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2-13 CCD DU920OP-OE ANDOR

CCD

2-2  

2-12  

Type Shamrock 303i 
Focal length 303 mm 
Wavelength range 200-1200 nm 
Slit width range(input/output) Motorised 10μm to 2.5mm 
Grating size 50mm×50mm 
Grating (Lines/mm)        300        600      1200 

Blaze wavelength(nm)        500        500       500 
Measurement relosution(nm)        0.43       0.21       0.10 
Bandpass(nm)        297        144        67 

 

2-1  

2-13 CCD  
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2-3 2.0kW 100Pa
0.75Torr

99.99%  
2-14 z=0mm

88mm
44mm

  

(2.6)   
  

 

2-15 10 S/N  

Type DU920OP-OE 
Active Pixels 1024×256 
Pixel Size 26×26μm 
Image Area  27.6×6.9mm 
Maximum Cooling -100  
Maximum Spectra per Sec 1612 
Read Noise As low as 2.8e- 
Dark Current As low as 0.00007 e-/pixel/sec 

 

2-2 CCD  

Input power 2.0 kW 
Working gas Argon 
Working gas pressure 100Pa 
Test piece 1.0 1.0 10mm3 , Cu99.99% 

 

2-3  

(2.6) 
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2-19  

Wavelength [nm] Transition gi Aij [108s-1] Ei [cm-1] 

425.1185 4s-5p 3 1.11×10-3 116659.9934 
425.9362 4s-5p 1 3.98×10-3 118870.917 
426.6286 4s-5p 5 3.12×10-3 117183.5901 
427.2169 4s-5p 3 7.97×10-3 117151.3264 
430.0101 4s-5p 5 3.77×10-3 116999.3259 
433.3561 4s-5p 5 5.68×10-3 118469.0508 

 
 

2-4(a) 425nm 435nm  

Wavelegth[nm] Transition gi Aij[10
8
s

-1
] Ei[cm

-1
] 

763.5106 4s-5p 5 2.45E-01 106237.5518 
794.8176 4s-5p 3 1.86E-01 107131.7086 
826.4522 4s-5p 3 1.53E-01 107496.4166 
840.821 4s-5p 5 2.23E-01 107289.7001 
842.4648 4s-5p 5 2.15E-01 105617.27 
852.1442 4s-5p 3 1.39E-01 107131.7086 
866.7944 4s-5p 3 2.43E-02 106087.2598 
912.2967 4s-5p 3 1.89E-01 104102.099 
922.4499 4s-5p 5 5.03E-02 106237.5518 
965.7786 4s-5p 3 5.43E-02 104102.099 

 

2-4(b) 760nm 970nm  
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430nm 4s-5p

 

2-20

800nm 4s-5p

0.55 2-21

0.76

6324K  

 
 
 
 
 

2-20 425nm 435nm  

2-21 760nm 970nm  



 23

z

2-22

 

 

2-23

5
5

5
 

2-22 z  



 24

 
 

5
5

5

 

2-23  

2-24  



 25

2-18(b)

308nm OH

OH

2-5

gA

 

2-25

3242K 1300K

0.51

310nm OH

2-4 2-5 OH

 

 

Wavelength [nm] gA E [cm
-1

] 
308.4 2.7 32542 
307.7 9 32778 
307.44 13 32947 
307.11 54.1 36393 
307.3 58.1 36903 
308.9 69.9 39847 

 

2-5 OH  
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, 3-6
SPM-9500

3-7

, 3-8
FT-IR Perkin Elmer spectrum65

3-6  
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2.0kW 75 140 200Pa

100 3-9

40mm

, 5sec 10sec
20sec 30sec 60sec 120sec 100ml
200ml 300ml . 3-1  

3-8 FT-IR  
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8 44
 

44
 

Unit: mm 
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3-10  

OI 777.4, 844.6, 926.6 nm

 HI  656.3 nm

 

Electric power supply 2.0 (kW) 

 

Gas flow rate 

Oxygen 100 (ml/min) 

200 (ml/min) 

300 (ml/min) 

Working gaseous pressure 75 (Pa) 

140(Pa) 

200(Pa) 

Test piece φ100×0.5(mm) Low <100> N-type Si 99.99(%) 

Plasma expose time 5sec 

10sec 

20sec 

30sec 

60sec 

120sec 

 

3-1  
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3-2

3 11  

, ,

3542K  

200ml

3 12 10sec 20sec 30sec 60sec 120sec
10-20 ,

Wavelength (nm) Transition gi Aij (108 s-1) Ei (cm-1) 

777.417 3s-3p 5 0.369 86627.8 

844.636 3s-3p 5 0.322 88631.1 

926.601 3p-3d 9 0.445 97420.6 
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, , 

. 

200ml
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3-15 3-19
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3-17 30  
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ATR Attenuated Total Reflection
ATR 2.21 m

(a) 100ml (b) 200ml (c) 300ml ( ) ( )
3-21 60  

(a) 100ml (b) 200ml (c) 300ml ( ) ( )
3-22 120  
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(Knudsen number) 
. , L, , 
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4 3 XRD

, M03XHF , 4 1 . 
, 

. , JCPDS
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4 2  

4 3 XRD 
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4 4 (SEM, ( ), 

JSM-5800) . 
. 

.  

2.0kW, 100Pa (0.75torr)

0, 25, 37.5, 50, 62.5, 75, 100%

. 4 5 , 40mm

, 

44mm . 44mm

44mm

, 4 2 .

 

Electrical voltage 40kV Target Cu(Kα =0.154056nm) 
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Spectra [nm] Mole fraction of O2 [%] 
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Number of total volume cells 3331273 
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Mole fraction of O2 [%] IAr IO IO/IAr Contact angle 
0 0.63 0.11 0.18 31.96 

25 0.81 0.53 0.65 25.47 
37.5 0.77 0.52 0.67 20.82 

50 0.75 0.60 0.80 18.46 
62.5 0.74 0.73 0.99 15.42 

75 0.55 0.78 1.42 13.00 
100 0.07 0.76 10.28 5.67 
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Wavelength(nm) Transition   gi Aij[s-1] Ei[cm-1] 
763.5106 4s-5p 5 2.45E+07 106237.5518 

794.8176 4s-5p 3 1.86E+07 107131.7086 
801.4786 4s-5p 5 9.28E+06 105617.27 

811.5311 4s-5p 7 3.31E+07 105462.7596 
826.4522 4s-5p 3 1.53E+07 107496.4166 

842.4648 4s-5p 5 2.15E+07 105617.27 
852.1442 4s-5p 3 1.39E+07 107131.7086 

912.2967 4s-5p 3 1.89E+07 104102.099 
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m12 2 (7.37) bij (7.38) bi

Qij Qi

E Qij

Qi E bij bi [46-48]  
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optical escape factor Λi,j
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αij βij  

 αij
A βij 2 i < j 45 Kimura [30]

45 i < j 65 αij
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[4] i=20  

8-8

(4d+6s)* (a) (b)

(a) (b)

rad

3.0eV 109cm-3 Ne 1014cm-3

1.0eV<Te<1.5eV 3.0×1011cm-3 Ne

5.0×1011cm-3 2.0eV 8-8

2.0eV

[4] 0.8eV

2.0eV 1.2eV

2.0eV

8-1  
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8-8

 3.0×1011cm-3 Ne 5.0×1011cm-3 5p* >4f*

(a) 5p* 30% >4f*

25% (b) 5p* 15% >4f* 70%

5p* >4f*

3.0×1011cm-3 Ne 5.0×1011cm-3

5p* (4d+6s)* (4d+6s)* >4f*

8-9  

 

 

8-9

(a)  (b)  

8-8 (4d+6s)  

1.0eV<Te<1.5eV 

3.0 1011cm-3 Ne 5.0 1011cm-3 

8-9 (4d+6s)  
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8-9

8-10(a) 8-10(a)

2  

1) 8-10(a) ( 1)

. 

2) 1)

8.3.2

.  

 

 

1 8-10(b) i=20

 >4f* 43 4

i=18, 19, 24, 25, 30, 31 6   

 

 

 

 

 

 

 

 

 

 

2 1 6

8-7

1

50sccm 150mm

50sccm 1.32eV ( 8-7 )

8-11 50sccm 150mm 8-2 (8.1)

 
 

 

 

(a)  (b)  

8-10  
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8-10(b)

(8.2)  C,F 2  

 

 

8-12 (8.2) F(Te) 0

0.1~3eV 8-12

3eV

1.32eV  

 

 

8-11  50sccm, 150mm  

8-2  50sccm, 150mm  



 173

 

8-13 1.40eV 8-14

(8.3)  
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8-13  

8-14 (8.3)  
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50sccm 8-13

8-15

8-13 8-15 75sccm
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100sccm

 

 

 

 

 

 

 

 

 

 

 

 

 

75sccm 100sccm 8-8(a) (b)

75sccm 100sccm

8-8(a) (b) 3.0×1011cm-3 Ne<5.0×1011cm-3

>4f 5p

100sccm

100sccm

8-10(b) i=24,25,30,31 i=20

i=20 i=18,19

i=24,25,30,31 i=20

i=20 i=18,19

100sccm 150mm

100sccm 1.11eV( 8-7 ) 8-16 100sccm 150mm

8-3 (8.1)

 

 

8-15 8-13  
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8-17  

1.10eV 8-18 (8.4) 8-19

8-13 8-17

8-13 50, 75sccm 8-17 100sccm

8.3.2

2  

 

 

 

 

 

 

 

 

 

8-16  100sccm, 150mm  

Level 

number "i" 

Population density 

"Ni" 

Wavelength 

[nm] 

Intensity 

[a.u.] 
Einstein A coefficient 

19 2.04.E+13 425.936 13.63 3.98E+06 

20 4.91.E+12 675.283 9.11 1.93.E+06 

 

8-3  100sccm, 150mm  

8-17  100sccm  
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8.3.3 1 i→j

  ΔL=0, ±1 L=0→L=0  

  ΔS=0 
  ΔJ=0, ±1 J=0→L=0  

  π π= → →  
L S J π

 

Level  

i 

Designation of the 

level i 

Transition used for 

measurement 
L S J π 

1 3p6  0 0 0 +1 

2 4s[3/2]2      

3 4s[3/2]1 4s[3/2]1
◦
 → 3p6 1 3/2 3/2 1 

4 4s’[1/2]0      

5 4s’[1/2]1 4s’[1/2]1
◦
 → 3p6 1 1/2 1/2 1 

6 4p[1/2]1 4p[1/2]1 → 4s[3/2]2
◦ 1 1/2 3/2 +1 

7 4p[3/2]1.2 [5/2]2.3 4p[5/2]3 → 4s[3/2]2
◦ 1 5/2 3/2 +1 

8 4p’[3/2]1.2 4p’[3/2]2 → 4s’[1/2]1
◦ 1 3/2 1/2 +1 

9 4p’[1/2]1 4p’[1/2]1 → 4s’[1/2]1
◦ 1 1/2 1/2 +1 

10 4p[1/2]0 4p[1/2]0 → 4s[3/2]1
◦ 1 1/2 3/2 +1 

11 4p’[1/2]0 4p’[1/2]0 → 4s’[1/2]1
◦ 1 1/2 1/2 +1 

12 3d[1/2]0.1 [3/2]2 3d[1/2]0
◦
 → 4p[1/2]1 1 1/2 3/2 1 

13 3d[7/2]3.4 3d[7/2]3
◦
 → 4p[5/2]2 1 7/2 3/2 1 

14 3d’[3/2]2 [5/2]2.3 3d’[5/2]3
◦
 → 4p’[3/2]2 1 5/2 1/2 1 

15 5s’ 5s’[1/2]1
◦
 → 3p6 1 1/2 1/2 1 

 

8-4 , ,  
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16 3d[3/2]1 [5/2]2.3 5s 3d[3/2]1
◦
 → 3p6 1 3/2 3/2 1 

17 3d’[3/2]1 3d’[3/2]1
◦
 → 3p6 1 3/2 1/2 1 

18 5p 5p[1/2]0 → 4s[3/2]1
◦ 1 1/2 3/2 +1 

19 5p’ 5p’[1/2]0 → 4s’[1/2]1
◦ 1 1/2 1/2 +1 

20 4d 6s 4d[1/2]0
◦
 → 4p[1/2]1 1 1/2 1/2 1 

21 4d’ 6s’ 6s’[1/2]1
◦
 → 4p’[3/2]2 1 1/2 1/2 1 

22 4f ’ 4f ’[7/2]4 → 3d’[5/2]3
◦ 1 7/2 1/2 +1 

23 4f 4f [9/2]5 → 3d[7/2]4
◦ 1 9/2 3/2 +1 

24 6p’ 6p’[1/2]0 → 4s’[1/2]1
◦ 1 1/2 1/2 +1 

25 6p 6p[1/2]0 → 4s[3/2]1
◦ 1 1/2 3/2 +1 

26 5d’ 7s’ 5d’[3/2]2
◦
 → 4p[1/2]1 1 3/2 1/2 1 

27 5d 7s 5d[1/2]0
◦
 → 4p[1/2]1 1 1/2 3/2 1 

28 5f ’ 5g’      

29 5f 5g      

30 7p’ 7p’[1/2]0 → 4s’[1/2]1
◦ 1 1/2 1/2 +1 

31 7p 7p[1/2]0 → 4s’[1/2]1
◦ 1 1/2 3/2 +1 

32 6d’ 8s’ 6d’[3/2]2
◦
 → 4p[1/2]1 1 3/2 1/2 1 

33 6d 8s 6d[1/2]0
◦
 → 4p[1/2]1 1 1/2 3/2 1 

34 6f ’ 6g’ 6h’      

35 6f 6g 6h      

36 8p’      

37 8p      

38 7d’ 9s’ 7d’[5/2]3
◦
 → 4p’[3/2]2 1 5/2 1/2 1 

39 7d 9s 7d[1/2]0
◦
 → 4p[1/2]1 1 1/2 3/2 1 

40 7f ’ 7g’ 7h’ 7i’      

41 7f 7g 7h 7i      

42 8d’ 8f ’ …      

43 8d 8f … 8d[1/2]1
◦
 → 4p[1/2]1 1 1/2 3/2 1 

44 9p’ 9d’ 9f ’ …      

45 9p 9d 9f … 9d[7/2]4
◦
 → 4p[5/2]3 1 7/2 3/2 1 
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46 10s’ p’ d’ f ’ …      

47 10s p d f … 10d[1/2]0
◦
 → 4p[1/2]1 1 1/2 3/2 1 

48 11s’ p’ d’ f ’ …      

49 11s p d f … 11d[7/2]4
◦
 → 4p[5/2]3 1 7/2 3/2 1 

50 12s’ p’ d’ f ’ …      

51 12s p d f … 12d[7/2]4
◦
 → 4p[5/2]3 1 7/2 3/2 1 

52 13s’ p’ d’ f ’ …      

53 13s p d f …      

54 14s’ p’ d’ f ’ …      

55 14s p d f …      

56 15s’ p’ d’ f ’ …      

57 15s p d f …      

58 16s’ p’ d’ f ’ …      

59 16s p d f …      

60 17s’ p’ d’ f ’ …      

61 17s p d f …      

62 18s’ p’ d’ f ’ …      

63 18s p d f …      

64 19s’ p’ d’ f ’ …      

65 19s p d f …      
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8-5

 

 

i j ei [eV] ej [eV] gi gj fi, jαA
i, j βi, j αP

i, j αS
i, j 

18 20 14.509 14.792  24 48 0.91 1   

19 20 14.690 14.792  12 48 0.91 1   

20 22 14.792 15.083  48 28    1.1 

20 23 14.792 14.906  48 56    1.1 

20 24 14.792 15.205  48 12 0.95 1   

20 25 14.792 15.028 48 24 0.95 1   

20 26 14.792 15.324 48 24   2596  

20 27 14.792 15.153 48 48   2596  

20 30 14.792 15.461 48 12 1.05 1   

20 31 14.792 15.282 48 24 1.05 1   

20 32 14.792 15.520 48 24   346  

20 33 14.792 15.347 48 48   346  

20 38 14.792 15.636 48 24   121  

20 39 14.792 15.460 48 48   121  

20 43 14.792 15.548 48 480   61  

20 45 14.792 15.592 48 640   1.1  

20 47 14.792 15.624 48 800   0.27  

3 7 11.624 13.116 3 20    0.93 

5 7 11.828 13.116 3 20    0.93 

7 12 13.116 13.884 20 9    0.80 

7 13 13.116 13.994 20 16    0.80 

7 14 13.116 14.229 20 17 0.80 1   

7 15 13.116 14.252 20 4    0.28 

7 16 13.116 14.090 20 23    0.28 

7 17 13.116 14.304 20 3    0.80 

7 18 13.116 14.509 20 24   762  

8-5  
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7 19 13.116 14.690 20 12   762  

7 22 13.116 15.083 20 28   11  

7 23 13.116 14.906 20 56   11  

7 24 13.116 15.205 20 12   138  

7 25 13.116 15.028 20 24   138  

7 26 13.116 15.324 20 24    0.83 

7 27 13.116 15.153 20 48    0.83 

7 30 13.116 15.461 20 12   57  

7 31 13.116 15.282 20 24   57  

7 32 13.116 15.520 20 24    0.84 

7 33 13.116 15.347 20 48    0.84 

7 38 13.116 15.636 20 24 0.86 1   

7 39 13.116 15.460 20 48    0.86 

7 43 13.116 15.548 20 480    0.86 

7 45 13.116 15.592 20 640    1.1 

7 47 13.116 15.624 20 800    1.8 

3 20 11.624 14.792 3 48   0.59  

5 20 11.828 14.792 3 48   0.59  

6 20 12.907 14.792 3 48 0.94 1   

7 20 13.116 14.792 20 48    0.94 

8 20 13.295 14.792 8 48    0.94 

9 20 13.328 14.792 3 48 0.94 1   

10 20 13.273 14.792 1 48 0.94 1   

12 20 13.884 14.792 9 48   0.65  

13 20 13.994 14.792 16 48   0.65  

14 20 14.229 14.792 17 48   0.65  

15 20 14.252 14.792 4 48   0.65  

16 20 14.090 14.792 23 48   0.65  

17 20 14.304 14.792 3 48   0.65  
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