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A B S T R A C T 
 

Utilizing two-dimensional (2-D) conjugated structure and extending two-dimensional π-conjugation system with 

benzene can improve the performance of the BDT-based polymer solar cells (PSCs). In this work, combining with 

strong electron-drawing ability of fluorine atom, a new monomer BBFBDT with fluorinated alkoxybiphenyl unit 

as side-chain was designed and synthesized to construct medium band-gap donor (D) - acceptor (A) copolymer 

P1 with a benzo[1,2- c:4,5-c’]dithiophene-4,8-dione (BDD) acceptor. Blending with a classical non-fullerene 

acceptor ITIC, the P1-based PSCs reached a power conversion efficiency (PCE) of 4.16% and when coupled with 

a fullerene acceptor PC71BM, the PCE of PSCs reached 4.66% with an open-circuit voltage (Voc) of 0.93 V, a 

short-circuit current density (Jsc) of 9.83 mA cm−2 and a fill factor (FF) of 50.97%. The relatively poor Jsc of P1- 

based devices may be caused by the bad complementarity of absorption spectra. Furthermore, a wide band-gap 

D-A copolymer P2, with a electron-deficient 4,7-bis(5-bromothiophen-2-yl)-2-((2-ethylhexyl)oxy)-5,6-difluoro- 

2H-benzo[d][1,2,3]triazole (TZ) as the acceptor unit, was synthesized to match the absorption spectra of ITIC. 

Finally, the efficiency achieved 6.59% with Voc  of 0.99 V, Jsc  of 14.37 mA cm−2  and FF of 46.32%. 
 

 

 
 

1. Introduction 

 
Bulk heterojunction polymer solar cells (BHJ-PSCs) have been 

considered to be promising flexible light harvesting devices for clean 

and renewable energy conversion due to the advantages of light weight, 

large area and low cost [1–9]. As for photoactive layers, the blending of 

conjugated polymer donor and small molecular acceptor has been 

proven to be efficient structures for single junction PSCs devices [10]. 

The classical fullerene acceptor, such as [6, 6]-phenyl-(C61 or C71)-bu- 

tyric acid methyl ester (PC61BM or PC71BM), have been widely used in 

the construction of D-A structure [11–13] and the power conversion 

efficiency (PCE) of PSCs, comprising of polymer donor and fullerene 

acceptor, have achieved exceed 10% [14]. Recently, a novel non-full- 

erene acceptor ITIC was reported by Zhan’s group [15] which attracted 

wide interest for the easily tunable energy levels and more com- 

plementary absorption relative to fullerene acceptor [16–19]. Up to 

now, the PCE of non-fullerene PSCs surpassed 14% due to the tre- 

mendous progress of modifying donor and acceptor structures and 

improving  the  device  processing  techniques,   which  promoted   the 

 
development of high-performance polymer solar cells [20,21]. 

In order to achieve high value of short-circuit current (Jsc), open- 

circuit voltage (Voc) and fill factor (FF) of PSCs, one of the most efficient 

strategies is modifying structure of conjugated polymer donor to bring 

out suitable energy levels and complementary absorption matched with 

acceptor. In recent years, benzodithiophene (BDT)-based conjugated 

polymers donor have become the focus of studying and achieved re- 

markable results [7,22–25]. Many works have reported that introdu- 

cing conjugated side chains and electron-withdrawing substituents to 

BDT backbone were effective approaches to intensify charge transport 

in D–A conjugated polymers and improve photovoltaic properties of 

organic solar cells [20,25–30]. Among them, fluorination has been 

proven  to be an efficient strategy  to alter  the morphology  of the pho- 

toactive layer through the interactions of weak bonds (such as CFe⋯H 

and F⋯S) and manipulate the energy level of polymer donor due to the 
strong electron-withdrawing ability, thereby get higher Voc value [31–
34].  Yang’s  group  have  reported  that  introducing  o-fluoro-p-al- 

koxyphenyl group to BDT unit was effective to improve the perfor- 

mance of PSCs [35]. Moreover, it has been proven that extending two- 
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dimensional π-conjugation length of side chains can also improve the 
device performance [27,36]. For example, Wang’s group reported that 

polymer PBDTBzT–DTffBT, with two-dimensional π-extended side- 
chain (benzothienyl), exhibited improved PCE compared with polymer 
PBDTT-DTffBT, which based on thienyl-substituted BDT [37]. However, 
the influence to the performance of PSCs about combining the fluorine 

substitution and π-extended side chains on the BDT backbone was not 
reported so far. Fluorination 2D π-conjugation side chains can take the 

advantage of both fluorination and 2D π-conjugation, which maybe 
further improve the photovoltaic properties of PSCs. Based on the above 

considerations, we designed and synthesized a new electron-rich 

building block, fluorinated-alkoxybiphenyl-substituted BDT unit, to 

construct medium band-gap copolymers P1 with BDD acceptor unit. 

Blending with PC71BM, the maximum PCE of P1-based device was 

4.66% with Voc = 0.93 V, Jsc =9.83 mA cm2 and FF = 50.91% after 

thermal annealing. While blending with ITIC, the P1-based PSCs 

reached a relatively poor efficiency of 4.16%. Unfortunately, although 

high Voc value yielded, Jsc value was low as the result of mismatched 

absorption with acceptor. In order to adjust the complementarity of 

absorption spectra, a new wide-gap D-A copolymer P2 was synthesized 

with BBFBDT and TZ through the Stille coupling reaction. Finally, the 

maximum PCE of P2 achieved 6.59% with Voc of 0.99 V, Jsc of 14.37 mA 

cm−2 and FF of 46.32%. The chemical structures of polymer donors and 
small molecular acceptors and configuration of BHJ-PSCs are given in 
Fig. 1. This work investigated the influence of novel polymer structure 

on optical properties, electrochemical properties, photovoltaic proper- 

ties, molecular conformations and BHJ blend film morphology and 

provides experiences to design new photovoltaic polymers in the future. 

 

2. Materials and methods 

 
2.1. Synthesis of materials 

 
In this work, starting chemicals and solvent used for the experiment 

were purchased from commercial companies without other further 

purification. The reagents used for water-sensitive reactions, such as 

tetrahydrofuran (THF) and toluene, were distilled by sodium under an 

argon atmosphere. According to reported literatures, compounds TZ-Br 

and BDD-Br were synthesized. The synthetic routes of polymers P1, P2 

are given in Scheme 1 and the detailed description is shown below. 

Synthesis of Bromo-3-fluoro-4′-((2-hexyldecyl)oxy)-1,1′-biphenyl 

(3): 1-bromo-4-((2-hexyldecyl)oxy)benzene (1) was synthesized ac- 

cording to reported literature [35]. A dried 300 ml four-neck flask was 

charged   with   1-bromo-4-((2-hexyldecyl)oxy)benzene   (1)   (3.0 ml, 

24 mmol) in dry THF (170 ml) solvent under argon gas atmosphere. 

Then n-Butyllithium (n-BuLi, 15 mL, 24 mmol, 1.6 mol L−1) was added 

to the mixture dropwise under -78 °C and stirred at this temperature for 

2 h.   Next,   2-isopropoxy-    4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(9.5 mL) was added in the mixture. After keeping the reaction at -78 °C 

for another two hours, the mixture was stirred at room temperature 

overnight. The mixture was neutralized with 1 N HCl to pH = 7 and 

extracted with ethyl acetate. Then the solution was washed using brine 

and dried with anhydrous MgSO4. After the solvent was evaporated, the 

crude product was purified with silica-gel column chromatography by 

using ethyl acetate as eluent to afford 2-(4-((2-hexyldecyl)oxy)phenyl)- 

4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2) (5.6 g, 99%) as colorless 

liquid. A 300 ml four-neck flask was charged with 2-(4-((2-hexyldecyl) 

oxy)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane      (2)       (5.0 g, 

21 mmol), 1-bromo-2-fluoro-4-iodobenzene (1.8 mL, 20 mmol), PPh3 

(2.6 g, 9.8 mmol), 2 M K3PO4 (50 mL) and 1,4-dioxane (130 mL). The 

oxygen in the flask was removed by N2 bubbling degassing. Then Pd 

(PPh3)4 (1.4 g, 1.2 mmol) was added to the solution and the mixture  

was stirred at 100 °C for overnight. Then water was added to the mix- 

ture and the mixture was extracted with AcOEt. The organic layer was 

dried with anhydrous MgSO4. After the solvent was evaporated, the 

crude product was purified with silica-gel column chromatography 

using hexane as eluent to afford 4-bromo-3-fluoro-4′-((2-hexyldecyl) 

oxy)-1,1′-biphenyl  (3) (3.1 g, 77%) as light  yellow  solid. 
1H  NMR  (600 MHz,  CDCl3)  δ 7.59  –  7.52  (m,  1 H),  7.47  (d, J 

=8.7 Hz, 2 H), 7.30 (dd, J = 10.0, 2.0 Hz, 1 H), 7.21 (dd, J = 8.3, 

2.0 Hz, 1 H), 6.97 (d, J =8.7 Hz, 2 H), 3.87 (d, J =5.7 Hz, 2 H), 1.80 

(dt, J = 12.2, 6.0 Hz, 1 H), 1.43 –  1.24 (m, 24 H), 0.89 (m,  J = 6.7, 

3.7 Hz, 6 H). 

Synthesis of 4,8-bis(3-fluoro-4′-((2-hexyldecyl)oxy)-[1,1′-biphenyl]- 

4-yl)benzo[1,2-b:4,5-b']dithiophene (BBFBDT): In a 100 ml round- 

bottom flask, the compound 4-bromo-3-fluoro-4′-((2-hexyldecyl)oxy)- 

1,1′-biphenyl (3) (6.31 g, 13.02 mmol) was dissolved in THF (50 mL) 

and cooled to -78 °C under argon atmosphere. N-Butyllithium (9.06 mL, 

14.51 mmol, 1.6 mol L−1) was dropped slowly into the solution. After 
keeping   the   mixture   at   -78 °C   for   two   hours, benzo[1,2-b:4,5-b'] 

 

 

Fig. 1. Chemical  structure  of  polymer donors  and small  molecular  acceptors  and  configuration of BHJ-PSCs. 
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Scheme 1. Synthetic routes and chemical structures of monomer and polymers. 

 

dithiophene-4,8-dione (1.03 g, 4.56 mmol) was poured into the flask. 

The mixture was heated to room temperature and stirred overnight. 

SnCl2·2H2O dissolved in 10% HCl (20 mL) was bubbled by argon for 

three hours and then injected to the flask. After the solution stirring for 

four hours at 70 °C, 20 ml water was added into the reaction. The 

mixture was extracted by diethyl ether and a white solid (BBFBDT) was 

obtained (1.6 g, 48% yield) after being purified further by column 

chromatography using dichloromethane and petroleum ether. 
1H NMR (600 MHz, CDCl3) δ 7.71 (dt, J = 12.9, 7.7 Hz, 1 H), 7.64 

(d, J =8.6 Hz, 2 H), 7.57 – 7.53 (m, 1 H), 7.51 (d, J =10.9 Hz, 1 H), 

7.47 – 7.44 (m, 1 H), 7.26 – 7.22 (m, 1 H), 7.04 (d, J =8.7 Hz, 2 H), 

3.92 (d, J =5.7 Hz, 2 H), 1.83 (dt, J = 12.1, 6.0 Hz, 1 H), 1.41 – 1.24 

(m, 24 H), 0.90 (q, J =6.8 Hz, 6 H). 13C NMR (151 MHz, CDCl3) δ 
160.86,  143.52,  138.52,  136.70,  136.69,  131.93,  131.60,  128.10, 

127.46,  127.44,  124.64,  115.04,  77.22,  38.01,  31.93,  31.42, 30.05, 

29.72, 29.62, 29.61, 29.36, 29.35, 26.88, 22.69, 14.14. 

Synthesis of (4,8-bis(3-fluoro-4′-((2-hexyldecyl)oxy)-[1,1′-bi- 

phenyl]-4-yl)benzo[1,2-b:4,5-b']dithiophene-2,6-diyl)bis(trimethyl- 

stannane)  (BBFBDTSn): BBFBDT (1.49 g,  1.52 mmol)  was dissolved  in 

dry THF (30 mL) under an argon atmosphere and n-BuLi (2.53 mL, 

4.06 mmol, 1.5 mol L−1) was dropped slowly into the solution at 0 °C. 

After keeping the mixture at 0 °C for two hours, trimethyltin chloride 

(5.23 mL,  5.25 mmol,  1.3 mol  L−1)  was  injected  into  the  flask.  The 

mixture was stirred at room temperature overnight and stopped with 

water. Diethyl ether was poured to extract the raw product, and then 

the solvent was removed. Then raw product was purified by re- 

crystallization from acetone, and a white solid (BBFBDTSn) was ob- 

tained (1.23 g, 61% yield). MALDI-TOF (m/z): calcd for BBFBDTSn, 

1337.13; found 1336.256 (M+). 
1H  NMR  (600 MHz,  CDCl3)  δ 7.74  –  7.69  (m,  1 H),  7.66  (d, J 

=8.6 Hz, 2 H), 7.57 – 7.50 (m, 2 H), 7.24 (m, J =12.4 Hz, 1 H), 7.04 (d, 

J =8.6 Hz, 2 H), 3.92 (d, J =5.6 Hz, 2 H), 1.83 (dt, J = 12.0, 5.8 Hz, 

1 H), 1.41 – 1.26 (m, 24 H), 0.90 (q, J =6.6 Hz, 6 H), 0.43 – 0.31 (m, 

9 H). 13C NMR (151 MHz, CDCl3) δ 167.73, 154.70, 153.54, 147.10, 
141.00,  139.54,  137.05,  130.89,  128.56,  126.20,  125.66,  124.90, 

118.11, 116.95, 116.33, 114.82, 114.49, 71.93, 39.55, 39.48, 30.53, 

30.50, 29.15, 29.12, 23.88, 23.11, 14.15. 

Synthesis of polymer P1 and P2: BBFBDTSn (133.71 mg, 0.1 mmol), 
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Fig. 2. (a) UV–vis absorption spectra of P1 and P2 in CB diluted solutions and as the thin films; (b) The film absorption spectra of the P1, P2, PC71BM and ITIC; (c)       

The absorption spectra of the P1: PC71BM, P1: ITIC and P2:ITIC blend films (1:1.5, w/w). 

 

BDD-Br (76.67 mg, 0.1 mmol) or TZ-Br (71.86 mg,  0.1 mmol),  Pd 

(PPh3)4 (7.12 mg,  0.1 mmol)  or  Pd2(dba)3  (1.37 mg,  0.1 mmol),  P(o- 

tol)3 (2.74 mg, 0.1 mmol) were added to a dry flask. After the addition 

of dry toluene (8 mL) and dry dimethylformamide (DMF, 0.6 mL), the 

mixture was reacted for 16 h. After being cooled down to room tem- 

perature, the mixture was poured into methanol. The precipitate was 

collected and subjected to soxhlet extraction with methanol, acetone 

and hexane as the solvents to remove small molecules and oligomers. 

The product was then purified by silica gel column chromatography 

using CB as an eluent. After the solvent was removed, the resulting 

purple film was obtained with the addition of 30 ml methanol and then 

dried under vacuum for 24 h at 40 °C. 

 
2.2. Materials  characterization methods 

 
The molecular weight (Mn) and polydispersity index (PDI) were 

estimated by gel permeation (GPC) analysis on an ELEOS system using 

THF as the eluent. Thermogravimetric analysis (TGA) of polymers were 

performed via a STA-449 instrument in a nitrogen atmosphere. The 

UV–vis spectra were obtained using Hitachi U-4100 spectrophotometer 

under room temperature. The electrochemical cyclic voltammetry (CV) 

curves were recorded using CHI 660D electrochemical workstation with 

a polymer coated glassy carbon as working electrode, a platinum wire 

as counter electrode and a saturated calomel reference electrode (SCE). 

In this system, the electrolyte is prepared from the acetonitrile solution 

and 0.1 M tetrabutylammonium hexafluorophosphate (Bu4NPF6). The 

transmission electron microscopy (TEM) measurement was obtained via 

a HITACHI H-7650 electron microscope working at an acceleration 

voltage  of 100 kV. 

 
2.3. Device  fabrication  and evaluations 

 
The photovoltaic devices with a classical structure of ITO/PEDOT: 

PSS/active layer /PDINO/Al were prepared in the nitrogen atmosphere. 

The ITO coated glass substrates (15 mm x 15 mm) were cleaned in an 

ultrasonic bath for 15 min with the following solvent: ITO detergent, 

ultrapure water, acetone and isopropanol. After dried by nitrogen and 

cleaned by oxygen plasma for 3 min, the ITO-coated substrates were 

spin-coated with PEDOT:PSS hole transport layer at 4000 rpm for 30 s, 

following annealing at 150℃ for 15 min in air. Polymer P1and PC71BM 

were dissolved in o-dichlorobenzene (o-DCB) at the concentration of 

28 mg ml−1  with  weight  ratios  of  1:1,  1:1.5  and  1:2.  Polymer  P2  and 

ITIC were dissolved in chlorobenzene (CB) at the concentration of 16 

mg ml−1  with  weight  ratios  of  1:1,  1:1.5  and  1:2.  Then  the  blend 

solution were spin-coated onto PEDOT: PSS substrates as the photo- 

active layer in the glovebox. Next, a 10 nm thickness PDINO electron 

transport layer were spin-coated onto the top of the active layer at  

3000 rpm for 25 s carefully. Finally, to form the top electrode of the 

devices, a 100 nm thickness Al was deposited thermally onto the former 

film in a vacuum evaporator. The devices based on P1:PC71BM and P2: 
ITIC were characterized under AM 1.5 G radiation, with the intensity of 

100 mW cm-2. 

 
3. Results and discussion 

 
3.1. Synthesis  and characterization 

 
The synthetic routes and chemical structures of the new monomer 

BBFBDT and polymers P1 and P2 are outlined in Scheme 1, and the 

detailed synthetic process and conditions are provided in the experi- 

mental section. The intermediate product, new monomer BBFBDT and 

polymers in the synthesis procedures were characterized by 1H NMR 

and 13C NMR (Figs. S1–S5). The BDD-Br and TZ-Br compounds were 

synthesized according to the previously reported methods [38–41]. The 

polymers P1 and P2 were prepared via Stille coupling reaction in an- 

hydrous toluene with different catalyst. Both polymers exhibit accep- 

table solubility in chlorobenzene (CB) and o-dichlorobenzene (o-DCB) 

at room temperature. Estimated by gel permeation chromatography 

(GPC) with polystyrene as the standard and tetrahydrofuran  (THF,   

40 °C) as the eluent, the number-average molecular weights (Mn) and 

polydispersity  index  (PDI = Mw   /  Mn)  of  polymers  P1  and  P2 are 

21.6 kDa/1.40 and 20.5 kDa/1.21, respectively. The thermal  properties 
of the polymers were evaluated by thermogravimetric analysis (TGA) 

with a heating rate of 10 °C min−1  in a nitrogen atmosphere (Fig. S6). 

The onset decomposition temperatures (Td) with a 5% weight loss of P1 

and P2 are calculated to be 400 °C and 340 °C, respectively. This result 

indicates that the polymers possess good thermal stability, which is 

helpful to the further characterization and the fabrication of PSCs de- 

vices  [43]. 

 
3.2. Optical  and  electrochemical properties 

 
The normalized ultraviolet-visible (UV–vis) of the polymers in dilute 

chlorobenzene (CB) solutions and as thin films  are  both  shown  in Fig. 

2a, and relevant data are collected in Table 1. In dilute CB solution, the 

strong absorption peaks of polymers P1 and P2 are located at about 

620 nm and 530 nm, respectively, which corresponding to the in- 

tramolecular charge transfer (ICT) in the donor-acceptor system [42]. 

In addition, polymer P1 shows the weak absorption band at 410 nm due 

to the π-π* transitions [36]. Whether in solution or as films, both 

polymers display sharp shoulder peaks [43]. These two polymers have 

good planarity, the interaction between the polymers backbones cause 

strong molecular aggregation, which explains the sharp shoulder peaks 

observed in the UV-absorption spectra, and it’s also consistent with the 

works reported in the past [31,35]. Furthermore, the UV–vis absorption 

spectra of the polymers in film state exhibit slight red shift compared to 

that in solution, as a result of the increased inter- and intra-molecular 

interactions   [44].   Compared   to  the  solution   state,   the interaction 
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Table 1 

Decomposition temperatures, molecular weights, UV–vis absorption properties and molecular energy levels of polymers. 

Polymer Td(ºC) Mn(kDa) λmaxfilm (nm) λmaxsolution (nm) λonsetfilm (nm) Eg     (eV) Eox (V) HOMO   (eV) LUMO  (eV) 
 

P1 400 21.6 620 560 670 1.85 1.05 −5.37 −3.52 

P2 340 20.5 530 530 625 1.98 1.21 −5.34 −3.36 

*Molecular energy levels are calculated from cyclic voltammograms. 
 

between the backbones of these two polymers in the film state is 
stronger with more ordered stacking, and thus the inter-molecular 

distances become smaller, which are beneficial to enhance the π-π 

stacking between the polymer backbones and reduce the energy re- 

quired for π electronic transitions, and thereby caused slight red shift 
[37]. Moreover, the temperature-dependent UV–vis absorption spectra 
of the polymers (from 20 °C to 90 °C) were further measured to evaluate 
intermolecular interactions. As shown in Fig. S7, the shoulder peaks of 
polymers P1 and P2 decrease gradually with the rise of temperature but 
still exist in hot solvents (CB, 60 °C and 90 °C), which indicate that 
polymers possess strong intermolecular interactions. In addition, the 
optical band-gaps of the polymers P1 and P2 were calculated to be 

1.85 eV  and  1.98 eV,  respectively,  according  to  the  equation  Eg
opt

 

= 1240/λonset  (λonset  is the onset of the absorption spectra of the thin 
film). In order to achieve complementary and broad absorption range, 

polymers P1 and P2 probably require different acceptor materials. As 

shown in Fig. 2b, we can see that the absorption spectra of P1 and P2 

matched well with that of PC71BM and ITIC, respectively. The absorp- 

tion spectra of the P1:PC71BM, P1: ITIC and P2: ITIC blend films (1:1.5, 

w/w) are displayed in Fig. 2c. In the visible range, the absorption range 

of P2: ITIC blend film is distinctly expanded than that of P1:PC71BM 

and P1: ITIC blends, which is beneficial for harvesting more solar 

photons and enhancing value of  Jsc. 

The oxidation/reduction potentials of polymers can be measured 
utilizing electrochemical cyclic voltammetry (CV). As shown in Fig. 3a 

and Table 1, the onset oxidation potential (Eox) of the polymers P1 and 

P2 are 1.05 V and 1.21 V, respectively. The highest occupied molecular 
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) 
energy levels of polymers P1 and P2, estimating by the following 

equations: EHOMO  = -e (Eox  + 4.8 - φ1/2, FeCp2) (eV); ELUMO  = EHOMO 

+ E opt (eV), are -5.37 eV, -3.52 eV and -5.34 eV, -3.36 eV, respectively. 
The redox potential of the Fc/Fc+  internal reference was 0.39 V. From 

Fig. 3b, we can see both polymers display deep HOMO energy levels, 

which are beneficial to achieve high Voc [27]. 

 
3.3. Theoretical calculations 

 
To further explore the influence of introducing the novel conjugated 

side chain to the molecular conformations and electronic properties of 

polymers, theoretical calculation was performed employing density 

functional theory (DFT) at the B3LYP/6-31G* level. All long alkyls were 

replaced by methyl and just choose two repeating units as the object of 

calculation in order to simplify calculations. As shown in Fig. 4, the 

dihedral angles between the side chain and BDT backbone of P1 and P2 

are 60.88° and 60.72°, respectively. And the dihedral angles between 

benzene and fluorobenzene unit in side chain are close to 37°. This 

highly twisted side groups help to obtain good solubility of polymers 

and deep HOMO energy levels [45]. By contrast, the dihedral angles 

between the polymer backbones are small (< 21°), which form rela- 

tively planar backbone conformations and thereby benefit the charge 

transport along the polymer backbones [46]. The energy levels ob- 

tained by DFT are also given in Fig. 4, which coincide well with the 

experimental results from cyclic voltammetry. The HOMO energy levels 

of both polymers are distributed equally over both donor and acceptor 

units, while the LUMO energy levels are mainly localized on acceptor 

units. Voc is related to the energy difference between the HOMO levels 

of the donor material and the LUMO levels of the acceptor material 

[22]. In the computational (theoretical) and cyclic voltammetry ana- 

lysis, both polymers show similarly low HOMO energy levels, which are 

helpful to obtain high Voc  values. 

 
3.4. Photovoltaic  properties  and analysis 

 
In order to study the photovoltaic characteristics of the synthesized 

polymers more meticulous, BHJ polymer solar cells were made with a 

configuration of ITO/PEDOT: PSS/active layer /PDINO/Al. The detail 

data to optimize the performance of the devices under AM 1.5 G ra- 

diation (100 mW cm−2), such as the weight ratios of donor: acceptor in 

the blend films and the processing conditions, are summarized in Table 

S1 and the corresponding current density-voltage (J-V) curves of the 

devices are shown in Fig. S8. From Table 2, we can see that the PCE of 

PSCs  based  on  P1:PC71BM  achieve  4.33%  with  Voc   = 0.91 V,  Jsc 

=9.91 mA  cm−2  and  FF = 48.01%  without  thermal  annealing  under 
the optimal D: A blend ratio (w/w = 1:1.5). In addition, the PSCs based 

on P1: ITIC was also characterized, although the values of Voc and Jsc 

were enhanced, the film-forming property dropped so that the PCE was 

 

 

Fig. 3. (a) Cyclic voltammograms of P1, P2 and ferrocene; (b) Energy diagram of PC71BM, P1, P2 and ITIC. 
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Fig. 4. Optimized molecular  conformations,  dihedral  angles and  frontier molecular  orbitals  for  P1  and P2  obtained  by DFT calculations. 

 

Table 2 

The photovoltaic parameters of the devices with P1:ITIC, P1:PC71BM and  

P2:ITIC  under  different conditions. 

120 °C annealing and the devices based on P2 exhibit the enhanced PCE 

of  6.59%  with  Voc  =  0.99 V,  Jsc  =14.37 mA  cm−2  and  FF = 46.32% 

after 90 °C annealing. The annealing improved devices performances 

may be attributed to the improved active layer morphology (Fig S9). 

The J–V curves of the polymer solar cells based on synthesized poly- 

mers under optimal conditions are given in Fig. 5a. 

The external quantum efficiency (EQE) curves of the devices based 

on P1:PC71BM and P2: ITIC under corresponding optimal conditions 

 
 
 

not high than that of PCSs based on P1:PC71BM. As shown in Fig. 2b, 
the UV–vis absorption spectra of P1 are heavily overlapped with that of 
PC71BM and ITIC, which is not good for harvesting solar light, so the Jsc 

values are relatively poor whether P1 blends with PC71BM or ITIC. The 
PCE of the P2-based PSCs coupled with non-fullerene acceptor ITIC (w/ 

w = 1:1.5)  is  5.91%  with  Voc  =  0.99 V,  Jsc  =13.72 mA  cm−2  and 
FF = 43.51% without thermal annealing. The broader absorption range 

of P2: ITIC blend film compared to that of P1:PC71BM and P1: ITIC 
blend films, shown in Fig. 2c, may be the reason for the increased Jsc of 
P2-based PSCs. It is noticeable that the PCE of P1-based PSCs up to 

4.66% with Voc  = 0.93 V, Jsc  =9.83 mA cm−2  and FF = 50.97% after 

were measured to further investigate photocurrent response of the 

above PSCs. The current density calculated by EQE curves, 9.74 mA 

cm−2  for P1 and 14.24 mA cm-2  for P2, were basically consistent with 

Jsc measured by J–V curves. As shown in Fig. 5b, the devices prepared 

with P1 and P2 exhibit strong and broad photocurrent response in the 

range of 350–700 nm and 400–800 nm, respectively. Contrast to the 

photocurrent response of P1-based PSCs, the maximum EQE values of 

P2-based device achieves 65% and remain stable from 550 to 750 nm, 

which contributing to higher Jsc of P2-based PSCs [47]. The photo- 

luminescence (PL) emission spectra of pure polymers P1, P2 and 

P1:PC71BM, P2: ITIC blended films are exhibited in Fig. S10. The PL 

emissions of pure polymers are largely quenched when blending with 

acceptor materials, which indicates that the efficient photo-induced 

exciton separation and charge transfer between the donor and acceptor 

materials [17]. 

 

 

Fig. 5. (a)  J–V curves  of the  optimized  solar cells  based on  polymers  P1 and  P2 under  AM1.5 G radiation  (100 mW  cm−2); (b) EQE curves  of the  corresponding 

devices. 

Blend Annealing Voc (V) Jsc  (mA cm−2) FF (%) PCEmax 

P1:ITIC no 0.98 9.78 39.02 3.74 

P1:ITIC 120 °C 0.97 10.21 42.00 4.16 

P1:PC71BM no 0.91 9.91 48.01 4.33 

P1:PC71BM 120 °C 0.93 9.83 50.97 4.66 

P2:ITIC no 0.99 13.72 43.51 5.91 

P2:ITIC 90 °C 0.99 14.37 46.32 6.59 
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Fig. 6. (a) J–V characteristics of the hole-only 

devices and (b) electron-only devices fitted  by  

the  space-charge-limited  current  (SCLC) model; 

(c) photocurrent density (Jph) and effective vol- 

tage (Veff) curves of devices in the optimal con- 

ditions; (d) Jsc versus light intensity plots for 

optimized devices (The solid lines fitted the 

corresponding plots). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 7. TEM images and AFM images (5 μm х 5 μm) of (a) (c) P1: PC71BM blend; (b) (d) P2: ITIC blend in the optimized condition (the corresponding phase image are 
also  given in  c and d). 
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To study the charge transport behavior of electrons and holes in 

optimized devices based on synthesized polymers, the space-charge 

limited current (SCLC) method was used to obtain hole and electron 

mobility, with device structure of ITO/PEDOT:PSS/active layer 

(P1:PC71BM or P2:ITIC)/MoO3/Al and ITO/ZnO/active layer 

(P1:PC71BM or P2:ITIC) /PDINO/Al. As shown in Fig. 6a and b, the hole 

mobility  (μh)  of  P1:PC71BM  and  P2:ITIC  blends  are  deduced  as 
1.03 × 10−4  and 0.76 × 10−4 cm2  V−1  s−1, while the electron mobi- 

lity  (μe)  are  0.89 × 10−4  and  1.09 × 10−4 cm2  V−1  s−1respectively. 

The P1:PC71BM and P2:ITIC blends show balanced μe/μh ratio of 0.86 
and 1.43, respectively, which is beneficial to charge transport. 

To explore exciton separation and charge collection behavior of the 
devices based on P1 and P2, the exciton dissociation efficiencies (Pdiss) 
are calculated from the relationship between photocurrent density (Jph) 

and effective voltage (Veff) [48]. The value of Jph is calculated according 
to the follow formula: Jph = JL-JD, where JD and JL represent light and 

dark current densities, respectively. The Veff represents the difference 

value between the applied voltage (Va) and the voltage V0 (when Jph is 

0). As shown in Fig. 6c, the Jph values of P1-based and P2-based PSCs 
are close to saturation and tend to stabilized value (Jsat) when the 

Veff > 1, which reveals the values of Pdiss reached maximum (Pdiss is 

defined as Jph/Jsat). The devices based on synthesized polymers in the 

optical conditions show similar Pdiss of approximately 80%, indicating 
that the processes of photo-generated exciton dissociation and the free 
charge carries collection at the electrodes in the devices are efficient. 
Furthermore, as shown in Fig. 6d, the dependence of the photovoltaic 
performance on incident light power (ILP) was measured to study bi- 
molecular recombination behavior in the optimized devices. The re- 

lationship between Jsc and light intensity is defined follow the equation 

of Jsc∝ILPa, where a is a power-law scaling exponent [49]. When the 
bimolecular recombination is weak, a value of the fitted line is ap- 
proach to 1. The a value of devices based on P1 and P2 are 0.99 and 

0.98 respectively, which reveals that the processes of bimolecular re- 

combination are efficiently suppressed in the  devices. 

 
3.5. BHJ  morphology properties 

 
The transmission electron microscopy (TEM) and atomic force mi- 

croscope (AFM) measurements were applied to further investigate the 

morphology characteristics of optimal blend films. As shown in Fig. 7a, 

we can observe continuous interpenetrating network structure in P1: 

PC71BM blend film. However, the obvious phase separation and 

polymer aggregation also occur, which will be bad for exciton diffusion 

to donor/acceptor interface and charge transport, and this lead to the 

low FF of devices. Contrast to P1:PC71BM blend, as shown in Fig. 7b, 

P2: ITIC blend exhibits good miscibility and less conspicuous polymer 

aggregation region. As a result, the Jsc of P2-based PSCs is higher than 

that of P1-based PSCs [50]. From Fig. 7c and d, the surface root mean 

square (RMS) roughness of both blends are small, which are helpful to 

form better contact with the electrodes [36]. 

 

4. Conclusions 

 
In this work, D-A conjugated polymers P1 and P2 were designed and 

synthesized based on a novel monomer BBFBDT. The optical properties, 

electrochemical properties, photovoltaic properties, molecular con- 

formations of polymers and the performance of BHJ PSCs based on 

synthesized polymers were investigated. When blended with acceptor 

PC71BM, the device based on P1 exhibited the power conversion effi- 

ciency  of  4.66%  with  Voc  of  0.93 V,  Jsc  of  9.83 mA  cm−2  and  FF  of 
50.97 %. Contrast to P1, the wide band-gap polymer P2 shown rela- 

tively high power conversion efficiency of 6.59% with Voc of 0.99 V, Jsc 

of  14.37 mA  cm−2  and  FF  of  46.32%  as  a  result  of  complementary 
absorption, suitable energy levels and aggregation, high EQE response 

and exciton dissociation (Pdiss) when matched with non-fullerene ac- 
ceptor ITIC. This work provides a reference for the design of polymer 

donor materials in the future. 
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