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a b s t r a c t

We present a series of three terpolymers involving benzo [1,2-c:4,5-c']dithiophene-4,8-dione (BDD) and
benzothiadiazole (BT) as acceptor units, and oligothiophene as the donor unit (PBDD-TnFBT terpoly-
mers). We optimized the structures of these terpolymers by varying the number of fluorine (F) atoms on
the BT unit and studied its effects on photovoltaic performance (P1 (BT), P2 (FBT), and P3 (2FBT)).
Density functional theory analysis, optical-electrochemical analysis, and X-ray diffraction study revealed
that the fluorination of BT significantly decreased frontier energy levels, enhanced both intermolecular
interactions and planarization of polymer backbone in the resulted polymers. As a result, P3, having two
F substituents on BT, exhibited stronger intermolecular interactions, predominant face-on orientation
with a shorter p-p stacking distance of 3.51Å, high hole mobility, and optimal nanoscale morphology
compared to single F substituent (P2) and zero F substituent (P1) counterparts. Consequently, polymer
solar cells based on P3 demonstrated higher power conversion efficiency (PCE) of 6.2% than those based
on P1 and P2 (1.4 and 1.7% respectively). This study illustrates the interrelation between the degree of
fluorination and photovoltaic performance and effectively contributes to the design of high-PCE polymer
donors for photovoltaic application.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer solar cells (PSCs) are emerged as a prominent renew-
able energy source owing to their advantageous properties like
solution processability, lightweight, and flexibility [1e5]. Recently,
PSCs with bulk heterojunction (BHJ) structures have demonstrated
a power conversion efficiency (PCE) of over 11% with fullerene
[6e9] and 13% with non-fullerene acceptors [10e14], signifying
their potential as portable power source. This dramatic rise in the
PCE of PSCs is mainly due to the design and synthesis of high-
performance donor materials by optimizing the structures of
donor (D) and acceptor (A) units, controlling their nanoscale
morphology, and improving device fabrication conditions.

The synthesis of conjugated polymers with a donor-acceptor (D-
A) structure is an efficient and reliable approach to design polymers
with a high PCE of over 10%. However, this method still lacks
).
precision control to simultaneously obtain deep highest occupied
molecular orbital (HOMO) levels and broader absorption spectrum
[15e17]. To overcome these drawbacks, a new class of polymers
called terpolymers with three dissimilar monomeric units in the
polymer backbone have been introduced (A1eDeA2 or D1eAeD2
type terpolymers) [17]. Through proper selection and optimization
of the molar ratios of the three components, these terpolymers
displayed advantages such as easy control of optical bandgap, lower
energy levels, high carrier mobilities, control of miscibility, and
solubility [17e24]. For example, Ma et al. designed and synthesized
the terpolymer, PffBTT2-DPPT2, with diketopyrrolopyrrole (DPP)
and difluoro-benzothiadiazole (2FBT) as acceptor units and ach-
ieved PCEs of above 8.6% due to broader absorption range and deep
HOMO levels [20]. Similarly, Lee and co-workers have reported a
series of semi-crystalline terpolymers based on di-alkoxy benzo-
thiadiazole (BTOR) and 2FBT, which exhibited PCEs of over 8%
through the optimization of alkyl chain length and branching [23].
Furthermore, Huang et al. have reported the terpolymer, PTB7-Th-
T2, which demonstrated an impressive PCE of 8.9% by incorporating
a cheaper 2,20-bithiophene as the third component into the PTB7-
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Th backbone [24]. Hence, terpolymer syntheses have emerged as a
reliable strategy to design high-efficiency polymers for PSCs.

Motivated by these results, we designed and synthesized 5, 7-
bis (dialkyl) benzo [1,2-c:4,5-c0]-dithiophene-4,8-dione (BDD)-
and benzothiadiazole (BT)-based terpolymers (PBDD-TnFBT),
where BDD and BT are used as acceptors (A1 and A2, respectively)
and the spacer thiophene acts like a donor unit (D) (Scheme 1).
Recently, the BDD acceptor core has been studied intensively in
PSCs owing to its advantageous properties such as large planar
structure, strong electron-withdrawing ability, and aggregation
tendency, which lead to high PCE [25e30]. Moreover, drafting a
suitable alkyl chain on the BDD ensures solubility and interchain
packing in the resulting polymers [30]. However, most of the BDD-
based polymers exhibited limited absorption range (~700 nm),
which hinder the further enhancement of their PCEs with fullerene
acceptor [26e30]. In response, we adopted an A1eDeA2 approach
that broadens the absorption range via intramolecular charge
transfer (ICT) interaction between the donor and two acceptor units
[17,20,21,23]. The electron-deficient BT acceptor was selected as a
second acceptor (A2) because of its structural versatility with 5- and
6-functionalizable positions. These can be easily substituted with
different functional groups such as fluorine (F) [31e36], chlorine
(Cl) [37e39], alkoxy (OR) [23,40], and nitrile (CN) [32,41], resulting
in easy modulation of optoelectronic properties and intra/inter-
chain properties of the resulting polymers. Particularly, adding
electron-withdrawing F atoms to BT lowers the frontier energy
levels (due to its strong electron-withdrawing nature) and en-
hances co-planarity and crystallinity (resulting from intra- and
intermolecular non-covalent F/S and CeH/F columbic in-
teractions) [31e36], thereby affecting the overall charge carrier
mobility and PCE. Accordingly, we optimized the electronic prop-
erties, planarity, and intra/intermolecular interactions in our PBDD-
TnFBT terpolymers by varying the number of F groups at the 5- and/
or 6-position of the BT. At the same time, BDD with an appropriate
alkyl chain was used to control the solubility of the resulting
polymers. Thus, this design promises broader absorption, lower
HOMO levels, and good solution processability.

We report three PBDD-TnFBT polymers having different
numbers of F atoms, namely poly-{1,3-bis(2-octyldodecyl)-5-(5-(7-
(thiophen-2-yl)benzo [c] [1,2,5]thiadiazol-4-yl)thiophen-2-yl)-
4H,8H-benzo [1,2-c:4,5-c']dithiophene-4,8-dione} (P1, n¼ 0), poly-
{5-(5-(5-fluoro-7-(thiophen-2-yl)benzo [c] [1,2,5]thiadiazol-4-yl)
thiophen-2-yl)-1,3-bis(2-octyldodecyl)-4H, 8H-benzo [1,2-c:4,5-c']
dithiophene-4,8-dione} (P2, n¼ 1), and poly-{5-(5-(5,6-difluoro-7-
(thiophen-2-yl)benzo [c] [1,2,5]thiadiazol-4-yl)thiophen-2-yl)-1,3-
bis(2-octyldodecyl)-4H, 8H-benzo [1,2-c:4,5-c']dithiophene-4,8-
dione} (P3, n¼ 2). We studied the effect of fluorination on the
optical, electrochemical, and photovoltaic properties of these
Scheme 1. Chemical structures of the th
polymers. The PSCs fabricated with the fluorinated polymers (P2
and P3) demonstrated higher PCEs of 1.7% and 6.2%, respectively,
due to a higher open-circuit voltage (VOC) and short-circuit current
density (JSC) than those of the non-fluorinated counterpart P1
(PCE¼ 1.4%). We correlated the photovoltaic performances of the
polymers with the degree of fluorination on the polymer backbone
by evaluating DFT analysis, opto-electronic properties, X-ray
diffraction (XRD), hole mobility, and nanoscale morphology of the
resultant polymers. The detailed study on the effect of fluorination
on the PBDD-TnFBT polymers are summarized below.
2. Results and discussion

2.1. Synthesis of polymers and thermal properties

The synthesis of the monomers and polymers are shown in
Scheme 2. The BT monomers 4,7-bis(5-(trimethylstannyl)thio-
phen-2-yl)benzo [c][1,2,5]thiadiazole (M1) [34] 5-fluoro-4,7-bis(5-
(trimethylstannyl)thiophen-2-yl)benzo [c][1,2,5]thiadiazole (M2)
[34] and 5,6-difluoro-4,7-bis(5-(trimethylstannyl)thiophen-2-yl)
benzo [c][1,2,5]thiadiazole (M3) [34] were prepared according to
previous reported procedures. The BDD monomer, 1,3-dibromo-
5,7-bis(2-octyldodecyl)-4H, 8H-benzo [1,2-c:4,5-c']dithiophene-
4,8-dione (M4), was synthesized by cyclization reaction between
2,5-bis(2-octyldodecyl)thiophene and 2,5-dibromothiophene-3,4-
dicarbonyl dichloride in anhydrous aluminum chloride (AlCl3)
[30]. 2-octyldodecyl chains were drafted on the BDD (M4) to ensure
sufficient solubility of the resultant polymers for solution pro-
cessing. Finally, polymers P1, P2, and P3were synthesized through
the microwave-assisted Stille coupling reaction between the cor-
responding monomers in the presence of tris(dibenzylideneace-
tone)dipalladium (0) (Pd (dba)3) and tri (o-tolyl)phosphine in
chlorobenzene (CB) (See supplementary information for the
detailed synthesis).

After the reaction, the polymers were precipitated in methanol
and further purified using Soxhlet extractions with methanol,
acetone, hexane, and chloroform. The polymers exhibited good
solubility in common solvents like chloroform, chlorobenzene, and
1,2-dichlorobenzene. The number average molecular weights (Mn)
of P1, P2 and P3were evaluated by gel permeation chromatography
(GPC) against polystyrene standards found to be 31.1, 22.4 and
44.7 kDa with polydispersity indexes (PDI) of 3.5, 3.3 and 3.2,
respectively. The thermal degradation behavior of the polymers
was studied by thermal gravimetric analysis (TGA). The polymers
P1, P2, and P3 showed good thermal stability with decomposition
temperatures (Td) of 362, 387, and 390 �C, respectively, at a 5%
weight loss (Figure S1).
ree PBDD-TnFBT-based terpolymers.



Scheme 2. Synthetic route for monomers and polymers. (i) 2-Tributylstannylthiophene, Pd2 (dba)3, tris(o-tolyl)phosphine, toluene, reflux 24 h; (ii) LDA, �78 �C, THF, 1 h, then
(CH3)3SnCl, RT 16 h; (iii) n-butyl lithium, 0 �C, 2 h at 50 �C, then 2-octyl dodecyl bromide, refluxed overnight; (iv) 2,5-dibromothiophene-3,4-dicarboxylic acid, oxalyl chloride, DCM,
RT overnight, DCM, AlCl3, 0 �C, 2,5-bis(2-octyldodecyl)thiophene, 1 h and (v) Pd2 (dba)3, tris(o-tolyl)phosphine, chlorobenzene, microwave.
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2.2. Theoretical calculations using density functional theory (DFT)

To estimate themolecular geometry and effect of fluorination on
the properties of our terpolymers, we first determined their torsion
angle and energy levels, and theoretically calculated their molec-
ular structures using Gaussian 09 at B3LYP/6-31G (d) level. For
simplicity, the DFT calculations were performed on two repeating
units and the alkyl chain was reduced to a methyl chain (Fig. 1 and
Table S1). As shown in Fig. 1a, the dihedral torsion angle between
BT and its adjacent thiophene (q1) decreases as the number of F-
groups on BT increased (7.7,1.8, and 1.3�, respectively for P1, P2, and
P3, respectively). In contrast, all polymers presented a torsion angle
of ~21� between BDD and thiophene (q2 and q3) due to the steric
hindrance of the electron-withdrawing carbonyl group on the BDD.
These trends indicate that drafting F substituents on BT will help
diminish the steric hindrance via non-covalent conformational
locks between F and S and improve molecular packing/planarity
and charge transfer [31,35,36]. Moreover, fluorination of BT also
decreases the CeC bond length between BT and its adjacent
thiophene in both P2 and P3 as shown in Fig. 1a (Lbond for
P1¼145.78, Lbond for P2¼145.67, and Lbond for P3¼145.66 p.m.).
Thus, fluorination increases double bond characteristics, which
improves effective conjugation and structural planarity [35].
Evidently, P3 exhibited the greatest planarity among the polymers,
which is beneficial for effective stacking of polymer chains in the
film state. The frontier orbitals, HOMO and lowest unoccupied
molecular orbital (LUMO) energy levels of these polymers are
summarized in Fig.1b. The introduction of F atoms, ascribed to their
strong electron-withdrawing ability, gradually decreased both
HOMO and LUMO energy levels. These results agree with the
experimental results.

2.3. Optical and electrochemical properties

The normalized ultravioletevisible (UVevis) absorption spectra
of P1, P2, and P3 in chloroform (CF) solution and thin film states are
shown in Fig. 2a and b, respectively. All terpolymers showed broad
(~300e750 nm) and characteristic dual absorption bands with



Fig. 1. a) The optimized molecular geometries and b) frontier molecular orbitals of P1, P2, and P3 in dimer state. (Note: In real state, F substitution in P2 could be random).
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lower and higher energy bands originating from localized pep*
transitions and ICT interaction, respectively [35,42]. Compared to
that in solution, absorption spectra of the polymers in film state
were red-shifted around ~30 nm arising from the strong intermo-
lecular interactions in the film state [42,43]. As the number of F
substituents increased from P1 to P3, corresponding absorption
onset (lonset) of polymers were gradually blue-shifted in both so-
lution and film state. This is attributed to the strong electron-
withdrawing tendency of the F-group, which shifts p-electrons
and weakens conjugation [34,43]. Interestingly, P2 showed
broadened absorption profile in both solution and film compared to
P1 and P3. This may be caused by lower molecular weight and
regiorandom structures of P2, resulting in their poor pep stacking
and intermolecular interactions between the polymer chains
[44e47]. The P1, P2, and P3 spectra showed absorption maxima
(labs) at 627, 601, and 608 nm in CF solution and at 624, 611, and
661 nm in thin films, respectively. Among the spectra, the P3
spectrum displayed a pronounced vibrionic peak at 661 nm in both
the solution and film state, attributed to enhanced planarity and
stronger stacking between the polymer chains. The molar absorp-
tivity coefficient (ε) of the polymers were determined from
Figure S2 using the Beer-Lambert law (A¼ εbc), ε was calculated to
be 24701, 23516 and 44032M-1 cm-1 at 600 nm for polymers P1, P2
and P3, respectively. It is notable that higher molar absorptivity of
P3 benefits light harvesting and JSC in PSC devices. Based on the
lonset of the polymers in the film states, corresponding optical
bandgaps were estimated to be 1.68, 1.70, and 1.73 eV for P1, P2,
and P3, respectively. The complete data of optical properties of the
polymers are summarized in Table 1.

As reported previously, the introduction of F atoms on the
polymer backbone lead to lower HOMO and LUMO energy levels
due to its strong electronegativity, which affects the p-orbitals in
the polymers [31,34e36]. Therefore, the HOMO/LUMO energy
levels of P1, P2, and P3 determined from the corresponding cyclic



Fig. 2. Absorption spectra of the polymers in (a) chloroform (CF) solution, (b) thin films, (c) molar extinction coefficient (ε), (d) Cyclic voltammograms and (e) schematic energy
level diagram of the polymers.

Table 1
Thermal, optical, and electrochemical properties of the polymers.

Polymer Mn [kDa]/
PDIa

Thermal properties Optical properties Electrochemical properties

Td [�C]b lmax [nm] solution ε (104) M�1cm�1c lmax [nm] film lonset [nm] film Eg opt [eV]d HOMO [eV] LUMO [eV]e

P1 31.1/3.5 362 627 2.47 624 740 1.68 �5.57 �3.89
P2 22.4/3.3 387 601 2.35 611 726 1.70 �5.62 �3.92
P3 44.7/3.2 390 608 4.40 661 718 1.73 �5.67 �3.94

a Molecular weight determined by gel permeation chromatography (GPC).
b Decomposition temperature (Td) was determined by TGA (with 5% weight loss).
c The molar extinction coefficient of polymers in chloroform solution.
d Estimated values from the UVevis absorption edge of the thin film (Egopt¼ 1240/lonset eV).
e Calculated from HOMO energy levels and optical band gap (LUMO¼ Egopte HOMO).
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voltammetry (CV) and optical bandgap of the films were found to
be �5.57 and �3.89, �5.62 and �3.92, and �5.67 and �3.94 eV,
respectively (Fig. 2d and e). Thus, fluorinated polymers P2 and P3
are expected to yield higher VOC and improved oxidative stability
owing to their deep HOMO energy levels. These results indicate
that the substitution of F atoms in the polymer backbone is an
effective strategy to modulate the intermolecular interactions and
frontier energy levels of the terpolymers.
2.4. Photovoltaic properties

To evaluate the effect of fluorination on photovoltaic properties
of the terpolymers, PSC devices with inverted structure (indium tin
oxide (ITO)/zinc oxide (ZnO)/active layer/MoO3/Ag) were fabri-
cated. To achieve maximum PCE, PSC devices of each polymer were
optimized bymodifying its polymer to [6,6]-phenyl C71 butyric acid
methyl ester (PC71BM) blend ratio, spin coating speed, polymer
concentration, and solvent additives. The current density-voltage
(J-V) curves and corresponding photovoltaic parameters of the
optimized PSCs measured under AM 1.5 G illumination with an
intensity of 100mW/cm2 are shown in Fig. 3 and Table 2, respec-
tively, whereas detailed thickness scanning of the polymers is given
in Figure S3 and Table S2. The polymers P1, P2, and P3 performed
best under optimized blend ratios of 1:1, 1:1, and 1:0.8 in CB and
3 vol% 1,8-diiodooctane (DIO), respectively. We used solvent the
additive DIO since it can easily solvate the PC71BM leading to
optimal BHJ morphology and higher JSC in PSC devices [48,49]. As
seen in Table 2, the increase in the number of fluorine atoms on the
BT unit, resulted in improved PCEs. The maximum PCE were ob-
tained at 1.4, 1.7 and 6.2% for polymers P1, P2, and P3, respectively.
Polymers P2 and P3 with F substituents demonstrated higher VOC,
consistent with their lower HOMO energy levels. Among the
polymers, P3:PC71BM exhibited the highest PCE of 6.2% with
photovoltaic parameters JSC¼ 9.00mA/cm2, VOC¼ 1.00 V, and fill
factor (FF)¼ 68% (Fig. 3a). This enhancement was resulted from the
improvement in photovoltaic parameters JSC and VOC. Figures S4-S6
and Table S3-S5 show the detailed optimization of P3 by varying
P3:PC71BM blend ratios, volume of the DIO additive, and device
architecture. PSC devices with P1 and P2 displayed poor PCE,
mainly due to their lower JSC. It is well known that the JSC of PSCs is
dependent on several factors such as photocurrent generation
density, molecular orientation, morphology, charge-carrier
mobility, and nanoscale BHJ morphology.

Firstly, we analyzed the external quantum efficiency (EQE)
spectra of the polymers to understand the reason for the significant
discrepancy in their JSC as shown in Fig. 3b. The JSC values calculated
from EQE were consistent with the experimental JeV measure-
ments. The PSCs fabricated with P3:PC71BM showed significantly
higher EQE values in the regions ranging from 400 to 700 nmwith
maximum EQE value of 50% at 640 nm. In contrast, the EQE re-
sponses of the devices based on P1 and P2 blends were consider-
ably reduced to <15%, indicating poor charge separation and



Fig. 3. J-V curves under the illumination of AM 1.5G, 100mWcm�2 for (a) P1, P2 (polymer:PC71BM (1:1)) and P3:PC71BM (1:0.8), and (b) corresponding EQE profiles of polymers
under inverted device fabrication conditions processed with CB/3 vol% DIO.

Table 2
Photovoltaic performance of polymer:PC71BM devices processed in CB/3 vol% DIO under the illumination of AM 1.5G, 100mWcm�2.

Polymer Thickness Polymer:PC71BM VOC [V] JSC [mA/cm2] FF [%] PCEa

(PCEmax)[%]
mh [cm2/V s]b

P1 ~80 nm 1:1 0.86± 0.02 2.55± 0.05 60.3± 0.2 1.33 (1.4) 3.67� 10�3

P2 ~80 nm 1:1 0.93± 0.01 2.96± 0.04 57.8± 0.6 1.55 (1.7) 1.86� 10�3

P3 ~100 nm 1:0.8 0.99± 0.01 8.96± 0.04 67.6± 0.4 5.97 (6.2) 4.92� 10�3

The devices architecture is ITO/ZnO/active layer/MoO3/Ag.
a The average PCE values and standard deviation are based on over 8 independent devices.
b Hole-only device is ITO/PEDOT:PSS/Active Layer/MoO3/Ag.
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transport. This accords with the JSC values of the polymer devices.
Thus, higher molar absorptivity of P3 is one of the factors that
contributed to enhancing the JSC in devices through effective
photocurrent generation.

2.5. Molecular packing

Factors such as crystallinity and molecular orientation greatly
determine the charge-transport characteristics of PSCs [31,36].
Hence, we compared the bulkmorphology of pristine polymers and
polymer:PC71BM blend films via XRD analysis (Fig. 4). Table S6
enlists the corresponding packing parameters extracted from the
XRD results. All polymers in pristine film state showed pronounced
(100), (200), and (010) diffraction peaks in the out-of-plane direc-
tion (qz) (Fig. 4a) and (010) peaks in the in -plane directions (qxy)
(Fig. 4b), indicating the existence of bimodal edge-on and face-on
orientations. Moreover, pep stacking distances in both out-of-
plane and in-plane directions decreased with increasing number
of F substituents (3.56/3.51Å for P1 to 3.52/3.49Å for P2 and 3.51/
3.48Å for P3, respectively). These results indicate that the intro-
duction of F atoms in the polymer backbone assists in the formation
of compact polymer crystallites via stronger interchain packing as
reported previously [31,35e37]. Evidently, fluorinated polymers P2
and P3 have higher crystallinity than nonfluorinated polymer P1.

In the blend films, the (100) diffraction peaks in the qz-plane for
P1:PC71BM and P3:PC71BM vanished (Fig. 4c) but remained for
P2:PC71BM (3.22Å�1, d¼ 27.42Å). However, all the polymer blends
retained their (010) Bragg's diffraction peaks in qz-plane (Fig. 4c)
with corresponding pep stacking distances of 3.58Å, 3.54Å and
3.51Å for P1, P2, and P3, respectively. Consequently, P1:PC71BM
and P3:PC71BM blend films exhibited preferential face-on orien-
tations in contrast with P2:PC71BM which showed mixed orienta-
tion. Furthermore, pep stacking distances of P1:PC71BM
(3.56e3.58Å) and P2:PC71BM (3.52e3.54Å) blends increased after
mixing with PC71BM, whereas that of P3:PC71BM (3.51e3.51Å) was
unchanged. These trends indicate possible polymer aggregation in
P1 and P2 blend films (consistent with AFM morphology images).
Overall, face-on molecular orientation and shorter pep stacking
distances in P3:PC71BM benefits vertical charge transport in PSC
devices [23,31,50], in comparison with P2:PC71BM.

2.6. Hole mobility

To elucidate the effect of fluorination on the charge transport
properties of the polymers, we measured the hole mobility of the
pristine polymers and polymer:PC71BM blend using space-charge-
limited current (SCLC) method [51]. The fabricated hole-only de-
vices having the structure of ITO/PEDOT:PSS/active layer/MoO3/Ag
and corresponding plots of dark current versus voltage are shown
in Figure S7. The hole mobilities of the pristine polymers were in
the order of 6.84� 10�3, 5.09� 10�3 and 3.30� 10�3 cm2/V for the
P3, P1 and P2, respectively. In this series, P3 exhibited highest hole
mobility correlated well with its higher crystallinity and compact
molecular packing. The high hole mobility will prevent accumula-
tion of charges and decreases charge recombination, thus boosting
JSC and efficiency [42,53,54]. However, P2 displayed lower mobility
compared with the zero F-constituent counterpart P1. This may be
ascribed from the lower molecular weight of P2, which confines
their conjugation length, thereby resulting in lower photocurrent
densities and poor interconnectivity of the polymer chains as re-
ported previously [45,52]. In the blend films, hole mobility trend
was like that of pristine polymers i.e. 4.92� 10�3 (P3)> 3.67� 10�3

(P1) and >1.86� 10�3 cm2/V (P2). Thus, higher hole mobility in
P3:PC71BM blends can be explained by the enhanced co-planarity
and interchain ordering facilitated two fluorine substituents,
which further assisted the formation of the highly ordered face-on
molecular orientation with shorter p-p stacking distances as
revealed in XRD studies. As a result, high hole mobilities of the



Fig. 4. (A, c) Out-of-plane (qz) and (b, d) in-plane (qxy) line cut profiles of the XRD images obtained from pristine polymers and polymer:PC71BM blends, respectively.
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P3:PC71BM blends leading to higher JSC, FF, and efficiency in asso-
ciated PSCs.
2.7. Nanoscale film morphology

The nanoscale morphology of the polymer:PC71BM blends
greatly affect exciton dissociation and charge transport in the PSCs.
Therefore, we analyzed the surface morphology of our polymer
blends using atomic force microscopy (AFM) in tapping-mode
(5 mm� 5 mm) to examine their effects on the photovoltaic prop-
erties (Fig. 5). As shown in the AFM height images, polymer:PC71BM
film blends of P1 (Fig. 5a and d) and P2 (Fig. 5b and e) displayed
rougher morphologies with large, aggregated domains over
200 nm, indicating phase segregation. In contrast, P3 blend
exhibited a much smoother and uniform BHJ morphology with
distinct miscible P3 and PC71BM phases of smaller domain size
(Fig. 5c and f). The root mean square (RMS) roughness of the blends
decreased in the order of P1 (11.32 nm)> P2 (10.49 nm) and > P3
(3.48 nm). According to previous studies about high-efficiency
polymers, uniform BHJ morphology with bicontinuous fibrillar
interpenetrating network of 10e20 nm domain sizes are beneficial
for efficient exciton dissociation and charge transports in the PSCs
[8,31,40], whereas larger phase separation will reduce D-A inter-
facial area, hence hindering them [48,54]. Moreover, some reports
showed polymer:fullerene miscibility, morphology evolution and
the performances are closely related with the fluorine content in
the conjugated polymer [43,55,56]. Particularly, Lee et al. and Liu
et al. reported the decrease in the polymer:fullerene phase segre-
gation with higher F-contents due to the reduction of the solubility
of the fluorinated polymers favoring decreased fibril size [55,56].
Additionally, some recent studies by Yan, Hou, Ade and co-workers
demonstrated the direct quantitative relations between interaction
parameter, miscibility and photovoltaic performances in both
fullerene and non-fullerene systems. They emphasized the impor-
tance of achieving high purity and ordered packing at smaller
length scale (~10 nm) are necessary for enhancing the FF/JSC in PSCs
[57,58]. Thus, favorable nanoscale morphology with uniform and
smaller domain sizes in P3 blend is arising from the presence of two
F-substituents, which greatly improved polymer miscibility with
PC71BM and decreased the size of the phase separation.

Overall, lower molar absorptivity and inferior nanoscale
morphology in P1 and P2 devices negatively affecting the overall
light harvesting, charge separation and collection in the devices,
hence affecting their photovoltaic performances. Thus, several
positive factors of P3 blends such as high molar absorptivity,
compact pep stacking, high hole mobility, and optimum nanoscale
morphology greatly contributed to improved JSC, FF, and efficiency.
These AFM results agree with the XRD data and expected photo-
voltaic properties.
3. Conclusion

In conclusion, we successfully synthesized three PBDD-TnFBT
(n¼ 0, 1, 2) terpolymers with the varying number of F atoms on



Fig. 5. AFM height (top) and 3-D topography images (bottom) of the P1:PC71BM (a and d), P2:PC71BM (b and e) and P3:PC71BM (c and f) processed under optimized device
fabrication conditions.
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BT. The effect of F substitution was also evaluated by investigating
the basic optoelectronic properties, molecular orientation, and
photovoltaic performance of the terpolymers. They covered broad
absorption range (~750 nm) due to effective ICT interactions of the
two different acceptors (BT and BDD) and thiophene donor.
Increasing the number of F atom on the BT unit lowered the frontier
molecular orbitals, improved the molecular planarity and inter-
molecular interaction between neighboring polymers chains. The
polymer P3, having 2 F substituents on BT, displayed good misci-
bility with PC71BM, a predominant face-on molecular orientation,
and optimal nanoscale morphology. As a result, PSCs devices based
on P3 had the best photovoltaic performance with a PCE of 6.2%.
This study illustrates the interrelation between the degree of
fluorination with intermolecular interactions, charge transport
behavior, BHJ morphology, and polymer performance in PSC and
effectively contributes to designing efficient polymer donors for
photovoltaic application.
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