZ0 noncovalent
interactions,
while hexylphenyl substituents on the donor cores exhibit large

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Simulated molecular geometries and calculated molecular
sizes of FREAs by DFT calculations.

twisted anglestothebackbone plane.Inaddition, wecalculated
and then compared the length evolution. As clearly demon-
strated in Fig. 2, the lengths of the molecules shortened as the
number of the fused rings in the backbone decreased. Please
note that the length of ITIC-3T was 26.83 A; it was much shorter
thanthatof ITIC-4T and slightly longer than that of ITIC-2T. As
we expected, cutting one thiophene ring of the fused-ring
backbone could shorten the size of the molecules efficiently
while maintaining sufficient conjugated degree. As shown in
Fig. S2,1 two new polymers (PBDTBDD-Ph and PBDTBDD-PhPh)
exhibit large dihedral angles (from 56° to 59°) between the aryl
side chains and BDT backbones, which can weaken polymeric
self-aggregation and offer some space foracceptors. Especially,
the extra benzene ring of PBDTTAZ-PhPh resulted in almost
vertical twisting with the polymer backbone, further weakening
the polymeric self-packing.

The UV-vis absorption spectra of donor polymers and
acceptors in thin ¥1ms and in chlorobenzene solutions at mm
temperature are shown in Fig. 3a and S3a,t respectively, and the
corresponding absorption properties are summarized in Table
S1.t Asshownin Fig. 3a, the absorption edges (lonset) of ITIC-
4T, ITIC-3T and ITIC-2T are 785, 769 and 738 nm, respec-
tively, and their E‘épt values are estimated to be 1.58, 1.61 and
1.68 €V, respectively, according to E¥" ¥ 1240/l ynset from the
lonsetvalues of Eilm absorption. Compared to ITIC-4T, INIC2T
exhibited signi¥cant blue-shii)l (v27 nm) in the major dstion,
whichisnotbene¥cialtocapturephotons. However, ITIC-
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Fig. 3 (a) Absorption spectra of donors and acceptors in the solid
state. (b) Energy level diagrams of donors and acceptors.
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3T with one thiophene ring cleaved from the fused-ring back-
bone showed slight blue-shiill (rv5 nm), which guaranteed te
absorption of photons for excellent Jsc. Two wide-bandgap
polymers displayed similar hump-shaped absorption
proEles.

The Eg”* values of PBDTBDD-Ph and PBDTBDD-PhPh were
estimated to be the same (1.85eV). From the UV-vis absorption
results, we inferred that the two polymers exhibited comple-
mentary absorption with ITIC-4T and ITIC-3T.

The electrochemical properties of donor polymers and
acceptors were investigated by electrochemical cyclic voltam-
metry (CV).” The CV curves are shown in Fig. S31 and the
resultsofelectrochemical propertiesarelistedinTable S1.1The
energylevelsofdonorpolymersandacceptorsused forsolarcell
devices arealso shownin Fig. 3b. The HOMO energy levels of
the two polymers were deep-lying, which is bene#cial for Voc.
For three acceptors, the HOMO energy level of ITIC-3T with
cutting one thiophene ring of the fused-ring backbone was
slightly deeper than that of ITIC-4T. Upon cutting two thio-
phenerings,ITIC-2T showed amuchdeeper HOMO energylevel
(—5.61 eV). The LUMO energy levels of the polymers were
higher-lying than those of acceptors, which could form energy
cascade and favor electron transfer.

Photovoltaic properties of the polymers and acceptors were
investigated with a conventional conEfguration of MO/
PEDOT:PSS/active layer materials/PFN-Br/Al. Current density
versus voltage (J-V) curves and the corresponding data of the
optimized devices under illumination of AM 1.5G (100 mW
cm—?) areshownin Fig. 4a-cand Table 1, respectively. Different
D/A ratios, thermal annealing and additive processing (1,8-
diiodooctane, DIO) were used to optimize the photovoltaic
performance; the corresponding data are shown in Tables S2-
S4.1 The strongly aggregated polymer PBDTsTh-BDD showed
improved photovoltaic performance ailler blending with srdr
sized ITIC-3T. PCE increased from 7% to 9% compared with
that of the ITIC-4T system. For the weakly aggregated polymer
PBDTBDD-Ph, there was adequate space for ITIC-3T to be well
embedded. As a result, the PBDTBDD-Ph:ITIC-3T solar cells
produced remarkable PCE of 11.02% with Voc0f0.924 V, Jsc of
17.51 mAcm—2,and FF of0.681. Ailler blending with longer
sized ITIC-4T, the PBDTBDD-Ph-based device showed lower
PCE 0f9.90%. Upon further weakening the self-aggregation of
polymer by introducing biphenyl groups as side chains,
PBDTBDD-PhPh-based devices showed much lower PCEs. This
was attributed to the poor morphologies caused by excessive
destruction of polymer chain packing. In addition, it is worth
noting that the three devices based on ITIC-2T with minimum
sizes did not show improved photovoltaic performances with
PCEsless than 7% compared with ITIC-4T- and ITIC-3T-based
solar cells. This was mainly due to much narrower absorption
spectra, which caused lower Jsc values. Therefore, self-
aggregation of donor polymers and size of acceptors are the
two key factors for achieving highly efficient PSCs.

The corresponding external quantum efficiencies (EQEs) of
the devices were measured; (Fig. 4d-f). ITIC-4T, ITIC-3T and
ITIC-2T-based blends exhibited different absorptions in the
ranges of 340-800 nm, 340-780 nm and 340-740 nm, respec-
tively. Especially, the EQE value of PBDTBDD-Ph:ITIC-3T was

J. Mater. Chem. A, 2019, 7, 4823-4828 | 4825
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Fig. 4 J-V curves for the optimized devices under the illumination of AM 1.5G (100 mW cm~—2): (a) PBDTsTh-BDD/different acceptor-based
devices; (b) PBDTBDD-Ph/different acceptor-based devices; (c) PBDTBDD-PhPh/different acceptor-based devices. EQE curves for the opti-
mized devices under the illumination of AM 1.5G (100 mW cm~—): (d) PBDTsTh-BDD/different acceptor-based devices; (e) PBDTBDD-Ph/
different acceptor-based devices; (f) PBDTBDD-PhPh/different acceptor-based devices.

very high in the whole spectraand the maximum value reached
82%, indicatingthat the device exhibited better photoresponse
amongtheabsorptionranges. ForITIC-2T-based blends, three
EQE curves exhibit the weakest photoresponse in the range of
340-740 nm. Therefore, the devices yielded much lower Jsc. The
calculated current densities from the EQE measurements are
summarized in Table 1, which agree well with Jscobtained from
the J-V measurements.

Charge carrier mobility is another important factor that
in¥uences device performance. The hole and electron mdd
ities (mpand m.) were measured via the space charge limited
current (SCLC)®*method (Fig. S4 and S51). The calculated my
and mevalues arelistedin Table S5.1 Compared with PBDTsTh-
BDD/ITIC*® and PBDTBDD-PhPh/ITIC blends, the PBDTBDD-
Ph/ITIC blend exhibited higher my. For the PBDTBDD-Ph
system, the ITIC-3T-based device showed much higher my
thanITIC-4T and ITIC-2T-based devices, which was beneEcial

Table 1 Photovoltaic properties of the polymers and acceptors

for higher Jsc. In addition, balanced carrier transport in active
layersis quiteimportant and can lead to high FF. Therefore,
PBDTBDD-Ph/ITIC-3T-based devices gave the highest FF (0.681)
probably due to the excellent balanced carrier transport (Me/my %4
1.71). The ITIC-2T-based device showed unbalanced carrier
transport, which could resultin poor FF.

Photoluminescence (PL) was also measured to investigate
energy transfer and exciton dissociation process in PBDTBDD-
Ph/ITIC-4T, PBDTBDD-Ph/ITIC-3T and PBDTBDD-Ph/ITIC-2T
blend Elms, as shown in Fig. S6.1 A pure PBDTBDD-Ph
BIm exhibited strong PL around 660 nm, and the PL
emission of blend ¥Ims was markedly quenched,
indicating that there existed some PL quenching
channels for charge transfer between PBDTBDD-Ph and
small-sized acceptors in blend ¥lms. Photo-generated excitons
were dissociated before luminescence occurred. Notably, PL
intensities of PBDTBDD-Ph/ITIC-4T and PBDTBDD-Ph/ITIC-3T
were signi¥{cantly suppressed; this

Polymers Acceptors D/A (w/w)  Thermal annealing®(°C)  Voc (V)  Js’ (mAcm™?)  FF PCE® (%) Ref.
PBDTsTh-BDD ITIC-4T 1:1 100 0.954 14.02 (13.72) 0.530  7.09 (6.96) 28
ITIC-3T 1:1 100 0.966 15.77 (15.40) 0.592 9.02 (8.89) Thiswork
ITIC-2T 1:1 100 0.982 12.28 (11.98) 0.556  6.70 (6.58) Thiswork
PBDTBDD-Ph ITIC-4T 1:1 — 0.935 16.94 (16.73) 0.625  9.90 (9.82) Thiswork
ITIC-3T  1:1 - 0924  17.51(17.00) 0.681 11.02(10.86)  Thiswork
ITIC-2T 1:1 — 0.920 13.56 (13.44) 0.502 6.26 (6.18) Thiswork
PBDTBDD-PhPh  ITIC-4T 1:1 — 0.936 16.27 (15.89) 0.513  7.81 (7.65) Thiswork
ITIC-3T 1:1 — 0.934 15.73 (15.30) 0.523 7.68 (7.49) Thiswork
ITIC-2T  1:1 — 0929 1230 (12.15) 0461 527(511)  Thiswork

aTheblend £Ims were thermally annealed for 10 min. " The calculated Jsc from the EQE measurements in brackets. ¢ Average PCE in brackets (15

devices).
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indicated that the charges transfer effectively before they are
recombined, and PSCs with ITIC-3T and ITIC-4T as acceptors
have more efficient photo-induced exciton dissociation and
charge transport behaviour. The PBDTBDD-Ph/ITIC-2T
BImshowed the worst PL quenching performance, suggesting
that more recombination occurred in the blend ¥1m, leadingto
poor device performances.

Furthermore, transmission electron microscopy (TEM) was
performed toinvestigate the bulk morphologies of the blend
Elms. As we reported previously, the blend ¥lm having &g
aggregation, i.e., PBDTSTh-BDD and elongated ITIC-4T showed
large ball-shaped morphology*® (Fig. 5a), which decreased
exciton migration to the donor/acceptorinterface. Asshownin
Fig. 5b, ailler blending with small-sized ITIC-3T, the mugdgyof
the blend B1ms improved. The ball-shaped polymer aggre-
gates signi¥cantly decreased, which resulted in promising
PCE. As shown in Fig. 5d, compared with the observation
for the PBDTsTh-BDD/ITIC-4T blend Elm, the size of
ball-shaped polymer aggregates was reduced and PCE of
solar cells increased. This can conrm our previous
viewpoint that weak- ening the aggregations of polymer
chains can enhance the photovoltaic property of NF-PSCs.
Similarly, ailler blending with small-sized ITIC-3T (Fig. 5€), the
morphology of the blend lms also showed improvement. The
number of ball-shaped polymer aggregates reduced
signiBcantly; this was beneEfcial to charge transfer and led
to considerable improvement in Jscand FF. Although PCE
of 11.02% is relatively satisfactory, some ball- shaped
aggregates still existing in the blend limited the
photovoltaic performance. The polymer aggregates required
further destruction. As shown in Fig. 5gand h, PBDTBDD-PhPh/

200 nm

Fig. 5 TEM images of the active layers. (a) PBDTsTh-BDD/ITIC-4T; (b)
PBDTsTh-BDD/ITIC-3T; (c) PBDTsTh-BDD/ITIC-2T; (d) PBDTBDD-
Ph/ITIC-4T; (e) PBDTBDD-PH/ITIC-3T; (f) PBDTBDD-Ph/ITIC-2T; (g)
PBDTBDD-PhPH/ITIC-4T; (h) PBDTBDD-PhPH/ITIC-3T and (i)
PBDTBDD-PhPhH/ITIC-2T.
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ITIC-4T and PBDTBDD-PhPh/ITIC-3T blends show much worse

morphologies. This could be because the signiffcantly Ing
biphenyl side chains destroyed the ordered stacking of the

polymer PBDTBDD-PhPh and formed large space. As a result,

thesedevices showedvery poor PCEs. Thus, it canbefound that

the polymer needs appropriate aggregation. Other rigid aryl

rings (naphthalene and benzothiophene) as side chains may
tune aggregation of the polymer well. We will investigate them

in a future work. In addition, ajller decreasing the size of FREA
(Fig. 5¢, fand i), strong aggregations and severe phase separa-

tionoccurredin the blends, which were notfavorable for charge

separation and led to very poor PCEs.

Conclusions

In summary, we designed and synthesized two new wide-
bandgap polymers (PBDTBDD-Ph and PBDTBDD-PhPh) with
different aggregation degrees and FREAs (ITIC-4T, ITIC-3T and
ITIC-2T) with different sizes. The studywas used tounderstand
howtodesigndonorpolymersand FREAsforhigh-performance
NF-PSCs. The results clearly demonstrated that weakly aggre-
gated donor polymers and small-sized FREAs in appropriate
degree could match well with each other to achieve high PCEs.
In other words, small-sized FREAs could be embedded more
easily into the interspace of polymer chains and weakly aggre-
gated polymers can offer more space for FREAs to intercalate
into. Finally, an NF-PSC device based on the weakly aggregated
polymer PBDTBDD-Ph and small-sized ITIC-3T yielded over
11% PCE. Thus, this work offers an important guideline for the
design of donor polymers and FREAs for high-performance
fullerene/fullerene-free PSCs.
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