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Benzobisthiazole as Weak Donor for Improved Photovoltaic
Performance: Microwave Conductivity Technique Assisted

Molecular Engineering

Masashi Tsuji, Akinori Saeki,* Yoshiko Koizumi, Naoto Matsuyama,

Chakkooth Vijayakumar, and Shu Seki*

New donor-acceptor-type copolymers comprised of benzobisthiazole (BBTz)
as a weak donor rather than acceptor are proposed. This approach can simul-
taneously lead to deepening the HOMO and LUMO of the polymers with
moderate energy offset against fullerene derivatives in bulk heterojunction
organic photovoltaics. As a proof-of-concept, BBTz-based random copolymers
conjugated with typical electron acceptors: thienopyrroledione (TPD) and ben-
zothiadiazole (BT) based on density functional theory calculations are synthe-
sized. Laser-flash and Xe-flash time-resolved microwave conductivity (TRMC)
evaluations of polymer:[6,6]-phenyl Cg; butyric acid methyl ester (PCBM)
blends are conducted to screen the feasibility of the copolymers, leading to
optimization of processing conditions for photovoltaic device application.
According to the TMRC results, alternating BBTz-BT copolymers are designed,
exhibiting extended photoabsorption up to ca. 750 nm, deep HOMO (-5.5 to
-5.7 eV), good miscibility with PCBM, and inherent crystalline nature.
Moreover, the maximized PCE of 3.8%, the top-class among BBTz-based
polymers reported so far, is realized in an inverted cell using TiO, and MoO,
as the buffer layers. This study opens up opportunities to create low-bandgap
polymers with deep HOMO, and shows how the device-less TRMC evaluation

of 8-12% has been achieved? in bulk het-
erojunction (BHJ) OPVs. This was realized
through the development of new semicon-
ducting materials, which concurrently sat-
isfy the prerequisites in optical properties
(the overlap of absorbance with the solar
spectrum), nanoscale morphology (forma-
tion of a p/n network that ensures both
charge separation and collection), and
energy alignment (low-lying highest occu-
pied molecular orbital (HOMO) level to
gain high open-circuit voltage (V,)). The
former two properties are associated with
the short circuit current (J,) and partly
controlled by processing conditions (sol-
vent, additive, and thermal annealing). In
one of the most common design strate-
gies for low-bandgap polymers, the intra-
molecular charge-transfer phenomenon is
rationally utilized through the alternating
arrangement of donor (e.g., benzodithio-
phene (BDT),Bl cychlopentadithiophene
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is of help for decision-making on judicious molecular design.

1. Introduction

Organic photovoltaics (OPV) provide substantial promise for
low-cost, lightweight, and bendable solar cells.l'!" Recently,
notable improvement in the power conversion efficiency (PCE)
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(CPDT),  carbazole (Cz),®! fluorene

(FLO)!®) and acceptor (e.g., benzothiadia-

zole (BT),”! thienopyrroledione (TPD),®l

isoindigo (IIDG),”! diketopyrrolopyrole
(DKPP)11%). This design allows lowering of the lowest unoccu-
pied molecular orbital (LUMO) while keeping a deep HOMO of
the copolymers.

While new donor and acceptor units are still evolving, com-
binations of typical units are rapidly being explored. Thiazole
derivatives such as BT,”! bithiazole (bTz),l'!l thiazolothiazole
(TzTz),*% and benzobisthiazole (BBTz)!371¢ are regarded as
acceptors and have been polymerized with typical donor units.
In particular, incorporation of BT or TzTz has succeeded in
demonstrating respectably high PCEs of 6-7%. Nevertheless,
BBTz has not been subjected to intensive investigation. Jenekhe
et al. reported OPVs of BBTz copolymers coupled with typical
donors (BDT, CPDT, Cz, bithiophene, dithienopyrole, and Si-
CPDT)," where the absorption maxima in the film state are
less than 560 nm. They tuned the ionization potential to secure
oxidation-resistance, leading to a maximized PCE of 3.83% for
a BBTz and BDT copolymer:[6,6]-phenyl C;; butyric acid methyl
ester (PC,;BM) = 1:2 device.[’] The optical properties of these
polymers indicate that BBTz is a weak acceptor, which is also
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dictated from its HOMO and LUMO levels calculated by den-
sity functional theory (DFT).

Here, we focused on the use of BBTz as a weak donor rather
than acceptor and designed new copolymers in conjunction
with typical acceptors (BT and TPD). This design is expected to
yield both low bandgap and deep HOMO, which is schemati-
cally illustrated in Figure 1 a (the HOMO and LUMO levels
of monomer m-units are given in the Supporting Informa-
tion, Figure Sla). Commonly a combination of two acceptors,
however, leads to an n-type property,'’] because the LUMO
of the copolymer is excessively lowered, being unable to pre-
serve energy offset from LUMO of fullerene (empirically > 0.3
eV) to ensure efficient electron transfer.'® For instance, Wudl
et al. systematically investigated the impact of acceptor strength
on the electronic and optical properties of donor—acceptor poly-
mers consisting of DKPP coupled with benzene, BT, or benzo-
bisthiadiazole (BBTdz)."") They revealed ambipolar FET opera-
tion for DKPP-BBTdz copolymer which has HOMO at —4.55 eV
and LUMO at -3.9 eV (from cyclic voltammetry and photoab-
sorption onset), pointing out DKPP as a weak donor and BBTdz
as an acceptor. Quite recently, Jenekhe et al. reported the use
of TzZTz and BBTz as a weak donor, which was coupled with
electron-withdrawing DKPP unit,l' and demonstrated a high
field-effect transistor (FET) hole mobility of 1.3 cm? V1 s7!
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Figure 1. a) Conceptual illustration of building block combinations with
respective energy levels, where BBTz is used as an acceptor (upper) and
as a weak donor (lower). HOMO and LUMO of: b) Cz (donor)-BBTz
(acceptor), c) BBTz (donor)-TPD (acceptor), and, d) BBTz (donor)-BT
(acceptor) dimers calculated by DFT using B3LYP/6-31G(d,p).
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with 3.4% PCE for TzZTz-DKPP polymer and PC;BM blends.
However, BBTz-DKPP:PC;;BM showed a PCE of just 2.7%
with three-order lower FET mobility and an amorphous nature,
indicating that the use of BBTz as donor is not readily advan-
tageous. On the contrary, we succeeded in realizing a BBTz
(donor)-BT (acceptor) polymer suitable for OPV application,
possessing appropriate energy alignment, crystallinity, and
inherent high photo-response, resulting in 3.84% PCE for a
PC4sBM blend (not PC;BM). Throughout the study, flash-
photolysis time-resolved microwave conductivity (TRMC)20-22]
was utilized to characterize the optoelectronic performance of
the copolymers. More importantly, it was also used as a tool for
decision-making on the molecular design strategy.

2. Results and Discussion
2.1. Random Copolymers for Backbone Screening

BBTz was synthesized by the acid-catalyzed condensation of
3-alkylthiophene aldehyde and 2,5-diamino-1,4-benzenedithiol,
affording bis(2-thienyl)benzobisthiazole. As a result, the BBTz
unit is sandwiched by two thiophenes of which the alkyl side-
chains help dissolving the monomer as well as the polymers in
organic solvents.l] As a proof-of-concept, we performed DFT
calculation of donor—acceptor dimers of bis(thiophene)-BBTz in
conjugation with Cz, TPD, and BT. Figure 1b shows the HOMO
and LUMO of BBTz—Cz dimer, which is a combination of normal
donor (Cz) and acceptor (BBTz) moieties. The LUMO is biased
on the BBTz unit, while the HOMO is spread over the entire
molecule. In contrast, the LUMOs of BBTz-TPD (Figure 1c)
and BBTz-BT (Figure 1d) dimers are localized on TPD and BT,
respectively, in spite of the similarly extended HOMO. The local-
ization of LUMO on TPD or BT is more obvious in DFT results
of longer polymer chain (vide infra). The calculated LUMO level
of bis(2-thienyl)-BBTz (T-BBTz-T) is higher than those of bis(2-
thienyl)-BT (T-BT-T) and bis(2-thienyl)-TPD (T-TPD-T) (Sup-
porting Information, Figure S1b). These observations support
our assumption that BBTz can work as a weak donor, relevant
to the indication by Wudl et al. that the categorization of “donor”
and “acceptor” moieties is not entirely definitive.!'")

Accordingly, two random copolymers of PBBTz-ran-TPD
and PBBTz-ran-BT were synthesized together with a refer-
ence polymer (PBBTzCz). The chemical structures of the poly-
mers are shown in Figure 2a. The detailed synthetic routes
are provided in the Supporting Information. PBBTz-ran-TPD
and PBBTz-ran-BT were prepared by Stille coupling with stan-
nylthiophene (T) at BBTz:T:TPD (BBTz:T:BT) = 1:2:1 molecular
ratio. The electronic absorption spectra of PBBTz-ran-TPD and
PBBTz-ran-BT exhibited maxima at identical positions (517 nm,
Figure 2b), which is 60 nm longer than that of PBBTzCz. The
maxima in film states were marginally red-shifted, indicative
of planarization of polymer backbone. The HOMO and LUMO
levels of these polymers were measured by photoelectron yield
spectroscopy (PYS), and photoabsorption edges (Supporting
Information, Figure S2). Importantly, the HOMO levels of the
random copolymers and PBBTzCz are deep (-5.7 eV) as listed
in Table 1, highlighting the weak-donor role in these polymers.
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(interfacial) charge-transfer statel?>?* and/or

1.0 L

SHry  PBBTzCz i

0.6

Normalized absorbance

£ prompt geminate charge recombination,?’]

which does not contribute to free charge-
generation. Notably, PBBTz-ran-BT:PC¢BM
blend films revealed marked enhancement in
both ¢¥uy. and 7y),, the maxima of which
simultaneously located at p/n = 1:2, as shown
in Figure 3c.

Following the prescreening results
by TRMC, we fabricated OPV devices
of PBBTzCz, PBBTz-ran-TPD, and
PBBTz-ran-BT with respectively optimized
mixing ratios with PCyBM. After optimi-
zation of processing conditions (solvent,

Solution

<. PBBTz-ran-BT

Figure 2. a) Chemical structures of the reference (PBBTzCz) and random polymers (PBBTz-ran-
TPD and PBBTz-ran-BT). The pink and white blue represent donor and acceptor moieties,
respectively. b) Normalized photoabsorption spectra of PBBTzCz (ocher), PBBTz-ran-TPD
(orange), and PBBTz-ran-BT (purple). The solid lines are chloroform solutions and the dotted

lines are films on quartz.

The photo-conductive properties of PBBTzCz, PBBTz-ran-
TPD, and PBBTz-ran-BT films were surveyed by means of
laser-flash TRMC?% with an excitation wavelength of 355 nm.
Figure 3a displays the dependences of the transient photocon-
ductivity maxima (@Ziy,,) and its halflifetime (7;,,) on the
blend ratio of PBBTzCz and [6,6]-phenyl Cg; butyric acid methyl
ester (PCq;BM). The corresponding kinetic traces are provided
in Figure S3, Supporting Information. ¢Xu is the product of ¢
and Zu, where ¢ is the charge carrier generation efficiency and
> is the sum of positive (u+) and negative (1) charge-carrier
mobilities. Higher @Xi,,, and longer 7/, can lead to better
OPV performance, as proved in regioregular poly(3-hexylthio-
phene) (P3HT):PCs;BM blends, because the product of @Zu,, .,
and 7y, values reflects the effective total number of charges col-
lected by the electrodes.?!] PBBTzCz:PC¢; BM blend films exhib-
ited the maximum @Xpiy,, at around 1:1-1:3, while 7, always
stays at a very small level. It should be noted that ¢Xu,,,, was
increased by six times upon addition of PC4;BM concomitant
with a progressive fluorescence quenching (Supporting Infor-
mation, Figure S4), demonstrating an efficient exciton migra-
tion to p/n interfaces and subsequent charge separation. On
the other hand, the ¢@X,,,, of PBBTz-ran-TPD:PC¢BM blend
was increased by only a factor of two, along with still small
7y, (Figure 3b). This is explained by a bound intermolecular

400 500 600 700 800
Wavelength / nm

thermal annealing, and solvent additive:
1,8-diiodooctane, DIO), PBBTzCz and
PBBTz-ran-TPD resulted in PCEs of 0.95 and
0.90% with relatively high V.. of 0.74 and
0.72 V, respectively (Figure 3d). Other device
parameters are summarized in Table 1.
The PCE of PBBTzCz was one order higher
than that of the identical backbone with dif-
ferent alkyl chains reported by Jenekhe et al.
(0.06%).14 This could be simply attributed to the more precise
formation of BHJ network.

Atomic force microscope (AFM) images of the devices show
the formation of BHJ structures at nanometer dimensions (Sup-
porting Information, Figure S5a—d). Although the PCE values
are almost competitive, PBBTzCz gave higher ], and lower fill
factor (FF) than those of PBBTz-ran-TPD. The current density of
PBBTzCz is still increasing under reverse bias, suggesting that
charge-carriers are initially generated at higher density, but they
recombine even at short-circuit conditions, leading to a low FF
(0.30). Conversely, PBBTz-ran-TPD displayed a higher FF (0.56),
but the ], is low, due to inefficient initial charge separation.
These device characterizations are in a good agreement with
TRMC results. However, PBBTz-ran-BT failed to indicate an
OPV character, mainly ascribed to the strong aggregating nature,
as evident from an extremely rough morphology observed even
by an optical microscope (Supporting Information, Figure S5d).

2.2. Alternating Copolymers Aimed for Raising OPV
Performance

Despite the failure in device fabrication, we chose the BT
unit rather than TPD for further investigation, because

Table 1. Molecular weight, optoelectronic properties, and OPV device parameters of PBBTzCz, PBBTz-ran-TPD, and PBBTz-ran-BT.

Polymer M,, PDI? Amax) (film) HOMO9) LUMO®) PCE Voo Jse FF
kg mol™'] [nm] [eV] [eV] [%] [\ [mA cm™]

PBBTzCz 5 1.8 457 (469) -5.7 -3.2 0.959 0.749 4219 0.309

PBBTz-ran-TPD 23 2.5 517 (524) -5.7 -3.9 0.909) 0.729 2.259 0.56°9

PBBTz-ran-BT 32 6.3" 517 (522) -5.7 -39 -8 -8 -8 -8

Apolydispersity index; ®)Chloroform solution; “HOMOs were measured by PYS; LUMOs were calculated from the band edge of the film absorption;

9Polymer:PCs,BM =

1:2 (w/w); an o-dichlorobenzene (oDCB) solution, thermal annealing at 100 °C for 10 min; ®Polymer:PCs;BM = 1:1 (w/w); oDCB solution with 3% v/v DIO, thermal

annealing at 150 °C for 10 min; ABimodal; ®Not obtained.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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15  PBBTzCz (d = 18.5 A), PBBTz-ran-TPD (d =
21.8 A), and PBBTz-ran-BT (d = 19.8 A).

Of particular importance for PBBTzBT-HD
11.0 and PBBTzBT-DT is the linear conformation
of polymer backbone. Bis(thiophene)-BT and
bis(thiophene)-BBTz are an axisymmetric
and centrosymmetric units,?’] respectively;
however, their alternating copolymers cancel
the bond angle and they are regarded as
a linear shape, which most likely leads to
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(CAM)-DFT? of the modeled oligomer of
PBBTzBT shown in Figure 4d clearly dem-
onstrates its extended feature, where the
HOMO is delocalized over 5 nm (more than
two repeating units) and instead, the LUMO
is converged on the central BT unit, reiter-
ating that BT acts as an acceptor. The similar
DFT calculations were performed for the
model of PBBTz-ran-TPD and PBBTzCz poly-

0.0

0 20 40 60 80 100
PCBM / wt%

Figure 3. Photoconductivity transient maximum (@i, red circles, left axis) and its half-life-
time (1; 2, blue triangles, right axis) measured by laser-flash TRMC upon exposure to 355 nm in
a) PBBTzCz:PCs,BM blends, b) PBBTz-ran-TPD:PCq,BM blends, and, ¢) PBBTz-ran-TPD:PCqBM
blends. d) J-V curves of PBBTzCz:PCs;BM = 1:2 (ocher) and PBBTz-ran-TPD:PC4;BM = 1:1
(orange) devices (ITO/PEDOT:PSS/active layer/Ca/Al) under one sun illumination.

PBBTz-ran-BT revealed a much better TRMC profile than
PBBTz-ran-TPD. 3-alkylthiophenes having branched long
alkyl chains were coupled at the 5-position with BT, allowing
for good solubility as well as high planarity arising from the
avoidance of steric hindrance at the BT and thiophene junc-
tion.?%) Accordingly, the stannyl-BBTz was polymerized with
the bis(alkylthiophene)-BT units, affording PBBTzBT-HD
(2-hexyl-decyl:C4-Cyo) and PBBTzBT-DT (2-decyl-tetradecyl: Cyq-
Cy4) with high molecular weights (Figure 4a). The absorption
maxima in solution were further red-shifted to 569 and 598 nm
for PBBTzBT-HD and PBBTzBT-DT, respectively, and an extra
20-40 nm shift was observed in the film states accompanied
by distinct vibronic peaks (Figure 4b). The HOMO energies are
considerably deep (-5.5 and 5.7 eV) with appropriate LUMO
levels (—3.8 and —3.9 eV). The optical and electrochemical prop-
erties are summarized in Table 2.

More pronounced improvement in films is recognized
in the X-ray diffraction (XRD) spectra shown in Figure 4c.
PBBTzBT-HD exhibited an intense and sharp peak at 20 = 4.04°
(d-spacing = 21.9 A) along with its second-order peak at 8.18°,
relevant to the intermolecular distance between polymer chains
interdigitated by side alkyl chains. The d-spacing of PBBTzBT-
DT was widened by 13% to 24.7 A (26 = 3.58°) consistent with
the extended chain length, but the peaks are still strong, given
the second-order diffraction peaks. This indicates an intriguing
intermolecular n-stacking of PBBTzBT-HD and PBBTzBT-DT, in
contrast to the much broader and weaker diffraction patterns of

Adv. Funct. Mater. 2014, 24, 28-36
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T T mers (Supporting Information, Figure S6).
Their LUMOs are localized on the respec-
tive acceptor units (TPD or BBTz), and more
importantly, their conformations take an arch
or winding shape. Time-dependent CAM-
DFT of PBBTzBT provides the assignment of
electronic transition in the absorption spectra
(Supporting Information, Figure S6). The
peaks at the longest wavelength (ca. 600 nm)
shown in Figure 4b is mainly due to the tran-
sition from HOMO to LUMO involved by intramolecular charge
transfer (ICT) nature;*% the second peak at around 480 nm
is partly ascribed to HOMO-2 to LUMO+2 and HOMO-1 to
LUMO+1, mainly originated from the bis(thiophene)-BT unit.
Prior to device fabrication, the values of @Xiiy,, and 7y, were
examined by TRMC (The kinetic traces of photoconductivity
transients are provided in Figure S8, Supporting Information).
As shown in Figure 5a, ¢X,,.,, of PBBTzZBT-HD increased by
three times compared with those of PBBTzCz, PBBTz-ran-
TPD, and PBBTz-ran-BT. Interestingly, PBBTzBT-HD exhib-
ited two peaks at PCq;BM = 20 and 67 wt%, which has been
also observed for typical conjugated polymers such as P3HT,
poly[N-9”-hepta-decanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-
2’,1’,3’-benzothiadiazole)] (PCDTBT), and poly[2,6-(4,4-bis-(2-
ethylhexyl)-4 H-cyclopenta[2,1-b;3,4-b’|dithiophene)-alt-4,7(2,1,3-
benzothiadiazole)] (PCPDTBT).22 This is due to an interplay of
hole mobility, electron mobility, and their photogeneration yield
at different p/n blend ratio. However, 7y, gave the sole max-
imum at PCyq;BM = 67 wt% and, thus, the OPV device was fab-
ricated at this blend ratio (PBBTzBT-HD:PC¢BM = 1:2). With
an identical optimization of processing to the previous cases,
3.20% PCE was achieved with high V,. of 0.83 V (Table 2),
much superior to the random polymer (PBBTz-ran-BT) and
the reference (PBBTzCz), in accordance with TRMC predic-
tion. This improvement is rationalized by the linear backbone
conformation implemented by alternating polymerization as
well as the increased molecular weight with low PDI, extended
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and its photoconductive properties were
investigated by TRMC. It is striking to
note that both ¢Zpi,, and 7y, were further
enhanced by a factor of three (Figure 5b).
They displayed distinct one maximum,
but at different blend ratio (1:1 for ¢X,,,
and 1:4 for 7y);). Therefore we performed
TRMC using white light pulses from a
solar-simulating Xe-flash lamp as a pho-
toexcitation source, the so-called Xe-flash
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b) - . ' - TRMC.?2] Tt has been recently developed
% 1.0 S Y | Y | PBBTzCz for evaluation of material feasibility in OPV
§ o8 | ‘(g osl Il PBBTzran-TPD 1 flevmes, where jche photoconductivity max-
2 = imum (AG,,,) includes not only the gen-
§ S osll | ™ PBBTz-ran-BT |  eration yield and local mobility of charge
s 0.6 ] :’o_ — PBBTzBT-HD car?er but alsi) itsf ltiietirfﬁe anddlight-ha;
o = vestin roperty o e nim under muc
% 0.4 T ‘E 04 == PRBTZEI=DT lower gpﬁotf—irr};diation density than that
E § of laser-flash TRMC. As a result, PBBTzBT-
Soz2 1 £ 02 DH: PCyBM deciphered the best blend

""" Solution ratio of 1:2 (Figure 5c).
0 o6 o6 700 8o 0.0 Further optimization of solvents, addi-

3 4 5 6 7 8 9 10

Wavelength / nm

tives, thermal annealing conditions, and
thickness of an active layer were screened
rapidly based on TRMC measurements,
giving a maximized PCE of 2.37%. However,
this is lower than PBBTzBT-HD in spite of
good p/n mixing (AFM in Figure S9 and
fluorescence quenching in Figure S10, Sup-
porting Information), mainly due to the
decreased J,. (Table 2). On a closer look at
the J-V curve in Figure 5d, PBBTzBT-DT
exhibits an S-kink shape at the open-circuit
voltage. This could be linked to the fol-
Figure 4. a) Chemical structures of alternating copolymers. The pink and white blue represent ~ lowing: i) nongeminate charge recombina-
donor and acceptor moieties, respectively. HD and DT stand for the side-alkyl chains drawn in  tion loss via charge trap by impurities,3!
blue. b) Normalized photoabsorption spectra of PBBTzBT-HD (green) and PBBTz-DT (blue). ii) imbalance between hole and electron
The solid lines are chloroform solutions and the dotted lines are films on quartz. ¢) XRD pat- mobilities intimately related to BHJ struc-
terns of the pristine copolymers. d) HOMO and LUMO of PBBTzBT-modeled oligomer after .

ture,32 and, iii) contact resistance at the

geometry optimization by CAM-DFT using B3LYP/6-31G(d,p). 8 -
BHJ/buffer layer interface.3¥l The third

one is thought plausible, since the HOMO

photoabsorption, and good BH]J network formation (AFM  of PBBTzBT-DT was substantially deepened to —5.7 eV and,

images in Figure S9, Supporting Information). moreover, TRMC results suggest a better performance of

Addressing the solubility issues of PBBTzBT-HD as  PBBTzBT-DT than PBBTzBT-HD. Thus we modified the device

reflected in the polymerization yield, four-extended alkyl structure by replacing the anode buffer layer consisting of
chains were introduced into the polymer as PBBTzBT-DT, typical PEDOT:PSS.

Table 2. Molecular weight, opto-electronic properties, and OPV device parameters of PBBTzBT-DH and PBBTzBT-DT.

Polymer M,, PDI? A (film) HOMO9) LUMO®) PCE Voo Jse FF
[kg mol™"] [nm] [eV] [eV] [%] I\ [mA cm™
PBBTzBT-HD 35 1.2 569 (609) -5.5 -3.8 3.209 0.83% 7.179 0.549
PBBTzBT-DT 107 2.1 598 (619) -5.7 -3.9 2.379 0.839 5.74°) 0.509
3.84" 0.840 8.010 0.579

2polydispersity index; ®)Chloroform solution; YHOMO were measured by PYS; LUMOs were calculated from the absorption band edge of film; 9Polymer:PC ¢,BM = 1:2
(w/w); oDCB solution; ©Polymer:PC ¢;BM = 1:2 (w/w); a chlorobenzene (CB) solution with 3% v/v DIO, thermal annealing at 160 °C for 10 min; Oinverted cell (ITO/TiO,/
BHJ/MoO,/Au); polymer:PCs;BM = 1:2 (w/w); CB solution with 3% v/v DIO, thermal annealing at 120 °C for 10 min.
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Figure 5. Photoconductivity transient maximum (¢Zu,.,, red circles,
left axis) and its half-lifetime (7,5, blue triangles, right axis) measured
by laser-flash TRMC upon exposure to 355 nm found in: a) PBBTzBT-
HD:PCq;BM blends, and, b) PBBTzBT-DT:PC4;BM blends. ¢) AG., of
PBBTzBT-DT:PC¢BM blend films measured by Xe-flash TRMC using white
light pulse as an excitation. d) J-V curves of PBBTzBT-HD:PCgBM = 1:2
(green) and PBBTzBT-DT:PC¢;BM = 1:2 (blue) devices (ITO/PEDOT:PSS/
active layer/Ca/Al) under one sun condition.

2.3. Inverted Cell of PBBTzBT-DT

Encouraged by the TRMC studies on PBBTzBT-DT, we fabri-
cated an inverted cell composed of MoO,/Au anode and TiO,/
ITO cathode. The energy diagrams of normal and inverted cells
are depicted in Figure 6a.34 In the normal cell, the HOMO of
PBBTzBT-DT (-5.7 eV) is much deeper than the work func-
tion of PEDOT:PSS (-5.1 eV). This might form interfacial bar-
riers,l leading to the lower ], and FF. On the other hand,
the work function of MoO, is 5.4 eV,** which reduces the
gap with the HOMO. A TiO, layer prepared by the sol-gel
technique was used as a cathode buffer layer on an ITO elec-
trode.>® This inverted cell structure is underlined by the suc-
cessful examples reported in polymers:fullerene® and small
molecule:fullerenel*® BHJ, in particular, the cell system with
p-type semiconductors with deep-lying HOMO. As shown
in Figure 6D, a good p/n mixing was successfully formed on
the TiO, layer under the same processing condition with the
normal cell (chlorobenzene with 3% v/v DIO). As a conse-
quence, the best PCE of 3.84% was realized with enhanced J,.
(8.01 mA cm™?) and FF (0.57) as given in Table 2. Notably, the
J-V curve in Figure 6c demonstrates the extinction of an S-kink
with the lowest series resistance (5.0 Q cm?), supportive of the
improved interfacial contact.

Figure 6d shows the device performance of PCE divided by
Voe (= Jsc X FF) as a function of @Xp,,,, of laser-flash TRMC.
Interestingly, we found an excellent correlation between them
as has been observed in the representatives of low-bandgap
polymers, 22l highlighting TRMC measurements as a versatile
technique not only for optimization of processing condition
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but also for feedback on the material design. An emphasis is
given to that the PCE/V,, of normal cell of the last polymer,
PBBTzBT-DT, was much lower than the upward trend observed
in other polymers. However its inverted cell increased the value
of PCE/V,., giving a sublinear dependence on ¢Xu,,,, which
can interpolate all of the investigated polymers. Therefore this
study brought out the usefulness of device-less TRMC evalua-
tion to guide designing the material and predicting its device
performance.

3. Conclusion

We designed new low-bandgap polymers composed of BBTz
as a weak donor rather than acceptor conjugated with strong
acceptors, TPD and BT. Firstly, the random copolymers,
PBBTz-ran-TPD and PBBTz-ran-BT, were synthesized in order
to judge the superior backbone. The photoconductivities of
their blends with PC¢;BM were examined by laser-flash TRMC,
indicating a better optoelectronic property in combination with
BT. On the contrary, PBBTz-ran-BT:PCsBM gave no device
output, due to its poor film processiblity, while PBBTz-ran-
TPD exhibited a PCE of 0.90%, almost similar to the reference
polymer of PBBTzCz (BBTz is a weak acceptor in this case).
However, on the basis of TRMC prediction, we subsequently
synthesized alternating copolymers of BBTz-BT, affording crys-
talline PBBTzBT-HD and PBBTzBT-DT with red-shifted photo-
absorption. The former exhibited a PCE of 3.20% with a high
V,. of 0.83 V; however, the latter resulted in 2.37%, in spite of
its largest TRMC signal. Considering the TRMC experiments,
the deep HOMO (-5.7 eV), and observed an S-kink in the J-V
curve, we finally fabricated an inverted cell of PBBTzBT-DT
and succeeded in boosting the PCE to 3.84%, which is top-
class among the BBTz-based polymers so far. The approach
using BBTz as a weak donor opens a versatile route toward low-
bandgap polymers with deep HOMO, and more importantly,
we showed that TRMC is a useful guide for molecular design as
well as for optimization of processing conditions.

4. Experimental Section

General: Steady-state photoabsorption spectroscopy was performed
using a Jasco V-570 UV-vis spectrophotometer. Chemicals and solvents
were purchased from Tokyo Chemical Inc. (TCl) and Kishida Chemical
Inc., respectively, unless otherwise noted. PYS experiments were carried
out by a RIKEN Keiki Co. Ltd. model AC-3. XRD measurements were
done on a Rigaku RINT ultra X18SAXS-IP (Cu Ko: 1.5418 A). AFM
analyzes were performed by a Seiko Instruments Inc. model Nanocute
OP and Nanonavi Il. DFT calculations were performed by a Gaussian
09 Rev.A02 package.

Synthesis of Polymers: The synthesis of monomers and characterization
by NMR spectroscopy is provided in the Supporting Information. Details
of the polymerization are also given in the Supporting Information.
The tin compounds were purified prior to coupling reaction by a
recycling preparative HPLC system on a Japan Analytical Industry Co.,
Ltd. LC-9210NEXT with JaiGel-TH/-2H (eluent CHCl;). PBBTzCz was
synthesized by Suzuki coupling of brominated bisthiophene-BBTz and
bis(boronic acid pinacol ester)carbazole in vigorously degassed toluene/
aqueous K,CO; at 135 °C in the presence of Aliquat 336. The yield
after purification was as low as 6%. PBBTz-ran-TPD and PBBTz-ran-BT
were polymerized by Stille coupling of bis(tributylstanyl)-thiophene
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The samples were drop-casted on a quartz plate
from solutions of polymer and PCs;BM and dried in
a vacuum oven. After the preparation of thin films,
the films were thermally annealed on a hot plate.
The TRMC experiments were performed under
ambient conditions at room temperature.

Organic  Photovoltaic ~ Cells: A PEDOT:PSS
(Heraeus Clevios P VP Al 4083) layer was cast onto
the cleaned ITO layer by spin-coating after passing
through a 0.2 um filter. The substrate was annealed
on a hot plate at 150 °C for 30 min. An active layer
consisting of polymer and PCgBM  (purchased
from Frontier Carbon Inc.) was cast on top of the
PEDOT:PSS buffer layer in a nitrogen glove box by
spin-coating after passing through a 0.2 um filter.
The thickness was around 100 nm. A cathode

3 b 1'
/
4

4
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: PBBTzBT-DT (inverted)
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PBBTzBT-HD _-
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/  (inverted)

PBBTzBT-DT

/ PBBTz-ran-TPD
4

consisting of 20 nm Ca and 100 nm Al layers was

T sequentially deposited through a shadow mask on

top of the active layers by thermal evaporation in a
vacuum chamber. The resulting device configuration
was ITO (120-160 nm)/PEDOT:PSS (45-60 nm)/
* active layer (ca. 100 nm)/Ca (20 nm)/Al (100 nm)
with an active area of 7.1 mm?Z In an inverted cells,
diluted TiO, precursor (Koujundo Kagaku Corp.) was
cast on the ITO layer by spin-coating after passing
through a 0.2 um filter. The layers were annealed on
a hot plate at 150 °C for 10 min. A polymer:PC¢;BM
active layer was cast in a similar fashion as that for

(normal)

A T T T T 0
0.2 0 0.2 04 06 08 1 0
Voltage IV

Figure 6. a) Energy diagrams of (left) normal and (right) inverted structures. b) AFM (upper)
height and (lower) phase images of the optimized PBBTzBT-DT:PC¢;BM = 1:2 film. The scale
bar corresponds to 1 um. c) J-V curves of PBBTzBT-DT:PCg;BM = 1:2 devices under one sun
condition. The solid and dotted lines represent the normal and inverted structures, respectively.
d) Correlation between PCE V,.™' (= Js. X FF) of the optimized OPV devices and corresponding
O na of the blend films measured by laser-flash TRMC excited at 355 nm. The arrow indicates
the improvement of PBBTzBT-DT:PC¢;BM device by changing normal cell to inverted cell. The

dotted line is a visual guide.

(50 mol%), brominated-BBTz (25 mol%), and brominated TPD or BT
(25 mol%) in degassed toluene at 130 °C. The yields of PBBTz-ran-TPD
and PBBTz-ran-BT after purification were 93% and 11%, respectively.
PBBzBT-HD and PBBzBT-DT were synthesized by Stille coupling of
bis (tributylstanylthiophene)-BBTz and brominated bis (alkylthiophene)-BT
in chlorobenzene/dimethylformamide at 110 °C. The yields after
purification were 13% and 81%, respectively. Molecular weights of
polymers were determined using the gel permeation chromatography
(GPC) method with polystyrene standards. GPC analysis was performed
with polymer/tetrahydrofuran (THF) (HPLC grade) solution at a flow
rate of 1 cm?® min~' at 40 °C, on a HITACHI L-2130, L-2455, L-2530
chromatography instrument with Shodex KF-804L/KF-805L (Shodex Co.,
Japan) connected to a refractive index detector.

Time-Resolved Microwave Conductivity (TRMC): A resonant cavity
was used to obtain a high degree of sensitivity in the conductivity
measurement. The resonant frequency and microwave power were set
at ca. 9.1 GHz and 3 mW, respectively, so that the electric field of the
microwave was sufficiently small to not disturb the motion of charge
carriers. Third harmonic generation (THG; 355 nm) of a Nd:YAG laser
(Continuum Inc., Surelite Il, 5-8 ns pulse duration, 10 Hz)%2l or
microsecond white light pulse from a Xe flash lamp was used as an
excitation source.?? The photoconductivity Ac was obtained by AP,/(AP,),
where AP, A, and P, are the transient power change of reflected microwave
from a cavity, the sensitivity factor, and the reflected microwave power,
respectively. The nanosecond laser intensity was set at 4.6 x 10'° photons
cm? pulse™!. The power of the white light pulse was 0.3 m) cm? pulse™.

0.2 04 06 08 1.0
O lhnax | 1072 cm2V-1s-1

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the normal OPV. The anode consisted of 10 nm
MoO, and 50 nm Au layers that was sequentially
deposited through a shadow mask on top of the
active layers by thermal evaporation of MoO; and
Au in a vacuum chamber. The resulting device
configuration was ITO (120-160 nm)/TiO, (ca.
10 nm)/active layer (ca. 100 nm)/MoO, (10 nm)/Au
(50 nm) with an active area of 7.1 mm?2. Current—
voltage (/ —V) curves were measured using a source-
measure unit (ADCMT Corp., 6241A) under AM 1.5 G
solar illumination at 100 mW cm=2 (1 sun) using a
300 W solar simulator (SAN-EI Corp., XES-301S).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author. Details of synthesis of polymers and monomers,
calculated HOMO/LUMO energies of monomers (Figure S1), PYS data
(Figure S2), photoconductivity transients observed in polymer:PCgBM
blend films (Figures S3,S8), fluorescence quenching results
(Figures S4,510), AFM and optical microscopy images (Figures S5,S9),
the lobe images of molecular orbitals of PBBTzBT oligomer calculated
by TD-CAM-DFT (Figure S6), and calculated HOMO/LUMO of PBBTz-
ran-TPD and PBBTzCz oligomers (Figure S7).
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