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A B S T R A C T

Although the latest progress in the power conversion efficiency (PCE) of non-fullerene polymer solar cells (NF-
PSCs) has proved their potential as next-generation solar technologies, the development of efficient wide-
bandgap (WBG) donor polymers having a low-cost and easily scalable molecular design is still lagging in terms of
number and diversity. In this contribution, we report a new WBG polymer donor, PBDT-2FBnT, based on al-
ternative benzodithiophene as the donor unit and 2,5-difluoro benzene (2FBn) as the acceptor unit, which was
prepared by a facile three-step process with an overall yield over 80% using cheap raw materials. Benefitting
from the incorporation of an electron-deficient 2FBn unit, PBDT-2FBnT demonstrated lower frontier energy
levels with an optical bandgap of 2.12 eV. Additionally, the combination of 2FBn with an adjacent two thiophene
bridge in the polymer backbone significantly minimized the steric hindrance via non-covalent F···S and CeH···F
inter/intramolecular interactions, thereby promoting highly coplanar geometry for effective molecular packing
and charge transport. Consequently, optimized blends of PBDT-2FBnT with an ITIC acceptor delivered com-
plementary panchromatic absorption, well-aligned energy levels, higher charge carrier mobilities, and well-
distributed nano-fibrillar morphology, thereby leading to a remarkable efficiency of 9.5% with a good trade-off
between corresponding photovoltaic parameters. Thus, the high photovoltaic performance of PBDT-2FBnT to-
gether with simple preparation can provide a promising way for the future development of low-cost PSCs, and
we can foresee further PCE improvements of the PBDT-2FBnT structure via synergistic variation of donor and
acceptor material.

1. Introduction

Polymer solar cells (PSCs) are considered to be emerging horizons
among the next-generation solar technologies because of their dis-
tinctive benefits like lightweight, low cost, semi-transparency, and
having the freedom of mechanical flexibility and compatibility with
large-scale manufacturing roll-to-roll processes (Berny et al., 2016; Li,
Y. et al., 2018; Lu et al., 2015; Ma et al., 2017). In the last four years,
the rapid development of non-fullerene PSCs (NF-PSCs) consisting of a
wide-bandgap (WBG) polymer donor (PD) and a low-bandgap (LBG)
fused-ring small-molecule electron acceptor (FREAs or FR-NFAs) has
been witnessed, which delivered accelerated growth in power conver-
sion efficiencies (PCEs) of PSCs (Cui et al., 2019a; Cui et al., 2019c;
Hong et al., 2019; Liu, T. et al., 2019; Yuan et al., 2019b; Zhang, S.
et al., 2018). This improvement is mainly ascribed to continuous in-
novation in the rational design of various prominent NFAs series, such
as IDTBR-class (Hoefler et al., 2018; Holliday et al., 2016; Strohm et al.,

2018), ITIC-type (well-known “ITIC series”) (Dey, 2019; Lin et al.,
2015; Wadsworth et al., 2019; Yang et al., 2017; Zhao et al., 2017), and
fused benzothiadiazole-type (“Y” series) (Cui et al., 2019c; Luo et al.,
2019; Yuan et al., 2019a; Yuan et al., 2019b), which simultaneously
offer high electron mobilities (μe), easy tailoring of absorption, and
frontier molecular orbitals via chemical modification for easy charge
transport. Among the efficient NFAs reported to date, most of these
acceptors use intramolecular charge transfer (ICT) effect as a tool to
increase the short-circuit current density (Jsc) in corresponding PSCs by
incorporating a terminal electron withdrawing unit (Bai et al., 2015;
Holliday et al., 2016; Liu, H. et al., 2019) or/and functional group in the
molecular design (Dey, 2019; Kini et al., 2020; Li, X. et al., 2017; Li, Y.
et al., 2017;Zhao et al., 2017). However, this modification often results
in lower open-circuit voltages (Voc) in corresponding devices because
of the lower lowest unoccupied molecular orbitals (LUMO) levels of
NFAs. Thus, increasing Voc without sacrificing Jsc and FF is one of the
key challenges in NF-PSCs. Recently, many reports proved that a WBG-
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PDs:LBG-NFAs blend system can effectively work via a photogenerated
hole-transfer mechanism under a lower driving force with a ΔEHOMO

(the energy offset among the HOMO of donors (D) and acceptors
(A)) < 0.3 eV than that of typical fullerene-based PSCs (Cui et al.,
2019c; Li et al., 2021; Wang et al., 2019; Zhang et al., 2019; Zhang, Z.
et al., 2017). This development is of great significance, since the pairing
of WBG-PDs having deep HOMO could be used as an effective approach
for realizing the high Voc in the NFAs having very low LUMO levels.
Consequently, the design and development of new WBG-PDs with
deeper HOMO to better match narrow bandgap FREAs is essential to
make a further breakthrough in the PCEs of NF-PSCs.

Among the various “D” building blocks reported to date, two-di-
mensional (2D)-benzo[1,2-b:4,5-b′]dithiophene (2D-BDT) seems to be
continuously evolved as a prominent “D” unit for synthesizing highly
efficient WBG-PDs for NF-PSCs (Pai et al., 2016; Ye et al., 2014). In
addition to its fused ring core facilitating the resulting polymers with a
highly planar and rigid conjugated backbone thereby increasing charge
carrier mobility via effective charge delocalization along the polymer
backbone, they also enable easy tuning of energy levels and solubility
by varying the alkyl side chain on the BDT unit (Pai et al., 2016; Ye
et al., 2014). Moreover, its weak electron-donating nature also aids in
achieving higher Voc in PSCs by efficiently lowering the HOMO. Sub-
sequently, a variety of efficient WBG-PDs have been synthesized by
incorporating BDT as “D” unit and various “A” units, such thieno[3,4-c]
pyrrole-4,6-dione (Hadmojo et al., 2019; Lin et al., 2017), quinoxaline
(Li, L. et al., 2018; Xu et al., 2018), benzotriazole (Liao et al., 2019; Su
et al., 2019) and benzo [1,2-c:4,5-c']dithiophene-4,8-dione (BDD) (Cui
et al., 2019b; Liu, T. et al., 2019; Yuan et al., 2019b), which have de-
monstrated excellent photovoltaic performances. Despite such re-
markable improvements of PCEs of these BDT-based WBG-PDs, the high
cost and tedious synthesis involved in the preparation of these photo-
voltaic materials is causing major hurdles for the commercialization of
PSCs. To address this issue, recently a few groups developed an easily
scalable polymer design involving alternate BDT and thiophene and/or
heteroarene units with various electron-withdrawing substituents as a
weak “A” unit owing to their advantages of low cost, simple and
straightforward synthesis involving fewer steps, high scalability, and
superior stability (Fig. 1) (Firdaus et al., 2017; Jeon et al., 2019a; Kini
et al., 2019; Park et al., 2017).

For example, Beaujuge and co-workers reported a new 2D-BDT-
based copolymer, PBDT(T)[2F]T, using 2,5-dibromo-3,4-difluoro-thio-
phene (2FTh) as the “A” core, which was synthesized in an easy three-
step process (Firdaus et al., 2017). Because of the insertion of 2FTh, the
polymer demonstrated deep HOMO, also excellent charge-generation/
collection efficiencies with minimized germinate recombination in NF-
PSCs yielding the best PCE of 9.8% with a significant improvement in
Voc up to 0.94 V. In another instance, Chen et al. obtained WBG-PD ca.
3MT-Th based on 2D-BDT-alt methyl 2,5-dibromothiophene-3-carbox-
ylate, which was prepared using a simple, straightforward two steps
(Park et al., 2017). The corresponding NF-PSCs processed using the
non-halogen solvent toluene with 0.25% diphenyl ether demonstrated a
notable PCE of 9.73% with excellent stability under continuous illu-
mination. Further, Jeon et al. also recently achieved a remarkable PCE
of 12.14% and excellent long-term stability with the easily scalable
polymer design involving alternate BDT and 2,5-dibromo-3-chloro
thiophene (Jeon et al., 2019a). By adopting a similar approach, in our
previous research, we also synthesized polymer BDT-PYEH consisting of
BDT and pyrazine as “D” and “A” units, respectively which displayed a
notable PCE of 8.1% (Kini et al., 2019). The increase in the performance
was attributed to the incorporation of an electron-deficient pyrazine
unit in the polymer backbone, which conferred deep-lying HOMO, in-
creased coplanarity, efficient charge dissociation, and optimal na-
noscale morphology. As a result, the molecular design strategies in-
volving BDT and heteroacene are believed to be a more reliable
approach for producing efficient WBG-PDs with tunable energy levels
and lower synthetic complexity, thereby offering meaningful direction

towards scalable PSCs.
Motivated by the aforementioned research, here we propose a new

low-cost 2D-BDT-based WBG-PD, poly-{2-(3-(2-ethylhexyl)-5-(4-(4-(2-
ethylhexyl)-5-methylthiophen-2-yl)-2,5-difluorophenyl)thiophen-2-yl)-
4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-6-methylbenzo[1,2-b:4,5-b']di-
thiophene} (PBDT-2FBnT) prepared by introducing an electron defi-
cient “2,5-difluoro benzene (2FBn)” unit as the “A” core (Fig. 1).
Among a very few easily accessible electron-deficient heteroacene
units, “2FBn” was selected considering its various advantageous prop-
erties as follows: (a) The drafting of 2FBn can provide polymer semi-
conductors with lower HOMO and subsequently higher Voc because of
the large aromatic resonance energy of the phenylene moiety and
strong electronegativity of the fluorine (F) atom (Chen et al., 2017;
Yang et al., 2018; Zhang, Q. et al., 2017). (b) The smaller atomic radii
of the F atom will effectively minimize the undesirable steric repulsion
as observed in other electron-deficient units, such as chlorine, cyano,
and carboxylate, thereby increasing the coplanarity of the polymer
backbone (Li, S. et al., 2018; Zhang, Q. et al., 2017; Zhang, Y. et al.,
2018). (c) The symmetrically placed F-substituents (C2 symmetry) can
induce self-planarization of the conjugated backbone via formation of
non-covalent F···S, CeH···F, etc., coulombic interactions with adjacent
thiophene units, subsequently leading to an increased absorption
coefficient and overall charge carrier mobilities by improving mole-
cular crystallinity and aggregation (Chen et al., 2017; Yang et al.,
2018). (d) Relative to other fluorinated intermediates involving higher
production cost because of tedious synthetic steps and poor yield, the
2FBn unit is commercially available at a lower cost and is therefore
advantageous for large-scale production. Thus, we systematically
evaluated the influence of a 2FBn unit on the optoelectronic and pho-
tovoltaic performances of PBDT-2FBnT by using various characteriza-
tion methods. As expected, with the benefits from the insertion of the
2FBn unit, PBDT-2FBnT showed a deep HOMO level of −5.48 eV
without negatively affecting the optical bandgap (ca. 2.12 eV), and
therefore a superior Voc of 0.919 V was achieved from the optimized
NF-PSCs with an ITIC acceptor. Moreover, resulting from the stronger
molecular aggregations, face-on molecular orientation, high carrier
mobilities, and the superior BHJ morphology of the PBDT-2FBnT:ITIC
blend, a high Jsc (16.1 mA/cm2), FF (64.1%), and an outstanding PCE
of 9.5% were also achieved. These outcomes reveal that the inexpensive
2FBn building block can be effectively used as a weak electron-ac-
cepting core for designing WBG-PDs, and PBDT-2FBnT has promising
potentials in NF-PSCs.

2. Results and discussion

The detailed synthetic path of the monomer and polymer is pre-
sented In Fig. 2a and b. The intermediate tributyl(4-(2-ethylhexyl)
thiophen-2-yl)stannane (2) was prepared following the previously
stated procedure (Biniek et al., 2010). Then, the desired 5,5′-(2,5-di-
fluoro-1,4-phenylene)bis(2-bromo-3-(2-ethylhexyl)thiophene) (M1)
monomer unit was prepared by a simple two-step process. First, the
compound 5,5′-(2,5-difluoro-1,4-phenylene)bis(3-(2-ethylhexyl)thio-
phene) (3) was obtained by a Stille coupling reaction between com-
mercially available low-cost 1,4-dibromo-2,5-difluorobenzene (1) and
compound 2 using Pd(PPh3)4 with a yield of 82%. Then, subsequent
functionalization of compound 3 using N-bromosuccinimide was car-
ried out to afford the final target monomer M1 with an 84% yield. Fi-
nally, the target polymer PBDT-2FBnT was synthesized via a micro-
wave-assisted Stille polymerization between monomers M1 and M2 in
chlorobenzene (CB) with a yield of over 88%. The detailed procedures,
including the characterization data, are provided in the Experimental
section of the ESI. As prepared PBDT-2FBnT was easily processed using
common organic solvents such as chloroform (CF), CB, and o-di-
chlorobenzene. PBDT-2FBnT showed a number-averaged molecular
weight (Mn)/ polydispersity index (PDI) of 75.49/2.10, which was
analyzed by gel-permeation chromatography (GPC) against polystyrene
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standards. Meanwhile, there was no noticeable change seen in the
thermogravimetric analysis (TGA) profiles of PBDT-2FBnT until tem-
perature exceeding 330 °C, which is sufficient for PSCs application (Fig.
S1).

To foresee the influence of 2FBn on the geometry and electronic
structures of PBDT-2FBnT, we conducted density functional theory
(DFT) computations using Gaussian 09 program at B3LYP/6-31G(d)
basic set. To save time and simplify the calculation, we did simulations
based on the two-repeating unit of PBDT-2FBnT (Fig. 2c). Notably, the
optimal dihedral angle between 2FBn and its adjacent thiophene units
(1.15° and 0.9°) was substantially smaller than between BDT units
(31.86° and 35.02°). This indicated that F substituents on 2FBn unit
increased backbone planarity by diminishing undesirable steric hin-
drance in the polymer backbone by forming the non-covalent S⋯F and
S⋯H conformational locks with the adjacent thiophene units as re-
ported previously (Chen et al., 2017; Yang et al., 2018). Moreover, it
can be seen from the side view that the backbone of the PBDT-2FBnT
exhibits a highly coplanar structure, which is helpful for effective mo-
lecular packing and charge transport. The HOMO and LUMO energy
levels of the PBDT-2FBnT, as calculated from the DFT simulations, were
−4.88 and −2.13 eV, respectively, and variation of these trends was
comparable with experimental cyclic voltammetry (CV) values as dis-
cussed below.

The normalized UV–vis spectra of copolymer PBDT-2FBnT in CF
solution and the thin film state is shown in Fig. 3a, and the relative
optical parameters are outlined in Table 1. In both states, PBDT-2FBnT
showed a characteristic dual-band absorption profile between 300 and
570 nm, which is complementary to 3,9-bis(2-methylene-(3-(1,1-di-
cyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-di-
thieno[2,3-d:2′,3′-d′]-s-indaceno[1,2-b:5,6-b′]dithiophene (ITIC) ac-
ceptor, so blending of both components can facilitate effective
harvesting of the solar spectrum by covering a panchromatic absorp-
tion. The first weak absorption band around 300–400 nm originates
from the localized π–π* transitions; whereas the next intense band at

450–600 nm is assigned to ICT from a BDT to 2FBn unit in the polymer
backbone (Kini et al., 2018; Kini et al., 2017a). The molar absorptivity
coefficient (ε) of PBDT-2FBnT found to be 5.39 × 104 M−1 cm−1 (Fig.
S2), which will definitely aid the increase of photoelectric current in the
PSC devices. In relative to the absorption in the solution state, the ab-
sorption profile of PBDT-2FBnT in the film state not only showed large
red-shifted absorption (~50 nm), but also demonstrated a much
broader spectrum with a distinct vibrionic peak at ca. 570 nm. Such
transition of spectra suggested the strong intermolecular stacking be-
tween the polymer chains, which could originate from noncovalent
interactions of the F atom. The optical bandgap of PBDT-2FBnT is
calculated to be 2.12 eV from the absorption onset of polymer in the
film state.

By using CV, we evaluated the electrochemical properties of the
PBDT-2FBnT. As depicted in Fig. 3b, onset oxidation/reduction poten-
tial of PBDT-2FBnT was 1.14/-0.89 eV vs. saturated calomel electrode
(Ag/Ag+). So, by using equation EHOMO (or LUMO) = −[Eonset(vs Ag/
AgCl) − E1/2 of Fc/Fc+(vs Ag/AgCl)] − 4.8 [eV] (Measured E1/2 of Fc/
Fc+ (vs. Ag/AgCl) = 0.46 eV) corresponding HOMO/LUMO were es-
timated to be −5.48/−3.45 eV, respectively. As predicted, the pre-
sence of the phenylene moiety with two electrophilic F substituents
aided in lowering both frontier molecular orbitals of PBDT-2FBnT,
which will certainly help to realize high Voc in the PSCs. Besides, it can
be clearly seen in Fig. 3c that a clear cascade energy level alignment is
formed between the PBDT-2FBnT and ITIC acceptor with a small
HOMO energy offset (△EHOMO) = 0.07 eV < 0.3 eV, which can be
advantageous for efficient exciton dissociation and charge transfer as
observed in several recent high-efficiency NF-PSCs (Cui et al., 2019c;
Wang et al., 2019; Zhang et al., 2019; Zhang, Z. et al., 2017).

To evaluate the potential of PBDT-2FBnT as a “D” unit, we fabri-
cated the inverted PSCs devices with a structure of ITO/ZnO/active
layer/MoO3/Ag (Jeon et al., 2019b). At first, PSCs device condition was
systematically optimized by changing the blend ratio of PBDT-2FBnT
and ITIC and processing solvents. We found that the device with the

Fig. 1. Chemical structures of the representative easily scalable WBG-PDs based on a “BDT-alt-heteroacene” molecular structure and structure of the new BDT-2FBnT
reported in this work.
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1:1 wt ratio of PBDT-2FBnT:ITIC, processed using CB and a thermal
annealing temperature of 110 °C for 10 min afforded the best PCE of
7.2% with corresponding Voc of 0.899 V, Jsc of 15.5 mA/cm2, and FF of
51.7% (Fig. S3 and Table S1). Later, considering the fact that methods
like thermal annealing and/or solvent additives are used to increase the

efficiency of NF-PSCs by optimizing the nanoscale morphology and
crystalline phases of the blend films (Gao et al., 2018; Song et al., 2018;
Wienhold et al., 2019), we exploited these proven methods to further
boost the efficiency in our system. Fig. 4(a) represents the current
density-voltage (J-V) curves of the optimal PSCs based on PBDT-

Fig. 2. Synthetic routes of (a) monomer, (b) polymer BDT-2FBnT and (c) optimized molecular geometries and frontier molecular orbitals of BDT-2FBnT dimers.

Fig. 3. Normalized absorption spectra of PBDT-2FBnT in (a) a chloroform solution and the thin-film state, (b) cyclic voltammograms and (c) energy level alignment
for PBDT-2FBnT and ITIC.
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2FBnT:ITIC (1:1) blend with different thermal annealing temperatures
(110, 140, and 160 °C) under AM 1.5G illumination, and subsequent
parameters are arranged in Table 2.

Noticeably, as the thermal annealing temperature was increased
from 110 °C to 140 °C, the PCEs of PBDT-2FBnT based devices were
significantly improved; however, at 160 °C yet again drop in the PCEs
was observed. Fascinatingly, thermally annealed optimal PBDT-
2FBnT:ITIC blend films at 140 °C for 10 min afforded the highest PCE of
9.5% with resultant photovoltaic parameters Voc = 0.919 V, Jsc of
16.1 mA/cm2 and FF of 64.1%. The larger Voc and remarkably high Jsc
result from the lower HOMO and stronger interchain interactions in the
solid-state, respectively, and are mainly attributed to the insertion of
2FBn in the polymer backbone. Meanwhile, these devices also demon-
strated a significantly improved FF from 51.7% at 110 °C to 64.1% at
140 °C, emphasizing that thermal annealing enabled an intrinsically
favorable phase-separated BHJ morphology promoting efficient charge
transport. However, further increase of the thermal annealing tem-
perature from 140 °C to 160 °C hampered the optimal trade-off between
the Jsc and Voc observed in the best devices; so, these devices de-
monstrated a marginally lower PCE of 8.3%. Besides, we also tested the

effect of a different high-boiling solvent additive such as 1, 8-diio-
dooctane (DIO) and 1-chloronaphthalene (CN) along with thermal an-
nealing. Although these devices showed maximum PCEs up to 9.2%,
there was no further improvement in the PCEs observed when com-
pared to devices without a solvent additive (Fig. S4-5 and Table S2-3).
External quantum efficiency (EQE) profiles of champion PBDT-
2FBnT:ITIC devices are displayed in Fig. 4b. The integrated Jsc value
achieved from the EQE curve was 14.27 mA/cm2, which is consistent
with the Jsc value of 16.1 mA/cm2 obtained in the J–V measurement
with reasonable mismatch range. Thus, owing to the effective con-
tributions of both PBDT-2FBnT and ITIC, optimal PSCs exhibited higher
EQE values along the 300–700 nm region and a peak EQE value
reaching ~70% at ca. 640 nm, resulting in a remarkable photocurrent
in PSCs.

To get a greater understanding of the superior Jsc, first, we eval-
uated charge dissociation characteristics of the blend film using the
photoluminescence (PL) quenching method. As shown in Fig. 5a, pris-
tine PBDT-2FBnT displayed a pronounced PL emission spectrum located
at 580–900 nm with a main peak centered around 715 nm by an ex-
citing film at 550 nm. But, after blending with ITIC, the emission profile

Table 1
Summary of thermal, optical, and electrochemical properties of the PBDT-2FBnT polymer.

Polymer Mn [kDa]/
PDIa

Thermal property Optical properties Electrochemical properties

Td [°C]b λmax [nm],
solution

ε (104) [M−1

cm−1]c
λmax [nm], thin
film

λonset [nm], thin
film

Eg
opt [eV]d HOMO [eV] LUMO [eV]

PBDT-2FBnT 75.49/2.10 352 476 5.39 505, 550 585 2.12 −5.48 −3.45

a Measured by GPC.
b Decomposition temperature (Td, with 5% weight loss) was calculated by TGA.
c The molar extinction coefficient of polymers at 475 nm in CF solution was measured using the Beer-Lambert law (A = εbc).
d Estimated values from the UV–vis absorption edge of the thin film (Eg

opt = 1240/λonset, eV).

Fig. 4. (a) The J-V curves of optimal PSCs based on PBDT-2FBnT:ITIC devices processed with different thermal annealing temperatures and (b) corresponding EQE
spectra of the optimal devices.

Table 2
The photovoltaic parameters of the optimized PSCs based on PBDT-2FBnT:ITIC (1:1) devices processed with different thermal annealing temperatures under AM 1.5G
illumination at 100 mW cm−2.

Blend Annealing temperature [°C] VOC [V]a JSC [mA cm−2]a FF [%] a PCEa [%] µh [cm2 V−1 s−1]b µe [cm2 V−1 s−1]c µh/µe

PBDT-2FBnT:
ITIC
(1:1)

110 0.899
(0.899 ± 0)

15.5
(15.45 ± 0.5)

51.7
(50.8 ± 0.9)

7.2 (6.95) 1.33 × 10−4

140 0.919
(0.919 ± 0)

16.1
(15.8 ± 0.3)

64.1
(62.9 ± 1.2)

9.5 (9.25) 1.07 × 10−4 1.24

160 0.939
(0.92 ± 0.02)

13.7
(13.3 ± 0.4)

64.9
(62.4 ± 2.5)

8.3 (7.9)

Device architecture: ITO/ZnO/active layer/MoO3/Ag.
a The average values and standard deviations were derived from 6 to 8 independent devices.
b The hole-only device had the configuration ITO/PEDOT:PSS/active layer/MoO3/Ag.
c The electron-only device had the configuration ITO/ZnO/active-layer/LiF/Al.
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of the optimal blend film was quenched by almost 84%. This implying
exciton generated in the PBDT-2FBnT effectively dissociated into the
ITIC via photoinduced electron transfer (Kini et al., 2018, 2019; Yang
et al., 2018). Similarly, to evaluate the hole transfer efficiency from
ITIC to polymer, both ITIC and optimal-blend films were excited at
700 nm (Fig. 5b). Notably, compared to pristine ITIC, the PL emission
spectra of blend film was quenched by 88%, suggesting that the extent
of hole transfer is also like that of electron transfer. These PL results will
further substantiate that photogenerated excitons are effectively dis-
sociated even at a small HOMO energy offset (△EHOMO) of 0.07 eV.

Thus, a relatively deep HOMO of PBDT-2FBnT and efficient dissociation
of photoinduced excitons in the blend films contribute to simulta-
neously increasing the Jsc and Voc in the optimal PSCs.

To correlate the effect of molecular ordering, crystallinity, and bulk
morphology with the photovoltaic performance, we analyzed the two-
dimensional grazing incidence wide-angle X-ray scattering (2D-
GIWAXS) of pristine PBDT-2FBnT as well as its optimal blend films. The
GIWAXS images and the related line-cut profiles are illustrated in Fig. 6,
and Table 3 summarizes the resulting packing parameters extracted
from these images. The pristine PBDT-2FBnT film demonstrated intense

Fig. 5. The photoluminescence spectra of PBDT-2FBnT (excited at 550 nm), ITIC (excited at 700 nm), and optimal PBDT-2FBnT:ITIC blend films (1:1) (excited at 550
and 700 nm).

Fig. 6. 2D-GIWAXS images of (a) pure PBDT-2FBnT, (b) optimal PBDT-2FBnT:ITIC blend, and (c) the corresponding out-of-plane and in-plane line cut profiles of the
GIWAXS images.
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(1 0 0) Braggs reflection peaks along both in-plane (IP) and out-of-plane
directions (OOP) (at 0.308 Å−1/0.326 Å−1, respectively), which cor-
responds to lamellar stacking distances of approximately 20.39 and
19.26 Å, respectively (Fig. 6a and c).

Additionally, they also showed pronounced arc-shaped (0 1 0) π-π
stacking peak at 1.67 Å−1 along both directions (corresponding d-
spacing distance is~ 3.76 Å), suggesting that neat films of PBDT-2FBnT
tend to form typical “bimodal” (i.e. the mixture of “edge-on” and “face-
on”) molecular orientation. Thus, higher crystallinity of PBDT-2FBnT,
which might be ascribed to the introduction of a 2FBn unit in the
molecular design, which simultaneously favors a more organized planar
backbone and stronger interchain π-π stacking, as evidenced by UV–vis
spectra and DFT calculation. After mixing with ITIC, though PBDT-
2FBnT:ITIC blend film demonstrated well-resolved (1 0 0) scattering
peaks in both directions with nearly similar lamellar spacing (d100 IP/
OOP = 20.52/19.81 Å, respectively), they exhibited π-π stacking dif-
fraction peak only along the OOP direction (Fig. 6b and c). These results
clearly emphasize the change of molecular orientation that occurred
from mixed in the case of pure PBDT-2FBnT films to typical “face-on” in
the blend films, which is advantageous for vertical charge transport in
PCSs (Kini et al., 2016; Li, S. et al., 2018; Wu et al., 2019; Yang et al.,

2018). Moreover, these blend films also demonstrated a substantially
increased and sharper (0 1 0) diffraction peak along the OOP direction
together with a lower π-π stacking distance than that of pure PBDT-
2FBnT (~3.74 Å vs. ~ 3.76 Å), emphasizing that the crystallinities and
molecular ordering of the blend components were substantially in-
creased. Consequently, improved molecular ordering along with “face-
on” molecular arrangements of blend film certainly aided efficient
charge transport in PSCs, which in turn was reflected in superior Jsc,
FF, and improved PCEs.

The space-charge-limited current (SCLC) measurement technique
was utilized to reveal the effect of charge carrier mobilities on the re-
markable PCEs of the optimized PBDT-2FBnT:ITIC blend film. The hole
(μh) mobilities and μe were calculated by fabricating hole-only (ITO/
PEDOT:PSS/active-layer/MoO3/Ag) and electron-only (ITO/ZnO/ac-
tive-layer/LiF/Al) devices under optimum conditions. Fig. 7a and b
represents the resulting dark J-V characteristics of the corresponding
devices. The optimal blend showed a significantly high μh and μe of
1.33 × 10−4 and 1.07 × 10−4 cm2 V−1 s−1, respectively, with a μh/μe

ratio of 1.24. As revealed in GIWAXS analysis, these higher charge-
carrier mobilities were consistent with stronger intermolecular packing
and predominant “face-on” molecular orientation exhibited by optimal
PBDT-2FBnT:ITIC blends, which will be useful to minimize the charge
recombination (Kini et al., 2017b). Moreover, a good charge balance
between μh/μe will further boost the efficient collection of charges at the
respective electrodes by decreasing the charge accumulation (Sharma
et al., 2020; Wang et al., 2019). Consequently, high and balanced
charge-carrier mobilities were the reason behind higher FF and Jsc in
the optimal devices.

Finally, we used atomic force microscopy (AFM) and transmission
electron microscopy (TEM) to better understand the correlation be-
tween surface and bulk morphology of the active layer with photo-
voltaic performances. As revealed from the AFM phage and height
images (Fig. 7c and d), optimal PBDT-2FBnT:ITIC showed rather

Table 3
GIWAXS packing parameters of pure PBDT-2FBnT and optimal PBDT-
2FBnT:ITIC blend.

Film IPa OOPb

d-(1 0 0) [Å]/
(q-(1 0 0)
[Å−1])

d-(0 1 0) [Å]
/ (q-(0 1 0)
[Å−1])

d-(1 0 0) [Å]/
(q-(1 0 0)
[Å−1])

d-(0 1 0) [Å]/
(q-(0 1 0)
[Å−1])

PBDT-Bn2F 20.39 (0.308) 3.76 (1.67) 19.26 (0.326) 3.76 (1.67)
PBDT-Bn2F:ITIC 20.52 (0.306) 19.81 (0.317) 3.74 (1.68)

a Calculation from axy-axis and bz-axis, respectively.

Fig. 7. J-V characteristics of (a) hole-only and (b) electron-only devices, (c) AFM phase image, (d) AFM height image and (e) TEM images of the optimal PBDT-
2FBnT:ITIC blend film.
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uniform and smooth surfaces accompanied by the small relative root
mean square roughness (RMS) of 2.17 nm. Moreover, no obvious phase
separation was observed, suggesting good intermixing of distinct
polymer and ITIC phases. Furthermore, the distinctive nanoscale mor-
phology together with the formation of a bicontinuous interpenetrating
network was also clearly distinguishable in the TEM images of this
blend (Fig. 7e), which certainly facilitated effective charge carrier dis-
sociation and transport in PSCs. Consequently, it is plausible that higher
FF, Jsc, and photovoltaic performances of PBDT-2FBnT:ITIC devices
can be ascribed to several favorable properties, such as optimal mor-
phology, face-on molecular orientation, effective charge dissociation,
higher and balanced charge carrier mobilities, and optimal mor-
phology.

3. Conclusion

In summary, we described a feasible way to increase the perfor-
mance of a BDT-alt-heteroacene-based highly scalable molecular design
by introducing 2,5-difluoro benzene (2FBn) as a weak electron-acceptor
core to form new WBG-PD, PBDT-2FBnT. The 2FBn is easily accessible
at low-cost, and its corresponding monomer 2FBnT having two adjacent
thiophene units is synthesized by a straightforward two-step process
with > 82% yields. With the benefits of introducing a 2FBnT unit,
PBDT-2FBnT showed a stronger absorption co-efficient of 5.39 × 104

M−1 cm−1, deep HOMO energy levels (−5.48 eV), and strong ag-
gregation leading to the increased crystallinity. Moreover, its optimal
blend with ITIC also displayed well-matched energy levels with lower
ΔEHOMO offset, favorable face-on molecular orientation, high and well-
balanced charge carrier mobilities, and favorable nanoscale mor-
phology, so that corresponding NF-PSCs displayed a remarkable PCE of
9.5% with a superior trade-off between Voc of 0.919 V, and Jsc of
16.1 mA/cm2 was achieved. As a result, we believe that our detailed
study on an easily scalable unit PBDT-2FBnT will encourage further
explorations of easily scalable molecular designs that have tremendous
potentials in commercial applications.
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