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1. Introduction

Recently, polymer solar cells (PSCs) have achieved power 
conversion efficiencies (PCEs) greater than 16%[1–4] and 17%[5] in 
single and tandem solar cells, respectively, owing to the innova-
tive development of nonfullerene acceptors (NFAs).[6–11] Despite 
this impressive achievement, the high costs of raw materials 
and device fabrication remain unresolved impediments to the 
industrialization of PSCs.[12,13] In particular, π-conjugated donor 
polymers are required to reduce the synthetic complexity (SC), 
including the number of steps, overall yields, and costs of raw 
materials and final products.[14,15] Accordingly, we previously 
proposed a strategy for designing wide-bandgap donor 
polymers based on 2D benzo[1,2-b:4,5-b′] dithiophene (2DBDT) 

To industrialize nonfullerene polymer solar cells (NFPSCs), the molecular 
design of the donor polymers must feature low-cost materials and a high 
overall yield. Two chlorinated thiophene-based polymers, P(F–Cl) and 
P(Cl–Cl), are synthesized by introducing halogen effects like fluorine (F) and 
chlorine (Cl) to the previously reported P(Cl), which exhibits low complexity. 
However, the molecular weights of these polymers are insufficient owing 
to their low solubility, which in turn is caused by introducing rigid halogen 
atoms during the polymerization. Thus, they show relatively low power 
conversion efficiencies (PCEs) of 11.8% and 10.3%, respectively. To 
overcome these shortcomings, two new terpolymers are designed and 
synthesized by introducing a small amount of 1,3-bis(5-bromothiophen-2-yl)-
5,7-bis(2-ethylhexyl)benzo[1,2-c:4,5-c′]dithiophene-4,8-dione (BDD) unit 
into each backbone, namely, P(F–Cl)(BDD = 0.2) and P(Cl–Cl)(BDD = 0.2). 
As a result, both polymers remain inexpensive and show a better molecular 
weight–solubility balance, achieving high PCEs of 12.7% and 13.9%, 
respectively, in NFPSCs processed using eco-friendly solvents.

Polymer Solar Cells

and halogenated heterocycle rings,[16,17] 
which is a simple donor–acceptor (D–A) 
approach with a relatively low SC.[17] By 
introducing a 3-chlorothiophene (Cl–Th) 
unit, which has the deepest-lying highest 
occupied molecular orbital (HOMO) levels 
and strongest dipole moment among 
halogenated thiophenes, into the 2DBDT-
based polymer backbone, we were able to 
develop a wide-bandgap donor polymer, 
P(Cl), with a PCE of up to 12.1% and a 
relatively lower cost than that of existing 
D–A donor polymers.[17] To achieve PSCs 
that outperform those with P(Cl), we con-
sider introducing donor units substituted 
with F or Cl instead of nonhalogenated 
2DBDT into the polymer backbone.[18–21] 
However, because relatively bulky, rigid 
halogen atoms were introduced when 
using the restricted alkyl side chains to 
dissolve their polymer backbones, the 
molecular weight and solubility decreased 

during polymer chain growth. This can ultimately degrade the 
photovoltaic performance.[22–25] In these cases, the insufficient 
lengths of alkyl side chains should be increased or π–spacers 
introduced to provide appropriate molecular weights to realize 
the desired structure–property relationship.[22,26–28] However, 
such techniques not only increase the synthetic complexity but 
may overmuch change the crystallinity and orientation proper-
ties of the polymers at times, which therefore must be carefully 
considered.[22,29] Therefore, developing a reasonable technique 
to balance molecular weight with solubility is paramount to 
driving the inherent properties of D–A donor polymers for 
high-efficiency PSCs.

Herein, we present new designs for four 2DBDT-chlorin-
ated thiophene-based donor polymers. First, we design and 
synthesize two donor polymers based on fluorinated/chlorin-
ated 2DBDT (F–2DBDT/Cl–2DBDT), denoted by P(F–Cl) and 
P(Cl–Cl), respectively, for simplicity, by modifying the struc-
ture of P(Cl). However, P(F–Cl) and P(Cl–Cl) polymers have 
lower molecular weight than P(Cl), and the structure–property 
potential of the polymers based on the introduction of F and 
Cl is not expressed. Thus, combining these polymers with 
3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-difluoro)-
indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-
d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene (IT-4F) in the 
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PSCs results in PCEs of 11.8% and 10.3%, respectively. To 
challenge this problem, we attempt to synthesize different 
terpolymers by introducing a small amount of 1,3-bis(5-bro-
mothiophen-2-yl)-5,7-bis(2-ethylhexyl)benzo[1,2-c:4,5-c′]dithio-
phene-4,8-dione (BDD) instead of Cl–Th as the acceptor unit 
in the polymer backbones: P(F–Cl)(BDD = 0.2)–F–2DBDT:Cl–
Th:BDD = 1:0.8:0.2 and P(Cl–Cl)(BDD = 0.2)–Cl–2DBDT:Cl–
Th:BDD = 1:0.8:0.2. The BDD unit has a higher SC than 
Cl–Th, but only a trace amount of 20 mol% is introduced; 
thus, this attempt is believed to be more advantageous from 
a figure-of-merit (FOM = SC/PCE) standpoint, i.e., when 
the increase in efficiency is greater than the increase in 
cost.[14,30–32] Moreover, it is predicted that the BDD unit does 
not cause steric hindrance when introduced into F–2DBDT/
Cl–2DBDT-chlorinated thiophene-based polymer backbones, 
and it also decreases the bandgap of the polymer and main-
tains similar HOMO levels.[20,21,33]

Consequently, P(F–Cl)(BDD = 0.2) and P(Cl–Cl)(BDD = 0.2) 
terpolymers show higher molecular weights and solubility than 
P(F–Cl) and P(Cl–Cl). IT-4F-based PSCs show high-efficiency 
PCEs of 12.7% and 13.2%, respectively, owing to the improved 
physical, optical, and orientation of these terpolymers. More-
over, even when fabricated with nonchlorinated solvents 
(o-xylene (XY)/1-phenylnapthalene (PN)), the PSCs show 
superior PCEs of 12.2% and 13.5%, respectively, owing to the 
balance between molecular weight and solubility of P(F–Cl)
(BDD = 0.2) and P(Cl–Cl)(BDD = 0.2). Notably, both devices 
were certified by the Nano Convergence Practical Application 
Center (NCPAC) in Korea, and they achieved the highest PCEs 

of 12.70% and 13.97%, thus confirming our development of 
high-performance, eco-friendly NFPSCs.

2. Results and Discussion

2.1. Design, Theoretical Calculations, and Physical Properties

We focused on the development of high-efficiency donor 
polymers with balanced molecular weight and solubility by 
modifying and optimizing the structure of P(Cl).[17] P(Cl) was 
characterized and reported in our previous work.[17] As shown 
in Scheme 1, we designed and synthesized four chlorinated 
thiophene-based donor polymers, namely, P(F–Cl), P(F–Cl)
(BDD = 0.2), P(Cl–Cl), and P(Cl–Cl)(BDD = 0.2). In particular, 
the two polymers with BDD units showed a relatively high yield 
in the chloroform fraction (they perfectly dissolved in chloro-
form.) during Soxhlet extraction. The synthesis method and 
characterizations of the polymers are described in detail in 
the Supporting Information (Scheme S1 and Figures S1–S4, 
Supporting Information). All donor polymers dissolved well 
in common chlorinated organic solvents such as chloroform, 
chlorobenzene, and o-dichlorobenzene. However, P(F–Cl) and 
P(Cl–Cl) almost did not dissolve in nonchlorinated solvents 
such as toluene and o-xylene, whereas P(F–Cl)(BDD = 0.2) 
and P(Cl–Cl)(BDD = 0.2) showed good solubility, completely 
dissolving at 25 °C.

Firstly, density functional theory (DFT) calculations for donor 
polymers were performed with the model structures, as shown 
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Scheme 1. Summary for synthetic donor polymers.
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in Scheme S2 in the Supporting Information, (Figures S5 
and S6 and Table S1, Supporting Information). In the case of 
P(F–Cl)(BDD = 0.2) and P(Cl–Cl)(BDD = 0.2), simulating struc-
tures most similar to actual polymers would require performing 
the calculations on the model compounds of (repeating unit, 
n = 1: P(F–Cl)(BDD = 0.2) and P(Cl–Cl)(BDD = 0.2)) combined 
with (n = 2: P(F–Cl) and P(Cl–Cl)), respectively. Therefore, 
because of the exponential increase in time, calculations for 
P(F–Cl)(BDD = 0.2) and P(Cl–Cl)(BDD = 0.2) were performed 
and analyzed by substituting the model compounds of (n = 1: 
P(F–Cl)(BDD = 0.5) and P(Cl–Cl)(BDD = 0.5) by introducing 
50 mol% BDD as acceptor units), respectively. As shown in 
Figure S5 and Table S1 (Supporting Information), Cl–2DBDT-
based P(Cl–Cl) showed a slightly lower HOMO level and wider 
bandgap than F–2DBDT-based P(F–Cl) owing to higher elec-
tron density.[21] As the BDD unit was introduced into each 
F–2DBDT/Cl–2DBDT-chlorinated thiophene-based polymer 
backbone, the bandgap P(F–Cl)(BDD = 0.2) and P(Cl–Cl)(BDD 
= 0.2) tended to decrease because both the HOMO and lowest 
unoccupied molecular orbital (LUMO) levels shifted lower. As 
shown in Table S1 (Supporting Information), the curvatures of 
model compounds showed θ1, θ2, and θ3 values tilting in the 
positive direction, and as BDD units were introduced, the sum 
of these three values decreased. Based on this finding, the poly-
mers were predicted to show increasing planarity in the order  
of P(Cl–Cl) < P(F–Cl) < P(Cl–Cl)(BDD = 0.2) < P(F–Cl)(BDD 
= 0.2). Moreover, as BDD units were introduced into the 
polymer backbones, intermolecular π–π stacking was expected 
to improve owing to the increasing length of curvature (L) of the 
polymers.[34,35] Lastly, when the electrostatic potentials (ESPs) of 
donor polymers were calculated, the results showed predomi-
nantly positive continuous potentials along the π-conjugated 
polymer main backbones in all polymers, which would be 
expected to provide efficient charge transport (Figure S6, Sup-
porting Information).[17] The calculated values are summarized 
in detail in Table S1 (Supporting Information).

The gel permeation chromatography (GPC) results of 
the donor polymers showed that P(F–Cl) and P(Cl–Cl) had 
number-average molecular weights (Mn) below ≈25.1 kDa, 
with relatively low solubility due to the introduction of F and 
Cl, respectively, and the restricted alkyl side chains. On the 
other hand, both P(F–Cl)(BDD = 0.2) and P(Cl–Cl)(BDD = 0.2) 
showed increased molecular weights of ≥36.5 kDa based on 
their excellent solubility. In the thermogravimetric analysis 
(TGA), the temperature at which a 5% weight loss occurred (Td) 
was relatively higher in both polymers with BDD units owing to 
their higher aromaticity (Figure S7, Supporting Information). 

Lastly, differential scanning calorimetry (DSC) was performed 
to analyze the crystallinity of the donor polymers at 30–270 °C, 
and the results showed no peaks indicating differences in crys-
tallinity (Figure S8, Supporting Information).[33] The results of 
these analyses are summarized in Table 1.

2.2. Optical and Electrochemical Properties

As shown in Figure 1, the optical and electrochemical 
properties of donor polymers were investigated through 
UV–visible spectroscopy (UV–vis) and cyclic voltammetry 
(CV). To understand the optical and electrochemical inter-
actions between donor polymers, IT-4F was also analyzed in 
this study. As shown in Figure 1a,b, donor polymers in both 
the solution and film states showed two absorption peaks at  
300–400 and 400–650 nm based on π–π* transition intramolec-
ular charge transfer (ICT) between the donor and chlorinated 
thiophene units of the donor polymers, whereas IT-4F showed 
a single absorption band at 600–800 nm, indicating strong ICT 
effects.[16–19,36] Therefore, complementary light absorption in 
blends could be expected from the four donor polymers and 
IT-4F.[18,19,21]

As shown in Figure S9 and S10 (Supporting Information), 
UV–vis measurements were taken in four dilute chloro-
form solution states at different concentrations on the 
order of 10−5 m. When these were substituted into the Beer–
Lambert equation,[16,17,37] the average molar absorption coeffi-
cients (ε) of the polymers with BDD tended to increase more 
than those of the polymers without BDD. This difference is 
attributable to the extended π-conjugation length and increased 
molecular weight relative to those of the Cl–Th unit.[16,20,21] 
As the F–2DBDT-based donor polymers changed from a solu-
tion state to a film state, their peak intensities red-shifted 
as the intermolecular distance decreased.[18,21] On the other 
hand, Cl–2DBDT-based donor polymers showed a decrease in 
shoulder peaks indicating π–π stacking effects in the film state 
owing to the introduction of relatively bulky Cl–2DBDT into 
the polymer backbones.[19,21] However, this tendency was less-
ened in P(F–Cl)(BDD = 0.2) and P(Cl–Cl)(BDD = 0.2) owing 
to decreased intramolecular steric hindrance and increased 
L owing to the BDD in the polymer backbone. These results 
agree well with previous computational simulation results. 
Both polymers showed relative decreases in the optical band-
gaps (Eg

opt), also agreeing with the computational simulations. 
This finding means that devices fabricated with these polymers 
could attain a higher short-circuit current density (Jsc) than 

devices with P(F–Cl) and P(Cl–Cl).[21] Lastly, 
in the CV measurements, the donor poly-
mers showed HOMO levels decreasing in 
the order of P(F–Cl)(BDD = 0.2) > P(F–Cl) > 
P(Cl–Cl)(BDD = 0.2) > P(Cl–Cl), with values 
of −5.62, −5.64, −5.67, and −5.70 eV, respec-
tively (Figure S11, Supporting Information). 
When all donor polymers were blended 
with the deeper-lying HOMO levels of IT-4F 
−5.71 eV, we expected to see good energy 
level alignment, as shown in Figure 1c.[18–21] 
The optical and electrochemical properties of 
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Table 1. Physical and thermal properties of donor polymers.

Polymer Yield [%] Mn
a) [kDa] Mw

a) [kDa] PDIa) Td
b) [°C]

P(F–Cl) 77.0 25.1 38.8 1.55 365

P(F–Cl)(BDD = 0.2) 85.0 36.5 83.6 2.29 386

P(Cl–Cl) 72.0 21.9 34.3 1.57 364

P(Cl–Cl)(BDD = 0.2) 89.0 38.5 91.0 2.36 372

a)Parameters (Mn: number-average molecular weight; Mw: weight-average molecular weights; PDI: polydis-
persity index) determined via GPC in chloroform using polystyrene standards; b)Temperature resulting in 
5% weight loss based on the initial weight.
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the donor polymers are summarized in Table 2, and those of 
IT-4F are summarized in Table S2 (Supporting Information).

2.3. Photovoltaic Performance

Devices were fabricated in the inverted configurations of 
ITO/ZnO/polymer:IT-4F/MoO3/Ag, and to obtain more 
stable devices than conventional devices, a metal anode 
with a higher work function was used.[38] First, the devices 
with P(F–Cl):IT-4F, P(F–Cl)(BDD = 0.2), P(Cl–Cl):IT-4F, and 
P(Cl–Cl)(BDD = 0.2) were optimized with chlorinated solvents: 
chlorobenzene (CB):1,8-diiodooctane (DIO) = 99.5:0.5, v/v %. 
(The detailed process is shown in the Supporting Information.) 
The current density–voltage (J–V) and external quantum 

efficiency (EQE) curves of the optimized polymer blends for 
PSCs are displayed in Figure 2a,b, respectively, and the associ-
ated parameters are listed in Table 3. As a result, P(F–Cl):IT-4F 
and P(Cl–Cl):IT-4F showed the highest PCEs of 11.8% and 
10.2%, respectively. Although these polymers were expected 
to perform better than P(Cl) owing to the effects of F and Cl, 
high performance was not achieved owing to a low fill factor 
(FF), in contrast with the relatively high open-circuit voltage 
(Voc) and Jsc. On the other hand, P(F–Cl)(BDD = 0.2):IT-4F 
and P(Cl–Cl)(BDD = 0.2):IT-4F, which had higher molecular 
weights, achieved higher PCEs of 12.7% and 13.2%, respec-
tively, owing to increases in both Jsc and FF. In particular, both 
polymers showed EQEs over 85% at 550–750 nm, the high 
ratio of the number of photogenerated charges collected to the 
number of incident photons in maximum absorption spectra 
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Figure 1. UV–vis absorption spectra and energy band diagrams from CV curves of donor polymers and IT-4F: a) average molar absorption coefficients 
for 10−5 diluted chloroform solutions, b) UV–vis absorption spectra of chloroform solutions versus thin films, and c) energy band diagrams of donor 
polymers and IT-4F in the inverted devices.
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of the donor and acceptor.[39,40] Notably, these results indicate 
that efficient charge collection and superior light-harvesting 
capability are possible, even in thin films with thicknesses of 
100–110 nm.[39,40] This is in agreement with the results for 
P(F–Cl)(BDD = 0.2) and P(Cl–Cl)(BDD = 0.2) obtained in our 
laboratory with about 6.1% and 6.5% mismatches, respectively. 
As shown in Figure S12 (Supporting Information), the maxi-
mized optical density of each polymer blend is very close the 
maximized EQE values at 600 and 700 nm, respectively, sug-
gesting that the light absorption of the donor and acceptor 
make good contribution to the current density of the devices. 
Plus, the internal quantum efficiency (IQE) of the P(F–Cl)(BDD 
= 0.2) and P(Cl–Cl)(BDD = 0.2)-based inverted devices has been 
measured based on reflectance (R) and EQE; the IQE spectra 
show very high values of nearly 90% in a range from 550 to 
750 nm. The high IQE curve suggests that most absorbed  
photons create charge carriers that are collected at the electrodes.

2.4. Crystallinity and Orientation Analysis

2D grazing-incidence wide-angle X-ray scattering (2D 
GIWAXS) is an efficient approach for investigating the crystal-
linity and molecular orientation of pristine photoactive mate-
rials and optimized polymer blends.[17,41] As demonstrated in 
Figures S13 and S15 (Supporting Information) and Figure 3, the 

2D GIWAXS patterns were used to obtain the corresponding 
out-of-plane (OOP; along qz) (Figures S14a, S16a, and S17a, 
Supporting Information) and in-plane (IP; along qxy) profiles 
(Figures S14b, S16b, and S17b, Supporting Information) of 
all films. In addition, we constructed intensity-integrated azi-
muthal pole figure plots for the (100) scattering peaks of the 
pristine and blended polymer films (Figures S14c, S16c, 
and S17c, Supporting Information). The integrated areas 
within the azimuthal angle (χ) in the ranges of 0°–45° (Az) and 
45°–90° (Axy) are defined as the corresponding fractions of face-
on and edge-on structures, respectively, and the ratio Axy/Az 
was calculated as a metric for the face-on-to-edge-on ratio. First, 
as demonstrated by Axy/Az, all pristine donor polymers except 
P(F–Cl)(BDD = 0.2) showed dominant face-on structures and 
similar orientations on the ZnO substrate. The d-spacing of 
(100) planes, which represents the lamellar packing of P(F–Cl)
(BDD = 0.2) and P(Cl–Cl)(BDD = 0.2), increased when intro-
ducing only a small amount of BDD units, compared with those 
of P(F–Cl) and P(Cl–Cl). In the case of the (010) plane, repre-
senting π–π stacking distance, the d-spacing (d[010]) in P(F–Cl)
(BDD = 0.2) was greater than that of P(F–Cl), whereas d[010] 
in P(Cl–Cl)(BDD = 0.2) was smaller than that of P(Cl–Cl). As 
shown in the DFT calculations in Table S1 (Supporting Infor-
mation), such differences may be attributable to the fact that 
both F–2DBDT units adjacent to Cl–Th showed increases in the 
tilting angles to 1.48° and 1.85°, respectively, in the segments 
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Table 2. Optical and electrochemical properties of donor polymers.

Polymer UV–visible absorption Cyclic voltammetry

Chloroform solution Molar absorption coefficient Film Eg
opt,a) [eV] Eox

onset [V] EHOMO
b,c) [eV] ELUMO

b) [eV]

λmax [nm] ε [M−1 cm−1] at λmax [nm] λmax [nm]

P(F–Cl) 361, 533 32172 (361), 81299 (533) 342, 535, 571 1.99 1.34 −5.64 −3.66

P(F–Cl)(BDD = 0.2) 359, 562 47730 (359), 89598 (562) 361, 565 1.88 1.32 −5.62 −3.74

P(Cl–Cl) 371, 529, 571 32580 (371), 76681 (529), 73711 (571) 375, 529, 568 2.02 1.40 −5.70 −3.68

P(Cl–Cl)(BDD = 0.2) 362, 571 43070 (362), 94402 (571) 364, 565 1.90 1.37 −5.67 −3.77

a)Calculated from the intersection of the tangent of the low-energy edge of the absorption spectrum with the baseline; b)EHOMO = −[Eox
onset (vs Ag/AgCl) − E1/2,ferrocene 

(Fc/Fc+ vs Ag/AgCl)c)] − 4.8 eV, ELUMO = Eg
opt − EHOMO; c)E1/2,ferrocene (Fc/Fc+ vs Ag/AgCl) = 0.49 eV (measured data).

Figure 2. a) J–V and b) EQE curves of the optimized polymer blends for inverted PSCs.
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of P(F–Cl)(BDD = 0.2) with the introduction of BDD units. 
In contrast, a decrease in tilting angles to 1.70° and 1.03° was 
observed in the segments of P(Cl–Cl)(BDD = 0.2). As an NFA, 
IT-4F showed a balanced structure between face-on and edge-
on structures. When donor polymers and IT-4F were blended, 
all blends except those with P(Cl–Cl) and P(Cl–Cl)(BDD = 0.2) 
showed relatively greater d[100], while the d-spacing of (010), 
i.e., d[010], decreased in the order of P(F–Cl) > P(F–Cl)(BDD = 
0.2) > P(Cl–Cl) > P(Cl–Cl)(BDD = 0.2). In addition, all blends 
except P(Cl–Cl):IT-4F increasingly tended to form the face-on 
structure over the edge-on structure. Especially in the case of 

P(Cl–Cl)(BDD = 0.2), blending with IT-4F resulted in more 
densely packed (100) and (010) planes than its pristine state, as 
well as a significant increase in the face-on structure, as calcu-
lated by Axy/Az. These results support the photovoltaic perfor-
mance of each polymer blend. Moreover, the crystal coherence 
length (CCL) at (100) and (010) were calculated, i.e., CCL(100) 
and CCL(010), and the results indicated that all blends tended 
to show higher CCL(100) and CCL(010) than pristine films. On 
the other hand, P(Cl–Cl)(BDD = 0.2):IT-4F showed a decrease in 
crystal size at (010), which indicated that crystals were relatively 
larger at (100) and that this sample had the highest crystallinity 
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Table 3. Optimized photovoltaic performance of inverted PSCs with polymer blends.

Active Layer Thickness [nm] Temperaturea) [°C] Voc [V] Jsc [mA cm−2] FF [%] PCEmax/PCEave
b) [%]

P(F–Cl):IT-4F = 1:1 95 140 0.879 20.3 66.0 11.8/11.5 ±  0.30

P(F–Cl)(BDD = 0.2):IT-4F = 1:1 100 150 0.838 21.3 71.0 12.7/12.5 ± 0.22

P(Cl–Cl):IT-4F = 1:1 110 160 0.899 20.3 56.1 10.2/10.0 ± 0.19

P(Cl–Cl)(BDD = 0.2):IT-4F = 1:1 110 160 0.899 21.7 67.5 13.2/12.9 ±  0.31

a)Post-annealing for 10 min; b)Average PCE values are calculated from ten individual cells.

Figure 3. 2D GIWAXS patterns for optimized polymer blends of a) P(F–Cl):IT-4F, c) P(Cl–Cl):IT-4F, b) P(F–Cl)(BDD = 0.2), and d) P(Cl–Cl)(BDD = 
0.2):IT-4F.
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among the optimized donor polymer blends. Therefore, the 
highest PCEs could be obtained with relatively high Jsc values. 
The GIWAXS analysis results and calculated values are sum-
marized in Table 4 and Table S3 (Supporting Information).

2.5. Morphological Characterization

The surface and microscale morphologies of the optimized 
polymer blends were measured using atomic force micros-
copy (AFM).[16,17,37] The blend films were prepared under the 
same conditions as those for device fabrication. As shown in 
Figure 4a–c, AFM 2D and 3D topographies of all blend films for 
the P(F–Cl):IT-4F (root-mean square (RMS), Rq = 0.97 nm and 
maximized roughness in the z-axis direction, Rz

max = 12.12 nm), 
P(F–Cl)(BDD = 0.2):IT-4F (Rq = 0.83 nm and Rz

max = 6.71 nm), 
and P(Cl–Cl)(BDD = 0.2):IT-4F (Rq = 1.03 nm and Rz

max = 
14.47 nm) were relatively smooth and uniform, except for  
P(Cl–Cl):IT-4F (Rq = 1.41 nm and Rz

max = 20.53 nm). This 
finding indicated that fine phase separation and exciton trans-
port is possible. In particular, P(F–Cl)(BDD = 0.2):IT-4F and 
P(Cl–Cl)(BDD = 0.2):IT-4F exhibited relatively smaller RMS and 
Rz

max values than polymers without BDD units, thus enabling 
defect-free contact with the MoO3 layer and resulting in higher 
FF and Jsc values.[21,42] On the other hand, P(Cl–Cl):IT-4F par-
tially showed large aggregated surfaces and islands with largely 
separated microscale domains due to the low solubility of the 
polymer, resulting in relatively low FF values. Such results were 
consistent with the photovoltaic parameters.[42]

2.6. Charge Carrier Mobility

We measured the space-charge-limited current (SCLC) of 
hole-only and electron-only devices to verify the charge car-
rier mobility in the optimized polymer blends (Figure S18 
and Table S4, Supporting Information).[17,37] The resulting 
electron and hole mobilities (µe and µh) were calculated using 
the modified Mott–Gurney equation to be, in increasing order, 
4.87 × 10−4 and 1.05 × 10−4 cm2 V−1 s−1 for P(F–Cl):IT-4F, 5.60 × 
10−4 and 4.91 × 10−4 cm2 V−1 s−1 for P(F–Cl)(BDD = 0.2):IT-4F,  

1.19 × 10−4 and 2.85 × 10−4 cm2 V−1 s−1 for P(Cl–Cl):IT-4F, 
and 6.11 × 10−4 and 6.76 × 10−4 cm2 V−1 s−1 for P(Cl–Cl)(BDD 
= 0.2):IT-4F, respectively. Similarly, the electron/hole mobility 
ratios (µe/µh) are more balanced (i.e., closer to 1) with BDD. 
Specifically, these ratios are 4.64 and 1.14 for P(F–Cl):IT-4F 
and P(F–Cl)(BDD = 0.2), respectively, and 4.17 and 0.90 for  
P(Cl–Cl):IT-4F and P(Cl–Cl)(BDD = 0.2):IT-4F, respectively. 
Accordingly, introducing a small amount of BDD units to 
polymer backbones increased the charge carrier mobility and bal-
ance, thus contributing to their high performance in PSCs.[17,21]

2.7. Photoluminescence Analysis

Charge transfer between the donor polymers and NFAs in 
all the polymer blend films must be further investigated to 
clarify its contribution to device performance.[16,17] Photolumi-
nescence (PL) measurement is a convenient tool for probing 
charge transfer or energy transfer between materials; there-
fore, it was performed for pristine materials and optimized 
polymer blends in the present study as well, respectively 
(Figure S19, Supporting Information). The donor polymers 
and NFAs exhibit PL emissions in the ranges of 570–800 and 
700–880 nm, respectively; in contrast, in the polymer blends, 
an effective PL quenching behavior was clearly observed in the 
range of 700–850 nm. Most combinations of donor polymers 
and NFAs, except for optimized polymer blends of P(Cl–Cl):IT-
4F with unbalanced HOMO energy offset, showed sufficient 
PL quenching rates (PLQ) at 530 and 630 nm (donor to blend 
(D→B) and acceptor to blend (A→B)), respectively. Specifically, 
the PL spectra of P(F–Cl)(BDD = 0.2):IT-4F and P(Cl–Cl)(BDD 
= 0.2):IT-4F revealed a highly efficient photoinduced charge 
transfer occurrence, with relatively high quenching rates of 
95.0% and 91.6% and 77.6% and 70.7% (PLQD→B and PLQA→B 
excited at 530 nm), and 93.6% and 92.1% and 86.5% and 84.5% 
(PLQD→B and PLQA→B excited at 630 nm), respectively, as 
shown in Figure 5. These results are in good agreement with 
the morphology and charge carrier mobility data, which sup-
port the results of the photovoltaic parameters for optimized 
polymer blends. Detailed values are summarized in Table S5 
(Supporting Information).
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Table 4. GIWAXS results for pristine active materials and optimized polymer blends in the out-of-plane (OOP) direction.

d[100]a) [Å] at (100) [Å−1] d[010]a) [Å] at (010) [Å−1] Axy/Azb)

P(F–Cl) 16.99 at 0.370 3.78 at 1.662 1.21

P(F–Cl)(BDD = 0.2) 18.84 at 0.333 3.86 at 1.629 0.95

P(Cl–Cl) 19.63 at 0.320 3.84 at 1.638 1.27

P(Cl–Cl)(BDD = 0.2) 19.75 at 0.318 3.78 at 1.664 1.11

IT-4F 16.80 at 0.374 4.11 at 1.530 1.05

P(F–Cl):IT-4F 17.90 at 0.351 3.67 at 1.711 1.46

P(F–Cl)(BDD = 0.2):IT-4F 19.76 at 0.318 3.61 at 1.740 1.00

P(Cl–Cl):IT-4F 19.50 at 0.322 3.60 at 1.744 1.13

P(Cl–Cl)(BDD = 0.2):IT-4F 19.39 at 0.324 3.59 at 1.750 1.31

a)qxy (or qz) = 2π/d[010] (or d[100]); b)The ratio between face-on and edge-on orientations determined by the pole figure analysis, where Axy and Az correspond to the face-on 
and edge-on fractions, respectively.
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2.8. Photovoltaic Performance Processed  
Using Eco-Friendly Solvents

We fabricated inverted PSCs with P(F–Cl)(BDD = 0.2):IT-4F and 
P(Cl–Cl)(BDD = 0.2), which have relatively high molecular weight 
and solubility, using eco-friendly solvents (XY:PN = 99.5:0.5, v/v %).  

The J–V and EQE results are shown in Figure S20a,b (Supporting 
Information). As shown by the AFM results, both devices showed 
excellent photovoltaic performance despite the formation of 
larger domains sizes than those of PSCs fabricated using chlorin-
ated solvents owing to the increased aggregation effect between 
the components (Figure S21, Supporting Information).[16,21,42,43] 

Small 2019, 1902598

Figure 4. AFM 2D and 3D topography images of the optimized polymer blends: a) P(F–Cl):IT-4F, b) P(F–Cl)(BDD = 0.2):IT-4F, c) P(Cl–Cl):IT-4F, and 
d) P(Cl–Cl)(BDD = 0.2):IT-4F.
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Consequently, P(F–Cl)(BDD = 0.2):IT-4F showed a slightly 
decreased efficiency of 12.2% due to the Voc and Jsc values, 
which were lower than those with chlorinated solvents. In con-
trast, P(Cl–Cl)(BDD = 0.2):IT-4F showed an increased efficiency 
of 13.5% because the FF increased more than Jsc decreased. 
These changes were because P(Cl–Cl)(BDD = 0.2):IT-4F dissolved 
relatively better in nonhalogenated solvents than P(F–Cl)(BDD 
= 0.2):IT-4F, thereby forming bi-continuous networks with bal-
anced molecular weight and solubility. In other words, P(Cl–Cl)
(BDD = 0.2):IT-4F (Rq = 1.11 nm and Rz

max = 10.32 nm) may have 
less energy loss due to its superior film morphology parameters 
to those of P(F–Cl)(BDD = 0.2):IT-4F (Rq = 2.61 nm and Rz

max = 
27.54 nm).[42,43] Moreover, when both devices were certified by 
the Nano Convergence Practical Application Center (NCPAC) 
in Korea, after the devices were encapsulated, the highest PCEs 
of 12.70% and 13.97% were achieved, respectively, confirming 
the development of high-performance, eco-friendly NFPSCs  
(Figures S22 and S23, Supporting Information). The photovoltaic 
properties of the donor polymers are summarized in Table 5.

2.9. Photostability

In addition, we investigated the photostability of both devices 
with encapsulation processed by eco-friendly solvents under 
AM 1.5G continuous white light-emitting diode (LED) illumi-
nation. We adopted the LED as the light source instead of the 

xenon lamp used in the solar simulator due to light stability 
issues with reliability.[17] The performance of devices between 
the xenon the LED lamps showed a difference of ≈1% PCEs 
due to the each different inherent light regions. The PCEs of 
both cells slightly decreased below about 2.3% to 5.1% com-
pared with each initial PCE for 30 h, which means that the 
both polymers-based devices have a high photostability without 
burn-in loss.[21] The detailed results of the measurements are 
shown in Figure S24 (Supporting Information).

3. Conclusion

In summary, we successfully designed and synthesized four 
F–2DBDT/Cl–2DBDT-chlorinated thiophene-based wide-
bandgap donor polymers, P(F–Cl), P(F–Cl)(BDD = 0.2), P(Cl–Cl), 
and P(Cl–Cl)(BDD = 0.2), by modifying and optimizing the 
structure of previously reported P(Cl) to develop high-efficiency 
NFPSCs. To realize halogen effects for the P(F–Cl) and P(Cl–Cl), 
we determined that a sufficient molecular weight was required to 
drive their potential for structure–property. Thus, we introduced 
20 mol% of a small amount of BDD into the polymer back-
bones as acceptor units instead of 100 mol% Cl–Th. As a result,  
P(F–Cl)(BDD = 0.2) and P(Cl–Cl)(BDD = 0.2) performed better 
than P(F–Cl) and P(Cl–Cl), not only in terms of physical, optical, 
and electrochemical properties but also in terms of crystal-
linity and orientation. In particular, the IT-4F-based PSCs for 
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Figure 5. Normalized PL spectra of pristine materials and optimized polymer blends: the samples were excited at a) 530 nm and b) 630 nm, respectively.

Table 5. Optimized photovoltaic performance of the polymer blends for eco-friendly inverted PSCs.

Active Layer Thickness [nm] Temperaturea) [°C] Voc [V] Jsc [mA cm−2] FF [%] PCEmax/PCEave
b) [%]

P(F–Cl)(BDD = 0.2):IT-4F = 1:1 110 140 0.818 20.7 71.6 12.2/12.0 ±  0.18

P(F–Cl)(BDD = 0.2):IT-4F = 1:1c) 0.813 24.06 65.0 12.70

P(Cl–Cl)(BDD = 0.2):IT-4F = 1:1 120 140 0.899 20.9 71.7 13.5/13.3 ± 0.23

P(Cl–Cl)(BDD = 0.2):IT-4F = 1:1d) 0.891 23.40 67.0 13.97

a)Post-annealing for 10 min; b)Average PCE values are calculated from ten individual cells; c)Certification result from the Nano Convergence Practical Application Center 
(NCPAC), Republic of Korea (No. 19S-0420); d)Certification result from the NCPAC, Republic of Korea (No. 19S-1209).
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P(F–Cl)(BDD = 0.2) and P(Cl–Cl)(BDD = 0.2), which showed 
more balanced molecular weight and solubility, achieved higher 
PCEs of 12.2% (NCPAC’s certified PCE: 12.70%) and 13.5% 
(NCPAC’s certified PCE: 13.97%) when processing using eco-
friendly solvents than P(F–Cl) and P(Cl–Cl). Our work provides 
insight into the great potential of chlorinated thiophene-based 
donor polymers and balancing the molecular weight and solu-
bility of donor polymers for processing into eco-friendly NFPSCs.

4. Experimental Section
Polymerization: (Scheme S1, Supporting Information) A1 (55.3 mg, 

0.20 mmol) (or A1:A2 = 0.8:0.2, mol/mol) and Pd(pph3)4 (8.0 mg) were 
added to a mixture of D1 (188.1 mg, 0.20 mmol) in a 10–20 mL vial in 
air. The vial was capped and vacuumed for 20 min before it was refilled 
with nitrogen gas, and then, anhydrous toluene (6.0 mL) and anhydrous 
dimethylformamide (0.6 mL) were added to the mixture. The reactor was 
degassed and refilled with nitrogen twice. The polymerization mixture 
was stirred at 100 °C for 3 h. The polymer was end-capped by the addition 
of 2-bromothiophenes (56.0 mg, 0.33 mmol), and the mixture was 
further heated at 140 °C for 1 h. After heating, 2-tributylstannyl thiophene 
(31.3 mg, 0.0875 mmol) was added, and the mixture was heated once 
more at 140 °C for 1 h. The reaction mixture was cooled to room 
temperature and poured into methanol (300 mL) and 37% HCl (10 mL), 
stirred for 1 h, and then further purified using a Soxhlet extractor with 
methanol, acetone, hexane, methylene chloride, ethyl acetate, chloroform, 
and chlorobenzene, sequentially. The chloroform fraction of the polymer 
was reprecipitated in methanol, filtered, and then dried under vacuum: 
P(F–Cl), red solid, yield: 77.0%, 1H NMR (400 MHz, CDCl3): Figure S1 
(Supporting Information); P(F–Cl)(BDD = 0.2), violet solid, yield: 85.0%, 
1H NMR (400 MHz, CDCl3): Figure S2 (Supporting Information); 
P(Cl–Cl), light red solid, yield: 72.0%, 1H NMR (400 MHz, CDCl3): 
Figure S3 (Supporting Information); P(Cl–Cl), light violet solid, yield: 
89.0%, 1H NMR (400 MHz, CDCl3): Figure S4 (Supporting Information).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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