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Abstract  In this paper, a new D-A copolymer, PFDBCPDT, which consists of benzo-2,1,3-thiadiazole as acceptor units and 
cyclopentadithiophene and fluorene as donor units, was synthesized. The thermal, electrochemical, photophysical and 
photovoltaic properties of PFDBCPDT were studied. PFDBCPDT showed a low optical band gap of 1.84 eV, and relatively 
low HOMO level of −5.69 eV. The best device performance was obtained by PFDBCPDT/PC61BM (1:3) with 0.5 vol% 
DIO. The device exhibited a power conversion efficiency of 3.06%, with a relatively high open circuit voltage of 0.87 eV. 
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INTRODUCTION 

Thin film polymer solar cells (PSCs) have become a promising option for low cost renewable energy production. 
Most solar cells are fabricated based on blends of conjugated polymers as p-type materials and fullerene 
derivatives (PCBMs) as n-type materials[1−4]. To achieve good device performance, conjugated polymers are 
required to have low optical band gaps, which determine the light harvest ability of the blend films. Therefore, 
most researches were focused on design and synthesis of new low band gap polymer materials[5−12]. In recent 
years, a popular approach to low band gap polymers is to synthesize copolymers containing alternating electron-
donor units (D) and electron-acceptor units (A) on the conjugated polymer backbones, which are known as the 
D-A copolymers[13−25]. Through varying chemical structures of donor units and acceptor units, optical, 
electrochemical and photovoltaic properties of D-A copolymers can be easily manipulated. 

Cyclopentadithiophene (CPDT) based conjugated copolymers have been proved to be one of the most 
promising D-A copolymers for bulk heterojunction (BHJ) solar cells[26−38]. In 2006, Brabec et al. reported the 
first high efficiency CPDT-based D-A conjugated copolymers (PCPDTBT) with 4,7-(2,1,3-benzothiadiazole) 
(BT) as the acceptor unit. With a rather low Voc (ca. 0.65 V), PSCs of this copolymer showed the power 
conversion efficiency (PCE) of 2.67% with PC61BM and 3.16% with PC71BM, respectively[26]. Since then, many 
CPDT-based copolymers were further explored as low band gap polymers[27−34]. However, most of these 
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copolymers showed similar low Voc (0.47−0.65 eV). Because PCE is determined by open circuit voltage (Voc), 
short circuit current (Jsc) and fill factor (FF), it is necessary to improve Voc of CPDT-based copolymer devices 
for high efficiency PSCs. It has been reported that tuning the chemical structure of acceptor units in D-A 
copolymers could lower HOMO levels of copolymers, leading to higher Voc of devices[39]. Polymer solar cells 
based on CPDT-based copolymers with different acceptor units such as dibenzothiadiazole, tetrazine or 
fluorinated benzothiadizole etc. showed relatively higher Voc of 0.74−0.83 V[35−38]. In our previous work, we have 
reported efficient Voc enhancement (ca. 0.3 V) for dithieno[3,2-b:2′,3′-d]pyrrole (DTP) based D-A copolymer by 
simply introducing a fluorene unit as an additional donor unit[40], instead of the design and synthesis of novel 
acceptors. The new copolymer, PDTPDBF, showed a Voc of 0.84 V due to its low lying HOMO level relative to 
other DTP-based copolymers. In this paper, the similar strategy was applied to obtain a new CPDT-based 
copolymer, PFDBCPDT, containing both the fluorene unit and the CPDT unit as donor units and benzo-2,1,3-
thiadiazole (BT) unit as the acceptor unit. Compared to the well-known PCPDTBT, we expected the simple 
introduction of the fluorene unit could also bring a lower HOMO level, leading to a higher Voc and good device 
performance. Another copolymer, PFDBDT, which has similar backbone structure to PFDBCPDT but without 
the fuse ring structure in the dithiophene unit, was also prepared as a reference polymer. 

EXPERIMENTAL 

Measurements 
1H spectra were recorded at 298 K with a Bruker Avance 300 NMR spectrometer. Number-average (Mn) and 
weight-average (Mw) molecular weights were determined by GPC on a Waters 410 instrument with polystyrene 
as standards and THF as eluent. MALDI-TOF was measured by a Bruker Daltonics Flex analysis system.       
UV-Vis absorption spectra were recorded by a Perkin-Elmer Lambda35 UV-Vis spectrometer. Mass spectra 
were obtained with an LDI-1700 MALDI-TOF mass spectroscope. Thermogravimetric analysis (TGA) was 
carried on a Perkin-Elmer TGA-7 instrument. Cyclic voltammetry (CV) was used to determine the highest 
occupied orbitals (HOMO) and the lowest unoccupied orbitals (LUMO) energy levels of copolymers with a Pt 
counter electrode and Ag/Ag+ reference electrode in 0.1 mol/L Bu4NClO4 in acetonitrile at a scan rate of 50 mV 
s−1 at room temperature under argon. A glass carbon electrode coated with a thin polymer film was used as the 
working electrode. Transmission electron microscopy (TEM) was performed on a JEM-1011 transmission 
electron microscope with 100 keV accelerating voltage. Samples for the TEM analysis were prepared by spin-
casting from polymer and PCBM mix solution onto a PEDOT:PSS/glass substrate. The films were then floated 
onto water and placed on a 200-mesh copper TEM grid (Agar Sci. Inc.) 

Materials 
Unless otherwise specified, all chemicals and reagents were purchased from commercial suppliers and used 
without further purification. Toluene was distilled over sodium prior to use. 4H-cyclopenta [2,1-b;3,4-b′]-
dithiophene and 2,7-bis(trimethyleneboronate)-9,9-dioctylfluorene (6) were synthesized according to the 
literature[26, 41]. 

Monomers 

Synthesis of 4,4-bishexyl-4H-cyclopenta [2,1-b;3,4-b′]-dithiophene (1) 
Under the argon atmosphere, a mixture of 4H-cyclopenta [2,1-b;3,4-b′]-dithiophene (0.8 g, 4.49 mmol),             
1-bromohexane (1.48 g, 8.98 mol), KOH (0.76 g, 13.5 mmol), KI (20 mg) and DMSO (30 mL) was stirred at 
room temperature overnight. Then the mixture was washed by water three times. The organic layer was 
separated and dried over anhydrous Na2SO4 and evaporated to dryness. The residue was chromatographically 
purified on silica gel column eluting with petroleum ether to afford 4,4-bishexyl-4H-cyclopenta [2,1-b;3,4-b′]-
dithiophene (1) as light yellow liquid (1.15 g, 74%). 1H-NMR (300 MHz, CDCl3, δ): 7.14 (d, J = 4.8 Hz, 2H), 
6.92 (d, J = 4.8 Hz, 2H), 1.84−1.79 (m, 4H), 1.22−1.14 (m, 4H), 1.14−1.10 (m, 8H), 0.98−0.90 (m, 4H), 0.81 (t, 
J = 7.2 Hz, 6H). 
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Synthesis of 4,4-bishexy-2,6-bis(trimethylstannyl)-4H-cyclopenta[2,1-b:3,4-b′]-dithiophene (2) 
Into a mixture of 4,4-bishexyl-4H-cyclopenta [2,1-b;3,4-b′]-dithiophene (1) (1.15 g, 3.33 mmol) and THF       
(30 mL) was added n-BuLi (2.5 mol/L, 3 mL, 7.32 mmol) dropwise at −78 °C. The mixture was stirred at this 
temperature for 1 h, and warmed to room temperature for 1 h. SnMe3Cl was added into the mixture at −78 °C. 
The mixture was warm to room temperature overnight after stirred at −78 °C for 1 h. The mixture was washed 
by saturated KF aqueous solution three times and by water three times. Then the organic layer was separated and 
dried over anhydrous Na2SO4 and evaporated to dryness. The residue was not further purified and used directly 
in the next step. 

Synthesis of 7,7′-(4,4'-dihexyl-4H-cyclopenta[2,1-b:3,4-b′]-dithiophene-2,6'-diyl)bis(4-bromobenzo[c] [1,2,5] 
thiadiazole) (3) 
A mixture of 4,4-bishexy-2,6-bis(trimethylstannyl)-4H-cyclopenta[2,1-b:3,4-b′]-dithiophene (2), 4,7-
dibromobenzo[c][1,2,5]thiadiazole (3 g, 10.1 mmol), Pd(PPh3)4 (370 mg), CuI (121 mg) was deaerated three 
times with argon, and added with toluene (150 mL). The mixture was stirred at 100 °C overnight, then cooled to 
room temperature. The mixture was washed by saturated KF aqueous solution three times and by water three 
times. Then the organic layer was separated and dried over anhydrous Na2SO4 and evaporated to dryness. The 
residue was chromatographically purified on silica gel column eluting with petroleum ether/CH2Cl2 (4:1, V/V) to 
afford 3 as black crystals in a yield of 31% (0.8 g). 1H-NMR (300 MHz, CDCl3, δ): 8.06 (s, 2H), 7.84 (d, J =     
7.8 Hz, 2H), 7.73 (d, J = 7.8 Hz, 2H), 2.10−1.90 (m, 4H), 1.30−1.00 (m, 16H), 0.85−0.70 (m, 6H). 13C-NMR 
(101 MHz, CDCl3, δ): 159.88, 153.87, 151.52, 139.83, 138.96, 132.32, 127.81, 124.24, 122.64, 111.33, 54.39, 
37.84, 31.59, 29.70, 24.65, 22.59, 14.01. MALDI-TOF MS: Calcd. for: C33H32Br2N4S4: 772.70; Found: 772.0 
[M+]. 

Synthesis of 3-hexylthiophene (4) 
A mixture of Mg (5.83 g, 240 mmol) and a grain of I2 was deaerated three times with argon, and then a solution 
of 1-bromohexane in ethyl ester (200 mL) was added drop wise at 0 °C. The mixture was stirred at 0 °C until the 
drop wise adding was finished, then warmed to room temperature and heated to reflux for 2 h. The mixture was 
added drop wise to a solution of 3-bromothiophene (32.6 g, 200 mmol) and Ni(dppp)Cl2 (0.542g, 1 mmol) in 
ethyl ester (100 mL) at room temperature. Then the mixture was heated to reflux overnight. After being cooled 
to room temperature, the mixture was washed by saturated NH4Cl aqueous solution one time, by saturated 
Na2CO3 aqueous solution two times and by water three times. The organic layer was separated and dried over 
anhydrous Na2SO4 and evaporated to dryness. The residue was distilled at reduced pressure to afford                  
3-hexylthiophene (4) as colorless liquid (31 g, 91%). 1H-NMR (300 MHz, CDCl3, δ): 7.22 (dd, J = 3.0 Hz, 1H), 
6.95−6.88 (m, 2H), 2.61 (t, J = 7.5 Hz, 2H), 1.70−1.50 (m, 2H), 1.40−1.20 (m, 6H), 0.90−0.83 (m, 3H). 

Synthesis of 4,4′-dihexyl-2,2'-bithiophene (5) 
Under the argon atmosphere, n-BuLi (2.5 mol/L, 13.1 mL, 32.68 mmol) was added dropwise into a mixture of 
2,2,6,6-tetramethylpiperidine (TEMP, 5.03 g, 35.65 mmol) and ethyl ester (150 mL) at −78 °C. The mixture was 
stirred at this temperature for 1 h. 3-hexylthiophene (4) (5 g, 29.71 mmol) was added drop wise to the mixture. 
Then the mixture was warmed to room temperature, and heated to reflux for 1 h. After cooling to −78 °C, CuCl2 
(5.2 g, 38.62 mmol) was added into the mixture at once and the mixture was stirred overnight. The mixture was 
washed by water three times. The organic layer was separated and dried over anhydrous Na2SO4 and evaporated 
to dryness. The residue was purified by recrystallization from n-hexane to afford 4,4'-dihexyl-2,2'-bithiophene 
(5) as yellow solid (2 g, 40%). 1H-NMR (300 MHz, CDCl3, δ): 7.00 (s, 2H), 6.79 (s, 2H), 2.59 (t, J = 7.5 Hz, 
4H), 1.70−1.50 (m, 4H), 1.40−1.20 (m, 12H), 0.90−0.83 (m, 6H). 

Synthesis of (4,4'-dihexyl-2,2'-bithiophene-5,5'-diyl)bis(tributylstannane) (6) 
Into a solution of 4,4'-dihexyl-2,2'-bithiophene (5) (1.87 g, 5.6 mmol) in THF (40 mL) was added n-BuLi       
(2.5 mol/L, 5.4 mL, 13.5 mmol) at −78 °C. The mixture was stirred at this temperature for 1 h, and SnBu3Cl 
(4.56 g, 14 mmol) was added. The mixture was stirred at −78 °C for 1 h, and warmed to room temperature for     
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1 h, then washed by saturated KF aqueous solution three times and by water three times. The organic phase was 
separated and dried over anhydrous Na2SO4 and evaporated to dryness. The residue was not further purified and 
directly used in the next step. 

Synthesis of 7,7'-(4,4'-dihexyl-2,2'-bithiophene-5,5'-diyl)bis(4-bromobenzo[c][1,2,5]thiadiazole) (7) 
Compound 7 was synthesized following the procedure for preparation of 3 as red crystals in a yield of 31%    
(1.3 g). 1H-NMR (300 MHz, CDCl3, δ): 7.92 (d, J = 7.5 Hz, 2H), 7.51 (d, J = 7.2 Hz, 2H), 7.21 (s, 2H), 2.61 (t,   
J = 7.8 Hz, 4H), 1.80−1.50 (m, 4H), 1.40−1.20 (m, 12H), 0.85−0.70 (m, 6H). 13C-NMR (101 MHz, CDCl3, δ ): 
153.53, 153.45, 142.86, 137.67, 131.95, 130.63, 130.14, 127.31, 126.19, 113.50, 31.51, 30.51, 29.53, 29.09, 
22.50, 13.99. MALDI-TOF MS: Calcd for: C32H32Br2N4S4: 760.69. Found: 760.0 [M+]. 

Copolymers 

Synthesis of PFDBCPDT 
Polymerization of PFDBCPDT was performed by Suzuki coupling reaction. 7,7'-(4,4'-Dihexyl-4H-
cyclopenta[2,1-b:3,4-b′]-dithiophene-2,6'-diyl)bis(4-bromobenzo[c] [1,2,5] thiadiazole) (3) (154.5 mg,              
0.2 mmol), 2,7-bis(trimethyleneboronate)-9,9-dioctylfluorene (8, 111.7 mg, 0.2 mmol ), Pd(PPh3)4 (2 mg) and 
one drop Aliquat 336 were all added in the reaction bulb. Toluene (6 mL) and K2CO3 aqueous solution (2 mol/L, 
2 mL) were added under the argon atmosphere. The solution was heated to 105 °C and stirred for 7 h. Then 
phenylboronic acid (0.1 mol/L, 2 mL) was added 3 h earlier before bromobenzene (0.5 mL). 5 h later, the 
solution was cooled down to the room temperature, and added with CHCl3 (100 mL). The organic solution was 
washed by water for three times, and dried by anhydrous Na2SO4. The polymer was precipitated into 200 mL 
methanol from a concentrated solution. After this, the precipitated solid were collected and vacuum dried 
overnight to get PFDBCPDT as black solid in a yield of 90% (180 mg). 1H-NMR (300 MHz, CDCl3, δ ): 
8.20−8.10 (m, 2H), 8.10−7.95 (m, 6H), 7.95−7.90 (m, 2H), 7.90−7.80 (m, 2H), 2.20−2.00 (m, 8H), 1.30−0.60 
(m, 52H). Mn = 6.9 kDa, PDI = 2.46. 

Synthesis of PFDBDT  
Copolymer PFDBDT was synthesized following the procedure for preparation of PFDBCPDT as red solid in a 
yield of 92% (182 mg). 1H-NMR (300 MHz, CDCl3, δ): 8.20−8.10 (m, 2H), 8.10−7.95 (m, 6H), 7.95−7.90 (m, 
2H), 7.90−7.80 (m, 2H), 2.30−2.00 (m, 8H), 1.30−0.60 (m, 52H). Mn = 16.8 kDa, PDI = 2.28. 

Device Fabrication and Characterization 
BHJ solar cell devices were fabricated with a structure of indium oxide (ITO)/poly(3,4-ethylenedioxy 
thiophene):poly(styrenesulfonate) (PEDOT:PSS)/copolymer:PCBM/LiF/Al. The ITO glass was pre-cleaned and 
modified by a 45−50 nm PEDOT:PSS (Baytron P4083) layer which was spin-coated from a PEDOT:PSS 
aqueous solution on the ITO substrate, and was dried subsequently at 120 °C for 30 min. Then a chlorobenzene 
solution of a blend of polymer/PCBM was spin-coated on the surface of the PEDOT:PSS layer to form a 
photosensitive layer. The LiF/Al cathode was deposited at a vacuum level of 4 × 10−4 Pa. The thicknesses of the 
LiF and Al layers are 1 and 100 nm, respectively. The effective area of the unit cell is 12 mm2. The current-
voltage (I-V) measurement of the devices was conducted on a computer-controlled Keithley 236 Source Measure 
Unit. A xenon lamp (500 W) was used as the light source, and the optical power at the sample was                   
100 mW cm−2. The external quantum efficiency (EQE) was measured using a Model SR830 DSP Lock-in 
Amplifier coupled with a SBP500 monochromator, a DSC102 data acquisition system and a Model SR540 
chopper controller. The light intensity at each wavelength was calibrated with standard single-crystal Si 
photodiode. 

RESUTS AND DISSCUSSION 

Synthesis and Characterization  
Scheme 1 shows the synthetic route of the monomers and copolymers. Copolymer PFDBCPDT and PFDBDT 
were prepared via Suzuki polymerization. PFDBCPDT was black solid with a yield of 90% and PFDBDT turned 
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to be orange red solid with a yield of 92%. PFDBCPDT and PFDBDT are soluble in common solvents, such as 
THF, CHCl3 and chlorobenzene. Gel permeation chromatography (GPC) analysis results exhibited that the 
molecular weight of PFDBCPDT and PFDBDT was 6.9 kDa and 16.8 kDa, respectively. Figure 1 gives the 
thermogravimetric analysis (TGA) results of PFDBCPDT and PFDBDT. Both PFDBCPDT and PFDBDT 
showed good thermal stability with the decomposition temperature of 356 °C and 326 °C (5% weight loss) for 
PFDBCPDT and PFDBDT, respectively. 

 
Scheme 1  Synthetic route of PFDBCPDT and PFDBDT 

 

 
Fig. 1  TGA curves of PFDBCPDT and PFDBDT 
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Optical and Electrochemical Properties 
As shown in Fig. 2, the optical properties of PFDBCPDT and PFDBDT were investigated in their chlorobenzene 
(CB) solutions (1 × 10−5 mol/L) and as thin films. PFDBCPDT exhibited absorption maximum of 602 nm in the 
CB solution. In thin films, absorption maximum of PFDBCPDT was red shifted by 2 nm to 604 nm. Compared 
with the absorption in the solution, the absorption spectra of PFDBCPDT in thin films became broader, and the 
absorption edge of PFDBCPDT was red shifted by 22 nm to 673 nm, suggesting good aggregation formed in the 
solid state[42]. The optical band gap (Eg,opt) of PFDBCPDT determined by the onset of the absorption in solid 
films was 1.84 eV. On the other hand, PFDBDT showed a relatively large optical band gap of 2.20 eV. The 
absorption maxima of PFDBDT in CB solution and in thin films were only 476 and 478 nm, respectively. The 
poor absorption and large optical band gap of PFDBDT limit its light capture ability, suggesting its poor 
performance in solar devices. 

 
Fig. 2  Normalized UV-Vis spectra of PFDBCPDT and PFDBDT in 1 × 10−5 mol L−1 
chlorobenzene solution and thin films deposited on glass 

 

 
Fig. 3  Cyclic voltammogram of PFDBCPDT and PFDBDT films on a glass carbon electrode 
measured in 0.1 mol/L Bu4NClO4 acetonitrile solution at a scan rate of 50 mV s−1 

 
Table 1. Molecular weight, thermal and electrochemical properties of the copolymers 

Copolymers Mn (kDa) PDI Td (°C) EHOMO (eV) ELUMO (eV) 
PFDBCPDT 6.9 2.46 356 −5.69 −3.12 

PFDBDT 16.8 2.28 326 −5.82 −3.04 
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The electrochemical properties of PFDBCPDT and PFDBDT films were given in Fig. 3 which were studied 
in a three-electrode electrochemical cell in 0.1 mol/L Bu4NClO4 acetonitrile solution and Ag/AgCl as reference 
electrode. The HOMO and the LUMO energy levels were determined according to the empirical formula    
EHOMO = –[4.8 − EFOC + ox

onsetE ] and ELUMO = –[4.8 – EFOC + red
onsetE ][43]. The EFOC is the half-wave potential of 

ferrocene (the standard). The LUMO and the HOMO levels of PFDBCPDT were determined to be −3.12 and 
−5.69 eV, respectively (Table 1). Compared to HOMO levels of typical CPDT-based copolymer (5.35−5.55 
eV)[27−34], PFDBCPDT exhibited a lower HOMO level, suggesting a relatively high Voc in the solar devices. 
Moreover, the HOMO level of PFDBDT (−5.82 eV) was much lower than that of PFDBCPDT, while the two 
LUMO levels of PFDBDT and PFDBCPDT were very close (−3.04 eV for PFDBDT), which is consistent with 
the large band gap of PFDBDT. 

Photovoltaic Properties 
A device structure of ITO/PEDOT:PSS/copolymer:PC61BM/LiF/Al was used to investigate the photovoltaic 
properties of PFDBCPDT. The active layer was made by spin coating the CB solutions of copolymers and 
PC61BM. Current density-voltage curves of PFDBCPDT with different PC61BM contents are shown in Fig. 4. All 
device results were summarized in Table 2. As we expected, the solar devices of PFDBCPDT with PC61BM 
showed Voc of 0.83−0.87 V, which were relatively high for CPDT-based copolymers. In the meanwhile, the 
device results also exhibited rather large Jsc (> 6 mA cm−2) at the copolymer:PCBM blend ratio of 1:2−1:3. The 
FF of devices remained similar (0.43−0.46) at different copolymer:PCBM blend ratio of 1:2−1:4. The best 
device performance of PFDBCPDT and PC61BM was realized at blend ratio of 1:3 with PCE of 2.59%. While 
for PFDBDT, a high Voc of 0.86-0.95 V was observed. However, Jsc and FF of the devices were below 2 mA 
cm−2 and 0.30, respectively, resulting in very poor photovoltaic performance (PCE < 0.5%). These results also 
demonstrated the importance of the CPDT donor structure. 

 

 
Fig. 4  Current density-voltage characteristics of PFDBCPDT:PC61BM with blend ratio 
of 1:1, 1:2, 1:3 and 1:4 under illumination of AM 1.5 at 100 mW cm−2 

 
Table 2. Photovoltaic results of PSCs based on PFDBCPDT:PC61BM blends 

 DIO Blend ratio Voc (V) Jsc (mA cm−2) FF PCE (%) 

PFDBCPDT:PC61BM 

 1:1 0.87 4.88 0.33 1.41 
 1:2 0.87 6.79 0.43 2.55 
 1:3 0.87 6.46 0.46 2.59 
 1:4 0.83 5.87 0.43 2.12 

0.5 1:3 0.87 7.65 0.46 3.06 
1.0 1:3 0.86 6.92 0.43 2.54 
2.0 1:3 0.87 6.91 0.41 2.48 
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It has been testified that addition of 1,8-diiodooctane (DIO) could improve the device performance by 
modifying the blend film morphology of CPDT-copolymers and PCBM[44, 45]. To investigate the DIO effect on 
the device performance of PFDBCPDT, PSC devices fabricated by the solution of PFDBCPDT:PC61BM (1:3) 
with different DIO contents were studied (as shown in Fig. 5). According to Table 2, Voc of PSC devices 
remained around 0.87 V, while Jsc increased to ca. 7 mA cm−2 upon the addition of DIO. At 0.5 vol% DIO, both 
Jsc and FF reached the highest results of 7.65 mA cm−2 and 0.46, respectively, which declined upon the further 
increasing of DIO content. According to Fig. 6, PFDBCPDT with 0.5 vol% DIO yield IPCE up to 45% at       
604 nm, which was slightly higher than that without DIO. Thus, the optimum photovoltaic performance with the 
maximum PCE of 3.06% was obtained from the blend solution containing 0.5 vol% DIO. 

 

        
Fig. 5  Current density-voltage characteristics of 
PFDBCPDT:PC61BM with different DIO contents 

 Fig. 6  IPCE spectra of PFDBCPDT:PC61BM 
(1:3) without DIO and with 0.5 vol% DIO 

 
To investigate the device performance enhancement brought by DIO, transmission electron microscopy 

(TEM) was used to study the blend film morphology of PFDBCPDT:PC61BM without and with 0.5 vol% DIO 
(Fig. 7). As shown in Fig. 7(a), large fibrillar structure could be found obviously in the blend film of 
PFDBCPDT:PC61BM without DIO. Compared with the blend films without DIO, much smaller fibrillar structure 
in the blend film emerged upon the addition of the small amount DIO (Fig. 7b), suggesting the formation of 
better nanoscale phase separation. It is believed that too large or too small phase separation will be detrimental to 
the performance of PSCs[44, 45]. According to device performance, the introduction of DIO can improve the blend 
film morphology by increasing interfacial area between PFDBCPDT and PC61BM, resulting in the larger Jsc. 

 

              
 

Fig. 7  TEM images of (a) PFDBCPDT:PC61BM (1:3) without DIO and  
(b) PFDBCPDT:PC61BM (1:3) with 0.5 vol% DIO films 
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CONCLUSIONS 

In summary, we have designed and synthesized a new cyclopentadithiophene based D-A copolymer 
(PFDBCPDT) with the fluorene unit as an additional donor unit and benzo-2,1,3-thiadiazole as the acceptor unit 
for polymer solar cells. PFDBCPDT showed a small optical band gap (1.84 eV) and a low lying HOMO level of 
−5.69 eV, leading to a relatively high Voc (ca. 0.87 V) for CPDT-based copolymers. The devices of PFDBCPDT 
and PC61BM with 0.5 vol% DIO can achieve the PCE of 3.06% with Voc of 0.87 eV, Jsc of 7.65 mA cm−2 and FF 
of 0.46. While for the reference polymer PFDBDT, only poor photovoltaic performance was observed. 
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