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ering of pyrrolo[3,4-f]
benzotriazole-5,7(2H,6H)-dione-based polymers
for non-fullerene organic solar cells with an
efficiency over 12%†

Birhan A. Abdulahi,ab Xiaoming Li,c Mariza Mone,b Bisrat Kiros,a Zewdneh Genene,d

Shanlin Qiao, c Renqiang Yang, *e Ergang Wang *b

and Wendimagegn Mammo*a

In this work, we have synthesized two wide band gap donor polymers based on benzo[1,2-b:4,5-b0]
dithiophene (BDT) and pyrrolo[3,4-f]benzotriazole-5,7(2H,6H)-dione (TzBI), namely, PBDT-TzBI and

PBDT-F-TzBI and studied their photovoltaic properties by blending them with ITIC as an acceptor.

Polymer solar cell devices made from PBDT-TzBI:ITIC and PBDT-F-TzBI:ITIC exhibited power

conversion efficiencies (PCEs) of 9.22% and 11.02% and while annealing at 160 �C, improved the device

performances to 10.24% and 11.98%, respectively. Upon solvent annealing with diphenyl ether (DPE)

(0.5%) and chlorobenzene (CB), the PCE of the PBDT-F-TzBI-based device increased to 12.12%. The

introduction of the fluorinated benzodithiophene (BDT-F) moiety on the backbone of PBDT-F-TzBI

improved the open circuit voltage, short circuit current and fill factor simultaneously. The high PCEs of

the PBDT-F-TzBI:ITIC-based devices were supported by comparison and analysis of the optical and

electronic properties, the charge carrier mobilities, exciton dissociation probabilities, and charge

recombination behaviors of the devices.
Introduction

Organic solar cells (OSCs) attracted the attention of the scien-
tic community due to the possibility of manufacturing light
weight, exible, and easily printed next generation solar cell
devices using the roll-to-roll printing technique.1–6 Although
PCBM derivatives were the acceptors of choice in the past,
recent years have witnessed the rapid development of non-
fullerene acceptors because of the exibility of choosing
different donor materials for tunable optical and energetic
properties of the active layer of OSCs.1,7–15 In the last ve years,
non-fullerene OSCs showed impressively high PCEs exceeding
15% using fused-ring structured electron acceptors.11,16 These
results motivate researchers to design new donor polymers with
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desirable properties, such as broad and intense absorption to
enhance short-circuit current (Jsc) and suitable energy levels to
improve open-circuit voltage (Voc). The donor–acceptor (D–A)
alternating conjugated polymer synthesis is the commonly used
strategy to prepare efficient donor polymers. In this regard,
among the commonly investigated wide band-gap polymers are
thieno[3,4-c]pyrrole-4,6-dione17–19 (TPD)-, [2,1,3]benzothiadia-
zole20–27 (BT)- and 2H-benzo[d][1,2,3]triazole8,28–31 (BTz)-based
D–A conjugated polymers. Yin et al.32 combined TPD and BT to
garner the advantages of solubility and deep HOMO energy levels
simultaneously, and synthesized the [2,1,3]benzothiadiazole-5,6-
dicarboxylic imide-based acceptor monomer 4,8-bis(5-bromo-
thiophen-2-yl)-6-(2-ethylhexyl)-5H-[1,2,5]thiadiazolo[3,4-f]iso-
indole-5,7(6H)-dione. By copolymerizing this compound
with (4,8-bis(5-(2-butyloctyl)thiophen-2-yl)benzo[1,2-b:4,5-b0]
dithiophene-2,6-diyl)bis(trimethylstannane), a polymer was
obtained which was blended with PC71BM to fabricate solar
cells that afforded a PCE of 5.19% with Voc of 0.91 V, Jsc of
11.59 mA cm�2 and FF of 0.49. Later on McCulloch et al.33

synthesized other [2,1,3]benzothiadiazole-5,6-dicarboxylic
imide-based polymers and reported a high PCE of 8.3% with
a Voc of 0.80 V, Jsc of 16.45 mA cm�2 and FF of 0.63.

Cao et al.34 modied the [2,1,3]benzothiadiazole-5,6-
dicarboxylic imide moiety by replacing the BT unit with BTz
to prepare the acceptor monomer 4,8-bis(5-bromothiophen-2-
This journal is © The Royal Society of Chemistry 2019
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yl)-2,6-dioctyl-[1,2,3]triazolo[4,5-f]isoindole-5,7(2H,6H)-dione
(Br2-TzBI), which was envisaged to impart lower energy levels on
the resulting D–A polymers with improved solubility. By
copolymerizing Br2-TzBI with the weak electron donor mono-
mer, (4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b0]
dithiophene-2,6-diyl)bis(trimethylstannane) (Sn2-BDT), PTzBIBDT
was obtained, which afforded a high PCE of 8.63% with a Voc of
0.87 V, Jsc of 13.50 mA cm�2 and FF of 0.74 in solar cell devices
with PC71BM as an acceptor.34 Furthermore, by blending
PTzBIBDT with ITIC, the Jsc was enhanced to 18.29 mA cm�2 and
a high PCE of 10.24% with a Voc of 0.87 V and FF of 0.64 was
demonstrated.35 Cao et al.36 further replaced the 5-(2-ethylhexyl)
thiophene units attached to the BDT moiety of PTzBIBDT with 4-
(2-ethylhexyl)phenyl units and synthesized PTzBI-Ph. The solar
cells fabricated from the blend of PTzBI-Ph with ITIC gave
improved Voc and FF values of 0.92 V and 0.68, respectively.
However, the Jsc of the device dropped to 16.39 mA cm�2 to give
a PCE of 10.19%.36 In addition, Cao et al.37 prepared different kinds
of TzBI-based polymers by incorporating alkyl side groups and
studied their photovoltaic performances with ITIC as an acceptor
and registered a decent PCE of 7.28%. When the acceptor was
changed to IT-2F, the performances of these devices were
improved and a certied PCE of 12.25% with enhanced Jsc and FF
could be achieved (ESI, Table S1†). These results show that
enhancing Voc, Jsc and FF simultaneously is still challenging for
solar cells fabricated from TzBI-based polymer donors using ITIC
as an acceptor. Clearly, there is room for further improvement in
Scheme 1 Synthesis of PBDT-TzBI and PBDT-F-TzBI.

This journal is © The Royal Society of Chemistry 2019
the performances of solar cells made of TzBI-based polymers with
some structural modications. It is known that introduction of
uorine atoms in the polymer structure makes the HOMO and
LUMO energy levels of the polymer deeper, thereby enhancing
Voc.38 It has also been shown that enhanced inter/intramolecular
interactions of the polymer can improve crystallinity and facili-
tate charge transport which results in improved Jsc and FF
values.38–41 Taking these advantages into consideration, we decided
to use a uorine-containing BDT-based monomer 3 (Scheme 1) as
an electron donor and polymerized it with TzBI-based monomer 1
to prepare PBDT-F-TzBIwhich was expected to enhance Voc, Jsc and
FF simultaneously, in non-fullerene OSCs. Thus, solar cells fabri-
cated from the PBDT-F-TzBI:ITIC blend afforded a high PCE of
12.12% with a Voc of 0.93 V, Jsc of 18.10 mA cm�2 and FF of 0.72,
which is higher than those of the corresponding non-uorinated
PBDT-TzBI:ITIC-based solar cell devices. To investigate the
reasons behind the variations in performances of the solar cells,
we have studied the optical and electronic properties, the
morphology, charge carrier mobility, exciton dissociation and
charge recombination behaviors of the corresponding devices.
Results and discussion
Synthesis of monomers and polymers

The chemical structures of the polymers are shown in Scheme 1.
The TzBI-based acceptor monomer, 4,8-bis(5-bromothiophen-2-
yl)-2-(2-ethylhexyl)-6-octyl-[1,2,3]triazolo[4,5-f]isoindole-5,7(2H,6H)-
J. Mater. Chem. A, 2019, 7, 19522–19530 | 19523
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dione (1) was synthesized bymodifying procedures reported in the
literature (Scheme S1, ESI†).34 In this work, we have introduced
a branched side chain on the benzotriazole unit of 1 to enhance
the solubility of the polymer. Compound 1 was copolymerized
with the BDT-based monomers (4,8-bis(5-(2-ethylhexyl)thiophen-
2-yl)benzo[1,2-b:4,5-b0]dithiophene-2,6-diyl)bis(trimethylstannane)
(2) and (4,8-bis(5-(2-ethylhexyl)-4-uorothiophen-2-yl)benzo[1,2-
b:4,5-b0]dithiophene-2,6-diyl)bis(trimethylstannane) (3) at 110 �C
in toluene bymeans of the Stille coupling polymerization reaction,
to yield poly-4-(5-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-6-methyl-
benzo[1,2-b:4,5-b0]dithiophen-2-yl)thiophen-2-yl)-2-(2-ethyl-
hexyl)-8-(5-methylthiophen-2-yl)-6-octyl-[1,2,3]triazolo[4,5-f]iso-
indole-5,7(2H,6H)dione (PBDT-TzBI) and poly-4-(5-(4,8-bis(5-(2-
ethylhexyl)-4-uorothiophen-2-yl)-6-methylbenzo[1,2-b:4,5-b0]
dithiophen-2-yl)thiophen-2-yl)-2-(2-ethylhexyl)-8-(5-methyl-
thiophen-2-yl)-6-octyl-[1,2,3]triazolo[4,5-f]isoindole-5,7(2H,6H)-
dione (PBDT-F-TzBI), respectively. The polymers were
Soxhlet-extracted with methanol and diethyl ether to remove
low molecular weight oligomers, and then with chloroform.
The chloroform extracts were precipitated from methanol,
ltered and dried to afford PBDT-TzBI and PBDT-F-TzBI.
Both polymers were soluble in chloroform, chlorobenzene,
and o-dichlorobenzene. The molecular weights of the
polymers were determined by gel permeation chromatog-
raphy (GPC) at 150 �C, using 1,2,4-trichlorobenzene as the
eluent. The Mn of PBDT-TzBI and PBDT-F-TzBI were found to
be 26.9 and 16.5 kDa, with polydispersity indices of 3.8 and
4.1, respectively.
Fig. 1 (a) Normalized UV-Vis absorption spectra of PBDT-TzBI, PBDT-F-
the blends of PBDT-TzBI:ITIC and PBDT-F-TzBI:ITIC in the solid state;
energy level diagram of the polymers and ITIC based on cyclic voltamm

19524 | J. Mater. Chem. A, 2019, 7, 19522–19530
Thermal properties

The thermal stabilities of the polymers were evaluated by ther-
mogravimetric analysis (TGA), as shown in Fig. S1, ESI.† The
decomposition temperature (Td) of PBDT-F-TzBI was above
430 �C, revealing good enough thermal stability for photovoltaic
applications.
Optical and electrochemical properties of PBDT-TzBI and
PBDT-F-TzBI

The UV-Vis absorption spectra of the polymers were recorded in
CHCl3 solution and as thin lms coated on glass slides, and are
shown in Fig. 1. Both PBDT-TzBI and PBDT-F-TzBI showed
broad absorptions in the range between 350 and 700 nm. The
thin lm absorption of PBDT-TzBI was red-shied compared to
that in CHCl3 solution. This revealed that the PBDT-TzBI had
a strong p–p stacking property in the solid state. On the other
hand, the bathochromic shi in the solid-state absorption
spectrum of PBDT-F-TzBI was much less pronounced than that
in solution, indicating the strong aggregation of PBDT-F-TzBI in
solution, which can be caused by stronger intermolecular
interactions caused by the introduction of uorine atoms in the
polymer backbone. The onsets of absorption of thin-lms of
PBDT-TzBI and PBDT-F-TzBI were found to be 687 and 684 nm,
respectively. Accordingly, the optical band gaps were calculated
from these to be 1.80 and 1.81 eV for PBDT-TzBI and PBDT-F-
TzBI, respectively. This showed that the presence of uorine
had very little effect on the optical band gap of the polymer,
TzBI, and ITIC in solutions; (b) normalized UV-Vis absorption spectra of
(c) square wave voltammograms of PBDT-TzBI and PBDT-F-TzBI; (d)
etry measurements.

This journal is © The Royal Society of Chemistry 2019
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Table 1 Optical and electrochemical properties of the copolymers

Polymer

Optical properties Electrochemical properties

lmax/nm

lonset/nm Eoptg /eV Eoxd./V HOMO/eV LUMO/eVSol Film

PBDT-TzBI 545 608 687 1.80 0.77 �5.90 �3.60
PBDT-F-TzBI 578 598 684 1.81 0.84 �5.97 �3.63
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since incorporating F atoms might have resulted in simulta-
neous lowering of the LUMO and HOMO energy levels of PBDT-
F-TzBI.9 The thin lm absorptions of PBDT-TzBI and PBDT-F-
TzBI were complementary to that of ITIC in the wavelength
region from 400 nm to 800 nm (Fig. 1b). Thus, high Jscs could be
generated from solar cell devices fabricated from blends of the
polymers with ITIC. Temperature-dependent absorbance
measurements were done to study the aggregation properties of
PBDT-F-TzBI and PBDT-TzBI in o-DCB solution (Fig. S2, ESI†).
When the solutions were warmed up from 10 to 90 �C, the
absorptions of the polymers were blue-shied and the absorp-
tion maxima were decreased. This proved that the polymers
exhibited strong interchain interactions in o-DCB at low
temperature.42–44

Square wave voltammetry was used to estimate the frontier
molecular orbital energy levels of the polymers. The HOMO and
LUMO levels were estimated from the oxidation and reduction
peak potentials of the polymers, relative to the ferrocene/
ferrocenium (Fc/Fc+) redox couple, using the formula HOMO
¼�(Eox + 5.13) eV and LUMO¼�(Ered + 5.13) eV, where Eox and
Ered are the oxidation and reduction peak potentials, respec-
tively. Thus, the HOMO energy levels were determined to be
�5.90 and �5.97 eV, for PBDT-TzBI and PBDT-F-TzBI, respec-
tively (Fig. 1, Table 1) while the LUMO levels were found to be
�3.60 and �3.63 eVs for PBDT-TzBI and PBDT-F-TzBI, respec-
tively. The HOMO energy levels determined from cyclic vol-
tammetry (CV) measurements (Fig. S3, ESI†) showed similar
trends to those obtained from SWV measurements. Under
similar conditions, the HOMO and LUMO energy levels of ITIC
were determined to be �6.14 and �4.26 eVs (Fig. S3, ESI†). The
deeper HOMO energy level of PBDT-F-TzBI is attributed to the
inductive electron withdrawing effects of the uorine atoms
from the donor moiety on the polymer backbone.
Table 2 Photovoltaic parameters of devicesmeasured under AM 1.5G,
100 mW cm�2

Donor:acceptor Voc [V] Jsc [mA cm�2] FF PCE [%]

PBDT-TzBI-:ITIC 0.88 16.37 0.64 9.22
PBDT-F-TzBI:ITIC 0.97 16.72 0.68 11.02
PBDT-TzBI-:ITICa 0.84 17.78(17.16)c 0.69 10.24
PBDT-F-TzBI:ITICa 0.97 18.00 0.70 11.98
PBDT-F-TzBI:ITICb 0.93 18.10(17.47)c 0.72 12.12

a The devices were thermally annealed at 160 �C for 10 min. b 0.5% DPE
additive and CB vapor annealing was used. c Photocurrents obtained by
integrating the EQE with the AM 1.5G spectrum are given in the
parentheses.
Photovoltaic properties

The photovoltaic performances of PBDT-TzBI and PBDT-F-TzBI
were investigated using ITIC as an acceptor with the
device geometry ITO/PEDOT:PSS/polymer:ITIC (1:1)/PDINO/Al
(PDINO ¼ perylene diimide functionalized with amino
N-oxide which is used as an electron transport layer) and were
characterized under AM 1.5G illumination at 100 mW cm�2

with a solar simulator. The photovoltaic parameters of
the polymers are summarized in Table 2. Fig. 2 shows J–V
curves and the external quantum efficiency (EQE) spectra
of PBDT-TzBI:ITIC- and PBDT-F-TzBI:ITIC-based solar cell
devices.
This journal is © The Royal Society of Chemistry 2019
The OSC devices made from PBDT-TzBI:ITIC exhibited a PCE
of 9.22% with a Voc of 0.88 V, Jsc of 16.37 mA cm�2 and FF of
0.64, while the device based on PBDT-F-TzBI:ITIC scored a PCE
of 11.02% with a Voc of 0.97 V, Jsc of 16.72 mA cm�2 and FF of
0.68. PBDT-F-TzBI-based devices exhibited higher Voc compared
with PBDT-TzBI-based devices as a result of the presence of
uorine atoms that make the HOMO levels of the polymer
deeper. Thermal annealing of BHJ solar cells is known to
support the formation of favorable morphology by tuning the
domain sizes and aggregation properties of certain donor and
acceptor materials.6,45 Hence, to improve the Jsc and FF of our
PSCs, the devices were thermally annealed at 160 �C for 10 min.
The PCEs of the devices made from blends of PBDT-TzBI:ITIC
and PBDT-F-TzBI:ITIC were both improved to 10.24% and
11.98%, respectively, due to simultaneous improvements in
both Jsc and FF as shown in Table 2. It is known that efficient
exciton dissociation and charge transfer requires bicontinuous
interpenetrating networks between electron donors and accep-
tors in the BHJ active layer of the solar cell.9 Solvent additives
facilitate molecular reorganization of the donor and acceptor
materials and lead to the development of different crystalline
structures in the active layers. This promotes the formation of
the desired morphology for efficient exciton dissociation and
charge transport in the BHJ.35,46 Favorable morphology is
a characteristic nature of PSCs to facilitate charge transport
properties that enhance the performance by improving Jsc and
FF. Thus, when diphenyl ether (DPE) (0.5%) was used as an
additive and CB solvent vapor annealing was conducted, the
PCE of the PBDT-F-TzBI-based device increased to 12.12% with
a Voc of 0.93 V, Jsc of 18.10 mA cm�2 and FF of 0.72. The slightly
improved Jsc and FF of the device may be due to the favorable
molecular orientation caused by the processing additive. The
high PCE of the PBDT-F-TzBI:ITIC-based solar cell device makes
J. Mater. Chem. A, 2019, 7, 19522–19530 | 19525
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Fig. 2 (a) Current density–voltage characteristics, (b) EQE curves, of PBDT-TzBI:ITIC- and PBDT-F-TzBI:ITIC-based solar cells.
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PBDT-F-TzBI as one of the promising candidates for practical
application in OSCs.

To evaluate the spectral responses of the PSCs and the
accuracies of the photocurrents from the J–V measurements,
external quantum efficiency (EQE) measurements were carried
out (Fig. 2). Both PBDT-TzBI:ITIC- and PBDT-F-TzBI:ITIC-based
solar cells showed maximum photoresponses with EQEs of
more than 75% in the range between 500 and 700 nm. The
photoresponses over the region between 300 and 800 nm in the
EQE curves are consistent with the absorption proles of the
blend lms suggesting that both the donor and acceptor
materials contributed to the photocurrents. The photocurrents
calculated by integrating the EQE spectra with AM 1.5G solar
spectrum are consistent with the Jsc values obtained from the J–
V measurements, with less than 5% difference.
Fig. 3 AFM topography (5 � 5 nm) and TEM images of the optimized P

19526 | J. Mater. Chem. A, 2019, 7, 19522–19530
Film morphology

Atomic force microscopy (AFM) and transmission electron
microscopy (TEM) measurements were employed to study the
surface roughness and phase separation of the blend lms, and
the images are shown in Fig. 3. The PBDT-F-TzBI:ITIC and
PBDT-TzBI:ITIC blend lms showed smooth surfaces with root
mean-square (RMS) roughnesses of 0.97 and 1.07 nm, respec-
tively. The presence of uorine in PBDT-F-TzBI exerted limited
effect on the morphology of the blend as indicated by AFM. The
TEM images of the blends presented very ne features, indi-
cating good miscibility with nanometer-scale microphase
separation between the donor and the acceptor materials,
which is favorable for charge separation and transport.35 The
AFM and TEM images of the blends revealed that the lm
morphologies of both blend lms were optimal but cannot tell
BDT-F-TzBI:ITIC and PBDT-TzBI:ITIC blend films.

This journal is © The Royal Society of Chemistry 2019
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Table 3 SCLC hole and electron mobilities of the blend films

Donor:acceptor
SCLC mh
(cm2 V�1 s�1)

SCLC me
(cm2 V�1 s�1) mh/me

PBDT-TzBI:ITIC 1.1�10�4 1.6�10�4 0.69
PBDT-F-TzBI:ITIC 2.0�10�4 2.3�10�4 0.87

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ju

ly
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

0/
22

/2
02

5 
1:

10
:3

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the reason for the higher Jsc and FF of PBDT-F-TzBI:ITIC-based
devices.
Charge carrier mobility

To characterize the charge transport properties of the poly-
mer:ITIC blends, the electron (me) and hole (mh) mobilities of the
PSCs were measured by the space charge limited current (SCLC)
method using electron-only devices with the conguration ITO/
ZnO/active layer/PIDNO/Al and hole-only devices with the
conguration ITO/PEDOT:PSS/active layer/Au, respectively. The
corresponding hole and electron mobilities are summarized in
Table 3. The PBDT-TzBI:ITIC and PBDT-F-TzBI:ITIC blend lms
exhibited decent mh and me in the order of 10�4 cm2 V�1 s�1,
which were comparable with those of other TzBI-based poly-
mers.36 Relatively higher and balanced mh and me were found for
the PBDT-F-TzBI:ITIC blend than for the PBDT-TzBI:ITIC blend.
It is known that balanced hole and electron mobilities can
reduce bimolecular recombination to give high photocurrent
and FF, which supports the higher Jsc and FF of PBDT-F-
TzBI:ITIC-based solar cells.10,44,47,48
Exciton dissociation and charge recombination behavior

To study the exciton dissociation probability in PBDT-TzBI- and
PBDT-F-TzBI-based devices, the photocurrent density (Jph) was
evaluated as a function of the effective voltage (Veff) as shown in
Fig. 4. Jph is the difference between illuminated and dark
current, and Veff is the difference between Voc and Va, where Voc
is the voltage at zero Jph and Va is the applied voltage. The
exciton dissociation probability of a device can be calculated as
Pdiss ¼ Jph/Jsat, where Jsat stands for saturation photocurrent
density.49–51 Under short circuit conditions, the Pdisss of PBDT-
TzBI:ITIC- and PBDT-F-TzBI:ITIC-based devices were calculated
Fig. 4 (a) Jph�Veff characteristics and (b) dependence of Jsc on the ligh

This journal is © The Royal Society of Chemistry 2019
to be 95.8% and 97.4%, respectively. The relatively higher Pdiss
of the PBDT-F-TzBI-based device showed better exciton disso-
ciation and charge collection than its PBDT-TzBI-based coun-
terpart, which partly contributed to the higher Jsc and FF of the
PBDT-F-TzBI-based devices.12,51,52

To investigate the charge recombination behaviors of the
devices, we studied the effect of light intensity (Plight) on the
short-circuit current density (Jsc) of the PSCs (Fig. 4). Plight and
Jsc are related to each other according to the power law as Jsc f
PS. The value of S should be 1 when all free carriers are swept out
and collected at the electrodes prior to recombination, whereas
when the value of S is less than 1, the presence of some degree
of bimolecular recombination is anticipated.53–55 The S value of
PBDT-F-TzBI:ITIC is 0.98, which is closer to 1, and indicates the
presence of weak bimolecular recombination and efficient
carrier transportation compared to PBDT-TzBI:ITIC (S ¼ 0.97).
This reduced bimolecular recombination correlates with the
higher and balanced charge carrier mobility of the corre-
sponding device that contributed partly to its higher Jsc and
FF.54 We have thus demonstrated relatively higher and more
balanced carrier mobility, better exciton dissociation and
weaker bimolecular recombination for PBDT-F-TzBI-based
devices justifying the higher Jsc and FF that resulted in a higher
PCE (>12%) compared to their non-uorinated analogs.

In conclusion, two wide band gap donor polymers, PBDT-
TzBI and PBDT-F-TzBI, were successfully synthesized by poly-
merization of TzBI-based monomer 1 with BDT-based mono-
mers (4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b0]
dithiophene-2,6-diyl)bis(trimethylstannane) (2) and (4,8-bis(5-
(2-ethylhexyl)-4-uorothiophen-2-yl)benzo[1,2-b:4,5-b0]dithioph-
ene-2,6-diyl)bis(trimethylstannane) (3), respectively. The PSCs
fabricated from blends of PBDT-TzBI and PBDT-F-TzBI with
ITIC annealed at 160 �C showed high PCEs of 10.24% and
11.98%, respectively. The presence of uorine atom on the
backbone of PBDT-F-TzBI lowered its HOMO energy level and
improved its Voc compared to PBDT-TzBI-based devices. More-
over, due to the presence of uorine, higher charge carrier
mobility, exciton dissociation probability and weak bimolecular
recombination were observed for the PBDT-F-TzBI-based
device. These properties explained the higher Jsc and FF of the
PBDT-F-TzBI-based device that enhanced its overall perfor-
mance compared to its PBDT-TzBI-based counterpart. Using
t intensity of PBDT-TzBI-and PBDT-F-TzBI-based devices.

J. Mater. Chem. A, 2019, 7, 19522–19530 | 19527
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DPE (0.5%) as a processing additive and vapor phase annealing
with CB, the PCE of the PBDT-F-TzBI-based device improved to
12.12% with a Voc of 0.93 V, Jsc of 18.10 mA cm�2 and FF of 0.72,
which is the highest value reported so far for TzBI-based poly-
mers using ITIC as an acceptor. The results showed that PBDT-
F-TzBI is among the most promising candidates for application
in OSCs.
Experimental section
Materials characterization

The intermediate compounds and monomers were charac-
terized by 1H NMR (400 MHz) and 13C NMR (100 MHz) using
a Bruker Avance 400 NMR spectrometer. The molecular
weights of the polymers were determined by size exclusion
chromatography (SEC) on a Waters Alliance GPCV2000 with
a refractive index detector using 1,2,4-trichlorobenzene as the
eluent at 150 �C with a polystyrene standard calibration.
Thermogravimetric analysis (TGA) was carried out on a MET-
TLER TOLEDO thermogravimetric analyzer TGA/DSC 3+, from
50 to 550 �C at a heating rate of 10 �C min�1 under N2 ow. A
Perkin Elmer Lambda 900 UV-Vis-NIR spectrometer was used
to measure the absorptions of the polymers. Square wave
voltammetry (SWV) measurements were done on a CH-
Instruments 650A electrochemical workstation using a three-
electrode system. Platinum wires were used for both working
and counter electrodes while Ag/Ag+ was used as the reference
electrode calibrated with the ferrocene/ferrocenium couple
(Fc/Fc+). The supporting electrolyte was tetrabutylammo-
niumhexauorophosphate (Bu4NPF6) solution (0.1 M) in
anhydrous acetonitrile.
PSC fabrication and characterization

Device fabrication and evaluations. Photovoltaic devices
were fabricated with a conventional device structure of ITO/
PEDOT:PSS/polymer:ITIC/PDINO/Al. The patterned ITO glass
(sheet resistance ¼ 15 U per square) was pre-cleaned in an
ultrasonic bath with ITO detergent, deionized water, acetone,
and isopropyl alcohol and treated in an ultraviolet-ozone
chamber (PREEN II-862) for 13 min, then exposed to oxygen
plasma for 3 min, twice. A thin layer (about 30 nm) of
PEDOT:PSS was then spin-coated onto the ITO glass at
4000 rpm and baked at 150 �C for 15 min. Solutions of polymer/
ITIC in CB were stirred overnight and spin-coated on top of the
PEDOT:PSS layer to form the active layer of about 110–150 nm.
The thickness of the active layer was measured using a Veeco
Dektak 150 prolometer. PIDNO solution (in CH3OH) was then
spin-coated as an electron transfer layer. Finally, an Al (100 nm)
metal electrode was thermally evaporated at about 4 � 10�4 Pa
and the device area of 0.1 cm2 was dened by a shadow mask.
The current density–voltage (J–V) characteristics were recorded
with a Keithley 2400 source measurement unit under simulated
100 mW cm�2 irradiation from a Newport solar simulator. The
external quantum efficiencies (EQEs) were analyzed using
a certied Newport incident photon conversion efficiency
(IPCE) measurement system.
19528 | J. Mater. Chem. A, 2019, 7, 19522–19530
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