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We investigate the effect of introducing thiazole n-spacers in wide bandgap semiconducting copolymers
based on benzothiadiazole with either benzodithiophene or indacenodithiophene. Thiazole-containing
polymers show similar optical bandgaps but drastically downshifted frontier orbital levels compared to the
corresponding thiophene derivatives as a result of the more electronegative imine nitrogen.
Consequently, they provide an enhanced open-circuit voltage (V) of about 0.2 V in bulk heterojunction
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polymer solar cells. Notably, the V. approaches 0.95 V for polymers with an optical bandgap below
1.75 eV. Despite the favourable energetics, the performance of the thiazole-containing polymers in solar
cells is currently restricted by the relatively low molecular weight, which results in a sub-optimal bulk
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Introduction

Polymer solar cells (PSCs) are an emerging renewable energy
technology that has the prospect of achieving efficient, large-
area, flexible photovoltaic modules via roll-to-roll processing or
ink-jet printing."”® The core component of a PSC is its bulk-
heterojunction (BHJ) active layer, which typically consists of a
semiconducting polymer as the electron donor and a fullerene
derivative as the electron acceptor.’ Tremendous progress has
been achieved in the past few years with power conversion
efficiencies (PCEs) exceeding 11% in both single- and
multi-junction cells.*”® These achievements strongly benefited
from the development of new semiconducting conjugated
polymers.”® By employing alternating donor-acceptor (D-A)
units in the polymer backbone, creating new building blocks,
incorporating proper peripheral functionalities, and optimiz-
ing alkyl side chain patterns, the electronic structures, energy
levels, optical properties, and aggregation behaviour of
conjugated polymers can be well controlled and rationally
designed.'®™* Recently, wide bandgap conjugated polymers
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with optical bandgaps (E,s) of >1.70 eV have received growing
attention, since they are key components for use in multi-junc-
tion PSCs and in non-fullerene PSCs where the complementary
absorption is of particular importance.'”* One of the most
important advantages of wide bandgap polymers is their
potential to offer a high open-circuit voltage (V,), which is
desirable when the polymers are used in the front cell of
multi-junction PSCs or under low light intensity, e.g. in indoor
applications.>® Taking into account the widely recognized
0.6 eV limit of photon energy loss (Eioss = Ey — €Vo) for
efficient charge generation, wide bandgap organic solar cells
can provide a maximum attainable V,. of >1.1 V, theoreti-
cally.>® Presently, the typical Ejos in the wide bandgap subcell
is >0.9 eV,>° and hence there is sufficient room for increasing
the V,. of wide bandgap solar cells while maintaining high
external quantum efficiency (EQE).

It is well known that the V,. of PSCs is proportional to the
energy level of the highest occupied molecular orbital (HOMO)
of the semiconducting polymer donor. Generally, polymers
possessing deeper-lying HOMO levels can produce a higher
Voe.”” Conjugated polymers derived from the widely used elec-
tron accepting unit benzo[2,1,3]thiadiazole (BT) and weak elec-
tron donating units such as carbazole,*® silafluorene,*® benzo
[1,2-b:4,5-b'|dithiophene (BDT),"*?*° or indaceno[1,2-b:5,6-b']-
dithiophene (IDT)*" linked via two thiophene n-spacers usually
produce an E, of 1.7-1.9 eV, which is an ideal value for solar
cells that need complementary optical absorption. However,
PSCs made from these polymers usually suffer from a large
Ejoss Of >0.9 eV. It is well known that the replacement of an
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sp> carbon (—CH-) by a more electron negative imine nitrogen
(=N-) within an aromatic unit increases the electron
affinity.>*® For example, Zaborova et al. demonstrated that
switching from thiophene to thiazole in conjugated small
molecules does not only downshift the frontier orbital levels,
but also keeps the E, almost unchanged.’” Recently, our group
showed that incorporating thiazole into conjugated polymers
can enable high EQE at very low Ej.g.>® In addition, it is
expected that the thiazole ring can reduce the steric hindrance
between the neighbouring rings, leading to the improved
coplanarity of the polymers and closer interchain packing.*
We thus speculate that the replacement of thiophene by a thia-
zole ring as a m-spacer will be an effective method for creating
highly efficient wide bandgap polymers with high V,. and
reduced Ejygs.

Herein, we report the synthesis and characterization of two
novel wide bandgap polymers (BDT-DTzBT and IDT-DTzBT)
with BT as an acceptor unit and BDT or IDT as donor units,
linked via thiazole (Tz) mn-spacers and compare them to the
polymers with thiophene (T) as a z-spacer. The underlying
principles of the specific molecular design are outlined in
Scheme 1. The experimental results show that the replacement
of thiophene by thiazole can indeed effectively downshift the
frontier orbital levels of polymers and increase the V,. of the
resulting PSCs and suggest that efficient PSCs can be achieved
in high molecular weight thiazole-containing polymers.

Results and discussion
Synthesis

The chemical structures and synthetic route of the thiazole-
containing polymers, BDT-DTzBT and IDT-DTzBT, are shown
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in Scheme 2. For direct comparison, the corresponding
thiophene-containing analogues, BDT-DTBT and IDT-DTBT,
were also synthesized. The polymers were synthesized by stan-
dard stille polymerization from the corresponding bis(tri-
methyltin) and dibrominated monomers. We found that the
thiazole-based polymers consistently have a lower molecular
weight than their corresponding thiophene-containing ana-
logues. The number-average molecular weight (M,,) decreases
in the series BDT-DTzBT < BDT-DTBT, IDT-DTzBT < IDT-DTBT,
as determined with gel permeation chromatography (GPC)
performed at 140 °C using ortho-dichlorobenzene (0-DCB) as
the eluent (Table 1). The GPC traces are shown in Fig. S1
(ESIt). In particular, the M, of BDT-DTzBT (18.6 kDa) is quite
low. The lower molecular weights of BDT-DTzBT and
IDT-DTzBT lead to higher solubility. Consequently, BDT-DTzBT
and IDT-DTzBT are readily soluble in both chloroform and
chlorinated aromatic solvents at room temperature, while
BDT-DTBT and IDT-DTBT are only soluble in chlorinated aro-
matic solvents upon heating. Despite testing various different
conditions for the polymerization of BDT-DTzBT (ESI
Table S1t), we were unable to enhance the molecular weights.
We speculate that this is caused by a lower intrinsic reactivity
of the thiazole-containing dibrominated monomer (M4) or by
chelation of the palladium catalyst by the adjacent nitrogen
atoms on thiazole-substituted BT moieties (Scheme S1t), which
slows down or terminates the polymerization reaction.

Optical properties

UV-vis absorption spectra of the polymers both in solutions
and in thin films are shown in Fig. 1 and the relevant data are
listed in Table 1. All polymers show a bathochromically shifted
absorption in the solid-state compared to the solution as a

8. Deeper-lying HOMO N'S\N
\ Higher V, N
s o0 s
» ) {ponor |-/ s
s {L...)/n  Noncovalent conformation locks s _N-Y/n
H H

Steric hindrance

More planar structure

Conformation lock
No steric hindrance

Scheme 1 Design rationales for conjugated polymers from thiophene-substituted BT to thiazole-substituted BT.
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Table 1 Molecular weight, optical properties, and energy levels of BDT-DTBT, BDT-DTzBT, IDT-DTBT, and IDT-DTzBT

Amax (NM)
Polymer M, “ (kDa) PDI* Solution Film B (ev) HOMO (eV) LUMO (eV) B (V) AELumo” (eV)
BDT-DTBT 32.6 2.8 628 652 1.68 -5.60 —-3.57 2.03 0.67
BDT-DTzBT 18.6 3.4 592 600 1.73 -5.69 -3.80 1.89 0.44
IDT-DTBT 93.7 6.5 600 608 1.75 —5.55 -3.72 1.83 0.52
IDT-DTzBT 46.7 2.7 618 608 1.73 -5.71 -3.92 1.79 0.32
“Determined by GPC at 140 °C using 0-DCB as the eluent. b AErumo = Eromo (polymer) — Eyynmo ([70]PCBM).
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Fig. 1 Absorption spectra of the polymers in solutions and in thin films: (a) BDT-DTBT and BDT-DTzBT; (b) IDT-DTBT and IDT-DTzBT.

result of aggregation. As expected, the thiazole-containing
polymers show a similar E, (~1.70 €V) to their thiophene-
containing analogues in thin films (Table 2). BDT-DTzBT
shows some vibronic fine structures, which suggests coplana-
rity along the conjugated main. A similar vibronic fine struc-
ture is not observable in IDT-DTzBT, which is attributed to the
bulky hexylphenyl substituents on the IDT unit that impede
the aggregation and close packing of the polymer chains in the
solid state. IDT-DTzBT, which possesses a reasonably high
molecular weight, shows a higher absorption coefficient than
IDT-DTBT (Fig. S2 and S3, ESIt). In contrast, the absorption
coefficient of BDT-DTzBT is significantly lower than that of
BDT-DTBT (Fig. S2 and S3, ESIT), which may be caused by the
too low molecular weight of the former.

Electrochemical properties and energy levels

The effects of replacing thiophene by thiazole as a n-spacer on
the electrochemical properties and frontier orbital levels of the

Table 2 Performance parameters of polymer:[70]PCBM solar cells?

polymers were studied by cyclic voltammetry (CV) experiments.
As shown in Fig. 2a, the thiazole-containing polymers
BDT-DTzBT and IDT-DTzBT show a significant shift of the oxi-
dation and reduction waves by about 0.1-0.2 V towards more
positive potentials. The HOMO and lowest unoccupied mole-
cular orbital (LUMO) levels of the polymers were determined
from the onsets of the oxidation and reduction waves and
using the energy of ferrocene (Fc/Fc') of —5.23 eV vs. vacuum
as the internal standard. The energy level diagram is depicted
in Fig. 2b and the data are summarized in Table 1. Notably,
the offsets, AE;uymo, between the LUMO levels of the polymers
and that of [6,6]-phenyl-C,;-butyric acid methyl ester
([70]PCBM), approach the empirical limit of 0.30 eV for
efficient exciton dissociation in PSCs for the thiazole-contain-
ing polymers BDT-DTzBT and IDT-DTzBT. Clearly, the replace-
ment of thiophene by thiazole effectively downshifts both
HOMO and LUMO levels of the resulting polymers. Such a
downshift in frontier orbital levels not only increases the V. of

Polymer JSC(EQE)b (IIlA cmiz) Voe (V) FF (_) PCE* (OA)) EQEmax (_) Eoss ¢ (eV) Hn ¢ (Cm2 V71 sil)
BDT-DTBT 10.9 0.73 0.60 4.8 0.60 0.95 1.3x107"
BDT-DTzBT 7.4 0.92 0.63 4.3 0.42 0.78 1.3x107°
IDT-DTBT 9.8 0.75 0.49 3.6 0.54 0.95 4.6 x107"
IDT-DTzBT 10.5 0.94 0.46 4.5 0.56 0.76 3.6x107°

“Measured with 100 mW cm™> white light illumination in a ITO/MoO,(10 nm)/polymer:[70]JPCBM/PEN/Al(100 nm) device configuration.

b Determined by integrating the EQE with the AM1.5G solar spectrum. ° Calculated using Je. (EQE). ¢ Ejss =

E, — eV, where E, is the optical

bandgap of the active layer, using E, = 1.70 €V for [70]JPCBM." © At an electric field of E=2 x 10° Vcm ™.
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Fig. 2 Cyclic voltammograms (a) and energy levels (b) of BDT-DTBT, BDT-DTzBT, IDT-DTBT, IDT-DTzBT, and [70]PCBM. A value of —5.23 eV for

Fc/Fc* is used to determine the energy levels vs. vacuum.

the resulting PSCs, but also improves the stability of the
polymers against oxygen and moisture. These results prove
that the substitution of thiazole into the conjugated backbone
is an effective method for adjusting energy levels in organic
photovoltaic materials.

Photovoltaic properties

The photovoltaic properties of the polymers were evaluated in
single-junction PSCs under simulated AM1.5G illumination
(100 mW cm™2). EQE calibrated current densities were used to
accurately calculate the PCEs of the solar cells. Prior to the
optimization of the polymer:fullerene active layer, the effects
of the contacts for hole and electron collection on the
photovoltaic performance of the PSCs were investigated for
BDT-DTzBT and IDT-DTzBT. Employing the commonly used
acidic  poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic
acid) (PEDOT:PSS) can lead to a large barrier for hole extra-
ction and diminished performance via protonation of the basic
nitrogen.*® As shown in the ESI (Fig. S4 and S5; Tables S2 and
S47), both BDT-DTzBT and IDT-DTzBT afford the best solar
cells when molybdenum oxide (MoO,) and poly[(9,9)-bis(3'-
(N,N-dimethylamino)propyl)-2,7-fluorene]-alt-2,7-(9,9-dioctylfluor-
ene)](PFN)*" are used as a hole-collecting layer and an elec-
tron-collecting layer, respectively. To enable direct comparison
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Fig. 3

all polymers were therefore tested using an indium tin oxide
(ITO)/M0O,/polymer:[70]PCBM/PFN/Al cell architecture. We
then extensively optimized the processing conditions (solvent,
co-solvent, and polymer-fullerene weight ratio). A summary of
the device parameters of the PSCs based on BDT-DTzBT and
IDT-DTzBT under various conditions is collected in the ESI
(Tables S3 and S57%). The current density-voltage (/-V) charac-
teristics and EQE curves of the optimized PSCs are shown in
Fig. 3, and the corresponding device parameters are summar-
ized in Table 2. Device statistics can be found in the ESI
(Table S61).

All the four polymers offer PCEs around 4%-5% in PSCs.
The device performance of the BDT-DTBT:[70]PCBM cell in
this study is comparable to our previous work where ITO/
PEDOT:PSS and LiF/Al were used as hole-collecting and
electron-collecting contacts, respectively.'® Compared to the
thiophene-containing polymers, the V,. of solar cells based on
the thiazole-containing polymers is enhanced by about
0.2 V. Consequently, a high V,. approaching 0.95 V was
achieved by BDT-DTzBT and IDT-DTzBT. We note that such a
high value is rarely observed for the polymers with an E, below
1.75 eV.*>™* Correspondingly, the Ejs of the PSCs reduces
from ~0.95 eV for BDT-DTBT and IDT-DTBT to ~0.75 eV for
BDT-DTzBT and IDT-DTzBT (Table 2). These results are con-
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(a) Current density—voltage (J-V) characteristics of ITO/MoO,(10 nm)/polymer:[70]PCBM/PFN/AL(100 nm) solar cells in the dark and under

AML.5G illumination (100 mW cm™2). (b) Corresponding EQE spectra, measured with 1 sun equivalent light bias.
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sistent with the energy level alignment of the polymers (Fig. 2)
and confirm the validity of our design of replacing thiophene
by thiazole to increase the V,.. However, Fig. 3 also shows that
BDT-DTzBT produces a lower PCE than BDT-DTBT due to a
substantially lower short-circuit current density (Js.) and EQE.
We attribute this to the combined effect of the smaller optical
absorption coefficient (Fig. S2 and S3, ESI{) and the lower
molecular weight of BDT-DTzBT. The beneficial effect of a
high polymer molecular weight on the performance of
polymer solar cells is well documented and generally ascribed
to the suboptimal morphology that is formed when the mole-
cular weight is low.**™*® In this respect, a fill factor (FF) of
0.63 for BDT-DTzBT:[70]PCBM cells is still relatively high,
implying that highly efficient PSCs based on this polymer may
be achievable once the molecular weight can be improved.
This speculation is supported by IDT-DTzBT, which possesses
a reasonable high M, of 46.7 kDa and produces a J;. and an FF
that are comparable to IDT-DTBT, thereby offering a higher
PCE due to its higher V. Both IDT-DTBT and IDT-DTzBT
provide a relative low FF. We will discuss the possible reasons
in more detail below. The EQE spectra (Fig. 3b) show virtually
identical shapes for the two BDT and for the two IDT
polymers. The main difference is the height of the EQE.

Morphology

It is well known that the morphology of the polymer:fullerene
blend films plays a key role in exciton diffusion, exciton
dissociation, and charge transport which determine the per-
formance of bulk-heterojunction solar cells. The morphology
was thus investigated by transmission electron microscopy
(TEM). As shown in Fig. 4a and b, the BDT-DTBT:[70]PCBM
bulk heterojunction film shows finely dispersed fibrillary
structures and an intimately mixed film, while the
BDT-DTzBT:[70]PCBM blend exhibits considerable phase sep-
aration with large (>100 nm), dark almost spherical fullerene
domains and brighter fibrillary structures that we attribute to
aggregated polymer chains. The large spherical domains in
BDT-DTzBT:[70]PCBM are reminiscent of liquid-liquid phase
separation during spin-coating. It is known that liquid-liquid
phase separation during drying of spin coated polymer-fuller-
ene films occurs when the polymer has an increased solubility
and a decreased tendency to aggregate.”>>" The occurrence of

(c) IDT-DTBT
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liquid-liquid phase separation for BDT-DTzBT:[70]PCBM
blends is therefore not surprising when we recall the low
molecular weight and high solubility of BDT-DTzBT. With this
morphology, the low j,. and EQE are a consequence of a
diminished polymer/fullerene interface for charge generation,
while the relative high FF can be a consequence of high
domain purity that we infer from the high contrast between
the light (polymer rich) and dark (fullerene) regions in the
TEM of the BDT-DTzBT:[70]PCBM blend (Fig. 4b). In addition,
the larger domains in this blend (Fig. 4b) can provide
unobstructed pathways for charge transport.

As shown in Fig. 4c and d, both IDT-DTBT:[70]PCBM and
IDT-DTzBT:[70][PCBM possess a relatively homogeneous film
morphology without significant phase separation. In such an
intimately mixed blend, charge separation is hindered because
neither of the components crystallizes. Crystallization is
known to be beneficial for the dissociation of photo-generated
charges from the donor-acceptor interface,> and without crys-
tallization charges are more prone to geminate recombination.
In agreement with this interpretation, the current density of
illuminated IDT-DTBT and IDT-DTzBT based solar cells exhi-
bits a considerable increase under reverse bias where the
enhanced electric field promotes charge separation from the
donor-acceptor interface (Fig. 3a). The fact that the dark
current does not increase significantly under reverse bias
(Fig. 3a) excludes the fact that the increased current density
under illumination is due to a low shunt resistance. The mor-
phology thus explains why both IDT-DTBT:[70]PCBM and
IDT-DTzBT:[70]PCBM solar cells show a low FF that limits the
PCE.

Charge transport and recombination

To further understand the photovoltaic properties of the poly-
mers, the charge carrier transport and recombination of the
polymer:[70]PCBM blend films were investigated. Hole mobili-
ties were determined from hole-only polymer:[70]JPCBM blend
devices by fitting the data using the space-charge-limited
current (SCLC) model. The current density versus voltage
characteristics are shown in Fig. S6 (ESIf), and the mobility
values acquired from the data fitting are listed in Tables 2 and
S7 (ESIt). Table 2 shows that the hole mobilities of the bulk
heterojunction films based on thiazole-containing polymers

Fig. 4 Bright field TEM images of the polymer:[70]PCBM blend films deposited with the same methods as those for PSC fabrication for BDT-DTBT
(a), BDT-DTzBT (b), IDT-DTBT (c), and IDT-DTzBT (d). Image size: 1.5 x 1.5 pm?; scale bar: 200 nm.
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are one order of magnitude lower than those of their
thiophene-containing analogues.

Bimolecular charge recombination kinetics of the PSCs
were qualitatively investigated by analysing the ratio between
the EQE measured with light bias to afford a short-circuit
current equivalent to AM1.5G illumination and the EQE
measured without light bias (denoted as p = EQEpjas/EQE o bias)-
Since the bimolecular recombination efficiency can be approxi-
mated as g = 1 — p,>* a high p indicates lower bimolecular
recombination. Fig. 5 shows the p average values in the wave-
length range from 400 to 700 nm of the PSCs. The original
biased and unbiased EQEs of the corresponding solar cells are
provided in the ESI (Fig. S71). In all cases the bimolecular
recombination efficiency is estimated to be less than 10%.
PSCs based on the thiazole-containing polymers produce lower
average p values than the corresponding thiophene-containing
polymers, indicating more bimolecular recombination losses.
These results are consistent with the hole mobilities of the
corresponding polymer:[70]PCBM blends.

Considering its lower hole mobility and higher bimolecular
recombination, the higher FF of the BDT-DTzBT:[70]PCBM cell
(FF = 0.63) compared to the BDT-DTBT:[70]PCBM cell (FF =
0.60) may seem surprising. Likewise, the FF of the IDT-DTzBT:
[70]PCBM cells (FF = 0.46) is only slightly lower than that of
the IDT-DTBT:[70]PCBM devices (FF = 0.49). This shows that
the devices operate in a range where the hole mobility and
bimolecular recombination are not the main factors that deter-
mine the FF and J,.. We propose that rather the efficiency of
charge separation from the donor-acceptor interface and the
effect of the electric field on this process determine the FF. In
agreement, the highest FF is found for the most phase-
separated blend (BDT-DTzBT:[70]PCBM), where the pure
phases enhance the separation of photo-generated electrons
and holes from the donor-acceptor interface.

Conclusions

In conclusion, four wide bandgap conjugated polymers with
BT as an acceptor unit, BDT or IDT as a donor, and thiazole or
thiophene as a m-spacer were synthesized and applied in
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polymer-fullerene solar cells. The results show that the repla-
cement of thiophene by thiazole can effectively downshift the
frontier orbital levels of the polymers without significantly
changing the optical bandgap. Consequently, the V,. of the
PSCs is enhanced by about 0.2 V. The PCE, however, is only
significantly improved for IDT-DTzBT compared to IDT-DTBT,
but not for BDT-DTzBT with respect to BDT-DTBT. In the latter
case, the low M, and higher solubility cause a sub-optimal
morphology for BDT-DTzBT:[70]JPCBM blends. Also for the
corresponding IDT polymers the M, is significantly reduced
when introducing thiazole, but in this case the absolute value
remains high and the blend morphologies are similar such
that the increased V,. indeed increases the PCE. The reason
for the reduced M,, seems to be a lower intrinsic reactivity of
the thiazole-flanked BT (DTzBT) monomer (M4) in the Stille
cross-coupling polymerization reaction, or a possible chelation
of the palladium catalyst by the DTzBT unit. As a result, the
real potential of the thiazole-containing wide bandgap poly-
mers in PSCs is obscured by the low molecular weights.
Nevertheless, the improved device performance for the thia-
zole-containing polymer (IDT-DTzBT), in which reasonably
high molecular weight was achieved, suggests that the thia-
zole-implementing strategy can be a fruitful approach.

Experimental section
Synthesis

All synthetic procedures were performed under an argon atmo-
sphere. All reactants and reagents are commercially available
and used as received, unless otherwise specified. Solvents were
dried over 4 A molecular sieves. [60]PCBM (purity of 99%) and
[70]PCBM (purity of 99%) were purchased from Solenne BV.
2,6-Bis(trimethyltin)-4,8-di(2,3-didecylthiophen-5-yl)-benzo-
[1,2-b:4,5-b"]dithiophene (M1) was purchased from SunaTech
Inc.  2,7-Bis(trimethyltin)-4,4,9,9-tetrakis(4-hexylphenyl)-4,9-
dihydro-s-indaceno[1,2-b:5,6-b'|dithiophene (M2),>* 4,7-bis(5-
bromothiophen-2-yl)benzo[2,1,3]thiadiazole ~ (M3),>®>  and
4,7-bis(5-bromothiazol-2-yl)benzo[2,1,3]thiadiazole (M4)>° were
synthesized according to the literature procedures.
Poly{(4,8-di(2,3-didecylthiophen-5-yl)-benzo[1,2-b:4,5-b]dithio-
phen-2,6-diyl)-alt-((4,7-di(thiophen-2-yl)benzo[2,1,3]thiadiazole)-
5,5'-diyl)} (BDT-DTBT). To a degassed solution of monomer M1
(99.30 mg, 0.080 mmol) and M2 (36.66 mg, 0.080 mmol) in
anhydrous toluene (1.8 mL) and anhydrous N,N-dimethylform-
amide (DMF) (0.2 mL), tris(dibenzylideneacetone)-dipalladium(0)
(2.19 mg, 0.0024 mmol) and tri(o-tolylphosphine) (5.84 mg,
0.0192 mmol) were added. The mixture was stirred at 115 °C
for 18 hours, after which 2-(tributylstannyl)thiophene and
2-bromothiophene were sequentially added to the reaction
with a 2 hour interval. After another 2 hours, the reaction
mixture was diluted with 0-DCB, and refluxed with ethylene-
diaminetetraacetic acid dipotassium salt dihydrate (EDTA)
(100 mg) and water (2 mL) for 2 hours. Upon cooling, the reac-
tion mixture was precipitated in methanol and filtered
through a Soxhlet thimble. The polymer was subjected to
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sequential Soxhlet extraction with acetone, hexane, dichloro-
methane, and chloroform under argon protection. The residue
in the thimble was dissolved in 0-DCB at 140 °C for 2 hours,
filtered hot, concentrated and precipitated in methanol to
obtain BDT-BT-2T as a dark shiny solid (80 mg, yield 82%). M,
=32.6 kg mol ™', PDI = 2.8.
Poly{(4,8-di(2,3-didecylthiophen-5-yl)-benzo[1,2-b:4,5-b']dithio-
phen-2,6-diyl)-alt-((4,7-di(thiazol-2-yl)benzo[2,1,3]thiadiazole)-
5,5'-diyl)} (BDT-DTzBT). BDT-DTzBT was synthesized as a dark
solid with the yield of 81% according to the method of
BDT-DTBT described above by collecting the chloroform frac-
tion in Soxhlet extraction. M,, = 18.6 kDa, PDI = 3.4.
Poly{(4,4,9,9-tetrakis(4-hexylphenyl)-4,9-dihydro-s-indaceno[1,2-
b:5,6-b']dithiophen-2,7-diyl)-alt-((4,7-di(thiophen-2-yl)benzo
[2,1,3]thiadiazole)-5,5'-diyl)} (IDT-DTBT). IDT-DTBT was
synthesized as a dark solid with the yield of 56% according
to the method of BDT-DTBT described above. M, = 93.7 kDa,
PDI = 6.5.
Poly{(4,4,9,9-tetrakis(4-hexylphenyl)-4,9-dihydro-s-indaceno[1,2-
b:5,6-b"|dithiophen-2,7-diyl)-alt-((4,7-di(thiazol-2-yl )benzo[2,1,3]-
thiadiazole)-5,5'-diyl)}  (IDT-DTzBT). IDT-DTzZBT  was
synthesized as a dark solid with the yield of 64% according to the
method of BDT-DTBT described above. M,, = 46.7 kDa, PDI = 2.7.

Measurements and characterization

"H nuclear magnetic resonance (NMR) spectroscopy spectra
were recorded at 400 MHz on a VARIAN mercury spectrometer
at 25 °C unless otherwise noted. 'H NMR spectra are refer-
enced to tetramethylsilane (TMS) using the residual solvent
peak impurity of the given solvent. The molecular weights and
polydispersity index (PDI) were determined with gel
permeation chromatography (GPC) at 140 °C on a PL-GPC
120 system using a PL-GEL 10 pm MIXED-B column and
0-DCB as the eluent against polystyrene standards. All the
polymer samples were dissolved in 0-DCB at 140 °C overnight
and the solutions were filtered through PTFE filters (0.2 pm)
prior to injection. UV-visible spectroscopy was recorded on a
Perkin Elmer Lambda 900 UV/vis/near IR spectrophotometer
at room temperature unless noted otherwise. All solution
UV-vis experiments were performed in 0-DCB with a sample
concentration of 0.05 mg mL™"'. Films were prepared by spin
coating 0-DCB solutions on glass substrates. Cyclic voltamme-
try (CV) studies were performed at a scan rate of 0.1 V s
under an inert atmosphere with 1 M tetrabutylammonium
hexafluorophosphate in acetonitrile as the electrolyte. The
working electrode was an ITO bar and the counter electrode
was a silver electrode. A silver wire coated with silver chloride
(Ag/AgCl) was used as a quasi-reference electrode in combi-
nation with Fc/Fc' as an internal standard. The samples were
spin coated on top of the ITO work electrode to form ~10 nm
thick films. TEM was performed on a Tecnai G* Sphera trans-
mission electron microscope operated at 200 kV. Space-charge-
limited-current hole mobility was acquired through the hole-
only devices with a configuration of ITO/MoO, (10 nm)/
polymer:[70]PCBM/MoO, (10 nm)/Ag (100 nm). The thickness
of the polymer:[70]PCBM blend films is similar to those of the
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corresponding solar cells. The dark current densities of the
polymer:[70]PCBM blends were measured by applying a
voltage between 0 and 4 V using a computer-controlled
Keithley 2400 source meter under an N, atmosphere. These
data were analysed according to the Mott-Gurney laws that
includes a Poole-Frenkel-type dependence of mobility on the

9 V2 v
electric field, given by J = g Eréoklo Eexp (0.89)/\/;), where &,

is the permittivity of free space, ¢, is the dielectric constant of
the polymer which is assumed to be around 3 for the conju-
gated polymers, u, is the zero-field mobility, V is the voltage
drop across the device, d is the film thickness of the active
layer, and y is a parameter that describes the strength of the
field-dependence effect. The applied voltage is used without
correcting for series resistance or built-in voltage, which offers
the best fitting of the experimental data following the protocol
reported in the literature.”” The hole mobilities are extracted
with the fit parameters at an electric field (E) of 2 x 10° V.em™
(corresponding to an applied voltage of 2 V across the bulk of
a 100 nm device) by the Murgatroyd equation u = u, exp(yVE).

Fabrication and characterization of solar cells

Photovoltaic devices were made by vacuum (~3 x 10”7 mbar)
evaporating 10 nm of MoO, onto pre-cleaned, patterned ITO
substrates. The polymer-fullerene photoactive layers were de-
posited by spin coating in a nitrogen-filled glovebox from the
solutions containing the corresponding polymers and
[70]PCBM with different content ratios at room temperature.
The IDT-DTzBT:[70]PCBM film was annealed at 130 °C for
10 min before depositing an electron-collecting layer.
No thermal annealing was applied to the other blend films.
The thickness of active layer films was controlled by spin
speed. All active layer films possess a similar thickness of
100 + 10 nm. Before the evaporation of the Al electrode, a thin
PFN layer was spin-coated on top of the active layer from its
methanol solution (0.2 mg mL™") at 3000 rpm. Finally, Al
(100 nm) was deposited by vacuum evaporation at ~3 x 107’
mbar as the back electrode. The active area of the cells was
0.09 or 0.16 cm?, which provided similar results. Current density-
voltage (J-V) characteristics were measured under simulated
solar light (100 mW cm™?) from a tungsten-halogen lamp fil-
tered by a Hoya LB100 daylight using a Keithley 2400 source
meter. No mismatch correction was done. All measurements
were conducted in a nitrogen-filled glove box. The accurate
Jse was determined from the EQE by integration with the
AM1.5G solar spectrum. EQE measurements were performed
in a homebuilt set-up, with the devices kept in a nitrogen
filled box with a quartz window and illuminated through an
aperture of 2 mm. Mechanically modulated (Stanford
Research, SR 540) monochromatic (Oriel, Cornerstone 130)
light from a 50 W tungsten halogen lamp (Osram 64610) was
used as probe light, in combination with continuous bias light
from a solid state laser (B&W Tek Inc. 532 nm, 30 mW). The
intensity of the bias laser light was adjusted using a variable-
neutral density filter. The response was recorded as the voltage
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over a 50 Q resistance, using a lock-in amplifier (Stanford
Research Systems SR 830). For all devices, measurement was
carried out under representative illumination intensity
(AM1.5G equivalent, provided by the 532 nm laser).
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