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SUN-X, 25 c-Si

i-a-Si:H CVD 10 [nm]

HIT

i-a-Si;H
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4.1 a-Si/c-Si  

 

4.2 4.3  
 

4.2 

Z

SPM

 

4.3

a-Si/c-Si

 

4.4  
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4.4 4.2 4.3

i-

a-Si:H  
a-Si/c-Si 2

c-Si

SPM

 

4.5 2

p

5.8 [nm]

1 [ms]

( )

400 [ C] 20

 

 

4.5  
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4.6  
 

4.6 2

 

4.6 -0.5 [V] -1.0 [V]

-3.0 [V]

-5.0 [V]

-3.0 [V]  

4.7  
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4.7  
 

4.7 

 

4.7 -0.5 [V] -1.0 [V]

-1.0 [V] -3.0 [V]

-3.0 [V]

-5.0 [V]

4.8 4.9  

4.8 1 [ms]

Si
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4.8  

4.9  
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4.9 4.8 SPM

-0.5 [V] -1.0 [V]

-3.0 [V]

0.43 [pA] 2.89 [pA] 6.7 -5.0 [V]

-3.0 [V]  

1 ms

-1.0 [V] -3.0 [V]

 

 
4.1.2. SPM  

SPM

( ) [1]  

 
4.10 SPM  

 

3

SPM Si i-a-Si:H
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( ) 

2 + 2      (4 1) 
(c-Si ) 

Si +  2  + + 2    (4 2) 

 

SPM

 

4.11

 

 

 

 

 

 

 

4.11 SPM  

 
SPM

c-Si a-Si 10[nm]

+5.0[V]  -0.2[V] 4.12

4.13

 

c-Si/i-a-Si:H SPM

 

SPM
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4.12  a-Si/c-Si  ( ) ( ) 

 

  

 
 
 
 
 
 
 
 
 
 
 
 

4.13  a-Si/c-Si ( ) ( ) 
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4.2  

 

4.14

SPM -1.0 V

 

 

 

 

SPM

4.15

4.1

 

     
 4.14 ( ) ( ) 
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4.15 ( ) ( )  

 

 

SPM 4.16 4.16  

 

4.16 ( ) ( ) ( ) 

Voltage (V)

Cu
rr

en
t (

pA
)

-1 0 1

-50

0

50

100
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4.16

nm

 

(TEM)

4.17  

4.17 TEM  

 

10 nm

1000 nm

4.16 nm
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4.3  
SPM

3

( :KNO3)

 

 

4.3.1  

4.1

 

 

4.1 [2] 

 

 

 

 

 

 

 

 

 

 
 

4.14 SPM

Si

 

4.14    

 HZ5000 [ ] 

  

 ( 0.04 [mol/L]) 

 ±10 [V] 

 AUTO 

 REST 

 10 [s] 

 1200 [s] 

 1 [s] 
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i-a-Si:H

( ) 5

4.2  

 

4.2  
  46[%] 48[%] ( ) 

  99.5[%]  

23   ( ) 

 

i-a-Si:H

4.3  

4.3  

 PECVD  

 p  

 200 [ C] 

 ( ) 

 5 [sccm] 

 6.5 [Pa] 

 13 [mW/cm2] 

 

 

4.3.2  

0.6 [V] 1.8 [V] 0.2 [V]

SPM  
SPM -0.4 [V] -0.6 [V] -0.8 [V] -1.0 [V]

-1.2[V] -1.4[V]

-0.4[V] -0.6[V] -0.8[V] -1.0[V] -1.2[V] -1.4[V]

0[pA] -1.0[pA]
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4.15  

 

4.4  

 [V] -0.4 -0.6 -0.8 -1.0 -1.2 -1.4 

 [pA] -0.18 -0.24 -0.71 -3.35 -19.33 -31.39 

 
 
 
 
 
 
 
 
 
 
 

-0.4 [V]  

-1.4 [V]  -1.2 [V]  -1.0 [V]  

-0.8 [V]  -0.6 [V]  
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4.16 0.8[V]  

 

4.5 0.8 [V]  

 [V] -0.4 -0.6 -0.8 -1.0 -1.2 -1.4 

 [pA] -0.16 -0.19 -0.24 -0.69 -2.08 -7.71 

 

 

 

 

 

 

 

 

 

 

-0.4 [V]  

-1.4 [V]  -1.2 [V]  -1.0 [V]  

-0.8 [V]  -0.6 [V]  
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4.17 1.0[V]  

 

4.6 1.0 [V]  

 [V] -0.4 -0.6 -0.8 -1.0 -1.2 -1.4 

 [pA] -0.13 -0.22 -0.21 -0.55 -3.97 -11.44 

 

 

 

 

 

 

 

 

 

 

 

-0.4 [V]  

-1.4 [V]  -1.2 [V]  -1.0 [V]  

-0.8 [V]  -0.6 [V]  
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4.18 1.2[V]  

 

4.7 1.2 [V]  

 [V] -0.4 -0.6 -0.8 -1.0 -1.2 -1.4 

 [pA] -0.25 -0.16 -0.32 -0.76 -10.08 -43.48 

 

 

 

 

 

 

 

 

 

 

 

-0.4 [V]  

-1.4 [V]  -1.2 [V]  -1.0 [V]  

-0.8 [V]  -0.6 [V]  
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4.8  

 

4.8 [pA] 

 [V] 

 0.6 0.8 1.0 1.2 1.4 1.6 1.8 

[V] 

0.4 -0.18 -0.16 -0.16 -0.13 -0.25 -0.08 -0.27 -0.14 

0.6 -0.24 -0.22 -0.19 -0.22 -0.16 -0.07 -0.23 -0.18 

0.8 -0.71 -0.45 -0.24 -0.21 -0.32 -0.35 -0.28 -0.26 

1.0 -3.35 -2.58 -0.69 -0.55 -0.76 -1.18 -0.81 -0.81 

1.2 -19.33 -7.31 -2.08 -3.79 -10.08 -10.22 -2.51 -2.53 

1.4 -31.39 -28.04 -7.71 -11.44 -43.48 -37.48 -15.19 -7.11 

 

4.8

-0.8 [V] 

0.5 [pA] -1.0 [V] 2.5 

[pA] -1.0 [V] 

-3.35 [pA]  

0.6 [V] -1.0 [V] 

0.8 [V] 1.8 [V ] -

1.2 [V]  

-1.0 [V] 4.15 4.18

 

2

1.0 [V] 10 [nm] i-

a-Si:H  
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4.3.3  

4.2.2

 

n-a-Si:H Si

2

1 ( 4 ) 4.2.2

1.0 [V] 1 ( 4 ) 2 (

8 )  

i-a-Si:H

4.19

4.9  

 

1. c-Si   2. a-Si10 [nm]   3. Al   

4.   5.n-a-Si:H   6.   7.   

8.   9.   10. 150[ C] 28 [h]  11.  

 

 
4.19  

4.9  

     

 [mW/cm2] 0.01  0.07  0.07  0.01  

FF( ) 0.24  0.21  0.21  0.24  

[%] 0.01  0.07  0.07  0.01  

 [cm2] 1.10  0.89  0.84  1.16  

 [V] 0.06  0.14  0.14  0.06  

 [mA/cm2] 0.54  2.62  2.55  0.68  
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4.10  

     

 [mW/cm2] 0.51  0.47  0.55  0.40  

FF( ) 0.16  0.21  0.21  0.17  

[%] 0.51  0.47  0.55  0.40  

 [cm2] 1.10  0.89  0.84  1.16  

 [V] 0.30  0.20  0.22  0.28  

 [mA/cm2] 10.71  10.92  11.45  8.06  

 

 

 
4.20 1.0 [V]  

 

4.11 1.0 [V]  

     

 [mW/cm2] 0.11  0.04  0.06  0.07  

FF( ) 0.24  0.27  0.22  0.26  

[%] 0.11  0.04  0.06  0.07  

 [cm2] 1.10  1.21  1.05  1.05  

 [V] 0.36  0.27  0.35  0.31  

 [mA/cm2] 1.23  0.50  0.73  0.89  

 

4.12 1.0 [V]  

     

 [mW/cm2] 0.00  0.00  0.00  0.00  

FF( ) 0.26  0.24  0.26  0.26  

[%] 0.00  0.00  0.00  0.00  

 [cm2] 1.10  1.21  1.05  1.05  

 [V] 0.01  0.02  0.10  0.04  

 [mA/cm2] 0.02  0.02  0.08  0.15  
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1

0 [%]

 

Si

2

28

4.12

 

 

1. c-Si  a-Si10 [nm]  Al   

4.  -a-Si:H    

7.2 28 140 [ C]  

 

Ag Al

25 [mm2] 

 

 

4.21 140[ ]  



4 Si  i-a-Si:H/c-Si  
 

 

76 
 

4.21

2

2

8 28

Ag Al

6

Ag Al

140 [ C] 6  

140 [ C] 

4.22 4.23 4.13 4.14  

 

1. c-Si  a-Si10 [nm]  Al   

4.  -a-Si:H      

8. 140 [ C] 6     

11.   12.  

 

 

 
4.22 (  
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4.13  

    

 [mW/cm2] 0.03  0.01  0.03  

FF( ) 0.24  0.24  0.23  

[%] 0.03  0.01  0.03  

 [cm2] 1.54  1.34  1.43  

 [V] 0.15  0.08  0.09  

 [mA/cm2] 0.87  0.46  1.43  

 

 

 
4.23 1.0[V] (  

 

4.14 1.0 [V]  

    

 [mW/cm2] 0.01  0.02  

FF( ) 0.28  0.26  

[%] 0.01  0.02  

 [cm2] 1.19  1.10  

 [V] 0.08  0.17  

 [mA/cm2] 0.34  0.38  

 

 

4.13 4,14 1.0[V]

4.22 4.23 Ag

Ag
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i-a-Si:H

i 15 [nm]

4.24 4.25

4.15 4.16  

 

1. c-Si  a-Si10 [nm]  Al   

4.  -a-Si:H      

8. 150 [ C] 6     

  12.  

 

 
4.24  

(  

 

4.15  

       

 [mW/cm2] 0.00  0.00  0.01  0.05  

FF( ) 0.25  0.24  0.26  0.28  

[%] 0.00  0.00  0.01  0.05  

 [cm2] 1.32  1.67  1.50  1.26  

 [V] 0.04  0.03  0.07  0.13  

 [mA/cm2] 0.06  0.09  0.61  1.36  
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4.25  1.0 [V]  

(   

 

4.16  1.0 [V]  

      

 [mW/cm2] 0.00  0.00  0.14  0.14  

FF( ) 0.22  0.21  0.42  0.39  

[%] 0.00  0.00  0.14  0.14  

 [cm2] 1.46  1.19  0.50  1.26  

 [V] 0.25  0.19  0.16  0.18  

 [mA/cm2] 0.07  0.03  2.06  1.97  

 

 

i-a-Si:H 10[nm]

i-a-Si:H  50 [nm] 

a-Si

c-Si i-a-Si:H

4.15 4.16

0

1.0 [V] 3
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4.3.4  
i-a-Si:H

 

SPM SPM

SPM i-a-Si:H

10 [nm]  1.0 [V] 

 -0.8 [V] -0.8 [V] 

1.0 [V] 75 2

SPM

SPM

220 [mV]

28 150 

[ C] 2

i-a-Si:H 10 [nm] 

0.07[%] 1.0 [V] 

0.11[%] 1.0 [V] i-a-Si:H 15 [nm] 

0.05[%] 1.0 [V] 

0.14 [%] 1.0 [V] 

 

i-a-Si:H Si

 [cm] [cm]

 [m] 
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4.4 TMAH  

4.2

(TMAH)

 

 

4.4.1 SUN-X  
TMAH

SUN-X  

4.26 SUN-X 3 80[ ], 25 SEM
3 SUN-X 1 2

 
 

 
4.26  SUN-X 3 80 25 SEM  

 
 

6 [μm] 8 [μm] SUN-X

TMAH TMAH
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4.4.2 TMAH  
SUN-X

TMAH
SEM

TMAH 80[ ]
250~1250[nm]  

 

 

 
4.27 TMAH25% ( )  

 
 
 
 
 
 
 
 

(330 sec)  (660 sec)  
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4.28 TMAH 5% ( )  

 
 

   

 
4.29 TMAH2.5% (10 )  

(330 sec)  (660 sec)  (990 sec)  

(330 sec)  (660 sec)  (990 sec)  
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4.30 TMAH1% (25 )  

(330 sec)  (660 sec)  (990 sec)  
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4.31 TMAH 0.25% (100 )  

 
 

TMAH 0.25% 25% 30 60 90
 

5 10 30
4 8

( )

(330 sec)  (660 sec)  (990 sec)  



4 Si  i-a-Si:H/c-Si  
 

 

86 
 

10 SEM

 
TMAH

TMAH 25% 5%
2.5%

(1 1 1) 4 8
10[%] 2.5%

TMAH
5%  

 
TMAH 2.5% 4 8

(3 1 1)
(1 1 1)

TMAH 1%

 
1% TMAH
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4.32 TMAH 1%  

 

(220 sec)  (330 sec)  (440 sec)  

(220 sec)  (330 sec)  (440 sec)  
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30 40
20

30
(1 1 1) 5[%]

20
30 40

3[%]  
20
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4.33 TMAH 1% (25 )  

 

(115 sec)  (220 sec)  (225 sec)  

(115 sec)  (220 sec)  (225 sec)  
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4.33 15 20
20

25
15

20 3 [%]
25 5 [%]

 

TMAH
1 [%] 20 80  

TMAH TMAH 4.34
(1 1 1)

(1 1 1) (3 1 1)  
 

 
 
 

 
4.34 TMAH  

 
4  

(1 1 1)
TMAH  

(1 1 1) (3 1 1) (1 1 1)
(1 0 0)

TMAH
(1 1 1)
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(3 1 1) (1 0 0)
 

(3 1 1) (3 1 1) (1 0 0)
(3 1 1)

(1 0 0)
 

 

4.4.3  i a-Si:H AFM  
SUN-X c-Si TMAH

i-a-Si:H
i-a-Si:H 2[W] 4[mW/cm2] SiH4

6.5[Pa] 150 [ ] i-a-Si:H a-Si/c-Si
i-a-Si 10 [nm]  

4.35 i-a-Si:H SUN-X
c-Si AFM (a) (b)

20[μm] 20[μm] 128 128
-0.8 [V]  

4.35
a-Si a-Si

128 128 1 -0.59 [pA]  
 

 
4.35 (a) (b)  
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4.36 TMAH c-Si i a-
Si:H AFM (a) (b)

4.35 4.36 4.35

128 128 1 -0.21 [pA]
-0.59 [pA] 64 [%]

TMAH a-Si
c-Si

 
 

 
4.36 (a) (b)  

 
4.37 TMAH

4.35 4.36
4.37 128 128

-1.0[pA]  
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4.37 TMAH  

 
-0.5 [pA]

-1.0[pA]
1000

TMAH
 

 
4.4.4  TMAH

 
(1 1 1)

(TMAH)

 

TMAH

2.5 [%]

(1 0 0) (1 0 0)

(1 0 0)

(3 1 1) (1 1 1)

(3 1 1)  

(3 1 1) (1 1 1) (3 1 1)
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TMAH 0.25 [%] (3 1 1)

(1 1 1) (1 1 1)

(3 1 1) (1 0 0)

TMAH 1 [%] 20 80[ ]  

10 nm

i-a-Si:H AFM

-0.59 [pA] -0.21 [pA] 64 [%]

i-a-Si:H

 

TMAH

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[1] : " ", , 23 2005)211. 

[2] , , : MIS , Bulletin of 

the Faculty of Engineering, Hokkaido University, 105: 65-73 
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Si

 

TCO

TCO

[1-5]

[5-10]

TCO  

 

i.  

ii.  

iii. 

 

 

ii iii

 

TCO
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5.1  
2014

 

 

 

5.1.1   
 

2014 Si

2.0 [ ] (LG)

RF

AZO

Si -Si:H)

Si

 

AZO AZO

AZO

AZO TCO

 

TCO

2.0 [ 44 [%] 

77 [%] 

TCO ( 6.1 6.2) 

TCO -Si:H

JSC 1.3 2] 0.5 [%]

( 5.1) 

TCO RMS

TCO

TCO -Si:H
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J-V

-Si:H

 

Si

 

 

2.0 [ ] 4.0 [ ]

2.0 [ ]

 

 

 

 
5.1  TCO  

SEM (a) (b) (c) AZO  
(d) (c) SEM . 2.0 [  

44 [%] AZO  

. SEM 60 [°] . 



5  
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5.2  TCO  
(a) (b) .  

2.0 [ 44 [%]  

AZO .  

AZO (Flat-AZO). 

 
 

 
5.3  TCO -Si:H  

(a)  (b) .  

2.0 [ 44 [%]  

AZO .  

AZO (Flat-AZO). 
 
 
 



5  
 

 

99 
 

5.2  
5.4

 

 

a. 

(IPA)

350 [W] 10  

b. 

1000-8000 [ ] 

 

 Liquid Glass G type

 

d. 70 [ C] 2

450 [ C] 

2

 

e. RF AZO

TCO AZO

5.1  

 

 



5  
 

 

100 
 

 
5.4 TCO  

 
 
5.3   
5.3.1  

4.0 

 

4.0 

(IPA ) 50 55 70 80 [wt.%]

2000 [ ]

 

5.5

50 55 [wt.%]

70 80 

[wt.%]

50 55 [wt.%]

90.7 [%] 65.2

69.7 [%]  



5  
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5.6

R

 

= =
R

4 3R
0.9068 90.7 [%] 

 

55 [wt.%]
 

 
5.5  

(a) 50 [wt.%] (b) 55 [wt.%] ( 70 [wt.%] (d) 80 

[wt.%]. 2000 [ ]  

. 
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5.6  . 

 

5.3.2  
69.7 [%] 55 [wt.%]

 
55 [wt.%]

1500 2000 4000 [ ]  

5.7

1500 2000 75.0 69.7 40.4 [%]  
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5.7  

(a) ] (b) ] ( 4000 ] .  

55 [wt.%] . 

 

 

 

 

 

5.3.3  

75.0 [%]

 
5.8 1500 [rpm]

(a) (b)

 

SEM  
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5.8  

(a) (b) .  

55 [wt.%]  

. 

 
 

SEM  
5.9 SEM

3 SEM
76.5 73.0 [%] 68.8 [%]

 
5.10 (a) (b)

(a)
(b) (a)

(a) (b)

(a)

(b)
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5.9  

SEM (a) (b) (  . 

55 [wt.%] 1500  

. 

 
5.10 (a)  

(b) (a)  
.  
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50 [wt.%]
1200 [rpm] SEM  

5.11
SEM SEM

SEM

85.1 79.4 [%] 76.9 [%] 75.0 [%]

 

 
 

 
5.11  

SEM (a) (b) (   

(d) . 50 [wt.%]  

 

. 
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5.3.4   
78.8 [%]

 
78.8 [%]

2000 4000 6000 8000 [rpm]
 

5.12

 
(a) 80 [%]

8000 [rpm]

8000 [rpm]

 
(b) (c) (d) 400 1000 

[nm] 80 [%]  (d)

500 600 [nm]
1000 [nm]

 
AFM  
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5.12  

(a) (b)  

(  .  

78.8 [%] . 

 
 

AFM AFM

 
5.13 AFM

h R r AFM

 

 
R + h = (R + r) (5 1) 

(5-1)  

h = (R + r) R (5 ) 
(5-1’) AFM

R 2.0 
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r 10 [n (5-1’)  

h 200 [nm] 

AFM

4.0 [

 

 
5.13 AFM . 

 
AFM 5.14

78.8 [%]

 
2

 

AFM
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SEM  
 

 
5.14  

. 78.8 [%]  

. 

 
SEM  

5.15 2000 4000 6000 [rpm]

8000 [rpm]
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111 
 

 
5.15  

(a) (b) (   

. 78.8 [%] . 

 

 

5.4   
5.4.1  

6.16

4  

 (b)  

 (d)  

 (d)  

  

4  
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5.16  

 
 
5.4.2  

  

 

5 10

 

70 [°C]2  
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5.4.3  
 

70 [°C]2 450 [°C]

0 [°C] 45 100 [°C] 35
35

4 6.19

100 [°C] 100 [°C]

 

 

 

5.17 (0)  

 
 
(1)  

250 [°C]4 4

 
SEM  

6.21 (1) SEM



5  
 

 

114 
 

4000 6000  

(2)
 

 

 
5.18  

(1) SEM  

(a) (b) (   .  

78.8 [%] . 

 

(2)  
(1) 50 [°C] 200 [°C]

200 [°C]

(1) (0)  

5.17 (3) (4)  
 
(3)  

(1) 6 12

250 [°C] 2 (1) 4
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(0) (2)  

(4)  
 
 (4)  

(3) 2 6

250 [°C] (3)

12

SEM  

5.19 (4) SEM
6000 8000 [rpm]

(1)-(4)  
 

 
5.19  

(4) SEM  

(a) (b)  . 78.8 [%] 

. 

 
 

5
200 [°C] 12

(0)
8000 [rpm] SEM

(0)  
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5.4.4  
  

  

 

 

5.20  

 

3  

1

 

2

 
3
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8000 [rpm]
 

5.21 SEM

 

 

 
5.21 SEM (a) 7k [ ] (b) 10k [ ] (  

11k [ ] (d) 15k [ ]. .  

78.8 [%] . 
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5.4.5  
  

70 [°C]2

 
 

20
70 [°C] 20  

 
5.4.6  

 

5.20 IPA

IPA

IPA IPA

 

70 [ C] 

2 IPA

IPA

70 [ C] 20

450 [ C] 2

 
IPA IPA

IPA
IPA

IPA
IPA IPA

 
IPA

5.22 IPA
SEM
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AFM  
 

 
5.22 IPA  

SEM (a) 2000 [rpm]  
(b) 4000 [rpm] (c) 6000 [rpm] (d) 8000 [rpm] .  

76.1 [%] . 
 
 

5.23 AMF
500

700 [nm]
5.22 SEM
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5.23 IPA  

 
76.1 [%] . 

 
5.24

(a)
400 2500 [nm] 75 [%]

(b)
(c) 400 1100 [nm]

80 [%] (c)

 

TCO AZO  
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5.24 IPA  

(a) (b)  

. 76.1 [%]  

. 

 

5.5  TCO
 

5.5.1  

AZO TCO
TCO

RF AZO 1500 [nm]
TCO 5.25 TCO SEM

TCO

TCO SEM
TCO

 
SEM  
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5.25  

TCO SEM  (a) 2000 [rpm] (b) 4000 [rpm] (c) 6000  
[rpm] (d) 8000 [rpm]. 76.1 [%]  
AZO 1500 [nm] . 

 

5.26 TCO SEM

SEM

5.26
5.21 IPA

(a) (b) (c)
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TCO AFM

 
 

 
5.26  

TCO SEM (a) 2000 [rpm] (b) 4000 [rpm] (c) 6000  
[rpm] (d) 8000 [rpm]. 76.1 [%]  
AZO 1500 [nm] . 

 
5.27 TCO

TCO

TCO 400 700 [nm]

TCO
 

5.26 SEM AZO
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5.27  

TCO  

76.1 [%] AZO . 

 

 
5.28 AZO

AZO AZO
flat-AZO

AZO
 

TCO  

 
5.28 SEM  

TCO AZO  

76.1 [%] AZO . 
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5.5.2  
5.29 TCO

AZO
(a)  

(a) TCO 1100 [nm] 80 [%]
(b)

flat-AZO 5 [%]
3 1

2 SEM
3

AZO
 

(e) (e)
2000 4000 6000 [rpm] flat-

AZO flat-AZO 3 
[%]

flat-AZO
5 [%] 3 [%] 2 [%]

3 [%]
AZO

 
5.29(b) TCO

(e)
2000 [rpm]

TCO 4000 6000 [rpm] TCO
8000 [rpm] TCO 5 [%]

2000 4000 6000 [rpm]
8000 [rpm]

 
(c) (d) TCO 1100 [nm]

80 [%]

(f)
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2.0 [ m] TCO 900 
[nm] 77 [%] 90 [%] 1200 [nm] 50 [%] 80 [%]

 
TCO  

 

 

 

 
5.29  

TCO (a)  

(b) (a) (e)  

. 76.1 [%] AZO  
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5.5.3  
5.30 TCO flat-

AZO SEM

(d)
5.27  

(a)
(b)

AZO
(b)

(c)

(d) AZO
 

 
5.30  

TCO (a) (b)  

 (b) 6.38 .  

76.1 [%] AZO . 
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5.6  

TCO 5.31 TCO

TCO  

 

 
5.31 TCO  

 

5.32

 

 

 
5.32 ( ) ( ) 
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5.6.1  

 

5.32

1:5

400 [ ] IPA 1.42

1.50 1.51

 

 

 
5.32 

IPA . 1:5 . 

. 

 

5.33

 

5.33(a)

400

1.35

1.4

1.45

1.5

1.55

150 200 250 300 350 400 450

w/ Ethanol
w/ IPA

R
ef

ra
ct

iv
e 

in
de

x

Temperature[

Glass substrate 1.51



5  
 

 

130 
 

85 [%]

5.33(b)

400 80 [%]

 

 

 
5.33 (a)

(b)  

 

5.6.2  
5.32 2 6

6  
IPA

IPA 1:4:0.1
L

300 [ C] 1

 

5.34

5.34(a) 400

85 [%] 2

2
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5.34 2 (a) 

(b) 2 800 1000 2000 3000

 

 

5.34(b) 400

80 [%]

4000 

 

5.35 2

5.35(a)

   

5.35(b)

2

  

 

 

 

5.35 LG( (a) (b) 
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2

1 2  

5.36 1 2

5.36(a)
400 1500 [nm] 85 [%]

2 1 800 [nm]
4 [%] 2

5.36(b) 400
1100 [nm] 80 [%] 2

1 800 [nm] 10 [%]
2 2
1000 1200 [nm] 1

2
2

5.36(c) 400 1300 
[nm] 80 [%]  

TCO AZO  

5.36 1 2 (a) 

(b)  
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5.6.3 TCO  
2 AZO TCO

TCO RF

AZO TCO AZO

 

 

5.6.3.1  
5.37 TCO

5.5

TCO AZO

5.37(a), (b)
 

5.37(a) TCO 1100 [nm]
80 [%]  

5.37(b) 400 800 [nm] AZO
4 [%] 2

5.37 (d) TCO 400

85 [%]

TCO 700 

2 [%] 800

 

TCO  
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5.37 TCO (a) 

(b) (a) 5.5

TCO AZO

 

 

5.6.3.2  

5.38 TCO 5.5

TCO AZO TCO

 
5.38(a)(c) TCO 5.5

TCO 15 [ 2 ] 3.5  10-4 

TCO AZO
TCO

AZO TCO
AZO TCO 3 [ 2 ]

6.0  10-5 AZO
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AZO

5.39

AZO  
5.38(b) TCO

 
 

 

5.38 TCO (a) (b)

. TCO

AZO TCO . 

 
5.39 AZO ( )

( )  
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5.6.4  a-Si:H  
5.6.3 TCO a-Si:H

Si

Si a-Si:H i

a-Si:H  

-a- -a- - - pin

i AZO

 

5.40 TCO AZO

a-Si:H J-V J-V TLG

7.96. [%] 

LG TCO

JSC 0.9 [ 2] TLG

Voc FF 0.02
J-V TLG

 

 

 
5.40 TLG a-Si:H J-V i

AZO J-V

. 

. 

0

5

10

15

20

0 0.2 0.4 0.6 0.8

C
ur

re
nt

 d
en

si
ty

 [m
A

/c
m

2 ]

Voltage [V]

TLG

AZO only

TLG

AZO only

18.17 0.90 0.49 7.96

18.08 0.90 0.47 7.68

JSC VOC FF eff
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5.7  
Si

AZO

 

2.0 [

4.0 [

400 80 [%]

 

TCO TCO

TCO

1 800 [nm] 4 [%]
AZO

TCO

400 85 [%]

TCO TCO
2 TCO a-Si:H

AZO

Jsc
0.5 [%]  

Si
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6

 

 

 

MgF2 MgF2

4.2 

[%] 1.4 [%] [1] MgF2

[2][3] MgF2

MgF2

MgF2

MgF2

MgF2

MgF2

FIT 10 20

MgF2

87 mg/L, 18 C, CAS-7783-40-6 MgF2

1
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SiO2 MgF2 SiO2

SiO2

SiO2

SiO2
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6.1  
6.1.1  

A

B B A

B

B

1/2 [4]  

R  

 

=
( ) + ( )

( + ) + ( + )
      (6 1) 

 

n AB k k = 0

1.5

1.0 4%  

 

6.1.2  

Anti-Reflection: AR AR
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AR

 

6-1

6.1 0,2

d 1

E0 tk-k’ rk-k’ k-k’

nk  1

d

 

 

=
2

      (6 2) 

 

1 t012 r012  

 

 

 

 
 

6.1   
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= exp{ (2 1) }      (6 3) 

= + exp( 2 )      (6 4) 

 

x < 1  (1+x+x2+x3+…) 1 / (1-x) 6-3

6-4  

 

=
( )

1 ( 2 )
      (6 5) 

= +
( 2 )

1 ( 2 )
      (6 6) 

 

t01t10 = 1-r012 r01 = -r10  

 

=
( )

1 + ( 2 )
      (6 7) 

=
( 2 )

1 + ( 2 )
      (6 8) 

 

t012 r012 0 [ ]

p s 1

R  

 

= | | =
+ + 2 cos 2

1 + + 2 cos 2
      (6 9) 

 

AR 6-9 0

AR

0  

6.1

exp( -i2  ) 
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exp( -i2  ) = -1

 

 

2 = 2 cos = (2 1)         = (2 1)       (6 10)    

 

m m = 1 n1d = /4

AR  

6-9 AR RAR 0

 

 

=
+ 2

1 + 2
=

( )

(1 )
= 0      (6 11) 

 

6-11 0 r01 = r12

1 0 2 AR

0 r01 = r12

 

 

+
=

+
         =       (6 12) 

 

1  

/ AR  

n0 = 1 6-12 n1 = n21/2

0 AR

 

 

Si 600 [nm] 

AR 6-10 6-12

 

 

(500 ) = = 1.52 = 1.23   

=
4

=
600

4 × 1.23
= 122.0 [ ] 
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/ Si AR 1.23

122 [nm] 600 [nm] 

0 AR

n = 1.23 1.23

MgF2 (n = 1.38 @600 [nm] [3,4]

4 [%] 1 [%] [1]  

 

 

6.2  
2- Iso Propil Alcohol : IPA

Liquid-glass G-type

Eagle XG, Corning

2000 - 8000 [rpm] 

mini-I, AS ONE Co. Ltd.

70-500 [ ]  

 

6.3 Si [5] 

Si
Si

LM-20 20
Si

 
 
6.3.1 EVA  

(Ethylene vinyl acetate: EVA) EVA

EVA 6.2  
 



6  
 

146 
 

 
6.2 EVA  

 
 
66.3.2  

 
 
6.3.3  

6.3
EVA
Eagle-XG Eagle-XG
Si

EVA
Si  

 

 
6.3  
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6.4  

100 [nm] 200 [nm]

6.4

 

6.4

LG

LG d nAir nLG LG nGlass

LG RALG

nAir nGlass 1.0

SiO2 BK7 [5]

LG nLG void 

space x (6-13)
[6] nps nsolid

x nps nLG nsolid nGlass

 

  [( 1)(1 ) + 1] (6 13) 

 
6.4  

/
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RGA LG

TALG  

 

= 1 | | = 1       (6 14) 

 

LG /

/ RGA

LG

LG

R ( )  

 

( ) = ( ) + 1 ( )  ( )    (6 15) 

 

6-15

 

6-15

LG (SiO2 BK7 ) d

void ratio x 6.5(a,b) 

LG

6.5(a) 

LG

6.5(b) LG

SiO2 BK7

300nm 800nm

LG

LG
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6.5  

. LG a  

b . 

 

 

 

 

6.5  
6.5.1   

Si

 

2015 Si

5

6

7

8

9

10

400 500 600 700 800

R
ef

le
ct

an
ce

 [%
]

Wavelength [nm]

(b)

5

6

7

8

9

10

400 500 600 700 800

R
ef

le
ct

an
ce

 [%
]

Wavelength [nm]

(a)
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(LG) IPA (TCO

) (LG ) LG TCO

a-Si:H Si

 

LG LG

LG

300 [ C] 

LG a-Si:H TCO

(Asahi-VU ) LG

a-Si:H LG

( 6.6, 6.1, 6.7) 

 

 

6.6 LG Asahi-VU  
   a-Si:H J-V  

 
6.1  LG Asahi-VU a-Si:H 

600 [nm]  
LG  JSC [mA/cm2] VOC [V] FF  [%] R600 [%] 

 15.13 0.94 0.63 8.93 6.0 

 13.66 0.94 0.62 7.93 8.4 

 

0

5

10

15

20

0 0.2 0.4 0.6 0.8 1

C
ur

re
nt

 d
en

si
ty

 [m
A

/c
m

2 ]

Voltage [V]

w/ LG layer

w/o LG layer
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6.7 LG EQE  

100 - R  
 

 

 

6.5.2  
(6-16)

(6-17)

2 (6-18)

 
 

nSi ( OC2H5 ) + 4nH2O  nSi ( OH )4 + 4nC2H5OH 6-16  
nSi ( OH )4   nSiO2 + 2nH2O 6-17  
 

2  
 

nSi ( OC2H5 ) + 2nH2O  nSiO2 + 4nC2H5OH (6-18  
 

0

20

40

60

80

100

300 400 500 600 700 800

EQ
E 

[%
]

Wavelength [nm]

100-R
w/ LG layer

w/o LG layer
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(6-18)

 
6.8 Glass substrate 

with Glass thin film prepared with di Water : GGW

Glass 
substrate with Glass thin film : GG

GG
300 [ C] 500 600 [nm]

LG : IPA : H2O= 1 : 5 : 0.1
4000 [rpm] 300 [ C]  

6.8 GGW

GGW GG GGW 300~500 [nm]
500~800 [nm]

GGW 680 [nm]
600 [nm] GGW GG GGW
5.08 [%] GG 5.63 [%] 0.55 [%]

GGW
600[nm] 1.34

n = 1.39 MgF2 (n = 1.38)
MgF2
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6.8  
 

 

6.5.3  

 
 
6.5.3.1 GGW  

6.2
4000 [rpm] 300 [ C] 6.9

GGW  
GG GGW

GGW GG
GGW

0.25 0.1
0.25 0.5

6.5.2

0.25
 

LG : IPA : H2O  1 : 4.75 : 0.25   
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6.2  

 
LG  

-22  
IPA  

 
H O  

1  5  -  
1  4.85  0.15  
1  4.75  0.25  
1  4.65  0.35  
1  4.5  0.5  

 
6.9 GGW  
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66.5.3.2  

5.4
GGW

4000, 5000, 6000, 7000 8000 [rpm]
300 [ C]  
6.10 GGW

6.11
6.12 600 [nm]

6.12
6.11

4000 [rpm] 129 [nm]
8000 [rpm] 83 [nm]

6.12
%

7000 [rpm]
40 [%] 600 [nm] 1.33  

7000 [rpm], 300 [ ]
1.33 95 [nm] MgF2
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6.10  

 

 
6.11  
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6.12  

 

6.5.4  

6.10 Si
300~800[nm] 7000 [rpm]

200 250 300 350 400 [ C]
GGW

6.13 6.13

300 [ C]
 

6.14

200 [ C] 133 [nm]
400 [ C] 92 [nm] 300
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25 [ C] 5% 300 [ C]

IPA
Si

SiO2

 
6.15

600[nm]

200~300 [ C]
300~400 [ C]

200 [ C] 1.41 300 [ C] 1.33
300~400 [ C] 300 [ C] 1.33

400 [ C] 1.42
300 [ C]

 

 
6.13 GGW  
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6.14  

 

 
6.15 600 [nm]  
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66.5.5 XRD  

X
 

X
5.10

 
6.16 1.5~3.5 [nm]

1~5.5 [nm]

28 [%]
40 [%] 12 [%]

XRD  

6.16  
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6.5.6  

SnO2 Asahi-VU

a-Si:H a-Si:H 3

Si  

 

6.5.6.1 Asahi-VU  

Eagle-XG Asahi-VU

Asahi-VU

 

Asahi-VU 6.5

7000 [rpm] 300 [ C] 6.17 Asahi-VU

Asahi-VU

600[nm] 3.0 [%]

600[nm] 3% Eagle-XG GGW

Asahi-VU

 

 
6.17 Asahi-VU  
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6.5.6.2  

Asahi-VU

Asahi-VU a-Si:H

3

 

5.12

a-Si:H 300~600 [nm]

600[nm] 1.8 [%] 400~500 [nm] 3.0 

[%] Asahi-VU

 

 

 

 

 

 
6.18 a-Si:H  
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J-V 6.19 5.2

(JSC) 

JSC 14.13 [mA/cm2]

16.00 [mA/cm2] 1.87 [mA/cm2]

1% (VOC)

(F.F.)

a-Si:H

 

 

 
6.19 a-Si:H J-V  

 

6.3 a-Si:H  

 JSC [mA/cm2] VOC [V] F.F.  [%] 

 16.00 0.90 0.56 8.16 

 14.13 0.91 0.56 7.16 
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66.6 LG  

LG LG

 
 
6.6.1  

6.20 LG LG
4000 [rpm] 300 [ C] 

4
 

6.20 2016
700 [nm] 4.95 [%]

7.84 [%] 2.9 [%]
LG

700 [nm] 2015
0.7 [%]

 
2016

2015 450 [nm]
700 [nm]

4.8 [%] 7.2 [%]
2.4 [%]  

2016 2015

6.4
SiO2 ratio  

6.4 2015 2016
2016 2015

IPA
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6.20  2016 2015

LG  
 

6.4  2016 2015
LG SiO2 ratio  

Substrate 
Thickness 
[nm] 

SiO2 

ratio 
void 
ratio 

Refractive 
Index 

w/ water in 2016 81 0.45 0.04 1.474 
w/o water in 2016 126 0.2 0.33 1.359 
w/ water in 2015 132 0.3 0.35 1.345 
w/o water in 2015 111 0.35 0.23 1.398 

 
 
6.6.2  

( IPA)
 

6.21 LG LG
4000 [rpm] 300 

[ C] 
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6.21 ( 6.22 )
6.5

SiO2 ratio  
6.21 1 4 2015

5 6
700 [nm] 1

2 5.0 [%] 2015 5.7 [%]
5 6 6.85 

[%] 2015 1 [%]  
6.5 1 4 2015
5 6 2015

LG
 

 

6.21 LG  
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6.22  
 
 
 

6.5 LG SiO2 ratio
 

Substrate 
Thickness 
[nm] 

SiO2 

ratio 
void 
ratio 

Refractive 
Index 

w/o water in 2015 111 0.35 0.23 1.398 
1 117 0.1 0.35 1.354 
2 115 0.09 0.35 1.354 
3 121 0.45 0.27 1.375 
4 106 0.38 0.28 1.374 
5 85 0.98 0.115 1.414 
6 55 0.7 0.08 1.443 

 
 
6.6.3  

LG

 
6.23 LG

LG 4000 [rpm] 
300 [ C] 2015

4

( 6.24 )
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6.6 SiO2 
ratio  

6.23
5 6

1 4 2015
700 [nm] 5.0 [%]

 
6.6 1 4 5 6

LG
 

6.23 LG
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6.24  

 
6.6 LG SiO2 ratio

 

Substrate 
Thickness 
[nm] 

SiO2 

ratio 
void 
ratio 

Refractive 
Index 

w/o water in 2015 111 0.35 0.23 1.398 
1 136 0.22 0.32 1.363 
2 130 0.23 0.32 1.362 
3 129 0.32 0.31 1.363 
4 125 0.39 0.3 1.364 
5 77 0.3 0.15 1.435 
6 80 0.9 0.14 1.408 

 
 
6.6.4  

6.6.2.2 6.6.2.3
LG

5  
 
6.6.4.1  

6.25
LG LG

4000 [rpm] 300 [ C] 
2015
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( 6.26 )
6.7

SiO2 ratio
 

6.25
6 700 [nm] 4.95 

[%] 5.0 [%] 6.7 SiO2 ratio 6

LG
 

  
6.25 LG  

 

 
6.26  
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6.7 LG SiO2 ratio
 

Substrate 
Thickness 
[nm] 

SiO2 

ratio 
void 
ratio 

Refractive 
Index 

w/o water in 2015 111 0.35 0.23 1.398 
1 124 0.12 0.35 1.353 
2 121 0.12 0.35 1.353 
3 124 0.1 0.34 1.359 
4 116 0.1 0.34 1.359 
5 121 0.11 0.34 1.358 
6 114 0.1 0.36 1.349 

 
6.6.4.2  

6.27 LG
LG

4000 [rpm] 300 [ C] 
2015

6.8
SiO2 ratio  

6.27
1 2015 2 6

2015 6.8
1 2015 2 6

2015  
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6.27 LG  

 
 
 

6.8 LG SiO2 ratio
 

Substrate 
Thickness 
[nm] 

SiO2 

ratio 
void 
ratio 

Refractive 
Index 

w/ water in 2015 132 0.3 0.35 1.345 
1 131 0.3 0.33 1.355 
2 115 0.3 0.39 1.327 
3 123 0.34 0.37 1.334 
4 114 0.41 0.38 1.327 
5 123 0.34 0.37 1.334 
6 116 0.22 0.38 1.335 

 
 
6.6.5  

6.6.2.4
LG

LG  
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6.28 5 15 25 35 45 55 LG
LG

4000 [rpm] 300 [ C] 

6.9
SiO2 

ratio  
6.28 6.9

15 5 1.34
25 SiO2 ratio 2015

15

15

1  

 
6.28 LG  
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6.9 LG SiO2 ratio

 

Substrate 
Thickness 
[nm] 

SiO2 

ratio 
void 
ratio 

Refractive 
Index 

w/ water in 2015 132 0.3 0.35 1.345 
55  138 0.3 0.36 1.341 
45  139 0.19 0.36 1.345 
35  148 0.39 0.35 1.342 
25  144 0.28 0.35 1.346 
15  141 0.38 0.35 1.342 
5  137 0.17 0.35 1.351 

 
 
6.7  

LG

LG LG

 
 
 
6.7.1  

LG
0.5, 1.0, 2.0, 3.0 [%]

6.29 LG LG
6000 [rpm] 300 

[ C] ( 0 [%])

6.30
SiO2 ratio  

6.29 LG
1.5 [%]

 550 [nm] 4.65 [%] 0 [%]
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4.78 [%] 0.13 [%]  550 [nm]
8.3 [%] 3.6 [%]

LG 3 [%] 0.6 [%]
 

6.30 100 [nm] 110 [nm]

100 [nm]
1 [%] 1 [nm]

16 [%] 16 [nm]

nm

1.5 [%] 1.32 1.5 [%]
1.35 1.5 [%]

 

 
6.29 LG

 
 



6  
 

176 
 

 
6.30 LG

 
6.7.2  

1.5 [%] 250, 300 350 
[ C]  

6.31 LG LG
7000 [rpm]

6.10
SiO2 ratio  

6.31 300 [ C]
580 [nm] 4.86 [%]

 7.90 [%] 3 [%] 5.9
250 [ C] 120 [nm]

350 [ C] 91 [nm] 250 
[ C] 350 [ C]
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6.31 LG  

 
6.10 LG SiO2 ratio

 
Substrate Thickness [nm] SiO2 ratio void ratio Refractive Index 

250  120 0.33 0.3 1.367 
300  105 0.03 0.39 1.338 
350  91 0.05 0.36 1.351 

 
 
6.8 Si  

LG

 
 
6.8.1 Si  
6.8.1.1  

6.32 LG LG
7000 [rpm]

300 [ C]

6.11
SiO2 ratio  

6.32 LG 550 [nm] 4.83 [%]
7.94 [%] 3.11 [%]
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6.11 LG 1.34
1.38 1.23

 
 
 

 
6.32 LG  

 
 
 

6.11 LG SiO2 ratio
 

 Thickness [nm] 
SiO2 

ratio 
void 
ratio 

Refractive Index 

99 0.16 0.38 1.337 
 
6.8.1.2 Si  

300 [ C]

Si
EVA

Si Si

2 Si
2 6.33 6.12
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F.F.  
 

 
6.33 Si J-V  

 
6.12 Si  

 JSC [mA/cm2] Voc [V] F.F. 
c-Si 68 33.38 0.57 0.65 12.41 
c-Si 152 33.54 0.57 0.65 12.41 

 
6.8.2  
6.8.2.1  

LG Si
LG  

6.34 2 LG

6.13 F.F.
 

6.34 LG
LG ( )

VOC F.F. LG
0.58 [V]  0.65

LG
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6.34 Si LG J-V  

 
6.13 Si LG  

 
JSC 
[mA/cm2] 

Voc 
[V] 

F.F. 

w/ LG  33.97 0.58 0.66 13.09 
w/o LG  31.89 0.58 0.65 12.00 

 
6.8.2.2  

LG Si

 
6.35 Si

LG 300 [nm]
800 [nm]

650 [nm] 2.5 [%] LG
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6.35 Si LG  

 
 
6.9  

250[ C]

EVA

SUS05, 172 
nm  

VUV

Xe

VUV 172nm
185nm 20
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66.9.1  

 
6.36 30

6.14  

6.36 5  
 

6.14 5  
 SiO2 n d[nm] void 

Before 0.15 1.447245 214 0.14 

30min 0.15 1.429549 213 0.18 

 

300nm 800nm

6.14 1.42

 

 

 

4

5

6

7

8

9

10

300 400 500 600 700 800

Before
30min

R
ef

le
ct

an
ce

 [%
]

Wavelength [nm]
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6.9.2  

30 1

3

6.37 6.15  

6.37  

 

6.15  

 [min] SiO2 ratio n d[nm] voids 

0 0.15 1.358802 140 0.335 

30 0.15 1.37046 136 0.31 

60 0.15 1.393483 131 0.26 

90 0.15 1.404853 127 0.235 

120 0.15 1.420619 118 0.2 

150 0.15 1.425091 115 0.19 

180 0.15 1.436211 109 0.165 

 

6.37

500nm

4

5

6

7

8

9

10

300 400 500 600 700 800

Before
30min
60min
90min

120min
150min
180min

R
ef

le
ct

an
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 [%
]

Wavelength [nm]
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6.15

30

6.38  

6.38  

 

6.15

6.38 5 nm

6.36

 

1.1  500nm)
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6.10  

2-

200-400 [ C]

LG

 

:IPA: = 1:4.75:0.25 300 [ C] 1.33 110[nm]

Asahi-VU

a-Si:H

1.87[mA/cm2]

1.0[%]  

LG

1.5 [%] 300[ C] 

1.32 LG

Si

2.08 [mA/cm2] 1.11 [%]

300 800 [nm]

 

15

 

30

300 [ C]

 

X
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7  

 

 
 

4

2

640 [mm2] 10 [nm] 
1.0 [V]

SPM  [μm] 
[cm]  [m] 

1

220 [mV] 

 
(TMAH)

TMAH

2.5 [%]

(1 0 0) (1 0 0)

(1 0 0)

(3 1 1) (1 1 1)
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(3 1 1)

(3 1 1) (1 1 1)

(3 1 1) TMAH 0.25 [%]

(3 1 1) (1 1 1) (1 1 1)

(3 1 1) (1 0 0)

TMAH 1 [%] 20

80[ ]

10 nm i-a-Si:H AFM

-0.59 [pA] -0.21 [pA]

64 [%]

i-a-Si:H

TMAH

 

5 Si

TCO

44 [%] 80 

[%]

400 1100 [nm] 80 [%]

TCO TCO

TCO

400 1000 [nm] 85 [%]

2 15 [cm2/Vs]

320nm

0.5 [%] 
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6

1:4.75:0.25 300[ C]

1.33

1.5 [%] 300[ C] 1.32

MgF2 1.38

Si

2.08 [mA/cm2] 1.11 [%]

300 800 [nm]

15
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