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ABSTRACT 
In this study, we selected a series of main chain donor-acceptor conjugated 

copolymers which synthesize by BO acceptor and different donor units for 

application in polymer bulk heterojunction(BHJ) solar cells. 

Benzooxadiazole (BO) is a rigid, electron-deficient, coplanar ring structure 

as an acceptor moiety and this series of polymer materials have many of the 

characteristics to improve the device efficiency.  

PBDTBO with high thermal decomposition temperature, good solubility, 

high molecular weight (Mn=62kg mol
-1

), and low HOMO energy level .A BHJ 

solar cell device provided a high power conversion efficiency(PCE) of 5.7 %. 

Second, we used a series of thiophene-based conjugated copolymers PTHBO, 

PBTTBO, and PTTTBO which showed excellent crystallinity. The PTHBO 

devices showed a high Voc of 1.02 V. With a highly crystallinity, PBTTBO had a 

high fill factor of 74%. PTTTBO showed a good PCE for 5.3 % with thermal 

annealing process. Finally, we used a series of conjugated copolymers featuring 

alternative C-, Si-, and N-bridged dithiophene-based building blocks and BO 

units. These polymers exhibit broad absorption in the visible range (300 700 

nm) to absorbe more photon. PCySiTBO blend with PC71BM exhibited a good 

PCE value of 5.0 % by an additive process. 
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3-6 UV  

3-6

 

 

3-1-4  

Cyclic Voltammeter CV

Ea Electron Affinity

Ip Ionization Potential HOMO LUMO

3-7  
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ox

onsetE (V) 
red

onsetE (V) 
HOMO 

(eV)
a
 

LUMO 

(eV)
b
 

ec

gE (eV)
c
 

PBDTBO 0.47 –1.64 –5.27 –3.16 2.11 

PTHBO 0.67 –1.21 –5.47 –3.59 1.88 

PBTTBO 0.33 –1.80 –5.13 –3.00 2.13 

PTTTBO 0.48 –1.74 –5.28 –3.06 2.22 

PCyTBO 0.18 –1.76 –4.98 –3.04 1.94 

PCySiTBO 0.22 –1.76 –5.02 –3.04 1.98 

PCyNTBO 0.09 –1.99 –4.89 –2.81 2.08 

a 
HOMO determined from onset of oxidation 

b 
LUMO determined from onset of reduction 

c 
Electrochemical bandgap 

ec

gE LUMO HOMO 

HOMO LUMO ox

onsetE vs. Fc/Fc
+

4.8 ferrocene  

 

BO HOMO -5.2 eV

HOMO
39

Voc HOMO
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LUMO PBDTBO PTHBO PTTTBO HOMO

Voc  

 

3-7 CV  
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ec

gE

( opt

gE
 
)

40,41b

41
3-8

 

 

3-8  

 

3-1-5 X XRD  

X-ray

X

(100) (010) (100)

d-spacing (010) π–π

( 3-9 )
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3-9  

3-10 (010) π–π

PBTTBO PTTTBO PCySiTBO 4
o

(100) PBTTBO

(200) (300)

PBTTBO

 

 

3-10 X  
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3-2  

PCBM

 

    

Chloroform CF Chlorobenzene CB othro-Dichlorobenzene DCB

1,2,4-Trichlorobenzene TCB

 

  

3-2-1 PBDTBO  

S S

N
O

N

C8H17O OC8H17

SS

O

O

PBDTBO

n

 

CF DCB PBDTBO
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PBDTBO PCBM=1 1  

Solvent 
Voc  

(V) 

Jsc 

(mA cm
-2

) 

PCE  

(%) 

FF 

 

CF 0.86 10.0 3.4 0.39 

DCB 0.80 8.7 3.8 0.55 

0.0 0.2 0.4 0.6 0.8

-10

-8

-6

-4

-2

0

PBDTBO:PC
61

BM(1:1)

 CF   

 DCB  

 

C
u

rr
en

t 
d

en
si

ty
 (

m
A

/c
m

2
)

Voltage (V)

 

3-11 PBDTBO PCBM=1 1 J-V  

J-V 3-11

DCB CF

FF DCB

FF

DCB
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PCBM

1

1 1 4 PCBM

J-V 3-12  

PBDTBO PCBM  

 
Voc  

(V) 

Jsc  

(mA/cm
2
) 

PCE  

(%) 

FF 

 

1:1 0.86 10.4 5.7 0.64 

1:2 0.81 9.7 4.5 0.57 

1:3 0.80 8.5 4.0 0.59 

1:4 0.80 7.1 3.2 0.57 

0.0 0.2 0.4 0.6 0.8

-10

-8

-6

-4

-2

0

 

 

C
u

rr
en

t 
d

en
si

ty
 (

m
A

/c
m

2
)

Voltage (V)

PBDTBO:PC
61

BM(w/w)

 1:1    1:2    1:3    1:4

 

3-12 PBDTBO PCBM J-V  
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PCBM 1 1 1 4

Voc Jsc 10.4mA/cm
2

7.1mA/cm
2

 

  

   

3-13 AFM (a)1:1(b)1:2(c)1:3(d)1:4  



 

- 57 - 
 

3-13 PBDTBO PCBM AFM AFM

PCBM 50 Rms

PCBM PCBM aggregation

PCBM cluster

 

  

  

3-14 TEM (a)1:1(b)1:2(c)1:3(d)1:4  

TEM

PBDTBO PCBM

TEM ( 3-14) PCBM

PCBM AFM TEM

1 1  
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1,8-diiodooctane DIO

1-chloronaphthalene ( CN ) PBDTBO PCBM=1

1

J-V 3-15  

PBDTBO  

 
Voc  

(V) 

Jsc  

(mA/cm
2
) 

PCE  

(%) 

FF 

 

DIO 2% 0.83 10.99 4.66 0.51 

CN 2% 0.85 10.40 5.53 0.63 

 

-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

-12

-10
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-6

-4

-2

0

PBDTBO:PC
61

BM( 1:1 )

 2% DIO   

 2% CN   

C
u

rr
en

t 
d

en
si

ty
 (

m
A

/c
m

2
)

Voltage (V)

 

3-15 J-V  

DIO Jsc

Voc FF DCB
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PCBM DIO

CN

CN PBDTBO

PCBM CN  

3-16 PBDTBO∕PCBM EQE

1 1 EQE 1 1

9.7 mA/cm
2

6% EQE

1 1  

350 400 450 500 550 600 650 700 750 800
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E
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                 1:1
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3-16 PBDTBO PCBM EQE  
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3-2-2 PTHBO PBTTBO PTTTBO  

S

N
O

N

C8H17O OC8H17

S

N
O

N

C8H17O OC8H17

S S S

C8H17 C8H17

S

N
O

N

C8H17O OC8H17

S S

C8H17

C8H17

S

PTHBO

PBTTBO

PTTTBO

n

n

n

 

(thiophene)

BO

thiophene bithiophene thienothiophene

 

PBDTBO PTHBO

PBTTBO PTTTBO CF DCB

J-V

3-17 3-18 3-19  
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PTHBO PCBM  

 
Voc  

(V) 

Jsc  

(mA/cm
2
) 

PCE  

(%) 

FF 

 

1:1 0.96  -7.5  3.3  0.45  

1:2 0.99  -4.3  1.4  0.34  

1:3 0.92 -2.6  0.9  0.39  

1:4 0.91 -1.6  0.6  0.38  

 

 

3-17 PTHBO PCBM J-V  
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PBTTBO PCBM  

 
Voc  

(V) 

Jsc  

(mA/cm
2
) 

PCE  

(%) 

FF 

 

1:1 0.74 -7.0 3.7 0.72 

1:2 0.73 -5.0 2.3 0.64 

1:3 0.68 -3.7 1.1 0.46 

1:4 0.72 -3.3 1.0 0.43 

 

 

3-18 PBTTBO PCBM J-V  
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PTTTBO PCBM  

 
Voc  

(V) 

Jsc  

(mA/cm
2
) 

PCE  

(%) 

FF 

 

1:1 0.85 -8.3 4.5 0.63 

1:2 0.83 -6.4 3.7 0.68 

1:3 0.82 -5.8 2.8 0.58 

 

3-19 PTTTBO PCBM J-V  

Voc

HOMO PBTTBO PTTTBO FF

PCBM

1 1  

1 1
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PTHBO

35.2 kDa

4.2% (pre-anneal)

J-V 3-20  

PTHBO PCBM  

 
Voc  

(V) 

Jsc  

(mA/cm
2
) 

PCE  

(%) 

FF 

 

None anneal 0.99 -9.4 4.2 0.45 

90
o
C 1.02 -8.3 4.3 0.50  

100
o
C 1.02  -9.0  4.5  0.49  

110
o
C 1.02 -8.4 4.3 0.50  

 

3-20 PTHBO PCBM J-V  
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90 110
o
C 20 100

o
C

4.5 % 7 %

1.02 V FF

AFM ( 3-21) Rms 9.3 

nm 8.8 nm phase

PCBM

 

 

 

3-21 AFM (a) none anneal (b) pre-anneal  

XRD PBTTBO
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J-V 3-22  

PBTTBO PCBM  

 
Voc  

(V) 

Jsc  

(mA/cm
2
) 

PCE  

(%) 

FF 

 

None add. 0.74  -7.0 3.7 0.72  

1%CN 0.73  -8.0 4.3 0.73  

2%CN 0.72  -7.5 3.8 0.70  

1%DIO 0.72  -6.7 3.6 0.74  

2%DIO 0.70  -6.5 3.3 0.72  

 

3-22 PBTTBO PCBM J-V  

CN DIO

1%CN 7.0 mA/cm
2

8.0 mA/cm
2
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3.7 % 4.3 %

CN

PCBM

DIO CN

AFM ( 3-23) PBTTBO PCBM

 

 

 

3-23 PBTTBO AFM (a) (b) 1%CN  

Rms 3.8 nm 3.3 nm height

phase
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PTTTBO J-V

3-24 100 nm

5.04 %  

PTTTBO PCBM  

 

(rpm) 

Voc  

(V) 

Jsc  

(mA/cm
2
) 

PCE  

(%) 

FF 

 

 

(nm) 

1000 0.85  -8.3 4.5 0.63  130 

1200 0.86  -10.4 4.8 0.55  115 

1400 0.85  -10.7 5.0 0.55  103  

1600 0.84  -10.5 4.5 0.51  86 

 

3-24 PTTTBO PCBM J-V  
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PTHBO pre-anneal 20

J-V 4-25  

PTTTBO PCBM  

 
Voc  

(V) 

Jsc  

(mA/cm
2
) 

PCE  

(%) 

FF 

 

None anneal 0.85  -10.7 5.0 0.55  

90
o
C 0.85  -11.5 5.1 0.52  

100
o
C 0.85  -11.6 5.3 0.54  

110
o
C 0.85  -11.1 4.7 0.50  

 

3-25 PTTTBO PCBM J-V  

90 110
o
C 20 100

o
C

5.3 % PTHBO PTTTBO FF

PTTTBO
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PCBM

FF AFM ( 3-26)

Rms 3.3 nm 1.0 nm

height phase

 

 

 

3-26 AFM (a) none anneal (b) pre-anneal  

3-27 EQE PTHBO

PTTTBO
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PTTTBO 580 nm 60 % 3-6 PBTTBO

PTHBO PBTTBO  PTTTBO EQE

8.6 mA/cm
2

7.5 mA/cm
2

11.1 mA/cm
2

 

 

3-27 EQE  

4 %

Voc Jsc FF

BO
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3-2-3 PCyTBO PCySiTBO PCyNTBO  

N
O

N

C8H17O OC8H17

SS

S S

Si

N
O

N

C8H17O OC8H17

SS

S S

N

C8H17 C8H17

N
O

N

C8H17O OC8H17

SS

S S

C8H17C8H17

C8H17C8H17

PCyTBO

PCySiTBO

PCyNTBO

n

n

n

 

cyclopentadithiophene

donor

C Si N

 

PCySiTBO

PCyTBO PCyNTBO J-V

3-28 3-29  
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PCyTBO PCBM  

 
Voc  

(V) 

Jsc  

(mA/cm
2
) 

PCE  

(%) 

FF 

 

 

(nm) 

PCyTBO:PCBM 

1:2 
0.63  -8.0 2.8  0.56  85 

Anneal  

at 100
o
C 

0.64  -7.4 2.4  0.50  95 

0.5%CN 0.63  -8.6 3.0 0.56  87  

1%CN 0.62  -8.6 2.8 0.52  87 

 

3 -28 PCyNTBO PCBM J-V  
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PCyNTBO PCBM  

 
Voc  

(V) 

Jsc  

(mA/cm
2
) 

PCE  

(%) 

FF 

 

 

(nm) 

PCyNTBO:PCBM 

1:1 
0.49  -5.1 1.0 0.38  94  

Anneal  

at 100
o
C 

0.50  -3.6 0.6 0.32  86 

0.5% CN  0.58  -5.1 1.2 0.40  95  

 

3-29 PCyNTBO PCBM J-V  

PCyTBO 1 2 90 nm

CN

8.0 mA/cm
2

8.6 mA/cm
2

AFM ( 3-30) height phase
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Rms 0.89 nm 1.03 nm

 

 

 

3-30 PCyTBO AFM (a) (b) 0.5%CN  

TEM TEM ( 3-31)

TEM

PCBM cluster

TEM PCBM
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3-31 PCyTBO TEM  

PCyNTBO 1 1 90 nm

0.5%CN PCyTBO

HOMO Voc 0.5 V

AFM ( 3 -32) PCyTBO

Rms

TEM TEM ( 3-33)

PCyNTBO PCyTBO

1.0 % 1.2 %

TEM
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3-32 PCyNTBO AFM (a) (b) 0.5%CN  

  

3-33 PCyNTBO TEM  

PCyTBO PCyNTBO PCySiTBO

HOMO Voc Jsc XRD

FF Si thiophene

PCySiTBO
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DCB

J-V 3-34  

PCySiTBO PCBM  

 
Voc  

(V) 

Jsc  

(mA/cm
2
) 

PCE  

(%) 

FF 

 

 

(nm) 

1:1 0.68  -9.2 4.0 0.64  101 

1:2 0.68  -5.2 2.2 0.63  108 

1:3 0.70  -3.3 1.4 0.61  94 

 

3-34 PCySiTBO PCBM J-V  

1 1

PCySiTBO Voc

Jsc FF AFM( 3-35)
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Rms 0.96 nm 2.81 nm

 

 

 

 

3-35 AFM (a) 1:1 (b) 1:2(c) 1:3  

TCB CB 1 1

J-V

3-36  
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PCySiTBO PCBM  

 
Voc  

(V) 

Jsc  

(mA/cm
2
) 

PCE  

(%) 

FF 

 

DCB 0.68  -9.2  4.0  0.64  

TCB 0.70  -6.1  2.2  0.51  

CB 0.70  -4.1  1.3  0.45  

 

3-36 PCySiTBO PCBM J-V  

DCB

AFM ( 3-37) CB phase

TCB phase

DCB Rms TCB TCB

TCB
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3-37 PCySiTBO PCBM AFM  

CN DIO

J-V 3-38

3-39  

 

 



 

- 82 - 
 

PCySiTBO PCBM CN  

 
Voc  

(V) 

Jsc  

(mA/cm
2
) 

PCE  

(%) 

FF 

 

None 0.68  -9.2  4.0  0.64  

0.5%CN 0.67  -10.0  4.1  0.61  

1%CN 0.68  -9.2  4.2  0.67  

2%CN 0.68  -9.5  4.3  0.66  

 

3-38 PCySiTBO PCBM CN J-V  
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PCySiTBO PCBM DIO  

 
Voc  

(V) 

Jsc  

(mA/cm
2
) 

PCE  

(%) 

FF 

 

None 0.68  -9.2  4.0  0.64  

0.5%DIO 0.67  -10.3  4.5  0.65  

1%DIO 0.67  -10.3  4.6  0.66  

2%DIO 0.66  -10.8  4.7  0.66  

4%DIO 0.67  -8.9  3.9  0.65  

 

3-39 PCySiTBO PCBM DIO J-V  

CN

DIO CN

CN DIO DIO

DIO  

DIO 2% 9.15 mA/cm
2

10 
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mA/cm
2

4.0 % 4.7 % AFM ( 3-40)

Rms height phase

DIO PCBM

 

TEM PCyTBO

TEM ( 3-41) TEM

PCBM

PCBM
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3-40 PCySiTBO PCBM DIO AFM  
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3-41 PCySiTBO TEM  

2%DIO

PCBM Bis-PCBM ThCBM PCBM

Voc Jsc J-V 3-42

 

Bis-PCBM LUMO Voc

0.8 V PCBM

42
PCBM

AFM ( 3-43) phase Rms

PCBM Bis-PCBM

ThCBM PCBM AFM ( 3-43)
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PCySiTBO fullerene  

 
Voc  

(V) 

Jsc  

(mA/cm
2
) 

PCE  

(%) 

FF 

 

PCBM 0.66  -10.8  4.7  0.66  

Bis-PCBM 0.80  -7.6  2.8  0.45  

ThCBM 0.65  -10.7  4.1  0.60  

 

3-42 PCySiTBO fullerene J-V  
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3-43 PCySiTBO fullerene AFM  

PC71BM ICBA C70

C60 ICBA

LUMO Voc

J-V 3-44  
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PCySiTBO fullerene  

 
Voc  

(V) 

Jsc 

(mA/cm
2
) 

PCE  

(%) 

FF 

 

PC71BM 0.64  -6.7  2.3  0.53  

PC71BM 2%DIO 0.64  -13.8  5.0  0.57  

ICBA 0.87  -3.2  1.4  0.50  

ICBA 2%DIO 0.84  -5.0  1.8  0.43  

 

3-44 PCySiTBO fullerene J-V  

PC71BM ICBA

2% DIO PC71BM DIO

AFM( 3-45) TEM(

3-46) AFM height

TEM
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3-45 PCySiTBO PC71BM AFM  

  

3-46 PCySiTBO PC71BM TEM  

ICBA PCBM PC71BM Voc

AFM ( 3-47)

Rms 4.3 nm 1.91 nm phase
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3-47 PCySiTBO ICBA AFM  

400 500 600 700 800
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 PCyNTBO/PC
61
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3-48 EQE  
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3-48 EQE PCySiTBO

PCBM PC71BM 350 nm 450 nm

EQE PCyTBO

PCySiTBO PCyNTBO EQE 8.2 mA/cm
2

10.2 mA/cm
2

4.9 mA/cm
2

 

PCySiTBO PC71BM

2%DIO 5 %  
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p-n

benzooxadiazole, BO

 

N

AFM TEM  

PBDTBO  (Mn=62kg mol
-1

)

HOMO DCB PCBM 1 1

Voc 0.86 V Jsc 10.4 mA cm
-2

FF

0.64 5.7 %  

PTHBO PBTTBO PTTTBO

HOMO PBTTBO PTTTBO

DCB PCBM 1 1 PTHBO

100
o
C 20 4.5 % Voc 1.02 V Jsc

9.0 mA cm
-2

FF 0.49 PBTTBO 1%CN

4.3 % Voc 0.73 V Jsc 8.0 mA cm
-2

FF 0.73 PTTTBO
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100
o
C 20 Voc 0.85 V Jsc 11.6 

mA cm
-2

FF 0.54 5.3 %  

PCyTBO

PCySiTBO PCyNTBO (300 700 nm)

PCyTBO PCBM 1 2 DCB

0.5%CN 3.0 % Voc 0.63 V Jsc 8.6 mA 

cm
-2

FF 0.56 PCyTBO PCBM DCB 1 1

0.5%CN 1.2 % Voc 0.85 V Jsc

5.1 mA cm
-2

FF 0.40 PCySiTBO PC71BM 1 1

DCB 2%DIO 5.0 % Voc

0.64 V Jsc 13.8 mA cm
-2

FF 0.57  
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