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With the rapid development of non-fullerene acceptors, polymer donor design is critical for the realization 

of significantly higher power conversion efficiencies in organic solar cells (OSCs). The donor–acceptor (D– 

A) alternating structure is an effective strategy for the design of polymers due to its advantages in optical 

absorption, energy level modulation, charge mobilities, etc. Nevertheless, the current development of 

polymers is restricted in terms of modification of the acceptor unit. In this  work,  a  2D  conjugated  

acceptor unit of benzobis(thiazole) was designed for constructing wide bandgap polymers. Fluorine and 

chlorine atoms were introduced into  the polymers to  modulate the energy levels and  film morphology.  

The photovoltaic performances of the polymers were examined by fabricating devices employing IT-4F 

as the acceptor. All three polymers exhibit high short-circuit densities (JSCs) of over 21 mA cm—2 in the 

devices which could be attributed to high extinction coefficient and beneficial face-on orientation, as 

featured by the polymers based on the 2D conjugated BBT unit. Incorporation of F- or Cl-atoms 

effectively improved all three photovoltaic parameters open-circuit voltage (VOC), JSC and fill factor. As  

a result, a high power conversion efficiency of 14.8% was achieved for the chlorinated polymer (PBB-Cl). 

A high VOC of 0.94 V and JSC of 21.8 mA cm—2 were realized in the devices, indicating well-balanced VOC 

and JSC values. Dominant face-on orientation was observed for all three polymer films, which is 

beneficial for charge transport in the vertical direction of the substrate. Given the excellent photovoltaic 

performance achieved in the devices, the polymer based on the 2D conjugated BBT unit would be a very 

promising candidate for high performance organic solar cells. 

 

Introduction 

Organic solar cells (OSCs) have attracted much attention due to 

their exibility, light weight, low-cost mass production, and 

potential application in portable electronic devices.1–6 With the 

efforts on the exploration of efficient light-harvesting mate- 

rials,6–14 interfacial materials,15–20 and device engineering,21–23 

photovoltaic parameters are substantially optimized and high 

power conversion efficiencies (PCEs) of over 15% have been 

achieved.6,24–27 Nevertheless, the efficiencies of OSCs still lag 

behind those of inorganic solar cells and perovskite solar cells. 

Unlike that of inorganic solar cells, the active layer of OSCs 

usually  adopts  a  bulk  heterojunction  (BHJ) structure 

comprising a blend of donor and acceptor materials. Excitons 

are generated rst in donor or acceptor materials and then 

separated into free carriers at the interface. Energy level offset is 

usually necessary for achieving efficient exciton dissociation, 

but induces large energy loss (Eloss),
28,29 which is one of the main 

factors impeding the development of OSCs. Therefore, it is 

pertinent to adjust the energy levels of donor and acceptor 

materials carefully. 

Complementary optical absorption with low bandgap small 

molecule acceptors and wide bandgap donors is a constructive 

strategy for achieving high-efficiency non-fullerene OSCs (NF- 

OSCs). In this system, the acceptor determines the upper limit 

of open circuit voltage (VOC) and short circuit density (JSC), thus 

   generally determining the overall photovoltaic  efficiency. 
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Various acceptors have been explored and their efficiencies have 

accordingly been greatly improved during the past few years.30 

Meanwhile, donor materials are critical for achieving maximum 

efficiency. Donor–acceptor (D–A) type organic semiconductors 

usually exhibit a narrow width absorption peak, so donor 

materials with complementary optical absorption can maximize 

the utilization of light and achieve a high JSC value. In addition, 

matching energy levels and good miscibility between donor/ 
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acceptor materials are vital for exciton dissociation and charge 

transport. Therefore, rational design of the donor material is 

important to obtain optimum efficiency. Introduction of 

halogen atoms is an important and propitious strategy in 

polymer donor design.31–36 It can reduce the molecular energy 

levels due to electronegativity, thus achieving high VOC in 

photovoltaic devices or reasonable energy level alignment 

between the donor and the acceptor. Furthermore, halogen 

atoms can also in uence molecular interaction by the forma- 

tion  of  non-covalent  bonds  to  obtain  an  appealing 

lm morphology. Consequently, materials containing 

halogen atoms usually exhibit excellent photovoltaic 

performance.37,38
 

Benzo[1,2-d:4,5-d0]bis(thiazole)  (BBT)  is  a  weak  electron 

withdrawing building block for organic semiconductors.39 Its 

attractive and impressive feature is that it has immense 

potential for structural modi cation which is different from 

other existing building blocks such as 1,3-bis(4-(2-ethylhexyl) 

thiophen-2-yl)-5,7-bis(2-alkyl)benzo[1,2-c:4,5-c0]dithiophene- 

4,8-dione (BDD), benzotriazole (BTA), and 2,1,3-benzothiadia- 

zole (BT). This would open up a new approach for modulating 

energy levels and molecular packing of materials. The BBT unit 

has been applied in the construction of conjugated copolymers 

for organic opto-electronic devices such as organic eld-effect 

transistors40 and organic solar cells.41 These types of copoly- 

mers show good hole mobility and excellent durability making 

them worthy to be considered for practical applications. Previ- 

ously, we have reported a BBT-based copolymer PBB-T and 

applied it in non-fullerene organic solar cells.42 The polymer 

showed a wide optical band gap of 2.10 eV and an intense photo 

response in the wavelength range between 430 and 570 nm. A 

high PCE of 13.3% was achieved in OSC devices. In the molec- 

ular structure of PBB-T, branched side chains are introduced 

into its thiophene spacers to guarantee solubility, but they affect 

backbone planarity and hence, reduce the ordered molecular 

packing and charge mobility. 

In this study, we introduced alkylthiophene side chains at 

the 4,8-positions of the BBT unit to construct a 2D conjugated 

acceptor building block. Three conjugated polymers (PBB-H, 

PBB-F, and PBB-Cl) were synthesized by copolymerization of 

BBT   and   benzo[1,2-b:4,5-b0]dithiophene   (BDT)   monomers 

(Fig. 1). Thus fully conjugated polymers were constructed, 

which would be bene cial for absorption coefficient and light 

harvesting of the polymers.43 Fluorine and chlorine atoms were 

introduced into the BDT unit to optimize the energy levels and 

lm morphology. The photovoltaic performances of these 

polymers were evaluated with IT-4F as the acceptor. It was 

observed that all three polymers showed excellent JSC values of 

over 21 mA cm—2 in the devices. The encouraging JSC values 

could be probably contributed by their high extinction coeffi- 

cients and favorable face-on orientation. High PCEs of 14.7% 

and 14.8% were achieved for PBB-F and PBB-Cl, respectively, 

which are much higher than that of PBB-H (12.0%). All three 

photovoltaic parameters JSC, VOC and FF are simultaneously 

increased, indicating the effectiveness of halogenation in the 

design of photovoltaic materials. A high VOC of 0.94 V is ach- 

ieved for PBB-Cl with an Eloss of 0.60 eV, which is one of the best 

values for IT-4F based devices. The JSC and VOC values are well- 

balanced by the halogenation of these BBT-based polymers. 

These results indicate that the polymers based on 2D conju- 

gated BBT would be excellent donor materials for high- 

efficiency OSCs. 

 

Results and discussion 
Materials synthesis and characterization 

Fig. 1 shows the synthesis routes of the BBT-based polymers. 

The key 2D conjugated BBT intermediate 1 was synthesized 

according to the literature.44 Two anking thiophenes were then 

introduced by the Stille reaction and the bromide monomer 3 

was obtained by using n-BuLi/CBr4. With the monomer in hand, 

polymers PBB-H, PBB-F and PBB-Cl were synthesized by Pd- 

catalyzed Stille coupling reaction with three types of benzodi- 

thiophene monomers (BDT-X), respectively. All of these poly- 

mers are readily soluble in chlorobenzene at room temperature, 

 
 

 

Fig. 1   Chemical structures and synthesis routes of PBB-H, PBB-F and PBB-Cl. 

P
u

b
li

sh
ed

 o
n

 2
2
 J

u
n

e 
2
0
2

0
. 

D
o

w
n
lo

ad
ed

 o
n
 7

/7
/2

0
2
0

 3
:2

3
:3

4
 A

M
. 



This journal is © The Royal Society of Chemistry  2020 J. Mater.  Chem. A 

View Article Online 

Journal of Materials Chemistry A Paper 

 

 

g 

 

which allows the devices to be processed by a simple spin- 

coating approach. The number-average molecular weight (Mn) 

was determined to be 146.9, 34.9 and 76.8 kDa with a PDI of 

2.15, 2.23 and 2.37 by high temperature gel permeation chro- 

matography (GPC) analysis for PBB-H, PBB-F, and PBB-Cl, 

respectively. The decomposition temperatures (Td, 5% weight 

loss) were measured by thermogravimetric analysis (TGA) under 

a nitrogen atmosphere to be 426 oC (PBB-H), 435 oC (PBB-F) and 

434 oC (PBB-Cl), indicating enough thermal stability for solar 

cell fabrication (Fig. S1†). 

 

 
Optical properties and energy levels 

The optical absorption pro les of the polymers are shown in 

Fig. 2. These polymers show obvious shoulder peaks at about 

571 nm in dilute chlorobenzene solution, indicating strong 

aggregation behaviors. The absorption pro les of these polymers 

as thin lms are similar to each other due to the same conju- 

gated backbone. Two main peaks are located at a wavelength of 

about 535 and 579 nm with an optical bandgap of 2.0 eV, red- 

shi ed by about 25 nm compared to that of 1D BBT-based 

polymer PBB-T.42 This difference can be ascribed to the exten- 

sion of p-conjugation and enhanced p–p interaction.45 The 

extinction coefficients (3max) of PBB-H, PBB-F and PBB-Cl were 
determined to be 1.53 x 105 (572 nm), 1.39 x 105 (530 nm) and 

1.27 x 105 (528 nm) M—1 cm—1 in solution and 8.3 x 104, 8.2 x 

104 and 7.4 x 104 cm—1 at rv580 nm for neat lms, respectively. 

High extinction coefficient values would facilitate light harvest- 

ing in thin lms (rv100 nm), which is bene cial for efficient 

charge extraction while avoiding charge recombination.46
 

The molecular geometries and electronic properties of the 

polymers were investigated by density functional theory (DFT) 

simulations using Gaussian 09 at the B3LYP/6-31G(d,p) level. To 

simplify the calculation, two repeating units of the polymer 

were used and the alkyl side chains were replaced by methyl 

groups (Fig. S2†). Impressively, the HOMO electron cloud is 

more delocalized over the thiophene beside BBT than that 

beside BDT, which is probably induced by the smaller dihedral 

angle between thiophene and BBT (rv37o) than that between 

thiophene and BDT (rv52o). The delocalization (conjugate 

effect) can induce a red shi  of the absorption spectra, which is 

in accordance with the red-shi ed absorption of these designed 

polymers. The HOMO/LUMO energy levels were calculated to be 

—4.95/2.50, —5.04/—2.59 and —5.07/—2.62 eV for PBB-H, PBB-F, 

and PBB-Cl, respectively. It is shown that the HOMO energy 

levels are gradually reduced with the introduction of F and Cl 

atoms. Then, the energy levels of the polymers were also ob- 

tained by electrochemical cyclic voltammetry (CV) experiments 

and the results are summarized in Table 1. The HOMO/LUMO 
energy levels were estimated to be —5.47/—3.47, —5.57/—3.57 

and —5.64/—3.64 eV, respectively for PBB-H, PBB-F, and PBB-Cl 

(Fig. S3†). Similar to the calculated results, the HOMO energy 

levels are gradually decreased and approach the value of IT-4F 

(—5.70 eV), and thus the energy loss would be effectively 

reduced in OSCs. Therefore, VOC is expected to gradually 

increase in OSC devices, which would facilitate the modulation 

of the balance between JSC and VOC values. 

 
 

Photovoltaic properties 

The photovoltaic performance of the polymers was evaluated with 

the device structure of glass/ITO (indium tin oxide)/PEDOT:PSS 

(poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate))/active 

layer/PDINO (perylene diimide functionalized with amino N- 

 
 

 

Fig. 2 (a) UV-vis absorption spectra of the polymers in dilute chlorobenzene; (b) normalized UV-vis absorption spectra of thin films; and (c) 

energy level diagrams of PBB-H, PBB-F, PBB-Cl and IT-4F. 

 
 

Table 1  Optical and electrochemical properties of the polymers 
 

 

 
Polymer 

lmax [nm] 

Solution Film 

 

Eopt [eV] 3 a [105 M—1 cm—1] E 

 
 

b [eV] E 

 
 

c [eV] 
g max HOMO LUMO 

 
 

PBB-H 572 580 2.0 1.53 —5.47 —3.47 

PBB-F 529 579 2.0 1.39 —5.57 —3.57 

PBB-Cl 528 580 2.0 1.27 —5.64 —3.64 

a Measured in dilute chlorobenzene solution. b Measured by cyclic voltammetry measurement. c Calculated from ELUMO ¼ EHOMO + Eopt. 
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oxide47)/Al. IT-4F was used as the acceptor material combined with 

BBT-based polymers as active layers. Fig. 3 shows the current 

density–voltage (J–V) curves of the optimized devices with a donor/ 

acceptor weight ratio of 1 : 1 and the photovoltaic parameters are 

summarized in Table 2. The detailed device fabrication procedure 

is presented in the ESI (Tables S1–S3†). The best performances 

were achieved with the combination of thermal annealing and 

diphenyl ether (DPE) treatment through the device optimization 

process. Under the optimized conditions, the device based on 

PBB-H:IT-4F shows a good efficiency of 12.0% with a VOC of 0.85 V, 

a JSC of 21.5 mA cm—2 and a ll factor (FF) of 65.6%. With the 

introduction of uorine atoms, the device based on PBB-F:IT-4F 

exhibits an impressive PCE of 14.7% with a VOC of 0.92 V, a JSC 

of 22.4 mA cm—2 and a FF of 71.1%. All the device parameters are 

simultaneously improved, indicating that uorination is an 

effective approach for improving photovoltaic performance. As for 

the chloride polymer PBB-Cl, the related device shows the highest 

PCE of 14.8% with a VOC of 0.94 V, a JSC of 21.8 mA cm—2 and a FF 

of 72.5%. The VOC values for PBB-H, PBB-F, and PBB-Cl are 0.85, 

0.92 and 0.94 V, thus affording an Eloss of 0.69, 0.62 and 0.60 eV, 

respectively, which conform with their gradually decreasing 

HOMO energy levels. The Eloss of 0.60 eV achieved for the PBB- 

Cl:IT-4F based device is one of the lowest values for the device 

 

 

 

Fig. 3 (a) J–V curves and (b) the corresponding EQE spectra of the 

OSCs based on polymer:IT-4F. 

with IT-4F as the acceptor (Table S4†).9,33,48,49 All three polymers 

show similar JSC values of over 21 mA cm—2 in the devices due to 

the similar narrow bandgap acceptor employed. The high JSC 

values achieved would be related to the high extinction coefficient 

of the polymers based on 2D conjugated BBT. With the intro- 

duction of halogen atoms, the FF values of the devices based on 

PBB-F (71.1%) and PBB-Cl (72.5%) are effectively improved than 

that of PBB-H (65.6%). It is known that the introduction of 

halogen atoms can not only modulate the energy levels but also 

effectively regulate the aggregation characteristics of the mate- 

rials. Therefore, the increase of FF values is probably induced by 

the more bene cial lm morphology (vide infra). Ultimately, a 

high efficiency of 14.8% is achieved for the devices based 

on PBB-Cl:IT-4F, which is the highest value for non-fullerene 

OSCs with IT-4F as the acceptor (Fig. S4†). Furthermore, 

another batch of PBB-H and PBB-Cl was synthesized with a 

Mn/PDI of 48.5 kDa/ 

2.35 and 48.9 kDa/2.23, respectively, which are similar to that of 

PBB-F (35 kDa/2.23). The PCEs were measured to be 11.8% and 

14.6% for PBB-H:IT-4F and PBB-Cl:IT-4F, respectively, demon- 

strating that the efficiencies are almost not affected by the varia- 

tion of molecular weight (Fig. S5†). These results also verify the 

good reproducibility of the performance for these polymers. 

Fig. 3b shows the external quantum efficiency (EQE) curves 

of the optimal polymer:IT-4F devices. All the devices exhibit 

a good photo response in the wavelength region of 400 to 

800 nm. The current density values obtained from the EQE 

spectra are 20.9, 21.4 and 21.1 mA cm—2 for PBB-H:IT-4F, PBB- 

F:IT-4F and PBB-Cl:IT-4F respectively, which are consistent with 

the JSC values from the J–V curves and con rm the reliability of 

the results. As known from the optical absorption spectra, the 

short wavelength region below 620 nm is contributed primarily 

by the polymer and the long wavelength region above 620 nm is 

contributed by IT-4F. It is observed that the EQE values are 

slightly higher in the short wavelength region than in the long 

wavelength region. This indicates the comparatively more effi- 

cient charge generation through the photo-induced electron 

transfer pathway than the hole transfer pathway. As is seen from 

the energy levels of the active layer materials, these polymers 

show small DEHOMO less than the typical value of 0.30 eV for 

exciton dissociation. In comparison, the DELUMOs between the 

donor and acceptor are over 0.5 eV, which can supply enough 

driving force for exciton dissociation. Therefore, the EQE 

spectra exhibit slightly lower values in the acceptor region than 

in the donor region.50 These results not only further con rm the 

values from the J–V curves, but also validate the effectiveness of 

the benzobis(thiazole) building block in the construction of 

excellent wide bandgap donor materials for NF-OSCs. 

 
 

 

Table 2  Photovoltaic parameters of the OSCs under the illumination of AM 1.5G, 100 mW cm—2
 

Polymers VOC [V] JSC [mA cm—2] Jcalc
a [mA cm—2] FF [%] PCEb [%] Eloss

c [eV] 

PBB-H 0.82 21.5 20.8 67.8 12.0 (11.9 士 0.2) 0.72 

PBB-F 0.92 22.4 21.3 71.1 14.7 (14.3 士 0.3) 0.62 

PBB-Cl 0.94 21.8 21.0 72.5 14.8 (14.5 士 0.2) 0.60 

a Calculated from EQE curves. b The average PCE values in the parentheses are calculated from 20 individual devices. c Eloss ¼ Eg — eVOC. 
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To con rm the exciton dissociation behavior with the small 

EHOMO offset, the exciton dissociation probability of the optimal 

devices was investigated. Fig. 4a shows the dependence of 

photocurrent density (Jph) on effective voltage (Veff) plots in 

double-logarithmic coordinates. Jph is de ned as JL — JD, where 

JL and JD are the current densities under illumination and in the 
dark, respectively. Veff is de ned as V0 — V, where V0 is the 

voltage at Jph ¼ 0 and V is the applied voltage. For all three 

polymers, the Jphs increased at low effective voltage and grad- 

ually reached a plateau with a saturation photocurrent density 

(Jsat) of about 22 mA cm—2, indicating that the photogenerated 

free charges were swept out efficiently. The exciton dissociation 
probabilities (Pdiss ¼ Jph/Jsat) are calculated to be rv98% under 

short circuit conditions for all three devices, suggesting 

comparable and efficient charge generation and collection in 

the devices even with a small DEHOMO of 0.06 eV for the PBB- 

Cl:IT-4F blend. Comparatively, the Jphs are saturated at 
a lower Veff for PBB-F and PBB-Cl (rv0.2 V) than for PBB-H (rv0.4 

V), which indicates that charge collection would be more 

hindered by charge recombination in the PBB-H based device 

and would be correlated with a slightly lower FF value. 

Charge recombination behavior is investigated using the 

light intensity (Plight) dependent JSC and VOC of solar cells. Under 

short circuit conditions, the photo-generated charges are 

mostly swept out of the devices and the bimolecular recombi- 

nation of photo-induced carriers is usually negligible. The 

dependence of JSC upon Plight (JSC f Plight
a) was examined and is 

shown in Fig. 4b. Exponential factors (a) of 0.96, 0.98 and 0.99 

were measured for the devices based on PBB-H, PBB-F, and PBB- 

Cl, respectively, which indicates the comparatively more bimo- 

lecular recombination in the PBB-H based device. Under open 

circuit conditions, the current is zero and all photo-generated 

charges recombined within the device. Therefore, it is particu- 

larly sensitive to the recombination mechanism. The depen- 

dence of VOC upon Plight is described by VOC f (nkT/q) ln(Plight), 

in which k is the Boltzmann constant, T is the temperature in 

Kelvin, and q is the elementary charge. The parameter n (usually 

1 < n < 2) re ects trap assisted charge recombination in the 

device. As shown in Fig. 4c, n ¼ 1.37, 1.21 and 1.24 were esti- 

mated for the devices based on PBB-H, PBB-F, and PBB-Cl, 

respectively, signifying more serious trap-assisted recombina- 

tion in PBB-H based blends and comparably less recombination 

in the others. These results demonstrate that the introduction 

of halogen would reduce the recombination of charges 

generated in the devices, which would be responsible for the 

higher FF values of the devices based on PBB-F and PBB-Cl. 

The hole mobilities (mh) of the pristine and blend lms were 

measured using the space-charge limited current (SCLC) 

method with the hole only devices (ITO/PEDOT:PSS/active layer/ 

MoO3/Al), and the results are shown in Fig. S6.† In the pristine 
lm, the hole mobilities were determined to be 6.14 x 10—5, 

1.43 x 10—5 and 2.70 x 10—5 cm2 V—1 s—1 for PBB-H, PBB-F and 

PBB-Cl, respectively. While in the blend lms with IT-4F, PBB-H, 

PBB-F and PBB-Cl show increased hole mobility of 2.40 x 10—5, 

6.29 x 10—5 and 1.04 x 10—4 cm2 V—1 s—1, respectively. The 

higher mobilities of the halogenated polymer blends indicate 

better hole transport abilities which would be advantageous in 

achieving higher JSC and FF values. 

 

Film morphology analysis 

The surface morphologies of the blend lms were investigated by 

atomic force microscopy (AFM). As shown in Fig. 5a, a root- 

mean-square (RMS) roughness of 1.13, 0.93, and 1.24 nm is 

obtained for the blend lms of PBB-H, PBB-F, and 

PBB-Cl, respectively. A smooth lm roughness indicates 

good misci- bility between donor and acceptor materials, 

which is useful for efficient exciton dissociation. To further 

investigate the molec- ular packing and crystallinity 

behavior of these polymers, grazing incidence wide-angle 

X-ray diffraction (GIWAXS) measurement was performed for 

the pristine and blend lms. The two-dimensional GIWAXS 

patterns and the corresponding in-plane (IP) and out-of-plane 

(OOP) line-cut pro les are shown in Fig. 5 and Fig. S7,† 

respectively. It is observed that the neat face-on orientation is 

dominant for all the pristine polymer 

lms with distinct p–p stacking (010) and lamellar stacking 

(100) diffraction peaks in the out-of-plane and in-plane direc- 

tion, respectively. The (010) and (100) peaks are generally 

located at about 0.25 and 1.7 Å—1, corresponding to a lamellar 

stacking  distance  of  approximately  24  Å  and  p–p  stacking 

distance of approximately 3.6 Å. Comparatively, PBB-F exhibits 

a smaller p–p stacking distance of 3.59 Å than PBB-H and PBB- 

Cl  (3.65  Å),  which  would  be  induced  by  the  F  incorporated 

intermolecular interaction. PBB-F and PBB-Cl show similar 

lamellar distances of 24.7 and 24.8 Å, which is slightly larger 

than  that  of  PBB-H  (24.3  Å).  The  full  width  half  maximum 

(FWHM) of the (100) peaks of PBB-H, PBB-F, and PBB-Cl lms is 

calculated to be 0.101, 0.075 and 0.070 Å—1, corresponding to 

 
 

 

Fig. 4  (a) Photocurrent density (Jph) versus effective voltage (Veff) of the devices. Dependence of (b) JSC and (c) VOC on Plight of the devices. 

P
u

b
li

sh
ed

 o
n

 2
2
 J

u
n

e 
2
0
2

0
. 

D
o

w
n
lo

ad
ed

 o
n
 7

/7
/2

0
2
0

 3
:2

3
:3

4
 A

M
. 



J. Mater. Chem. A This journal is © The Royal Society of Chemistry  2020 

View Article Online 

Paper Journal of Materials Chemistry A 

 

 

 
 

 

Fig. 5   AFM height images of the blend films (a). GIWAXS patterns of pristine (b) and the blend films (c). 

 

a similar coherence length (LC) of 6.2, 8.4 and 8.9 nm respec- 

tively, indicating more ordered crystal size and quality in the 

lamellar stacking direction for the F- and Cl-incorporated 

polymer lms. Compared to that of the previously reported 

results for the polymer PBB-T,39 the p–p stacking is slightly 

closer for these 2D-BBT based polymers, which would be 

induced by their better molecular planarity and extension of the 

conjugated backbone. It seems that the BBT-based polymers 

usually adopt a dominant face-on orientation, which might be 

induced by the centrosymmetric planar BBT structure and 

would be a unique feature of the BBT based polymers. The face- 

on orientation has been found to be helpful in reducing non- 

radiative recombination,51 which would be responsible for 

high JSCs and efficiencies achieved in the devices. 

In the blend lms of polymer:IT-4F, dominant face-on 

orientations are also observed just with a lower intensity. 

Compared to the pristine polymer lms, the blend lms show a 
similar p–p stacking distance of rv3.6 Å in the OOP direction, 

while the coherence lengths become decreased. The PBB-Cl:IT- 

4F blend lm shows a larger LC of 2.1 nm than the other two 

blend lms (with LCs of 1.6 nm). This signi es the stronger p–p 

stacking interaction of PBB-Cl. Interestingly, the lamellar 
stacking distances are decreased to rv22.8 Å in the blend 

lms 

compared to those of the corresponding pristine lms, which 

could probably be induced by intermolecular interaction 

between the polymer and IT-4F. The blend lms of PBB-F:IT-4F and 

PBB-Cl:IT-4F exhibit a larger LC of 5.7 nm than the blend 

lm of PBB-H:IT-4F (5.3 nm), which is coherent with the 

observation in pristine lms. These results demonstrate that 

the dominant face-on orientation is preserved by the polymers 

in blend lms, which is favorable for suppressing charge 

recombination and improving charge transport in the vertical 

direction of the substrate.52 Introduction of F- and Cl-atoms can 

improve the crystallinity with increased coherence length, 

which would further improve charge mobilities and ameliorate 

the photovoltaic performance of the devices. 

 

Conclusions 

In summary, a series of polymers based on a 2D conjugated BBT 

unit was designed and synthesized for non-fullerene organic 

solar cells. Halogen atoms F and Cl were incorporated to 

modulate the energy levels and lm morphology. The polymers 

exhibited high extinction coefficient, intense aggregation, and 

cascade energy level alignment. High power conversion effi- 

ciencies of 14.7% and 14.8% were achieved for PBB-F and PBB- 

Cl, respectively with IT-4F as the acceptor material in the 

photovoltaic devices. High JSC values of over 21 mA cm—2 were 
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achieved for all three polymers, which could be attributed to 

their high extinction coefficient and favorable face-on orienta- 

tion. Introduction of Cl atoms provides an open circuit voltage 

of 0.94 V, which is one of the highest values for devices with IT- 

4F as the acceptor. Well-balanced JSC and VOC values were 

eventually achieved through halogenation of the BBT-based 

polymer. The GIWAXS results indicate dominant face-on 

orientation for all three polymer lms, which is valuable for 

charge transport in the vertical direction of the substrate and 

reducing charge recombination, thus achieving high JSC and 

efficiencies. These results indicate that the polymers based on 

the 2D conjugated BBT unit would be a very promising candi- 

date as a donor material for organic solar cells. 
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