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Ⱡꜟ◑כ─ ╩ ℮ ⇔√⅜∫≡ ◄Ⱡꜟ◑כ╛ ─ ⅛╠ ↑

╛ ─ ⅜ ╘╠╣≡™╢ ≢│ Ⱪ꜠כ◐╛♃▬ꜘ─╟℮⌐ ╩

⌐ ∆╢ ╙ ∆╢ ↓╣╠ ה ╩ ⌐ ℮ ≤⇔≡♩ꜝ▬Ⱳ

⅜כ☺꜡ ⇔ ─ ⌐ ↑≡ ₁⌂ ⅜ ╦╣≡™╢ ╕√ │

─ ⅜ ⌐ ⇔ ⱴ▬◒꜡ה♫ⱡ☻◔כꜟ─ ⅜ ⇔≡™╢

╛ ⌂≥─ ⌐ ∆╢ ( )│ ─ 3 ⌐ ∆╢─⌐ ⇔≡

╛ ⌂≥─ ⌐ ∆╢ ( )│ ─ 2 ⌐ ∆╢√╘ ─

─ ⌐ ™ ╛ ⱨ□fi♦ꜟ꞉כꜟ☻ ⌂≥─

─ ⅜ ≤⌂╢ ⱴ▬◒꜡ה♫ⱡ☻◔כꜟ─ ╩ ∆╢√╘⌐
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│ ╩ ╠∆ ─ ⅜ ≢№╢ ⇔⅛⇔ ╡ ℮ ⅜ⱴ▬◒꜡ה♫

ⱡⱷכ♩ꜟ◘▬☼≢№╢√╘ ⌐ ╩ ∆╢↓≤│ ≢│⌂ↄ

⌐⅔↑╢ ⌐ ─ ╩ ╗ ⌐ ⇔≡│ ⌂ ⌐

∫≡™⌂™─⅜ ≢№╢ ∕↓≢ ⱴ▬◒꜡ה♫ⱡ☻◔כꜟ─ ─ ⌐│

─ ╩ ⌐ ∆╢↓≤⅜ ≢№╢  

 ⱴ▬◒꜡ה♫ⱡ☻◔כꜟ─ ⅜ ↕╣≡™╢ ≤⇔≡ ♦▫☻◒

(Hard Disk Drive: HDD)⅜№╢[1] ∕─ ╩ Fig. 1.1⌐ ∆ ◘☻Ɑfi◦ꜛfi▪כⱶ

─ ⌐ ∆╢ Ⱬ♇♪≢ ♦▫☻◒ ─♃כ♦ꜟ♃☺♦─ ה ╩ ℮

Ⱬ♇♪│☻ꜝ▬♄⌐ ↕╣≡⅔╡ ⌐ ℮♦▫☻◒ ─ ⌐╟╡ ∆

╢ ╩ ⇔≡ Ⱬ♇♪╩ ↕∑≡™╢ ╕√ ◘☻Ɑfi◦ꜛfi▪כⱶ─

↑ ⌐№╢Ⱳ▬☻◖▬ꜟ⸗כ♃≢♦▫☻◒ ─ ╘╩ ℮ ☻Ⱨfi♪ꜟ⸗

╡╟⌐♃כ ♦▫☻◒│ 4000~15000 rpm≢ ↕╣ │ 1~20 m/s⌐ ∆╢  

 ◖fiⱧꜙכ♃╩ ╘ ☻ⱴכ♩ⱨ◊fi╛♥꜠ⱦ⌂≥─ ⌐╟∫≡ ↄ─♦☺♃ꜟ

⅜♃כ♦ ╖ ↕╣≡™╢ ╕√ │♃כ♦ꜟ♃☺♦─↓ ₁─ ─╖⌂╠∏

▬fi♃כⱠ♇♩╩ ⇔≡ ⌐Ᵽכ◘╛כ♃fi☿♃כ♦ ⌂ ⅜ ↕╣≡™╢ ↓─

─♃כ♦ꜟ♃☺♦ │ ⌐ ⇔ 2007 ⌐│ ⌐ ∆╢♦☺

─♃כ♦ꜟ♃ ⅜ ─☺כ꜠♩☻ ╩ ⅎ√≤ ↕╣≡™╢[2] ↓─♦☺

♃כ♦ꜟ♃ ☺כ꜠♩☻≥ ─◑ꜗ♇ⱪ│ ₁ ⇔≡⅔╡ 2020 ⌐│

╖ ♃כ♦ꜟ♃☺♦√╣↕ ☺כ꜠♩☻⅜ ─ 2.5 ⌐ ∆╢≤™℮ ╡╙№

╢[2] ↓─╟℮⌂♦☺♃ꜟ ─ ⌂ ⌐ ∆╢√╘ ☺כ꜠♩☻ ╙

↕∑⌂↑╣┌⌂╠⌂™ ╕√ ⌐☺כ꜠♩☻♃כ♦ ∆╢◖☻♩╙ ⌐ ∆╢

⅜№╢ ⌐ ☺כ꜠♩☻╢∆ ─ │ HDD ⌐╟╡ ╦╣≡⅔╡[3]

≡™⅔⌐☺כ꜠♩☻ HDD│ ⅛∑⌂™╙─≢№╢ HDD│∕─ ─ ⅝↕

≤ ♃כ♦ꜟ♃☺♦ №√╡─◖☻♩(ⱦ♇♩◖☻♩)─ 2 ≢ ╣≡⅔╡

☺כ꜠♩☻ ─ ⌐ ⇔≡╟╡ ╩ ∆≤ ⅎ╠╣╢ HDD ─ ╩

↕∑ ⱦ♇♩◖☻♩╩ ∆╢√╘⌐│ √╡─ ( )╩

↕∑╢ ⅜№╢ ≈╕╡ Ⱬ♇♪⅜ ↕∑╢ ⌐╟∫≡ ↕╣╢ⱦ♇

♩☿ꜟ─◘▬☼╩╟╡ ↕ↄ⇔⌂↑╣┌⌂╠⌂™ │ ⅛╠ ⅜ ╣╢⌐

∫≡ ⅜╡ ∕─ ↕│ ─ 2 ⌐ ∆╢√╘ ↕⌂ ⌐ ⌂ ↕─

╩ ↕∑╢√╘⌐│ Ⱬ♇♪─◘▬☼╩ ↕ↄ∆╢─≤ ⌐ Ⱬ♇♪╩╟╡

♦▫☻◒⌐ ↕∑⌂↑╣┌⌂╠⌂™  
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 ♦▫☻◒≤ Ⱬ♇♪⅜ ⌐ ∆╢ │Ⱬ♇♪ה♦▫☻◒▬fi♃כⱨ▼

▬☻(Head Disk Interface: HDI)≤ ┌╣╢ ↓─ HDI ─ ╩ Fig. 1.2⌐ ∆ ☻ꜝ▬

♄≤ ♦▫☻◒ ─∆⅝ │ ⌐ ↄ⌂∫≡⅔╡ ♦▫☻◒⅜ ⇔√

─ ⌐╟╢ ╩ ⇔≡☻ꜝ▬♄╩ ∆╢ ╕√ ☻ꜝ▬♄ │ ABS(Air 

bearing surface)≤ ┌╣╢ ╩⇔≡⅔╡ ☻ꜝ▬♄╩ ↕∑╢ ≤ ☻ꜝ▬

♄╩ ∫ ╢ ─ ╡ ™⌐╟╡ ⌂ ╩ ⇔≡™╢ ♦▫☻◒│

▪ꜟⱵ♬►ⱶ ╕√│●ꜝ☻ ─ ⌐ ⅜ ↕╣ ∕─ ⌐ ╩ ∆╢

⅜ ↕╣╢ ╕√ ╩ ∆╢ ≢ ♄▬ꜘ⸗fi♪ꜝ▬◒◌כⱲfi

(Diamond-Like-Carbon: DLC) ╩ ⇔ ⌐│♫ⱡⱷכ♩ꜟ ↕─ ⌐

╟╢ ⅜ ↕╣≡™╢ ↕╠⌐ ☻ꜝ▬♄ ╙ ≤ ╩ ∆╢√╘⌐

DLC ≢ ╦╣≡™╢ ─ ╡ ╩ ↕∑╢√╘⌐│ Ⱬ♇♪≤

♦▫☻◒╩ ↕∑⌂↑╣┌⌂╠⌂™ ╟╡ ⌐ ℮≤ Ⱬ♇♪≤ ─

╩ ↕∑⌂↑╣┌⌂╠⌂™ ↓─ ╩ ∆⅝ ≤ ┬ ∆⅝ ╩ ↕

ↄ∆╢≤™℮↓≤│ ∕─ ⌐№╢ ╩ ↄ⇔⌂↑╣┌⌂╠⌂™ ⇔√⅜∫≡ ≢

│ DLC ─ ↕│ 3~4 nm ─ ↕│ 2 nm ⌐╕≢ ⇔≡™╢ ╕√

Ⱬ♇♪ ─ⱥכ♃כ⌐╟∫≡ ╩ ↕∑ ⌐╟╡ ה ╩

⅝ ↕∑≡ ↕╠⌐ ∆⅝ ╩ ↕∑╢ Dynamic fly height (DFH) ⅜ ╦╣

≡™╢ ⌐╟╡ ☻ꜝ▬♄ ≤ ─ ⅜ 8~10 nm≢№∫≡╙

ה ╩ 1 nm ─∆⅝ ╕≢♦▫☻◒⌐ ↕∑╢↓≤⅜ ≢№╢[4]

─ ─√╘⌐│ ↕╠⌂╢ ∆⅝ ─ ⅜ ≢№╢√╘ Ⱬ

♇♪╩ ⌐ ⌐ ↕∑⌂⅜╠ ─ ה ╩ ℮ Near contact recording

╛ Ⱬ♇♪╩ ⌐ ↕∑⌂⅜╠ ─ ה ╩ ℮ Contact 

recording ⅜ ↕╣≡™╢[5] nm─∆⅝ ⌐ ╕╣√ ─ │

⌐╟╢ꜝⱪꜝ☻ ╛ ⅛╠ ↑╢ ⌐ ∆╢ ─Ⱶ◒꜡⌂

≢ ∆╢ ─ ╩ ↑ ⱴ◒꜡⌂ ≤ ⅜ ⌂╡ ⌐ ∆╢

─ ⅝↕╙ ≢№╢ ⇔√⅜∫≡ Contact recording ─ HDI ─╟℮⌂♫ⱡⱷכ

♩ꜟ ↕ ╩ ⇔√ ─ ⌐│ ─ ─ ╩ ╠⅛⌐∆╢

⅜№╢ ↓─╟℮⌂ ─ ⌐│ ♫ⱡⱷכ♩ꜟ ↕─ ╩ ⇔√

─ ≤ ─ ╩ ⌐ ∆╢↓≤⅜ ≢№╢⅜ ─√╘─

│ ↕╣≡™⌂™ ≈╕╡ ─ ─√╘⌐♫ⱡⱷכ♩ꜟ ↕ ╩

⇔√ ─ ≤ ─ ╩ ⇔⌂↑╣┌⌂╠⌂™  
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Fig. 1.1 Schematic of a hard disk drive. 

 

 
Fig. 1.2 Schematic of head-disk interface. 

 

1.2.2  

 ╕≢⌐ ═√╟℮⌐ HDD ─ ─ ╩ ⇔√ Near contact recording

╛ Contact recording ─ HDI ╩ ∆╢√╘⌐│ ♫ⱡⱷכ♩ꜟ ↕─

╩ ⇔√ ─ ≤ ─ ╩ ╠⅛⌐∆╢↓≤⅜ ╘╠╣ ≤ ─

╩ ∆╢ ⅜№╢ ≢│ ↕╣≡™╢ Ⱬ♇♪⌐╟╡♫

ⱡⱷכ♩ꜟ ↕─ ╩ ∆╢ ╩ ⇔ ─ ─ ╩ꜟכ◔☻

╢↓≤⌐╟∫≡ ⌐ ↕╣╢ ⌐≈™≡ ∆╢ ╕√ ─

Suspensionarm

Slider and magnetic head

Magnetic disk

Voice coil motor

Spindle coil motor

Air flow

Under layer

Magnetic layer

Diamond like carbon

Substrate

Lubricant film

Slider

Diamond like carbon

Magnetic spacing

Flying height

Magnetic head

N

S N

S N

S N

S N

S N

S N

S N

S N

S N

S N

S N

S N

S N

S N

S N

S

Disk rotation

Heater
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╩ ∆╢ ≤ ╩ ∆╢√╘⌐ ⌂ ⌐≈™≡╙ ∆╢  

 ─ Ⱬ♇♪≢ ╩ ∆╢ DFH ⌐╟╢ ≢ ╩

∆╢ ⅜ ╩ ⇔ ∕─ ≤ ⅜∟╞℮≥ ∆╢ ↕≢ ∆╢

Fig. 1.3⌐ ∆╟℮⌐ ⌐╟╡ ⅜ ↕╣ ⅜ ↕╣╢

↕╣√ │ ─ ⌐ ↕╣ ─ ─ │ ⌐⌂╢≤ ⅎ╠╣

╢⅜ ─√╘ ─ ≢│ ↕╣√ ─ │ ∆╢ ─

─ ↕│ ╟╡╙ ⅝™√╘ ⌐╟╢ ≤ ⌂∆↓≤⅜≢⅝╢ ↓─

⌐╟╡ ↕╣╢ ─ l │ ─ ⅛╠ ─ ≢ ⅎ╠╣╢  

 

Rhl 22º . (1.1) 

 

↓↓≢ R│ ─ h│ ╩ ╦∆ ╕√ (1.1)⌐╟╡ ⅎ╠╣╢

─ │ ↕╣√ ─ ╩ ⇔√ ─ ─ ≢№╢√╘

⌐ ↕╣╢ ⌐ ⇔≡ ⇔ↄ⌂╢≤ ⅎ╠╣╢ ─ │ Ⱬ♇♪

⌐ ⌂╢√╘ ─ ╡≢│ Fig. 1.4⌐ ∆╟℮⌂ ─ ↕⅜ 7.5 nm─

10 mm─ ╩ ≤⇔≡ ∆╢[6] ↓─ ─ ─ │∕

─ ⅛╠ R = 6.7 mm≤ ╙╠╣╢ ╕√ ≤⇔≡ h = 1 nm╩ ∆╢≤

(1.1)╟╡ l = 7.3 mm≤ ╙╠╣╢  

 │ ≢№╢√╘ ⌐ ∆╢↓≤⅜ ⅎ╠╣╢ ⇔√⅜∫≡ ≤

⌐ ─ ╙ꜟכ◔☻ ╙╢ ⅜№╢ ─ │ ⅛╠ ╩ ↑

⌂™√╘ ⌐╟╡ ─ ─ ™ ⌐ ∆╢ ∕↓≢ ⌐╟╡

⅜ ∆╢ ╩ ⅎ╢ ─ │ ╩ ∆╣┌ ↕ ⌐ ∆╢

↓≤│⌂™ ⌐╟╡ x╩ ∆╢─⌐ ∆╢ tכ♄כ○ │ ≢ ╙

╠╣╢  

 

D

x
t

2

º . (1.2) 

 

↓↓≢ D│ ≢№╡ HDD⌐ ↕╣╢ ≢ 10
-13

 m
2
/s≢№╢[7]

─ │ 7.3 mm≢№╢√╘ ∆╢ │כ♄כ○─↕⅝ 1 mm≢№╢ ⇔√⅜∫

≡ x = 1 mm≤⇔≡ (1.2)╩ ∆╢≤ t = 10 s≤ ╙╠╣╢  
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Fig. 1.3 Head protrusion  with a curvature radius of R shears a lubricant film whose 

thickness is h. Trail is made by protrusion. 

 

 

Fig. 1.4 Shape of a protrusion  by DFH on a head slider. 

 

 ↓╣╠─ ╡⅛╠ ⌐│ ⌐ ∆ ⅜ ╘╠╣╢  

(i) 7.3 mm─ ╩ ∆╢√╘⌐│ ─ ≤⇔≡ 1 mm ⅜ ≤

⌂╢  

(ii) ─ ⌐ ─♃▬Ⱶfi◓⅜ ⌂╢≤ ╩ ⌐ ≢⅝⌂™─≢

╩ ─ ≢ ⌂ mm─ ⅜ ≢№╢  

(iii) ∆╢ ─ ↕│ 1 nm≢№╢√╘ ─ ≤⇔≡ 0.1 nm ⅜

≢№╢  

(iv) ─ ⅜ꜟכ◔☻ 10 s⌂─≢ 1 s ─ ⅜ ≢№╢  

 

─ ⌐ ⅎ≡ ─ ╙ ≤⌂╢  

 

(v) ─ ╩ ∆╢ ╩ ⌐ ∆╢☻Ɑכ☻⅜№╢  

h

Substrate

Lubricant film

l
R

Head protrusion

Surface of slider
10 mm

7.5 nm
6.7 mm

Slider

Protrusion of magnetic head

Slider

Diamond like carbon
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⇔√⅜∫≡ ─♫ⱡⱷכ♩ꜟ ↕ ╩ ∆╢√╘⌐│

⅜ ─ ≈─ ╩ ∆╢ ⅜№╢   
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1.3  

 ≢│ ─♫ⱡⱷכ♩ꜟ ↕ ─ ─ ⅔╟┘

⌐ ⇔≡ ─ ⅜ ⇔≡™╢⅛ ∆╢  

 

1.3.1  

 ≢│ ─ ⅜ 1.2.2 ≢ ╠╣√ ╩ ∆╢⅛⌐≈™≡ ∆╢

╕∏ ◄ꜞⱪ♁ⱷ♩ꜞכ╩ ⇔√◄ꜞⱪ♁ⱷ♩ꜞכ ⅔╟┘∕─ ≢№╢

◄ꜞⱪ♁ⱷ♩ꜞכ ─ ≤ ⌐≈™≡ ═╢ ⌐ ⱨכ

ꜞ◄ ─ ≤ ⌐≈™≡ ∆╢ ⌐ ⱪ꜡כ

Ⱪ ─ ≢ ↄ ↕╣≡™╢ ⌐≈™≡ ≤ ⌐

≈™≡ ═╢  

 

1.3.1.1 ╘ ◄ꜞⱪ♁ⱷ♩ꜞכ  

 ◄ꜞⱪ♁ⱷ♩ꜞכ │ 2.1.1.3 ≢ ═╢ ◄ꜞⱪ♁ⱷ♩ꜞכ─ ╩

™≡ ⅛╠─ ─ ─ ╩ ⌐╟∫≡ ⌐ ⇔

Charge-coupled device (CCD)◌ⱷꜝ⌂≥─ ╩ ™≡ ─ ╩ ≤

⇔≡ ∆╢ ≢№╡ R. Cohn╠[8]╛ D. Beaglehole[9] ≢│ H. Motschmann╠

[10][11]╛ K. Fukuzawa╠[12]-[16]⌐╟╢ ⅜№╢ Fig. 1.5 (a)⌐◄ꜞⱪ♁ⱷ♩ꜞ

כ ─ ╩ ∆ ─◄ꜞⱪ♁ⱷ♩ꜞכ─ ╩ ™≡ ≤l/4

⌐╟╡ ⅛╠─ ⅜ ≤⌂╢╟℮⌐ ⇔ ╩ ↕∑

─ ↕╩ ⌐ ∆╢ ╩ ™∏⌐ ─ ™ ─ ╩ ∆╢

√╘ ⌐ ─ ≢─ ⅜ ≢№╢ ╕√ K. Fukuzawa╠─

⌐╟╡ ♦▫☻◒ ─ ─ ⌐⅔™≡ 0.2 nm─ ⅜ ↕

╣≡™╢[14] ↕╠⌐ ╩ ╘ ⅛╠ ∆╢√╘ ≢ ╩

∆╢ⱪ꜡כⱩ╩ ∆╢☻Ɑכ☻╩ ∆╢↓≤⅜≢⅝╢  

 ◄ꜞⱪ♁ⱷ♩ꜞכ ≢│ ꜠fi☼╩ ™≡ ╩ ∆╢ e│

╘ ⅛╠ ╩ ─כꜞ▬꜠√⇔ [17]⌐╟╡ ≢ ╙╠╣╢  
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q

l
e

NAcos
61.0= . (1.3) 

 

↓↓≢ l│ ─ q│ ( ─ ⅛╠ ꜠fi☼ ╕≢─ ⅝ )≢№

╢ ╕√ NA │ ꜠fi☼─ (Numerical Aperture: NA)≢№╡ ─ ≢ ⅎ

╠╣╢  

 

asinNA n= . (1.4) 

 

↓↓≢ n │ ≤ ꜠fi☼ ─ ─ a│ ꜠fi☼─ ≤꜠fi☼ ╩

┬ ≤ ⅜ ∆ ≢№╢ ↓─ ─ ⅝↕ w │ ꜠fi☼─

⌐ ∫√ ─ ⅝↕≢№╢√╘ Fig. 1.5 (b)─ ⌂ ⅛╠ ─ ≢ ⅎ

╠╣╢  

 

q

l

sinNA 2
=w . (1.5) 

 

(1.3) (1.5)╟╡ │ NA ⌐ ⇔ │ NA ─ ⌐ ∆╢ ⇔

√⅜∫≡ ꜠fi☼─ NA ╩ ⅝ↄ⇔≡ ╩ ∆╢≤ │ ⌐ ↕

ↄ⌂∫≡⇔╕℮ ⅎ┌ ↕╣≡™╢ ꜠fi☼≢ ─ NA = 0.95─╙─

╩ ™≡ l = 680 nm─ ⌐╟╡ ◄ꜞⱪ♁ⱷ♩ꜞכ≢ ™◖fi♩ꜝ☻♩╩ ∆

╢√╘q = 70°≢ ∆╢ ╩ ⅎ╢ ↓─ │e = 1.3 mm │ w = 0.8 

mm⌐⌂╢≤ (1.3) (1.5)╟╡ ╙╠╣╢ ≈╕╡ 1 mm ─ ╩ ⇔

╟℮≤∆╢≤ ⅜ ╩ ∫≡⇔╕℮ ≈╕╡ ≤ │ ™

⌐ ⌐№╡ │ ≢№╢ ↓↓≢ ─╟℮⌂ ⌐ ∆╢

─ G╩ ∆╢  

 

q
e

NAtan61.0==
w

ũ . (1.6) 

 

ⅎ┌ G⅜ 1 ╩ ⅎ╢ │ ⅜ ╟╡ ↕ↄ⌂╢ ∆⌂╦∟ G│ 1

╟╡≢⅝╢∞↑ ↕™╒℮⅜╟™ ⅜ ─ 1/10≢№╢≤∆╢(G = 0.1)

2.1.1.1 ≢ ═╢╟℮⌐ q│ 70° ⅜ ≢№╢ ↓─ │ (1.6)

⅛╠ NA = 0.06≤ ↕╣╢ ⇔√⅜∫≡ ∆╢ ꜠fi☼─ NA │ 0.1 ⅜  
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Fig. 1.5 Field of view in ellipsometric microscopy. (a) Schematic setup for ellipsometric 

microscopy. (b) Depth of focus and field of view in ellipsometric microscopy. 

 

≢ ↓─ ─ e│ 12 mm ≢№╢ ∆⌂╦∟ ╘ ⅛╠ ╩

∆╢◄ꜞⱪ♁ⱷ♩ꜞכ ≢│ ─ ≢ 1.2.2 ⌐ ═√ 1 mm

╩ ∆╢─│ ≢№╢  

 

1.3.1.2 ◄ꜞⱪ♁ⱷ♩ꜞכ  

 ◄ꜞⱪ♁ⱷ♩ꜞכ ≢│ ╩ ╘ ╟╡ ∆╢√╘ ≤

│ ™⌐ ∆╢ ⌐№╡ ≢ ⇔√╟℮⌐ 1 mm ─ ─

│ ≢№╢ ╩ ╘⅛╠ ∆╢≤™℮↓≤│ (1.3) (1.5)⌐⅔™≡ 0̧q ≢

№╢↓≤⌐ ∆╢ ↓↓≢ q = 0─≤⅝ (1.5)╟╡ w│ NA ─ ⅝↕⌐ ⌂ↄ

⌐ ∆╢ ≈╕╡ │ NA ⌐ ⇔⌂™ ╕√ (1.3)╟╡ q = 0─≤

⅝e│ ⌐⌂╡ │ ≤⌂╢ ⇔√⅜∫≡ ⌂ ≤

⌐ ≤ ⌐⌂╢╟℮⌐ ꜠fi☼─ ╩ ∆╣┌ ─ ≤

Light source

Polarizer

Quarter wave plate

Analyzer

CCD

Substrate Lubricant

Lubricant

Substrate

Sample

Objective lens

q

Linearly-polarized light

Elliptically-polarized light
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Quarter wave plate
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Objective lens

q

Depth of focusField of view

(a)

(b)
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─ ╩ ≢⅝╢ ↓─╟℮⌂ ⌐ ⇔≡ ⌐ ꜠fi☼─ ╩ ∆╢

◄ꜞⱪ♁ⱷ♩ꜞכ ⅜ K. R. Neumaier╠[18] Q. Zhan╠[19] F. Linke╠[20]╛

K. Fukuzawa╠[21]⌐╟╡ ↕╣√ ⌂ ─ ≢│ Fig. 1.6(a)⌐

∆╟℮⌐ ꜠fi☼⅜ ⅛╠ ╣≡™╢≤ ╩ ≢⅝⌂™ ⇔⅛⇔ Fig. 

1.6(b)─╟℮⌐ ꜠fi☼╩ ↕∑꜠fi☼ ⌐ ╩ ↕∑╟℮≤⇔≡╙

꜠fi☼─ ⌐ ╩ ╠╣╢√╘ ╩ ≢⅝⌂™ ∕↓≢ ◄ꜞⱪ

♁ⱷ♩ꜞכ ≢│ ꜠fi☼ ⌐ ╩ ∆╢↓≤⅜ ↕╣√ Fig. 1.7

⌐ ≤ ꜠fi☼ ─ ╩ ∆ ꜠fi☼─ ⌐ ∆╢ ╩

↕∑╢≤ ꜠fi☼ ⅛╠ ⅜ ↕╣╢ ─ ╩ ꜠fi☼ ⌐

↕∑╢↓≤⌐╟∫≡ ╩ ╡ ╘⌐ ∆╢ ╩ ╡ ∆↓≤⅜≢⅝╢

─ ⌐ ╩ ∆╢≤ ─ ⌐╟╡ │ ≤ ∂ ≢

∆╢√╘ ≢╙ ≤ ⌂ ⌐⌂╢ ↓─ ─ ─ │ (1.4)

≢ ⅎ╠╣╢ ⅎ┌ ─ ≢ ╙ NA ⅜ ⅝⌂ ꜠fi☼(NA = 0.95)╩ ∆

╢ 71.8°╕≢─ ╘ ╩ ≢⅝ ◄ꜞⱪ♁ⱷ♩ꜞכ─◖fi♩ꜝ☻♩╩ ╢─

⌐ ⌂ ╩ ≢⅝╢ ⌐ NA = 0.95─ ꜠fi☼╩ ⇔ ⅎ┌

─ ⅜l = 680 nm─ (1.3)╟╡ 0.4 mm─ ╩ ≢⅝╢ ╖

⅜№╢ Q. Liu╠─ ⌐╟╡ 0.5 mm─ ≤ ♦▫☻◒ ─

⌐ ⇔≡ 0.8 nm─ ╩ ⇔≡™╢[22][23] ↕╠⌐ ◄ꜞⱪ♁ⱷ♩ꜞכ

≤ ⌐ ─ ╕≢ ╩ ≢⅝╢√╘ 1 s ─

╩ ≢⅝╢ ⇔⅛⇔ NA ꜠fi☼│ ⅜ ⌐ ™ ⅎ┌ NA = 

0.95─ ꜠fi☼─ │ ⌐ 0.3 ~ 0.4 mm≢№╡ ╩ ∆╢

ⱪ꜡כⱩ╩ ∆╢─│ ≢№╢ ╕√ ─ ™ ꜠fi☼╩ ∆╢≤

NA ╩ ⅝ↄ≢⅝⌂™√╘ ╩ ⅝ↄ≢⅝∏ ─ ™⌐╟╢ ─◖fi♩ꜝ☻

♩⅜ ↄ⌂∫≡⇔╕℮  
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Fig. 1.6 Positional relationship between an objective lens and a sample. (a) Objective lens 

far from sample. (b) Objective lens close to sample. 

 

 

Fig. 1.7 Schematic of setup for high-resolution ellipsometric microscopy. Enlarged 

optical system in the objective lens is also shown in the inset. 

 

1.3.1.3 ⱨכꜞ◄  

 ⱨכꜞ◄ (Fourier transform infrared spectrometer: FT-IR)│

╩ ™√ ─ ≢ ─ ∕─ ה ╛ ─ ⌐

↕╣╢[24], [25] ≢│ ─ │ ─ ≢ ⇔≡⅔╡ ∕─

≤ ⇔™ │ ↕╣╢ ↓─╟℮⌂ ─ ─ │ ⌐

─ ─ ≢№╢√╘ ⌐│ ⅜ ™╠╣╢ ╕√ ─ ─

│ ─ ⌐╟╡ ⌂╢√╘ ↕╣√ ─ ≤ ╩ ═╢↓≤⌐╟

╡ ─ ≤ ╩ ≢⅝╢ ≈╕╡ ╩ ╕√│ ⇔√ ─☻Ɑ◒♩ꜟ

╩ ═╣┌╟™ ↓─☻Ɑ◒♩ꜟ─ ⌐│ ⌐ ╩ ™≡ ─ ╩

⌐ ↕∑╢ ( IR)≤ⱨכꜞ◄ ╩ ™╢ (FT-IR)─ ⅜ ∆

Sample

Objective lens

(a) (b)

Incident light

Beam splitter

Condenser lens

Objective lens

Imaging lens CCD

Sample

Analyzer

Quarter-wave plate

Polarizer

Light source

Back focal plane

Front focal plane

Principal plane

Incident light Reflected light

a
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╢ ↄ│ IR ⅜ ™╠╣≡™√⅜ │◖fiⱧꜙכ♃─ ⌐╟╡ FT-IR ⅜

⌐⌂∫≡™╢ Fig. 1.8 (a)⌐ FT-IR─ ╩ ∆ │ ⌐

─ ≈⅛╠⌂∫≡™╢ FT-IR ─ ⌐│ⱴ▬◔ꜟ♁fi ⅜ ™╠╣╢

⅛╠ ↕╣√ ─ │ ⱢכⱨⱵꜝכ⌐╟╡ ≈─ ⌐ ↕╣

∕╣∙╣─ │ ≤ ≢ ↕╣╢ ↓╣╠ ≈─ │ ┘ⱢכⱨⱵꜝכ

⌐ ╡ ↕╣ ≤⌂╡ ⌐ ⇔ ╕√│ ⇔≡⅝√ ╩ ≢

∆╢ ─ │ ∆╢√╘ ─ ─ ╟╡ ─ │

∆╢ ↓─ ─ ⌐╟╢ ─ ╩▬fi♃כⱨ▼꜡◓ꜝⱶ≤ ┘ Fig. 1.8 

(b)⌐ ∆╟℮⌂ ⌐⌂╢ ↓↓≢ ≢ ⅜ ⇔√ ↕╣√

─ ─ ⅜ ⇔√ ─▬fi♃כⱨ▼꜡◓ꜝⱶ⅜ ╠╣╢(Fig. 1.8 (c)) ∕

⇔≡ ╩ ⇔√ ─▬fi♃כⱨ▼꜡◓ꜝⱶ╩ⱨכꜞ◄ ∆╢≤ Fig. 1.8 (d)─

╟℮⌂ ↕╣√ ─ ⅜ ⇔√☻Ɑ◒♩ꜟ⅜ ╠╣╢ ↓─╟℮⌐▬fi♃כⱨ

▼꜡◓ꜝⱶ─ⱨכꜞ◄ ≢№╢☻Ɑ◒♩ꜟ⅛╠ ↕╣√ ─ ≤ ╩

∆╢ ╕√ Ᵽ♇◒◓ꜝ►fi♪─ ╩ ⅎ╢√╘ ╩ ╘ ⇔

─☻Ɑ◒♩ꜟ╩ ─☻Ɑ◒♩ꜟ≢ ∆╢ ↓─ ╠╣√☻Ɑ◒♩ꜟ│

☻Ɑ◒♩ꜟ≤ ┌╣╢ ⌐⅔↑╢ ╩s (= 1/l: ─ ─ ) s

⌐⅔↑╢ ☻Ɑ◒♩ꜟ╩ T(s)≤∆╢≤⅝ 1/ T(s)─ │ ☻Ɑ◒♩ꜟ

A(s)≤ ┌╣ ꜝfiⱬꜟ♩הⱬכꜟ─ [24]⌐╟╡ ─ ⅜ ∆╢  

 

() () ()nhETA sss =-= log . (1.7) 

 

↓↓≢ E(s)│ ─ s⌐⅔↑╢ n │ h │ ╩ ╦∆

⇔√⅜∫≡ ↕╣√ ─ ⌐⅔↑╢ E(s)╩ ╘ ⇔≡⅔⅝

n⅜ ≢№╢≤ ∆╢≤ (1.7)╟╡ ☻Ɑ◒♩ꜟ A(s)│ h⌐ ∆

╢ ≈╕╡ ☻Ɑ◒♩ꜟ⅛╠ ╩ ≢⅝╢ (1.7)│ ╩ ⇔√

─╙─≢ ♦▫☻◒─╟℮⌂ ╩ ⇔⌂™ ⌐│∕─╕╕ ≢⅝⌂™ ∕

↓≢ ♦▫☻◒─ ≢│◄ꜞⱪ♁ⱷ♩ꜞכ─╟℮⌐ ╘ ╟╡ ┼ ╩

⇔ ─▬fi♃כⱨ▼꜡◓ꜝⱶ╩ ∆╢ (1.7)⌐⅔↑╢ │ ╩ ⇔√

╩ ⇔≡™╢√╘ h╩ ≢ ─ ╪∞ ⌐ ⅝ ∑┌ ♦▫☻◒

⌐⅔™≡╙ (1.7)╩ ≢⅝╢ FT-IR ≢│ 1 nm ─ ╩ ≢№╢⅜

─ │ ─☻ⱳ♇♩ ⌐ ⇔ mm⅜ ≢№╢ ∕↓≢  
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Fig. 1.8 Principle of FT-IR. (a) Schematic of FT-IR. (b) Interferogram before entering a 

sample. (c) Interferogram after passing through the sample. (d) Spectrum obtained by 

Fourier tr ansform of interferogram after passing through the sample. 

 

◦☻♥ⱶ≤ ╖ ╦∑≡ ╩ ∆╢ FT-IR ⅜ ↕╣≡™╢[26]

⇔⅛⇔ ─ 10 ─ ↕─ ─ ╩ ∆╢√╘ │ 20~40 mm

≢№╢[25][26] ⇔√⅜∫≡ 1.2.2 ≢ ═√╟℮⌐ ≢ ≤⇔≡™╢

─ (Fig. 1.3)╩ ∆╢⌐│ ≢№╢ ╕√ │ ≈─▬fi

╩ⱨ▼꜡◓ꜝⱶכ♃ ∆╢─│ ms╩ ≢⅝╢[24] ⇔⅛⇔ ⌂

(Signal-to-noise ratio: SN )╩ ╢√╘⌐ │ ─▬fi♃כⱨ▼꜡◓ꜝⱶ╩

∆╢√╘ │ s─○כ♄כ⌐⌂╡ ♫ⱡⱷכ♩ꜟ ↕ ─ ⌂

╩ ∆╢√╘⌐│ ≢№╢  

 

1.3.1.4 ⱪ꜡כⱩ  

 ⱪ꜡כⱩ (Scanning probe microscope: SPM)│ ♩fiⱠꜟ

(Scanning tunneling microscope: STM)[27]╛ (Atomic force microscope: 

AFM)[28]⌂≥ (ⱪ꜡כⱩ)≤ ⌐ ↄ ₁⌂ ╩ ⇔ ─
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╛ ╩ ∆╢ ─ ≢№╡ ♫ⱡ☻◔כꜟ≢─ ⌐ ⌂

╩╙√╠⇔√ ⅎ┌ Fig. 1.9⌐ ∆ AFM ≢│ ∟ (◌fi♅꜠Ᵽכ) ─ⱪ꜡כ

Ⱪ≤ ⌐ ∆╢ ⌐╟╢ ∟ ─ ╩ ⇔ ─ ╛ⱪ꜡

≥Ⱪכ ⌐ ↄ ╩ ∆╢ │ ◌fi♅꜠Ᵽכ כ◙כ꜠≢ ╩ ↕∑

◌fi♅꜠Ᵽכ⅜ ⇔√ ─♩♇ⱳ☻כ◙כ꜠─ ╩ ⱨ◊♩♄▬○כ♪≢

─ ≤⇔≡ ∆╢ ╕√ │ x y z ∕╣∙╣⌐ ∆╢Ⱨ◄♂

─ ⌐ ↕╣≡™╢ │ x y ─Ⱨ◄♂╩ ↕∑ ╩ ⇔ ◌fi♅

꜠Ᵽכ─ ⅜♀꜡≤⌂╢╟℮⌐ z ─Ⱨ◄♂╩ⱨ▫כ♪Ᵽ♇◒ ∆╢ ↓─ ─

ⱨ▫כ♪Ᵽ♇◒ ⅛╠ ─ ↕⅜ ╠╣ ↓╣╩ xy ⌐ⱪ꜡♇♩∆╢

↓≤⌐╟╡ ─ ⅜ ╠╣╢ │ⱪ꜡כⱩ ─ ≤ ⌐

↕╣ ↓╣╠⅜ ↕™ ↄ⌂╢ ⅎ┌ ⌐╟╡ ⇔√ ─

╩ⱪ꜡כⱩ≤⇔≡ ⇔√ ≢│ 10 nm ─ ≤ 2 ~ 4°─ ⅜

↕╣≡™╢[29] ╕√ z ─ │◌fi♅꜠Ᵽכ─ ⌐╟∫≡

╕╢ ⌐◌fi♅꜠Ᵽכ─ ─ │ 0.1 nm○כ♄כ≤ ⌐ ↄ

꜠ⱬꜟ─ ─ ⅜ ↕╣≡™╢[30] ↓─╟℮⌐ SPM ≢│♫ⱡⱷכ♩ꜟ

─כ♄כ○ ™ ╩ ⇔≡™╢⅜ ╩ⱪ꜡כⱩ≢ ∆╢ ⅜№╢

√╘ │ ⌐ ⇔™ ⌐ ╩ ╢─⌐ ─כ♄כ○ ╩

≤∆╢ │ ⌂ AFM ⅜ ↕╣ ─ ╩ ╢─⌐ ms⅜ ↕╣

≡™╢[31] ⇔⅛⇔ ⌐│ AFM ─ⱪ꜡כⱩ⅜ ↕╣╢√╘ ≢

∆╢ⱪ꜡כⱩ╩ ⌐ ∆╢↓≤│ ≢№╢  

 

 

Fig. 1.9 Schematic of an atomic force microscope. 
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1.3.2  

 ≢│ ♫ⱡⱷכ♩ꜟ ↕─ ╩ ⇔√ ⱪ꜡כⱩ⌐ ↄ ─

⌐≈™≡ ∆╢ ╕∏ ⌐≈™≡ ⇔ ∕─ ⱨ□▬Ᵽכ►

◊Ⱪꜞfi◓ ⌐≈™≡ ═╢  

 

1.3.2.1  

 (Surface force apparatus: SFA)│ Israelachvili╠⌐╟╡ ∆╢ ≈

─ ⌐ ↄ ╩ ∆╢√╘⌐ ↕╣√[32] SFA─ ╩ Fig. 1.10

⌐ ∆ SFA≢│ ⇔√ ꜠fi☼─ ⌐ ╩ ╖ ╗↓≤⌐╟∫≡

⅜ ╦╣╢ ꜠fi☼─ ⌐│┼⅝ ⌐╟∫≡ ↕╣√ ─ ⅜ ╡ ↑

╠╣≡⅔╡ ꜠ⱬꜟ≢ ⌂ ⅜ ↕╣╢ ⇔√⅜∫≡ ↕⌐ ↕╣

⌂™ ─ ─ ⅜≢⅝╢ ╕√ ╩∑╪ ∆╢ ⌐ ∆╢↓≤⌐

╟╡ ♩ꜝ▬Ⱳ꜡☺כ ─ ╙ ≢№╢[33] ⅔╟┘∑╪ │ ∕╣∙

╣─ ─ ┌⌡─ ≤ⱣⱠ ⅛╠ ╘╠╣╢ ─∆⅝ │ ╩

™√ ⌐╟╡ ↕╣╢[34] ⅛╠ ╩ ⇔ ╩ ⇔√

╩ ꜠fi☼⌐╟╡ ⇔≡ ≢ ∆╢ ↕╣√ │ CCD◌ⱷꜝ≢

↕╣╢ ─ ⌐│ ⅜ ↕╣≡™╢√╘ ≢ ∆╢ ⇔√⅜∫

≡ Fig. 1.10─╟℮⌐ CCD◌ⱷꜝ≢│ ─∆⅝ ─ ─ ─ ⅜ y

⌐ ╪≢ ⌐ ↕╣╢ ╕√ │ ꜠fi☼⌐╟╡ ⇔≡™╢√

╘ ∂ ─ │ x ⌐ ⌐ ∆╢ ⇔⅛⇔⌂⅜╠ ꜠fi☼│∕─

⅜ ⅝ↄ ⱣⱠ⌐╟╡ ─ │ ™ ⌐ │ 100 Hz

│ 10 mm/s ≢№╡ ♦▫☻◒─ ≢─ │ ≢№╢ [34]  
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Fig. 1.10 Schematic setup for a surface force apparatus. 

 

1.3.2.2 ⱨ□▬Ᵽכ►◊Ⱪꜞfi◓  

 ⱨ□▬Ᵽכ►◊Ⱪꜞfi◓ (Fiber Wobbling Method: FWM)│ ╩ ⌐ ⇔√

ⱨ□כⱣכ╩ ≤⇔≡ ™≡ ⱪ꜡כⱩ⌐ ╦╢∑╪ ╩ ⌐ ∆╢

≢№╡ K. Fukuzawa╠⌐╟╡ ↕╣√[35] Fig. 1.11⌐ ╩ ∆ ⌐

⇔≡ ∆╢ ⱪ꜡כⱩ≤⇔≡ ╩ mm─ ⌐ ⇔√

ⱨ□▬Ᵽכ╩ ∆╢ ⱪ꜡כⱩ ─ ≤ ─ ⌐ ≤⌂╢ ╩ ╖ ╖

ⱪ꜡כⱩ╩ ⌐ ⇔≡ ⌐ ↕∑ ∕─ ─ⱪ꜡כⱩ─√╦╖╩ ∆╢

↓≤⌐╟╡∑╪ ╩ ∆╢ ≢│ Fig. 1.12⌐ ∆╟℮⌐ ⌂

≤⇔≡ ⱪ꜡כⱩ ─ ( )╩ⱴ▬◒꜡ ꜠fi☼≤⇔≡ ∆╢ ⱪ꜡כ

Ⱪ─ ⌐ ⇔≡ כ◙כ꜠╠⅛ ╩ ⇔ ⌐╟∫≡ ⇔√

☿fi◘(Position Sensitive Detector: PSD)⌐꜠כ◙כ☻ⱳ♇♩╩ ∆╢

⅜ ∆╢≤ ╙♩♇ⱳ☻כ◙כ꜠ ∆╢─≢ ⱪ꜡כⱩ─√╦╖│ PSD

─♩♇ⱳ☻כ◙כ꜠─ ╟╡ ∆╢↓≤⅜≢⅝╢ ─ ≢│ ⱪ꜡כⱩ╩Ⱨ

Cylindrical lenses

Light source

Bimorphs for lateral oscillation

Double cantilever for 

normal force detection

Double cantilever for 

lateral force detection
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≡∫╟⌐♃כ◄ꜙ♅◒▪♂◄ ⌐ ⇔ ≢ ╩ ⇔√ ─ ה

─ ╩ ∆╢↓≤≢ ─ ╩ ╢ ─ ≤⇔≡

0.01 nm○כ♄כ⅜ ↕╣≡⅔╡ ⱪ꜡כⱩ─ⱣⱠ │ N/m ≢№╢√╘

1 nN ─ ╩ ≢⅝╢[36]  

 ╕√ Y. Hamamoto╠│ ─ ⌐╟∫≡ⱪ꜡כⱩ⌐ ↕╣╢

╩ ∆╢↓≤≢ ⌐ ╩ ∆╢ ╩ ⇔√ [37] ⱪ꜡כⱩ╩

─ ה ≢ ⇔⌂⅜╠ ⱪ꜡כⱩ ≤ ≤─∆⅝ ╩ ⌐

⇔ ≤─ ⅜ ∆╢╕≢─ ≤ ─ ╩ ∆╢ ─

⌐⅔™≡ ⱪ꜡כⱩ│ ╩ ⇔≡™⌂™ ⅛╠ ╩ ∆╢

╩ ≡ ≤ ∆╢ ⱪ꜡כⱩ ≤ ⅜ ∆╢ ╩

⌐ Fig. 1.13⌐ ∆ ╩ ∆╢ⱪ꜡כⱩ≤ ─ │≥∟╠╙™╤

™╤⌂ ↕─ ⅜ꜝfi♄ⱶ⌐ ⇔√ ↕╩ ≈ ∕─√╘ ⅜ ⇔

√ ≢│ Fig. 1.13⌐ ∆╟℮⌐ ⌐ ∆╢ ─ ⅜ ↓╢ ↓

─ ─ ⌐╟╡ ⅎ╠╣√ ◄Ⱡꜟ◑כ⅜ ( ─ )

⌐ ⌐ ↕╣╢√╘⌐ ⱪ꜡כⱩ ⌐▬fiⱤꜟ☻ ─ ⅜ ↕╣╢≤ ⅎ╠╣

╢ ▬fiⱤꜟ☻ ─ ─ │ ─ ╩ ╗√╘ ⌐╟╡ⱪ꜡כ

Ⱪ⌐│ ⅜ ↕╣╢ ╕√ ⱪ꜡כⱩ╩ ⌐ ⇔ ╗╒≥⌐ ─

⅜ ∆╢√╘ ⱪ꜡כⱩ⌐ ↕╣╢ ╙ ⅝ↄ⌂╢ ⇔√⅜∫≡ ⱪ꜡

⌐Ⱪכ ⅜ ↕╣ ╘√ ╩ⱪ꜡כⱩ ≤ ≤─ ╩ ∆

╢↓≤⅜≢⅝╢ ↓─ ⌐╟╡∆⅝ ⌐ 0.2 nm─ ≢ ╩ ≢⅝

╢[37] ╕√ 0.1 nm─Ⱨ◄♂▪◒♅ꜙ◄כ♃╩ ™≡∆⅝ ╩ ↕∑╢↓≤⅜

≢⅝╢ ↕╠⌐ ⱨ□▬Ᵽכⱪ꜡כⱩ│ ⌐ ⅜ ™─⌐ ⇔≡ ─

∆⅝ ⌐│ ⅜ ™ ─╟℮⌐ FWM≢│ ─∆⅝ ╩ 0.1 nm ─

≢ ∆╢↓≤⅜ ≢№╢  

 ↕╠⌐ ╩ ⇔≡ ≢ⱪ꜡כⱩ╩ ⇔ ╩ 0.1 m/s ≤∆╢

⅜ ╖╠╣≡™╢[38] ↓╣│ ♦▫☻◒ ╩ Ⱬ♇♪⅜ ∆╢

⌐ ™ ≢№╡ ╟╡ ⌐ ™ ╩ ≤∆╢  

 ─╟℮⌐ FWM │ ∆⅝ ╩ ⌐ ⇔√ ─♫ⱡⱷכ♩ꜟ

↕ ─∑╪ ╛ ─ ⌐ ╣≡⅔╡ ↓╣╕≢⌐ ♦▫☻◒ ─

─♫ⱡⱷכ♩ꜟ ↕ ─ ⌐ ™╠╣≡⅝√ [39]-[41] ⇔√⅜∫

≡ ≢│ ─ ≤⇔≡ FWM╩ ™╢↓≤≤⇔√  
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Fig. 1.11 Principle of fiber wobbling method. 

 

 

Fig. 1.12 Schematic of setup for fiber wobbling method. Deflection of probe is measured 

by detecting displacement of a laser spot on a PSD. 
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Fig. 1.13 Principle of detection of solid contact using probe resonance. 
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1.4  

 HDD ⌐ ↕╣╢♫ⱡⱷכ♩ꜟ ↕─ ╩ ™√ ◦☻♥ⱶ⌐⅔™≡

─ ─ ╛ ╩ ⌐ ∆╢√╘⌐ ─ ╩ ⌐ ∆╢

─♫ⱡⱷכ♩ꜟ ↕ ╩ ∆╢ ⅜ ≢№╢  

(i)  1 mm ─  

(ii)  mm─  

(iii)  0.1 nm ─  

(iv)  1 s ─  

(v) FWM ─ⱪ꜡כⱩ╩ ≢⅝╢  

≢│ ─ ╩ √∆↓≤⅜≢⅝⌂™ ⌐ ◄ꜞⱪ♁ⱷ♩ꜞכ ≢

│ ™ ≢ ╩ ≤⇔≡ ≢⅝╢ ⅜№╢╙──

⅜ ⌐ ⇔≡ ╘⌐ ∆╢√╘ ™ ≢─ ⌐⅔™≡ ⅜

∆╢ ⅜№∫√ ∕↓≢ ≢│ ─ ╩ ∆╢◄ꜞⱪ♁ⱷ♩ꜞכ

╩ ⇔ ─♫ⱡⱷכ♩ꜟ ↕ ─ ╩ ∆╢↓≤╩

≤∆╢ ╕√ ∆⅝ ╩ ⌐ ⇔√♫ⱡⱷכ♩ꜟ ↕ ╩ ⇔

√ ─ ╩ ∆╢↓≤╩ ≤∆╢  

 

1.5  

 │ 6 ⅛╠⌂╢ ⌐∕─ ╩ ∆  

 1 ≢│ ─ ≤⇔≡ HDD ⌐ ↕╣╢ⱴ▬◒꜡ה♫ⱡ♩ꜝ▬Ⱳ꜡☺

≡™≈⌐כ ⇔ ♫ⱡⱷכ♩ꜟ ↕─ ╩ ™√ ─ ─ ⌐

≈™≡ ═√ ╕√ ─√╘⌐│ ─♫ⱡⱷכ♩ꜟ ↕ ─

⌂ ╩ ∆╢ ⅜№╢ ↓─√╘⌐ ⌂♫ⱡⱷכ♩ꜟ ↕ ─

⌐≈™≡ ─ ╩ →√ ↕╠⌐ ⌂∆⅝ ⌂

─ ≤ ┼─ ⌐≈™≡ ∏╢≤≤╙⌐ ─ ╩ ═√  

 2 ≢│ ─◄ꜞⱪ♁ⱷ♩ꜞכ ⌐⅔↑╢ ─ ╩ ∆╢

─ ⌐╟╢ ⌂◄ꜞⱪ♁ⱷ♩ꜞכ ╩ ∆╢ ∕⇔≡ ⇔√

⌐╟╢ ╩ ™ ─ ─ ⌐≈™≡ ∆╢ ↕╠⌐

─♫ⱡⱷכ♩ꜟ ↕ ─ ╩ ™ ⌐ ⇔√ ─

⌐≈™≡ ∆╢  
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 3 ≢│ ⌐ ⇔√ ─ ─ ⌐≈™≡ ∆╢  

 4 ≢│ ─ ⌐≈™≡ ∆╢ ≤ ─ ⌐≈

™≡ ⌐ ∆╢  

 5 ≢│ ─♫ⱡⱷכ♩ꜟ ↕ ─ ⌐≈™≡ ═╢ ╠╣

√ ╩ ⌐ ∕─ ⌂ ⌐≈™≡ ∆╢  

 6 ≢│ ─ ╩ ∆╢  
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2   

 ─◄ꜞⱪ♁ⱷ♩ꜞכ ≢│ ╘ ⅛╠─ ⌐╟╡ ╩ ↄ∆

╢≤ ⅜ ⇔≡⇔╕℮ ⅜№∫√ ∕↓≢ ≢│ ™ ≤ ™

╩ ∆╢ ◄ꜞⱪ♁ⱷ♩ꜞכ ╩ ∆╢ ╕∏ 2.1 ≢

◄ꜞⱪ♁ⱷ♩ꜞכ ─ ⌐≈™≡ ╩ ™≡ ∆╢ ⌐

2.2 ≢ ◄ꜞⱪ♁ⱷ♩ꜞכ ╩ ─ ≢ ∆╢─⌐ ⌂

⌐≈™≡ ∏╢ ∕⇔≡ 2.3 ≢ ─♫ⱡⱷכ♩

ꜟ ↕ ─ ⌐≈™≡─ ─ ≤ ╩ ═╢ ⌐

≢ ╠╣√ ⅛╠ ≢№╢ ─♫ⱡⱷכ♩ꜟ ↕ ─

⌐ ∆╢ ⌐≈™≡ ═╢  

 

2.1  

 ≢│ ◄ꜞⱪ♁ⱷ♩ꜞכ ─ ⌐≈™≡ ∆╢ 2.1.1

≢│ ─ ≤⌂╢◄ꜞⱪ♁ⱷ♩ꜞכ─ ⌂ ⌐≈™≡ ═╢ 2.1.2

≢│ ─ ╩ ─ ⅛╠ ∏╢ 2.1.3 ≢│ ─

╩ ⇔√◄ꜞⱪ♁ⱷ♩ꜞכ ⌐⸗♦ꜟ╩ ∆╢ 2.1.4 ≢│

◄ꜞⱪ♁ⱷ♩ꜞכ ─ ⌐≈™≡ ∆╢ 2.1.5 ≢│ ─ ╩

∆╢√╘⌐ ◄ꜞⱪ♁ⱷ♩ꜞכ ╩ ⌐ ∆╢  

 

2.1.1  

 ◄ꜞⱪ♁ⱷ♩ꜞכ│ ⅜ ≢№╢ ╩ ⌐ ╘ ⅛╠ ⇔

⌐ ℮ ─ ╩ ה ∆╢↓≤⌐╟∫≡ ─ ╛ ╩

∆╢ ≢№╡ ≢─ ⅜ ≢№╢ ⌐◄ꜞⱪ♁ⱷ♩ꜞכ

─ ≤ ∕─ ╩ ⇔ ─№╢ ─ ╩ ∆╢◄ꜞⱪ♁ⱷכ♃≈™≡

═╢  
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2.1.1.1 ≢ ⇔√ ─  

 ◄ꜞⱪ♁ⱷ♩ꜞכ─ ╩ ∆╢⌐№√╡ ╕∏│ /●ꜝ☻ ─╟℮⌂

⌐⅔↑╢ ─ ≤ ⌐≈™≡ ═╢[42] ⌐ ∆╢ │ ∕─ ─

E─ ⅛╠ p ≤ s ⌐ ↕╣╢ ≤ ╩ ╗ ╩

≤ ┘ p │ ⌐ s │ ⌐ ⌂ ≤⌂╢ p ≤ s

─ ─ ╩ ─ⱬ◒♩ꜟ╩ ™≡ Fig. 2.1⌐ ∆ ╕√ p ⅔╟┘ s

⌐⅔↑╢ ≢─ E≤ B─ ╩ Fig. 2.2⌐ ∆ Fig. 2.2(a)⅔╟

┘(b)│∕╣∙╣ p ⅔╟┘ s ⌐≈™≡ ╦⇔≡⅔╡ (a) ─ B│

╩ (b) ─ E │ ╩ ™≡™╢ ↓↓≢ ⌐ ∆╢

│ ─ ⌐ ⌂ ⅜ ≤ ≢ ⇔ↄ⌂╢↓≤⅛╠ ⅎ╠╣╢─≢

p ⌐⅔™≡ E⅔╟┘ B⌐ ∆╢ │ ≢ ⅎ╠╣╢  

 

 

Fig. 2.1 Reflection of p polarized light and s polarized lights. 

 

 

Fig. 2.2 Electric field and magnetic flux density at sample surface boundaries. (a) P 

polarized light. (b) S polarized light. 
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ttprrpiip coscoscos qqq EEE =- . (2.1) 

tprpip BBB =+ . (2.2) 

 

↓↓≢ ip rp ⅔╟┘ tp─ ⅎ │ ∕╣∙╣ p ⌐ ∆╢ (i) (r) ⅔╟

┘ (t)╩ ⇔≡™╢ ╕√ qi qr ⅔╟┘qt │ ⅔╟┘ ╩

⇔≡™╢ ╕√ ─ ╩ c ≤∆╢≤ E ≤ B ─ │

≢ ⅎ╠╣╢  

 

cBE= . (2.3) 

 

│ n─ ≢│ 

 

sBE= , (2.4) 

 

≤⌂╢ √∞⇔ ─ ─ s = c/n≢№╢ ↓╣╩ ™≡ (2.2)╩ ⅝ ⅎ╢≤

⅜ ╠╣╢  

 

( ) tptrpipi EnEEn =+ . (2.5) 

 

(2.1)⅔╟┘(2.5)⅛╠ Etp╩ ⇔ ─ qi = qr╩ ™╢≤ ─╟℮⌐

↕╣╢ p ─ rp│ ≢ ⅎ╠╣╢  

 

tiit

tiit

ip

rp

p
coscos

coscos

qq

qq

nn

nn

E

E
r

+

-
=¹ . (2.6) 

 

(2.1)⅔╟┘(2.5)⅛╠ Erp╩ ∆╢≤ ─╟℮⌐≢ ↕╣╢ p ─

tp│ ≢ ⅎ╠╣╢  

 

tiit

ii

ip

tp

p
coscos

cos2

qq

q

nn

n

E

E
t

+
=¹ . (2.7) 

 

 ⌐ s ⌐ ∆╢ │ is rs ⅔╟┘ ts─ ⅎ ╩∕╣∙╣ s ⌐
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∆╢ ⅔╟┘ ≤⇔≡ ≢ ⅎ╠╣╢  

 

tsrsis EEE =+ . (2.8) 

trrsiis coscoscos qqq tsBBB =- . (2.9) 

 

↓╣╠⅛╠ s ⌐ ∆╢ rs ⌂╠┘⌐ r t│ p ─

≤ ⌐∕╣∙╣ ≢ ⅎ╠╣╢  

 

ttii

ttii

is

rs
s

coscos

coscos

qq

qq

nn

nn

E

E
r

+

-
=¹ . (2.10) 

ttii

ii

is

ts
s

coscos

cos2

qq

q

nn

n

E

E
t

+
=¹ . (2.11) 

 

─ (2.6) (2.7) (2.10) ⅔╟┘(2.11)│ ⱨ꜠Ⱡꜟ ≤ ┌╣╢  

 ⌐ ⅜ ↄ ⅜ ╩ ∆╢ ⌐│ ─ ─ │

n∞↑≢ ↕╣╢ ⇔⅛⇔ ⇔√ ╩╒≤╪≥ ⇔≡⇔╕℮ ╙№╡

∞↑≢│↓─╟℮⌂ ╩ ∆↓≤⅜≢⅝⌂™ ∕↓≢ ⌐╟╢ ─ ╩

∆╢√╘⌐ k╩ ⇔ N╩ ≢ ∆╢  

 

iknN -¹ . (2.12) 

 

ⱨ꜠Ⱡꜟ │ n╩ N≢ ⅝ ⅎ≡╙∕─╕╕ ╡ ≈[42] ↓

─ ⌐│ ⅔╟┘ │ ≤⌂╢ ╕∏ ☻Ⱡꜟ─ ⌐

╩ ∆╢≤ ☻Ⱡꜟ─ │ ≢ ↕╣╢  

 

ttii sinsin qq NN = . (2.13) 

 

sin
2q + cos

2q = 1≤ (2.13)⅛╠ ⅜ ╠╣╢  

 

i
22

i

2

ttt sincos qq NNN -= . (2.14) 

 



27 

 

(2.14)╩ ™╢≤ ⌐ ∆╢ⱨ꜠Ⱡꜟ │ ≢ ↕╣╢  

 

i
22

tii

2

ti

i
22

tii

2

ti

p

sincos

sincos

qq

qq

-+

--
=

NN

NN
r . (2.15) 

i
22

tii

i
22

tii

s

sincos

sincos

qq

qq

-+

--
=

N

N
r . (2.16) 

 

↓↓≢ Nti│ ≢ Nti = Nt/Ni≢ ⅎ╠╣╢ ╕√ ╩ ╩ ™≡

∆≤ ⌐ ∆╢ │ ≢ ⅎ╠╣╢  

 

( )rppp exp dirr = . (2.17) 

( )rsss exp dirr = . (2.18) 

 

↓↓≢ drp⅔╟┘drs│∕╣∙╣ ─ p ⅔╟┘ s ─ ╩ ∆  

 ◄ꜞⱪ♁ⱷ♩ꜞכ╩ ™√ ─ │ ─ I ╩ ∆╢↓≤⌐⌂╢ ─

─ ╩ E≢ ∆≤ ╩ ∆╣┌ ─ ─ ≢ ⅎ╠╣╢  

 

*== EEEI
2

. (2.19) 

 

√∞⇔ ─ ─ ⌐│ ─ ─ n╩ ⇔√ ╩ ™╢  

 

2
EnI = . (2.20) 

 

 ↓↓≢ ─ ╩ ∆╢ ─ R│ I i≤ I r─ ≢

─╟℮⌐ ↕╣╢  
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i

r

I

I
R¹ . (2.21) 

 

⇔√⅜∫≡ p ⅔╟┘ s ─ │∕╣∙╣ ≢ ⅎ╠╣╢  

 

2

p

2

ip

rp

ip

rp

p r
E

E

I

I
R ==¹ . (2.22) 

2

s

2

is

rs

is

rs
s r

E

E

I

I
R ==¹ . (2.23) 

 

≢│ ≤ ─ ⅜ ∆╢√╘ ∕─ ≢№╢ cosqt/cosqi╩ ↑

╦∑ p s ─ │ ≢ ⅎ╠╣╢  

 

2

p

ii

tt

2

ip

tp

ii

tt

iip

ttp

p
cos

cos

cos

cos

cos

cos
t

n

n

E

E

n

n

I

I
T ö

ö
÷

õ
æ
æ
ç

å
=ö

ö
÷

õ
æ
æ
ç

å
=¹

q

q

q

q

q

q
. (2.24) 

2

s

ii

tt

2

is

ts

ii

tt

iis

tts
s

cos

cos

cos

cos

cos

cos
t

n

n

E

E

n

n

I

I
T ö

ö
÷

õ
æ
æ
ç

å
=ö

ö
÷

õ
æ
æ
ç

å
=¹

q

q

q

q

q

q
. (2.25) 

 

p ≤ s ⅜ꜝfi♄ⱶ⌐ ∂ ≢ ∆╢ ⌐⅔™≡ Rn│ ≢

ⅎ╠╣╢  

 

2

sp

n

RR
R

+
= . (2.26) 

 

 ⌐⅔™≡ ╩ ∆╢ / ♦▫☻◒ ≢─ ╩ ⅎ╢ ─

╩ Ni = 1 ï i0 ♦▫☻◒─ ⌂ ╩ Nt = 2.35 ï i3.95 ≤∆╢

≤ ⌐ ∆╢ p s ─ ╩ ⇔√─⅜ Fig. 2.3≢№╢ Rs│qi╩ ⅝ↄ∆

╢≤ ∆╢ ╕√ Rp │qBô╩⅔™≡ ╩≤╢ ↓─ qBô╩ Ⱪꜞꜙכ☻♃

כ ≤ ┘ / ♦▫☻◒ ≢│qBô = 77.3°≢№╢ ↓─╟℮⌐ p s ─

⅜ ⌂╢─│ ⌐⅔↑╢ ─ ─ ≤ ─  
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Fig. 2.3 Reflection coefficient at different incident angles. Red dashed line represents 

reflection coefficient of p polarized light, blue chained line represents reflection 

coefficient of s polarized light, and green solid line represents average reflection 

coefficient. 

 

⅜ p s ≢ ⌂╡ ╘ ∫√╡ ╘ ∫√╡∆╢√╘≢№╢ ◄

ꜞⱪ♁ⱷ♩ꜞכ ⌐⅔↑╢ │ Ⱪꜞꜙכ♃☻כ ⌐ ↕╣╢ ↓╣│

◄ꜞⱪ♁ⱷ♩ꜞכ≢│ 2.1.1.3 ≢ ═╢ ─ rp/rs⅜ ∆╢√╘ qBô 

≢ ╙ ⅜ ↄ⌂╢√╘≢№╢ ─╟℮⌐ ◄ꜞⱪ♁ⱷ♩ꜞכ⌐ ≠ↄ

≢│ qi = 60° ~ 80°⅜ ≢№╢  

 

2.1.1.2 ─  

₁⌂ ⅛╠─ ╩ ∆╢≤ ─ ⌡ ╦∑⌐╟╡ ⅜ ∆╢ ↓─

│ ⌐ ⇔√ ⌐╟∫≡╙ ⇔ ◄ꜞⱪ♁ⱷ♩ꜞכ≢│↓─

╩ ⇔≡ ╛ ─ ╩ ⇔≡™╢  
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Fig. 2.4 Reflection and transmission model at interface of air/film/substrate. 

 

 ⌐ ↕╣√ ⌐ ∆╢ ⸗♦ꜟ / / ╩ Fig. 2.4 ⌐ ∆

N0 N1 ⅔╟┘ N2 │∕╣∙╣ ⅔╟┘ ─ ≢№╢ ╕√ h

│ ─ ↕≢№╢ ⌐╟╢ ─ ⅜ ↕™ ⌐│ │ ⅔╟┘

/ ≢ ↕╣╢ ↓─ A ≢ ↕╣√ 1 │ A ≢ ⇔

≡ ┼ ⌐ B≢ ↕╣√ 2 ≤ ⌂╡ ∫≡ ⅜ ∆╢  

AќD≤ ╗ │ AќBќC≤ ╗ 2 ≤ ∆╢√╘ ∕─ ─ │∕─

⌂ ─ ADBCAB -+ ⅛╠ ∆╢↓≤⅜≢⅝╢ ↓─ ─ 1 ≤ 2

─ ─ ⌐╟╢ ─ l╩ ≤⇔√ ─ a│ ≢ ⅎ╠╣╢  
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q

l
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q

q

l

p
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hNhN
=ö
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õ

æ
æ

ç

å-
= . (2.27) 

 

↓─ │ 2 ⅜ ╩ 1 ⇔√ ─ ╩ ╦⇔≡™╢ │ ∕─

─ ≢№╢ b╩ ™╢ b│ (2.14)╩ ™≡ ≢ ⅎ╠╣╢  

 

0
22

0

2

111 sin
2

cos
2

q
l

p
q

l

p
b NN

h
N

h
-== . (2.28) 

 

⅔╟┘ / ≢─ ╩ ⇔√ ╩ ⇔√ Fig. 2.4 ⌐⅔

™≡ r jk⅔╟┘ tjk│∕╣∙╣─ ⌐⅔↑╢ ⅔╟┘ ╩ ∆  

(2.6) (2.7) (2.10) (2.11)─ⱨ꜠Ⱡꜟ ⅛╠ p s ⌐ ⇔≡ ─ⱨ꜠Ⱡꜟ

⅜ ╠╣╢  
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kjjk

kjjk

pjk,
coscos

coscos

qq

qq

NN

NN
r

+

-
= . (2.29) 

kjjk

kkjj

jk,s
coscos

coscos

qq

qq

NN

NN
r

+

-
= . (2.30) 
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cos2

qq
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NN

N
t

+
= . (2.31) 

kkjj

jj

jk,s
coscos

cos2

qq

q

NN

N
t

+
= . (2.32) 

 

↓↓≢ j ⅔╟┘ k │ ─ ╩ ⇔ 0 1 ⅔╟┘ 2 │∕╣∙╣ ⅔╟

┘ ⌐ ∆╢ 2 ─ ─ ™⌐╟╡ ∂╢ │ b╩ ™

≡ exp(ï2b)≢ ↕╣╢ ∕─√╘ ∕╣∙╣─ ⌐⅔↑╢ ≤ ─ ↑

╦∑ t01t10r12exp(ï2b)⌐╟∫≡ 2 │ ≢⅝╢ ⇔√⅜∫≡ / / ⌐⅔

↑╢ ⌐ ↕╣╢ r012│ 1 2 3 Ν≤ ─ ╩ ≡

⇔ ╦∑╢↓≤⌐╟╡ ─╟℮⌐ ╘╢↓≤⅜≢⅝╢  

 

ÖÖÖ++++= --- bbb 63

12

2

101001

42

12101001

2

12100101012

iii errtterrtterttrr . (2.33) 

 

ÖÖÖ++++= 32 arararay │ r < 1─ y = a/(1 ï r)≤⌂╢√╘ (2.33)│

⌐╕≤╘╢ ⅜≢⅝╢  
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err
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= . (2.34) 

 

(2.29) (2.30) (2.31) ⅔╟┘(2.32)⅛╠ r10 = ïr01 ⅔╟┘ t01t10 = 1 ï r01
2⅜ ╡ ≈

⇔√⅜∫≡ (2.34)│ ≢ ⅎ╠╣╢  
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1 i
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err
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⌐ t012│ ─╟℮⌐ ╘╢↓≤⅜≢⅝╢  

 

b

b

2

1201

1201
012

1 i

i

err

ett
t

-

-

+
= . (2.36) 

 

⇔√⅜∫≡ p s ⌐ ∆╢ ⅔╟┘ │ ─ ≢ ⅎ╠╣

╢  

 

b

b

2
p,12p,01

2
p,12p,01

p,012
1 i

i

err

err
r

-

-

+

+
= . (2.37) 

b

b
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12,s01,s

2
s,12s,01

s,012
1 i

i

err

err
r

-

-

+

+
= . (2.38) 

b

b

2
p12,p01,

p12,p,01

p,012
1 i

i

err

ett
t

-

-

+
= . (2.39) 

b

b

2
s12,s01,

s12,s01,

s012,
1 i

i

err

ett
t

-

-

+
= . (2.40) 

 

(2.22) (2.23)⅛╠ p s ⌐ ∆╢ │ ─ ≢ ╠╣╢  

 

2

p,012p rR = . (2.41) 

2

s012,s rR = . (2.42) 

 

2.1.1.3 ◄ꜞⱪ♁ⱷ♩ꜞכ⌐╟╢  

 ◄ꜞⱪ♁ⱷ♩ꜞכ≢│ (2.37) (2.38)≢ ╦↕╣╢ ─ ─ ⅛╠

╛ ⌂≥╩ ∆╢ ↓─◄ꜞⱪ♁ⱷ♩ꜞכ─ ╩ Fig. 2.5⌐ ∆

↓─ ≢│ p s ─ ⅜ ⇔ↄ p s ─ ⅜ 0≢№╢ Eip = Eis 
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Fig. 2.5 Change in polarization state between incident and reflected lights. 

 

─ ╩ ⇔≡™╢ ╕√ ⅜ 0╕√│p≢№╢ ╩ ≤ ┬  

 ◄ꜞⱪ♁ⱷ♩ꜞכ≢│ ≢ ⇔√ p s ─ ≤ ╩ ≢ ⇔√

),( Ɋȹ ╩ ∆╢↓≤⌐╟╡ ╛ ─ ╩ ℮ (2.17) (2.18)≢ ⇔√

─ ╩ ™╢≤ D⅔╟┘ Y│ ≢ ⅎ╠╣╢  

 

rsrp dd -=ȹ . (2.43) 

s

p1tan
r

r
Ɋ -= . (2.44) 

 

↓─ ─ (D, Y)╩ ∆╢√╘⌐│ ╩ ╖ ╦∑√ ⅜

≢№╢ │ (Polarizer) (Analyzer) (Compensator)⌐

↕╣╢ │ ⌂ ⅛╠ ╩ ╢ ⌐ ╦╣ │ ╩

∆╢ ⌐ ↕╣╢ │ ⌐ ∆╢ ⌐ ╩ ⅎ╢ ≢

╦╣ ≤╙ ┌╣╢ ∆╢ ╩ ≤ ≤ ┘ ─ l⌐ ⇔

≡ ≤ ≢l/4─ ⅜ ∂╢ ╩l/4 (Quarter wave plate)l/2─

⅜ ∂╢ ╩l/2 (Half wave plate)≤ ┬ ◄ꜞⱪ♁ⱷ♩ꜞכ─ ⌐│

─ ─ ™⌐╟∫≡ [43] [44][45] [46][47]

[48][49]⌂≥⌐ ↕╣╢ ≢│ ─ ה ⌂ ⅜

≢ ⅜ ⌂ ◄ꜞⱪ♁ⱷ♩ꜞכ(null-ellipsometry)─ ⌐≈™≡

∆╢  

 ◄ꜞⱪ♁ⱷ♩ꜞכ─ ╩ Fig. 2.6⌐ ∆ l/4

─ ≢ ↕╣╢ ⅛╠─ ╩ ≤l/4 ⌐╟╡ ≤⇔≡ ╘

╟╡ ┼ ↕∑╢ ↓─ ─ ─ D│ ⅛╠─

E ip

E E rs
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ss
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⅜∟╞℮≥ ≤⌂╢╟℮⌐ ∆⌂╦∟ D⅜ 0╕√│p≤⌂╢╟℮⌐

≤l/4 ⌐╟∫≡ ∆╢ ⇔√⅜∫≡ ⅛╠─ │ ⌐╟∫≡

↕╣╢ ↓─ ⅛╠ ╩ ≢ ∟ ∆ ╩ ≤ ┬ ╕√

⅛╠─ │ ─ ┼─ ⌐╟╡ ─ ╩ ∟

─ ─ ╩ ∆╢ ⅜ ∂╢√╘ ╩ ∆╢ ∕⇔≡ ⅛╠─

─ ─ │ ⌐ ∂≡ ∆╢√╘ ╩ ─ ╙

⌐ ∂≡ ∆╢ ≈╕╡ ↓╣╩ ™≡ ⌂≥╩ ∆╢↓≤⅜ ≤⌂╢  

 ⌐ Fig. 2.6≢ ⇔√ ⌐⅔™≡ ─ ⌐ ⇔≡ ↕╣╢ ─ ╩

⌐ ∆╢ ◄ꜞⱪ♁ⱷ♩ꜞכ─ ╩ Fig. 2.7⌐ ∆  ◄

ꜞⱪ♁ⱷ♩ꜞכ≢│ ╩ ↕∑╢↓≤⌐╟╡ ╩ ╡ ∆

l/4 ⅔╟┘ ─ p ⅛╠─ ╩ ∕╣∙╣ P Q A≤∆╢  

 

 

Fig. 2.6 Set up for extinction of a reflected light from substrate region. 

Linearly -polarized light from the substrate region is stopped by the analyzer. On the 

other hand, elliptically -polarized light from the film region passes through the analyzer. 

 

 

Fig. 2.7 Schematic of setup for null -ellipsometry. 
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↓─ ⌐№√╡ ╕∏ ─ ╩ ☼fiכꜛ☺∆ [42]╩ ∆╢ ⅎ┌

p s ☼fiכꜛ☺╩ ⌐╟╡ ∆╢≤ ─╟℮⌐⌂╢  

 

ù
ú

ø
é
ê

è
=

s

p

E

E
E . (2.45) 

 

↓↓≢ Ep ⅔╟┘ Es│ ∕╣∙╣ ─ ⱬ◒♩ꜟ─ p⅔╟┘ s ─ ≢№╢

↓─╟℮⌐ ─ ⱬ◒♩ꜟ╩ ≢ ≤⌂╢ ╕√ ─ ╙ 2×2

☼fiכꜛ☺─ ≢ ∆↓≤⅜≢⅝╢ ⅎ┌ p ⌐ ⅜№╢ fiכꜛ☺─

☼ P│ ─ ≢ ⅎ╠╣╢  

 

ù
ú

ø
é
ê

è
=

00

01
P . (2.46) 

 

☼fiכꜛ☺─ A │ ≤ ∂≢ P≤ ∂ ≢ ⅎ╠╣╢ ╕√ l/4

☼fiכꜛ☺─ Q│ p ⌐ ╩ ∆╢ ⌐│ ─ ≢ ⅎ╠╣╢   

 

ù
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ø
é
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è

-
=
ù
ù

ú

ø

é
é

ê

è

ö
÷

õ
æ
ç

å
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=
ii 0
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2
exp0

01
pQ . (2.47) 

 

↕╠⌐ ≢─ ╙ ╩ ⇔√ ≤ ⌐ ℮↓≤⅜≢⅝ ─☺ꜛ

☼fiכ S│ ─ ≢ ╦↕╣╢  

 

ù
ú

ø
é
ê

è
=

s,012

p,012

0

0

r

r
S . (2.48) 

 

↓↓≢ r012,p r012,s│ (2.37) (2.38)≢ ╘√ / / ≢ ↕╣√ ⌐

∆╢ p s ─ ≢№╢ ⅎ≡ ─ ⌐╟╢ ╩ ∆√╘

⌐ p ⅛╠ X ⇔√ ⌐ R╩ ™╢  
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() ù
ú

ø
é
ê

è

-
=

XX

XX
X

cossin

sincos
R . (2.49) 

 

∕⇔≡ ⅜ ╛ ╩ ה ∆╢ ⌐ ─ ⅛╠ ☼fiכꜛ☺╢∆

╩⅛↑╢↓≤⌐╟╡ ╦╣╢  

 ꜝfiⱪ ─╟℮⌂ꜝfi♄ⱶ ⅛╠ √ ─℮∟ ╩ ⇔√ E0

│ p ⅛╠ P∞↑ ™√ ⌐ ∆╢ ≤⌂╢ ↓╣⌐ ╩ ↑

╦∑≡ p s ⌐ ∆╢≤ E0│☺ꜛכfi☼ ╩ ™≡ ─╟℮⌐ ↕╣╢   

 

( ) ù
ú

ø
é
ê

è
-=

0

0E
PRE0 . (2.50) 

 

↓↓≢ ─ ─ ╩ E0≤∆╢ ⌐ E0│l/4 ╩ ∆╢ ─

⌐ ⇔≡ ╕∏ ╩ ─ ⌐ ∆╢╟℮⌐ ↕∑ ╩

⌐ ╩ ⌐ ⇔≡ ⌐ ∆ ╩ ℮ ⇔√⅜∫≡ l/4 ─ E1

╩ꜟ♩◒fi☼ⱬכꜛ☺│ ™≡ ─╟℮⌐ ↕╣╢  

 

( ) ()01 EQRRE QQ-= . (2.51) 

 

┼ E1⅜ ⇔ ∕─ E2│ ─╟℮⌐⌂╢  

 

12 SEE = . (2.52) 

 

╩ ⇔√ ─ E│ ─ ≢ ⅎ╠╣╢  

 

()2EARE A= . (2.53) 

 

∕⇔≡ ⌐ ⌐ ╢ I │ ╩ ∆╢≤ ≢ ⅎ╠╣╢  

 

2
E=I . (2.54) 
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(2.45)~(2.54)╩ ™≡ ⇔√ I │ ╩ ╪∞ ⌂ ≤⌂╢ ∕↓

≢ ⌂Ɽꜝⱷכ♃⌐ ⇔≡ ╩ ™ ≤ ─ ╩ ╘╢ ⌐

 l/4 ─ │ Q = 45°⌐ ↕╣╢[50] ↓─ ≢│ ⅜ nm╕≢─

⌐⅔™≡ ≢ ╩ ∆╢ ↕╣╢ │ ⌐ ⇔≡

⌐ ∆╢[51] ⌐⅔™≡│ ≤⇔≡ ♦▫☻◒⌐ ⌐ ™╠╣≡™╢╙

─ ≤⇔≡ ♦▫☻◒╩ ™╢↓≤≤⇔ ⅔╟┘ ─ │

∕╣∙╣ N0 = 1 ï i0 N1 = 1.34 ï i0 ⅔╟┘ N2 = 2.35 ï i3.95≤⇔√ ─ ╩l = 

680 nm ╩q0 = 65°≤⇔ ─√╘ ╩ ⇔√ ─ ─ ╩ E0 = 1≤

⇔√ ≤⌂╢ ⅔╟┘ ─ │ ⌐ P = 155.7°⅔╟┘ A = 

145.4°≢№╢ ─ ⌐⅔™≡ h⌐ ∆╢ ⅛╠─ ─ I ─

│ Fig. 2.8(a)≤⌂╡ │ ─ ─ ─ 390 nm ≢ ∆╢ ╕√ Fig. 

2.8(b)⌐ 0 ~ 20 nm╩ ⇔√◓ꜝⱨ╩ ∆ h = 0≢ I = 0≤⌂╡

─ ⌐ ∫≡ ⌐ ⅜ ⇔≡™╢ ↓─╟℮⌐ ◄ꜞⱪ♁ⱷ♩ꜞ

│≢כ ↕╣√ ╩ ⌐ ∆╢√╘ ─ ≢─ ⌂

⅜ ≢№╢ ╛ ◄ꜞⱪ♁ⱷ♩

│≢כꜞ ─ ╛ ╩ ™ ≢ ⌐≈⅝ ♃כ♦─

⅜ ⌂√╘ ≤ ⇔≡ ─ ⌐│ ⅝≢№╢ ⇔√⅜∫≡

≢ ═╢◄ꜞⱪ♁ⱷ♩ꜞכ ≢│ ↓─ ◄ꜞⱪ♁ⱷ♩ꜞכ╩ ™╢↓≤≤

⇔√  

 ◄ꜞⱪ♁ⱷכ♃│ ↄ─ ⅛╠ ≤⇔≡ ↕╣ ─ ⅜ 0.1 ~ 

0.01 nm[52]≤ ⌐ ↄ ♦▫☻◒ ─♫ⱡⱷכ♩ꜟ─ ↕─ ─

[53] ─ ─ [54]╛ ◦ꜞ◖fi►▼Ɫ ─ ─ [55]

™ ≢ ↕╣≡™╢ ╕√ ╘ ⅛╠ ─ ≤ ╩ ℮√╘

⌐│ ™ ⅜№╢ ↕╠⌐ ≢№╢ ⇔⅛⇔ ─ ☻ⱳ

♇♩╩ ≢ ⇔≡ ∆╢√╘ │ ─☻ⱳ♇♩ ⌐ ∆╢

ⅎ┌ ↕╣≡™╢ ≢ ~ mm[56]≢№╡ ─ ─ ╩ ∆╢

⌐│ ⅜ ≢№╢ ╕√ ─ ╩ ∆╢√╘⌐│ ╩

∆╢ ⅜№╢√╘ ⌐ ⌐ ⅝≢№╡ ⌂ ╩ ∆╢↓

≤│ ≢№╢  
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Fig. 2.8 Light intensity for a lubricant films with  different thickness. (a) Light intensity 

for film thickness between 0 to 2000 nm. (b) Light intensity for film thickness between 0 to 

20 nm. 

 

2.1.2  

 ◄ꜞⱪ♁ⱷ♩ꜞכ │ ─ ╩ ≢ ≢⅝╢√╘ ꜞ▪ꜟ

♃▬ⱶ⌂ ⅜ ≢№╢ ⇔⅛⇔ ≢│ ╘ ⅛╠─ ⌐╟╡

™ ≢─ ⌐⅔™≡ ⅜ ⌐ ⇔≡⇔╕℮ ╘ ⅛╠

∆╢≤ ℮↓≤│ ꜠fi☼ ⌐ ⇔≡ ⅜ ™≡ ↕╣≡™╢↓≤≤ ≢№╢

≢│ ꜠fi☼ ⌐ ⇔≡ ⅜ ™≡™╢ ─ ⌂ ╩ ∆

╢↓≤⌐╟╡ ╘ ⅛╠ ╩ ∆╢◄ꜞⱪ♁ⱷ♩ꜞכ ─ ⌐≈™≡

∏╢  

 ╕∏ ╘⌐ ꜠fi☼─ ╩ ∆●►☻─ ⌐≈™≡ Fig. 2.9╩ ™≡  

0

0.05

0.1

0.15

0.2

0.25

0.3

0 500 1000 1500 2000

L
ig

h
t 

in
te

n
s
it

y
, 

I

Film thickness, h nm

a
.u

.

0

0.002

0.004

0.006

0.008

0.01

0 5 10 15 20

L
ig

h
t 

in
te

n
s
it

y
, 

I

Film thickness, h nm

a
.u

.

(a)

(b)



39 

 

 

Fig. 2.9 Imaging system with an ideal thin lens. Object image is formed under Gaussôs 

formula.  

 

∆╢ f ─꜠fi☼ ⅛╠ s⅔╟┘ sô─ ⌐ ⅔╟┘ ⅜№╢

⌂ ꜠fi☼⌐ ∆╢●►☻─ │ ─ (2.55)≢ ⅎ╠╣╢  

 

fss

111
=
¡

+ . (2.55) 

 

╕√ ↕ h─ ⅜ ↕ hô─ ≤⇔≡ ∆╢ M│ ─ (2.56)

≢ ↕╣╢  

 

h

h

s

s
M

¡
=
¡

= . (2.56) 

 

(2.55) (2.56)╟╡ ─ ⅜ ⅛╣╢  

 

f
M

M
s

1+
= . (2.57) 

( )fMs 1+=¡ . (2.58) 

 

 ⌐꜠fi☼ ⌐ ⇔≡ Fig. 2.10─╟℮⌐ ⅜ ⅝╩ ∫≡™╢ ─

⌐≈™≡ ∆╢ Fig. 2.10─ O╩ ⌐ ╩ ╡⌐q ↕∑╢

O ─ ─ │ (2.55)─●►☻─ ╩ ⇔⌂™ ≈╕╡

⌐№╢ O ─ ⅛╠ √ │ Oô╩ ╢꜠fi☼ ≤ ⌂ ⌐ ⇔⌂™
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O⅛╠ ⌐ x ⌐ ⌂ ⌐ y─ ⌐№╢ ─ B ⅜ Oô⅛

╠ ⌐ xô ⌐ ⌂ ⌐ yô─ ⌐№╢ Bô⌐ ∆╢ (2.55)─●

►☻─ ╟╡ ─ ⅜ ╠╣╢  

 

fxsxs

111
=
¡+¡

+
-

. (2.59) 

 

⌐ ─ ⅝│ ™√╘ (2.56)≢ ↕╣╢ M⅜ O⌐

⅔↑╢ ─ ≤⌂╢ (2.57) (2.58)╩ (2.59)┼ ⇔≡ xô⌐≈™≡

∆╢≤ ─╟℮⌐⌂╢  

 

Mxf

fxM
x

-
=¡

2

. (2.60) 

 

↓↓≢ (2.60)─ ⌐≈™≡ ∆╢ ⅜ 0╕√│ ( 0¢-Mxf )≤⌂╢ x

│ ─ ╩ ∆╢  

 

M

f
x² . (2.61) 

 

╕√ (2.57)╩ ™≡ s ï f╩ ∆╢≤ 

 

M

f
ff

M

M
fs =-

+
=-

1
, (2.62) 

 

≤⌂╢√╘ (2.61) (2.62)╟╡ ─ ⅜ ⅛╣╢  

 

fsx -² . (2.63) 

 

↓╣│ B ⅜ ─ ⌐ ∆╢↓≤╩ ∆╢ ≈╕╡ 0¢-Mxf ─ │

╩ ⇔⌂™ ╩ ∆╢ x─ ⌐⅔™≡ ⌐ 0>-Mxf ≢№╢─≢ xô│

⌂ ≤⌂╢ ↕╠⌐ AB ⅔╟┘ AôBô╩ ⅔╟┘ ≤╖⌂∆≤ AB ⌐ ∆ 
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Fig. 2.10 Imaging system wiht an ideal thin lens for an object oblique to principal plane. 

Object image is also formed obliquely to principal plane. 

 

╢ AôBô─ Mô│ (2.56)≤ ⌐ ─╟℮⌐ ≢⅝╢  

 

xs

xs

y

y
M

-

¡+¡
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=¡ . (2.64) 

 

(2.57) (2.58) (2.59)╩ (2.64)┼ ⇔≡ ∆╢≤ ─ ╩ ╢  

 

Mxf
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y
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-
=
¡

. (2.65) 

 

(2.65)╩ (2.60)≢ ⇔≡ ∆╢≤ ─ ⅜ ⅛╣╢  

 

y

x
M

y
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=
¡

¡
. (2.66) 

 

╩ O≤∆╢ x-y ╩ ⅎ╢≤ │ O╩ ╢ ≢№╡ B│↓─

─ (x, y)≢№╢ g╩ ∆╢≤ ≢─ │ ─ ≢ ╦↕╣  

 

xy g= , (2.67) 

 

(2.66)┼ ∆╢≤ ─╟℮⌐⌂╢  

 

s sô

f f

LensObject Object image

Principal plane

O
Oôx

y
xô

yô
q qô

A

B

Aô

Bô



42 

 

.const==
¡

¡

Mx

y g
. (2.68) 

 

⇔√⅜∫≡ Oô╩ ≤∆╢ xô-yô ⌐⅔™≡ Bô│ Oô╩ ╢ ─

≢№╢ ∆⌂╦∟ │ Oô╩ ╢ ≢№╢ ∕↓≢ ─꜠fi☼ ⌐

∆╢ ⅝╩qô≤∆╢≤ ─DOAB ⅔╟┘ ─DOôAôBô⅛╠ ─ ⅜

ⅎ╠╣╢  

 

y

x
=qtan . (2.69) 

y

x

¡

¡
=¡qtan . (2.70) 

 

(2.69) (2.70)╩ (2.66)┼ ∆╢≤ ─ ⅜ ╠╣╢  

 

qq tantan M=¡ . (2.71) 

 

(2.71)│ M╩ ⅝ↄ∆╣┌∆╢ qô⅜ ⅝ↄ⌂╢ ∆⌂╦∟ ⅜

≤ ≤⌂╢↓≤╩ ⇔≡™╢ ╕√ (2.56)╩ (2.71)┼ ⇔≡ ∆╢≤  

 

qq tantan

ss
=
¡

¡
, (2.72) 

 

≤™℮ ╩ ╢ │ ⌐ Fig. 2.11⌐⅔↑╢ CD╩ ╦⇔≡⅔╡ (2.72)

│ ─ ≤ ─ │꜠fi☼ ─ ≢ ╦╢↓≤╩ ⇔≡™╢  
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Fig. 2.11 Geometric relationship among principal plane, object and object image. 

Extended lines of principal plane, object and object image cross at the point D. 

 

 ↓╣╕≢─ ╩╕≤╘╢≤ ꜠fi☼ ⌐ ⇔≡ ⅜ ╘⌐ ↕╣╢

│ ꜠fi☼ ─ ≤ ─ ─ ╩ ╢ ⌐ ↕╣ ∕─ ⅝

│ (2.71)─ ╩ √∆ ↓╣╩◄ꜞⱪ♁ⱷ♩ꜞכ ⌐ ⇔≡ ⅎ╢≤ Fig. 

2.12─╟℮⌐ ⅜ CCD ⌐ ⇔≡ ╘⌐ ⇔≡™╢≤™℮↓≤≢№╢ ≈

╕╡ ◄ꜞⱪ♁ⱷ♩ꜞכ ≢│ ⌐ ⅜ ∫≡™⌂™≤™℮↓≤⌐⌂╢  

 

 

Fig. 2.12 Schematic of ellipsometric microscopy whose image formation is obtained by 

geometric optics. Object image is obliquely focused on a CCD. 
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 ↓─ ⌐ ⇔≡ ≤ ╩ ⌐∆╢↓≤⌐╟╡ CCD ⌐ ╩ ╦

∑╢ ╖⅜ G. Jin ╠⌐╟∫≡ ↕╣√[57] ↓─ ⌐╟╡ 5 mm─ ≤

25 fps─ ( ⌐ ∆╢≤ 0.04 s)⅜ ↕╣ Ⱶꜞⱷכ♄כ○ꜟ♩כ─

⅜ ╠╣√ ⇔⅛⇔ ↓─ │ ─ ⌐ ⇔≡⅔╠∏ ⌂╢

⅜ ≢№╢ ⌐ ╩ ↕∑╢ ╙ ∆╢ ⅜№╢

⌂ ─☻ⱳ♇♩╩ ⇔√ ─ ⅝↕⅜ ─Ⱨ◒☿ꜟ◘▬☼╟╡

↕™ Ⱨ◒☿ꜟ◘▬☼⅜Ⱳ♩ꜟⱠ♇◒≤⌂∫≡⇔╕™ ─ ⌐ ╠∏⌐

⅜ ⇔≡⇔╕℮ ╟∫≡ ≤ ⇔™ ⅝↕─☻ⱳ♇♩ │

─ 1 pixel─◘▬☼╟╡ ⅝ↄ⌂↑╣┌⌂╠⌂™√╘ ─ ╩ √∆

⅜№╢  

 

plM >e . (2.73) 

 

↓↓≢ M│ e│ (1.3)≢ ⅎ╠╣╢☻ⱳ♇♩◘▬☼ lp│ 1 pixel─ ⅝↕≢

№╢ √∞⇔ │ ≤ ⅜ ≤⌂╢ q = 0≤ ⌂∑╢ ⇔√⅜∫≡

M⌐ ⇔≡ ─ ≢ ⅎ╠╣╢ ⅜ ≢№╢  

 

e

pl
M > . (2.74) 

 

─ 1 pixel─◘▬☼│ ⱷכ◌כ╛ ⌐╟╡ ₁№╢⅜ ⌂ CCD◌ⱷ

ꜝ⌐ ↕╣╢ ─ 1 pixel─◘▬☼│ ⌐ 10 mm ≢№╢ ⇔√⅜∫

≡ (2.74)╟╡ 1 mm ─ ⌐ ⇔≡│ 10 ─ ⅜ ≢№╢

↓─ │ ⌂ ☻ⱳ♇♩◘▬☼≤ ─Ⱨ◒☿ꜟ◘▬☼⅜ ─

⅝↕≤⌂╢ ≢№╢√╘ ─ ╩ ⌐ ⅝ ∆√╘⌐ │ 30

─ ⅜ ≢№╢ q = 65°─ ⅛╠ ╩ ∆╢ ⌐⅔™≡ ꜠fi☼ ⌐

∆╢ ─ ⅝qô╩ (2.71)⅛╠ ∆╢≤ qô = 89.1°≤⌂╢ ≈╕╡ │

꜠fi☼ ≤╒╓ ≢№╡ ╙꜠fi☼ ≤╒╓ ≤⌂╢ ↓─ ꜠fi

☼╩ ⇔√ ─ │ ┼ 90°⌐ ™ ≢ ∆╢ (2.6) (2.7) (2.10) (2.11)

≢ ⅎ╠╣╢ⱨ꜠Ⱡꜟ ⌐⅔™≡ p. 29 Fig. 2.3─╟℮⌐ ⅜ 90°⌐ ≠ↄ⌐

≈╣≡ ⅜ 1⌐ ≠ↄ ⇔√⅜∫≡ ⌐╒╓ ⌐ ∆╢ │ ╒≤╪
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≥⅜ ≢ ⇔≡⇔╕℮ ⅛╠ ╩ ∆╢◄ꜞⱪ♁ⱷ♩ꜞכ

≢│ ⌂ ─ ⅜ ┼ ≢⅝⌂™ SN ⅜ ⇔ ╙

⇔≡⇔╕℮ ↓─╟℮⌐ ╘ ⌐⅔™≡ ╩ ⅝ↄ∆╢≤ ⅜ ≤

╒╓ ≤⌂∫≡⇔╕℮ ∕─√╘ ╩ ≤ ≤∆╢ ≢│ ╘

⌐⅔™≡ ─ ╩ ∆╢↓≤│ ≢№╢  

 

2.1.3  

 ≢ ═√╟℮⌐ ─◄ꜞⱪ♁ⱷ♩ꜞכ ≢│ ⅜ ≤╒╓

⌐ ↕╣ ⅜꜠fi☼ ≤╒╓ ≤⌂╡ ┼ ∆╢ ╙╒╓ ≤

⌂╢≤™℮ ⅜№∫√ ⇔√⅜∫≡ ≤ ≤─ ∆ ⅜◄ꜞⱪ♁ⱷ♩ꜞכ

⌐⅔™≡ ≤⌂╢ ↓─ │ (2.71)╟╡ ╘╢↓≤⅜≢⅝√ ⇔⅛⇔

↓╣│ ꜠fi☼─ ≤ ─ ╩ ↕∑√ ─ ≤⌂∫≡™√ ∕↓

≢ ╟╡ ⌂꜠fi☼ ≤ ─ ⅜ ⌂╢ ─ ┼─ ─

╩ ╘╢  

 Fig. 2.13 ⌐꜠fi☼─ ≤ ⅜ ⌂╢ ─ ╘ ─ ╩ ∆ Fig. 

2.12≤ ⌂╡ ꜠fi☼─ ⌐ ⅜ ⇔≡™╢ ─ ™ ꜠fi☼─ │꜠

fi☼ ⅛╠ f─ ⌐№╢ ꜠fi☼ ⌐ ∆╢ ─ ⅝qô│ ⌐ ⌂ↄ

(2.71)╩ ∆╢√╘ ─╟℮⌐ ⅎ╠╣╢  

 

( )qq tantan 1 M-=¡ . (2.75) 

 

│ ≢№╡ qi≢ ┼ ∆╢ ╕√ ꜠fi☼ │ ─ ⅛╠

q∞↑ ™≡™╢ ↓─ ꜠fi☼ ≤ ─ ∆ d│ ⌂ ⅛╠

─╟℮⌐⌂╢  

 

qqd -= i . (2.76) 

 

⌂⅔ Fig. 2.12≢ ⇔√ ≢│qi = q ∆⌂╦∟d = 0≤⇔≡™╢ ꜠fi☼⅛╠ √

≤ ≤─ ∆ ╩dô≤∆╢≤ DOCE≤DOôCE─ ⅛╠ ─ ╩ √∆  
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dd ¡¡== tantanCE ss . (2.77) 

 

(2.76)╩ ∆╢↓≤⌐╟╡ dô│ ─╟℮⌐ ╘╢↓≤⅜≢⅝╢  

 

( )ù
ú

ø
é
ê

è
-=ö

÷

õ
æ
ç

å
=¡ -- qqdd i

11 tan
1

tantan
1

tan
MM

. (2.78) 

 

↓↓≢ M │ (2.56)≢ ⅎ╠╣╢ ≢№╢ ─ ≤ ─ ∆ f│

Fig. 2.13⌐ ⇔√ ⌂ ⅛╠qô≤dô─ ≢№╢√╘ (2.75)⅔╟┘(2.78)╟╡

⌐╟╡ ⅎ╠╣╢  

 

( ) ( )ù
ú

ø
é
ê

è
-+=¡+¡= -- qqqdqf i

11 tan
1

tantantan
M

M . (2.79) 

 

↓─╟℮⌐ ꜠fi☼ ≤ ─ ⅜ ⌂╢ ╩ ╘√ ─ ≤ ⅜

∆ ╩ ⅎ╢ ⌂ ⅜ ╠╣√ ╖⌐ ꜠fi☼ ≤ ─ ⅜

∆╢ ∆⌂╦∟ qi = q─ (2.79)─f│ (2.75)─qô≤ ∆╢  

 ◄ꜞⱪ♁ⱷ♩ꜞכ ≢│ 2.1.1 ≢ ═√╟℮⌐ ™◄ꜞⱪ♁ⱷ♩ꜞכ─

◖fi♩ꜝ☻♩╩ ∆╢√╘⌐ 60~70°─ ⅜ ⌐ ≢№╢ ∆⌂╦∟

qi╩ ⅎ╢↓≤│≢⅝⌂™ ╕√ ◄ꜞⱪ♁ⱷ♩ꜞכ ≢│ ╩

∆╢√╘⌐ ™ NA ─ ꜠fi☼╩ ∆╢ ⅜№╢ ꜠fi☼ ⅛╠꜠fi☼

╕≢─ ⅝ ─ ⅝™ (1.4)≢ ⅎ╠╣╢꜠fi☼─ NA ⅜ ↄ⌂╢ Fig. 2.14

─꜠fi☼ ⌐│ FWM─ⱪ꜡כⱩ ⌐│ ⅜ ↕╣╢ ⇔√⅜∫≡ ⱪ

┘╟⅔Ⱪכ꜡ ≤ ↕∑∏⌐≢⅝╢∞↑ ™ NA ─꜠fi☼╩ ™╢√╘⌐│ ꜠fi

☼ ─ ⅝ q╩ 45°≤⌂╢╟℮⌐꜠fi☼╩ ∆╢─⅜ ╕⇔™ ─ │

≤ ─ ⅜╒╓ ⌐⌂╢↓≤≢№∫√ 2.1.3 ≢ ═√╟℮⌐

─ ≤ ─ ∆ f│≢⅝╢∞↑ ↕™ ⅜ ╕⇔™ ⇔⅛⇔ ◄ꜞⱪ♁ⱷ♩

כꜞ ≢│ qi╩ 60~70° q╩ 45°⌐ ∆╢ ⅜№╢√╘ qi⅔╟┘q╩ ↕

∑≡ ─ ≤ ─ ∆ f╩ ↕ↄ∆╢↓≤│ ⇔™ ∕↓≢ ─f╩

╘╢√╘⌐ qi⅔╟┘q╩ ≤⇔ f╩ M─ ≤⇔≡ M─ ╩≤╢≤  
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( )

( )qq

qq

q

qf

-+

-
-

+
+

=

i
2

2

2
i

22

tan
1

1

tan

tan1

tan

M

M

MdM

d
, (2.80) 

 

≤⌂╢ df/dM = 0─ f│ ╩≤╢ M│ ─ ─╖╩≤╢─≢ f─ ╩ ⅎ

╢ M│  

 

( )
q

qq

tan

tan i -=M , (2.81) 

 

≤ ⅎ╠╣╢ √∞⇔ M ⅜ 0≤⌂╢↓≤│ ™─≢ qi > q─ ─╖ (2.81)

│ ∆╢ qi < q─ ∆⌂╦∟ ꜠fi☼─ ⅝⅜ ╟╡ ⅝™ (2.80)

╟╡ df/dM > 0≢№╢─≢f│ ╩≤╠⌂™ ╕√ (2.80)╩ M≢ ⇔ (2.81)

≢ ⅎ╠╣╢ M╩ ∆╢≤  

 

( ) ( )

( )[ ]( )
0

tantantantan1

tantan1tantan2

i

2

i

i
2

2

2

>
--+

-+
=

qqqqq

qqqqqf

Md

d
, (2.82) 

 

≤⌂╢ ↓↓≢ qi > q≢№╢√╘ tanqi > tanq≢№╢↓≤╩ ⇔√ ⇔√⅜∫≡

(2.81)─ M⌐⅔™≡f│ ╩≤╢ f─ fmin│ (2.81)╩ (2.79)⌐ ⇔≡ 

 

( )]tantan[tan2 i
1

min qqqf -= -
, (2.83) 

 

≤ ╘╢↓≤⅜≢⅝╢ (2.81)⅔╟┘(2.83)⌐⅔™≡ qi = 65°⅔╟┘q = 45°≤∆╢≤

M = 0.6⅔╟┘fmin = 62.2°≢№╢ ≈╕╡ ◄ꜞⱪ♁ⱷ♩ꜞכ ⌐⅔™≡ ┼

─ ─ f│ 60° ╕≢⇔⅛ ↕ↄ∆╢↓≤⅜≢⅝⌂™ ╕√ ∕─ ─

│ 1 ≢№╡ ╩ ╡ ╩ ⇔≡ ∆╢≤ ℮ ≤⇔≡─

⅜ ↄ⌂∫≡⇔╕℮ ─╟℮⌐ ─◄ꜞⱪ♁ⱷ♩ꜞכ ≢│ ╩

⇔≡╙ ╘ ─ ╩ ∆╢↓≤│ ≢№╢  
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Fig. 2.13 Oblique observation system when the objective lens is set in a different direction 

from that of the reflected light. 

 

 
Fig. 2.14 Setup for optical axias of lens with sliding probe and sample. The optical axis is 

set at 45° to simultaneously achieve high numerical aperture and sufficient space for the 

sliding probe and the sample. 

 

2.1.4  

 2.1.3 ≢ ═√╟℮⌐ ◄ꜞⱪ♁ⱷ♩ꜞכ ≢│ ╘ ─ ╩ ⌐

≢⅝⌂™ ∕↓≢ Fig. 2.15⌐ ∆ ◄ꜞⱪ♁ⱷ♩ꜞכ (Two-stage 

Imaging Ellipsometric Microscopy: TIEM)╩ ⇔√ TIEM │ ╩ ≢ ∆

╢↓≤╩ ≤∆╢ ╕∏ ─ ≢ ╩ ⌐ ∆╢ ∕⇔≡

─ ╩ ⌐ ⇔≡ ⌐⌂╢╟℮⌐ ⇔ ╩ ⌐

∆╢ ↓─ │ ─ ─ ⌐ ⇔≡ ⌐ ↕╣╢ Fig. 2.15

⌐⅔™≡DOôFG≤DOôôFG─ ⅛╠ ─ ⅜ ⅛╣╢  

 

ff ¡¡== tantanFG tt . (2.84) 

s

sô

f

q

qô
qi q

d

qô

dô

f

O

Oô

Object

Object imageLens

D

C E

45°

NA

Space for sliding probe

Lens
Sample
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↓─ ╩ ⇔≡ fô│ ─╟℮⌐ ╘╢↓≤⅜≢⅝╢  

 

ö
ö
÷

õ
æ
æ
ç

å
=¡ - ff tan

1
tan

2

1

M
. (2.85) 

 

↓↓≢ M2│ ─ ─ ≢ M2 = tô/t≢ ⅎ╠╣╢ ∕⇔≡ (2.79)╩

∆╢≤ ─ ╩ ╢  

 

( ) ( )
îý

î
ü
û

îí

î
ì
ë

ù
ú

ø
é
ê

è
-+=¡ --- qqqf i

1

1
1

1

2

1 tan
1

tantantantan
1

tan
M

M
M

. (2.86) 

 

↓↓≢ M1│ ─ ─ ≢№╡ (2.56)─ M ≤ ∂≢№╢ ╕√

≤⇔≡─ ⌂ MT│ ─╟℮⌐ ─ ≤ ─

─ ≢№╢  

 

21T MMM = . (2.87) 

 

qi q⅔╟┘ M1╩ ≤⇔ f'╩ M2─ ≤⇔≡ M2─ ╩≤╢≤  

 

0

tan
1

1

tan

2

2
2

2
2

2

<

+

-

=
¡

f

f

f

M

M

dM

d
, (2.88) 

 

≢№╢─≢ fô│ M2⌐ ⇔≡ ≢№╢ ≈╕╡ ─ ─ ╩

ↄ∆╣┌ ┼─ ─ ╩ ↕ↄ≢⅝╢ ╕√ (2.87)╟╡ ─

─ ╩ ↄ⇔≡╙ ─ ─ ╩ ↄ∆╣┌ ⌐ ≢─

╩ ≢⅝╢ ⅎ┌ qi = 65°  q = 45°  M1 = 1 M2 = 30≤∆╢≤ (2.86)

╟╡ fô = 4.1°≤ ╙╠╣╢ ⇔√⅜∫≡ ┼─ ─ f'╩ ↕ↄ≢⅝  
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Fig. 2.15 Schematic of two-stage imaging ellipsometric microscopy. 

 

≤ ╩ ⌐⇔≡╙ ⌂ ╩ ┼ ≢⅝╢ ╕√ ↕╣╢

─ │ (2.87)╟╡ MT = 30≢№╡ ™ ≢─ ⌐ ⌂

╩ ⇔≡™╢ ╩ ≤ ⌐ ≢⅝╢√╘ ™ ╩ ≢⅝

─ ≢─ ⌂ ⅜ ≤⌂╢ ↓─╟℮⌐ TIEM │ ─◄

ꜞⱪ♁ⱷ♩ꜞכ ≢ ≢№∫√ ™ ⌐⅔↑╢ ─ ╩

⇔ ╘ ⌐⅔™≡╙ ™ ™ ≢─ ╩ ⇔  HDD

⌐⅔↑╢ ─♫ⱡⱷכ♩ꜟ ↕─ ─ ╛ ─ ─

╩ ≤∆╢  

 

2.1.5  

 ╕≢⌐⅔™≡ ◄ꜞⱪ♁ⱷ♩ꜞכ ⅔╟┘ TIEM │ ≢

╩ ╘≡⅝√ ⇔⅛⇔ ─ ⌂ ─╒≤╪≥│ ≢

↕╣≡™╢ ⇔√⅜∫≡ ─ ╩ ∆╢⌐√╘⌐│ TIEM ─ ╩

⌐ ∆╢ ⅜№╢ ∕↓≢ ≢│ ⌐ ⇔√

s

sô

f

q

qô
qi q

d

qô

dô

f

O

Oô

Object

First object image

Lens

D

C

Oôô
fô

Second object image

t tô

F

G

First imaging system Second imaging system

E
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TIEM ╩ ∆╢  

 │ ⅛╠ ꜠fi☼╩ √ ⅜ ∑∏⌐ ⌐ ╗

≤⇔≡ ꜠fi☼⌐ ╡ ⌐ ╩ ┬↓≤╩ ≤⇔≡ ꜠fi☼─

─ ⅜ ↕╣≡™╢ ≢№╢(Fig. 2.16 (a))

≢│ ꜠fi☼ ≢ ╩ ┬(Fig. 2.16 (b)) ∆⌂╦∟ ↓╣╕≢─ │

꜠fi☼─╖≢ ↕∑≡™√⅜ ┼─ ╩ ⅎ╢≤ Fig. 2.16 (a)

─╟℮⌐ ꜠fi☼╩ ⅎ√ ─ ⅜ ≤⌂╢ ≢│

꜠fi☼≤ ꜠fi☼─ ⅜ ≤⌂∫≡™╢√╘ ⌐(1) ꜠fi☼≤

꜠fi☼─ ╩ ⅎ≡╙ ⅜ ≢ (2) ꜠fi☼≤ ꜠fi☼≤─ ⌐◄ꜞⱪ♁

ⱷ♩ꜞכ ⌐ ⌂ ─ ─ ╩ ╣≡╙ ⅜

≢ ☼꜠⅜ ↓╠⌂™≤™℮ⱷꜞ♇♩⅜№╢(Fig. 2.17) [58] √∞⇔

↑⌐ ↕╣√ ꜠fi☼╩ ≢ ∆╢↓≤│ ⌐

≢№╡ ╕√ ∕─ ╙ ≢№╢ ⇔⅛⇔ ─ ≢│ ꜠

fi☼⅛╠ √ ⅜ ─ ⌐ ⅜ ↕╣≡™╢ ⇔√⅜∫≡ ꜠fi☼─

⌐ ∫√ ⅜ ≢№╢ │ (2.55)≢ ⅎ╠╣╢

꜠fi☼⌐ ∆╢●►☻─ ≢ ≢⅝╢√╘ │ (2.56)≢ ⅎ╠╣

╢ ─ │ ꜠fi☼─ ╩ f1 ꜠fi☼─

╩ f1ô≤∆╢≤ ─╟℮⌐ ⅎ╠╣╢  

 

1

1

f

f
M

¡
= . (2.89) 

 

≢│ ꜠fi☼╩ ∆╢↓≤⌐╟╡ ╩ ∆╢⅜ ↓╣│ ꜠fi

☼─ ╩ ⇔≡™╢↓≤╩ ∆╢ ╕√ ꜠fi☼─ │

ⱷכ◌כ ⌐ ↕╣≡⅔╡ ⅎ┌ OLYMPUS ─ f1ô = 180 mm Nikon

╛ Mitsutoyo ─ ─ f1ô = 200 mm≢№╢  
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Fig. 2.16 Optical systems for microscopes. (a) Infinity -corrected optical system. (b) Finite 

correct optical system. 

 

 

Fig. 2.17 Optical system of microscopy with a polari zation device. (a) Infinity -corrected 

optical system. (b) Finite correct optical system. 

 

 Fig. 2.18⌐ ≢ ⇔√ TIEM ─ ╩ ∆ ─ │

f1⅔╟┘ f1ô─꜠fi☼≢ ↕╣ ꜠fi☼│ ⅜╩ a ∞↑ ╣╢╟℮⌐

⇔≡™╢ ╕√ ─ │ f2⅔╟┘ f2ô─꜠fi☼≢ ↕╣

꜠fi☼│ ─ ⅜ b≤⌂╢╟℮⌐ ⇔≡™╢ ─ ⌐⅔™≡ O

⅛╠ ≤ ⌐ ↕╣√ ( ─ )│ O ќ C ќ F ќ Oô─ ≢ ⇔ Oô

⌐ ∆╢ ⌐ ─ ≡─ ⅛╠ ≤ ⌐ ↕╣√ │↓─ ╩

1f 1f¡

s s¡

f

Objective lens

Objective lens

Imaging lens

(a)

(b)

1f 1f¡

s s¡

f

Objective lens

Objective lens

Imaging lens

(a)

(b)

Polarization device

Polarization device
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∆╢√╘ │ ∏ FOô ⌐ ↕╣╢ ⇔√⅜∫≡ ≤ ⅜ ≤ ∆

q⅔╟┘qô│ DOAC≤DOôDF─ ⅛╠ ─ ╩ ∆╢  

 

qq ¡

¡
===

tantan
DFAC 11 ff

. (2.90) 

 

↓─ ⅛╠ ╩ ╢  

 

( )qq tantan 1
1 M-=¡ . (2.91) 

 

↓↓≢ M1│ ≢─ ─ ─ ≢ M1 = f1ô/f1≢№╢ ⇔√

⅜∫≡  qô│ (2.75)≤ ∂ ≢ ≢⅝╢ ─ ꜠fi☼⅔╟┘ ꜠fi☼─

╩∕╣∙╣ A ⅔╟┘ D≤⇔ ─ ≤ ─ ꜠fi☼⅔╟┘ ꜠fi☼

─ ≤─ ╩∕╣∙╣ B⅔╟┘ E≤∆╢ ↓─ DOAB≤DOôDE─ ⅛╠ ─

⅜ ⅛╣╢  

 

dd ¡¡
=== tantanDEAB 11 ff . (2.92) 

 

↓─ ⅛╠ ╩ ╢  

 

ö
ö
÷

õ
æ
æ
ç

å
=¡ - dd tan

1
tan

1

1

M
. (2.93) 

 

⇔√⅜∫≡ dô╙ (2.78)≤ ∂ ≢№╢ ╕√ Fig. 2.18─ ⌂ ╟╡

─ ≤ ─ ∆ f│ (2.79)≤ ⌂ ≢ ─╟℮⌐ ⅎ╠╣╢  

 

( ) ( )ù
ú

ø
é
ê

è
-+=¡+¡= -- qqqdqf i

1

1
1

1 tan
1

tantantan
M

M . (2.94) 
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─ ꜠fi☼⅔╟┘ ꜠fi☼─ ╩∕╣∙╣ Q⅔╟┘ S≤⇔ ≤

─ ꜠fi☼⅔╟┘ ꜠fi☼─ ≤─ ╩∕╣∙╣ P⅔╟┘ R≤∆╢ ↓─

DOôPQ≤DOôôRS─ ⅛╠ ─ ⅜ ⅛╣╢  

 

ö
ö
÷

õ
æ
æ
ç

å
=¡ - ff tan

1
tan

2

1

M
. (2.95) 

 

↓↓≢ M2│ ≢─ ─ ─ ≢ M2 = f2ô/f2≢№╢ ╟∫

≡ fô╙ (2.85)≤ ∂ ≢№╢ ≈╕╡ ≢╙ 2.1.2 ╕≢─ ≤╕

∫√ↄ ⌐ ╩ ℮↓≤⅜ ≢№╢  

 

 

Fig. 2.18 Schematic of two-stage imaging ellipsometric microscopy using infinity -corrected 

optical system. 
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2.2  

 ≢│ TIEM ─ ⌂ ⌐≈™≡ ═√ ≢│ ─ ≢ TIEM

╩ ∆╢√╘─ ─ ⌐≈™≡ ∏╢ ╕∏ ≤ ∕╣∙╣─꜠

fi☼ ⌐≈™≡ ╩ ∆╢ ⌐ TIEM ⌐ ∆╢ ╩ ⇔

⌐ TIEM ─ ⌐≈™≡ ∏╢  

 

2.2.1  

 

2.2.1.1 ─  

 ─ │ Fig. 2.18⌐⅔™≡ (a) ─ ꜠fi☼─ ⌂ ≤ (b)

≤ ─ ∆ f─ ≈─ ⅜ ─ ≢ ≢№╢ ∕↓≢ ─

(a) (b) ≈⌐ ↑≡ ∆╢  

 

(a)  

 ─ │ (1) ─ ⌐ⱪ꜡כⱩ╩ ∆╢ ⅜№╢↓≤ (2)

≤꜠fi☼⅜ ⇔⌂™↓≤ (3)◄ꜞⱪ♁ⱷ♩ꜞכ⌐ ⌂ ⅝⌂ ( )

─ ╩꜠fi☼┼ ≢⅝╢↓≤ (4) ™ ─√╘⌐ ꜠fi☼─ NA ⅜ ™↓

≤─ ≈─ ╩ ∆╢ ⅜№╢ ─ ꜠fi☼│ ─꜠fi☼╟╡

↕╣≡™╢√╘ ∕╣╠⅜ ╘╠╣≡™╢ │꜠fi☼╟╡╙ ⅝ↄ⌂╢ p. 48 Fig. 

2.14⌐ ⇔√╟℮⌐ FWM ≤─ ≢│ ─ⱪ꜡כⱩ≤ ╩ ∆╢

√╘ ↓╣╠≤ ─ ꜠fi☼⅜ ⇔⌂™╟℮⌐ ∆╢ ⅜№╢ ⇔√⅜∫

≡ Fig. 2.19⌐ ∆ ꜠fi☼─ ≤ ꜠fi☼ ⌐╟∫≡ ↕╣╢ ⅝ W│

─ⱪ꜡כⱩ≤ ≢ ↕╣╢ ─ 90° ≢⌂↑╣┌⌂╠⌂™ ↓─╟℮

⌂ ⌐│ ─ ꜠fi☼⅜ ⇔≡™╢ ꜠fi☼│

꜠fi☼ ⌐ ∆╢꜠fi☼ ⅜ ⅝ↄ ∂ ─ ꜠fi☼≤ ⇔≡

⅜ ™↓≤⅜ ≢№╢ ∕↓≢ Table 2.1⌐ ∆ Nikon OLYMPUS ⅔╟

┘ Mitutoyo ─ ꜠fi☼⌐≈™≡ ꜠fi☼

─ ╩ ╘ ⅝ W╩ ⇔√ ─ ╩ Fig. 2.20~Fig. 2.26⌐ ∆ √∞
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⇔ Nikon ꜠fi☼ ─ │ ∕╣ ─ │ⱷכ◌כ◌♃꜡◓

╩ ™√ ↓╣╠─ ⅛╠ Nikon CFI L Plan EPI SLWD 50xOLYMPUS SLMPN 50x

Mitutoyo M Plan Apo SL 80x⅔╟┘ Mitutoyo M Plan Apo SL 100x─ 4 ─ ꜠fi☼

─ ⅝ W⅜ 90° ≢№╡ ⱪ꜡כⱩ ⅔╟┘ ≤ ↕∑∏⌐ ≢⅝╢

⅜№╢↓≤⅜ ⇔√ ∕↓≢ ≤≢⅝╢∞↑ ↕∑≡ ꜠fi☼╩ ⇔

√ ─ ┼─ qi,max≤ ∕─ ⌐ ↕╣╢ ⌐≈™≡ ⇔√

╩ Fig. 2.27⌐ ∆ ─ ╟╡ ┼─ ≤ ↕╣╢ ─ ⅝↕⅜

⅝™ Nikon CFI L Plan EPI SLWD 50x╩ ─ ꜠fi☼≤⇔≡ ™╢↓≤≤

⇔√  

 

 

Fig. 2.19 Definition of angle W of objective lens. 
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Table 2.1 Focal lengths, numerical apertures, and working distances of objective lenses. 

Name 
Focal length 

(mm) 

Numerica

l aperture 

Working distance 

(mm) 

W 

(degree) 

qi,max 

(degree) 

Nikon CFI L Plan 

EPI SLWD 50x 
4 0.45 17 74.3 79 

Nikon CFI L Plan 

EPI SLWD 100x 
2 0.70 6.5 111.7 78 

OLYMPUS 

SLMPN 50x 
3.6 0.35 18 65.5 77 

OLYMPUS 

SLMPN 100x 
1.8 0.6 7.5 113.6 68 

Mitutoyo M Plan 

Apo SL 80x 
2.5 0.50 15 85.2 77 

Mitutoyo M Plan 

Apo SL 100x 
2 0.55 13 84.9 80 

Mitutoyo M Plan 

Apo SL 200x 
1 0.62 13 109.8 74 

 

 

Fig. 2.20 Dimensions and W of Nikon CFI L Plan EPI SLWD 50x. 

 

 

Fig. 2.21 Dimensions and W of Nikon CFI L Plan EPI SLWD 100x. 

 

f22

f27

f30

1
.4

1
.4

W= 74.3

f31

f19

f28

3
2

W= 111.7



58 

 

 

Fig. 2.22 Dimensions and W of OLYMPUS SLMPN 50x. 

 

 

Fig. 2.23 Dimensions and W of OLYMPUS SLMPN 100x. 

 

 

Fig. 2.24 Dimensions and W of Mitutoyo M Plan Apo SL 80x. 

 

 

Fig. 2.25 Dimensions and W of Mitutoyo  M Plan Apo SL 100x. 

 

 

Fig. 2.26 Dimensions and W of Mitutoyo M Plan Apo SL 200x. 
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Fig. 2.27 Allowed space and maximum incident angle. (a) Nikon CFI L Plan EPI SLWD 

50x. (b) OLYMPUS SLMPN 50x. (c) Mitutoyo M Plan Apo SL 80x. (d) Mitutoyo M Plan 

Apo SL 100x. 

 

(b) f 

 f│ (2.94)╟╡ ─ ─ M1 ─ ─ ─ ⅝q

⅔╟┘ ─ qi⌐╟╡ ∆╢⅜ ↓─ ─ ┼ ╩ ≢⅝⌂

↑╣┌⌂╠⌂™ ↓╣│ Fig. 2.18⌐ ⇔√╟℮⌐ ─ ≤ ─ ─

⅜ ⇔≡⅔╡ ╩ ⇔√ ─ │ ⌐ ⇔≡ f∞↑ ™≡

꜠fi☼⌐ ∆╢√╘≢№╢ ↓─ ꜠fi☼⅜ ≢⅝╢ ─ ⅝ ⌐│

⅜№╢ ⇔√⅜∫≡ ─ ─ M1 ─ ─ ─ ⅝q

⅔╟┘ ─ qi ╩∕╣∙╣ ⌂ ⌐ ⇔≡ f╩ ─ ꜠fi☼

⅜ ≢⅝╢ ─ ⅝ ⌐∆╢ ⅜№╢ ∕╣∙╣⌐≈™≡ ╩ ℮  

 

· ─ ─ M1 

 NA ⌐≈™≡ ꜠fi☼ ≢ NA ֕ 1╩ ∆╢↓≤│ ≢№╡

⌂ ꜠fi☼≢ NA ⅜ ─╙─│ 0.95≢№╢ (1.4)╟╡ (n = 1)

52.8

qi,max = 79
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≢─ NA = 0.95─ ꜠fi☼⅜ ≢⅝╢ ─ ⅝ │ 71.8°≢№╡ ─ ↕╩

∆╢≤ │ 70° ⅜ ≢№╢ ∆⌂╦∟ (2.94)≢ ⅎ╠╣╢f│ 70°

≢⌂↑╣┌⌂╠⌂™ qi = 65°⅔╟┘q = 45°─ (2.94)╟╡ f < 70°╩ ∆╢ M1

─ │ 0.24 < M1 < 1.51≢№╢ ╟∫≡ ─ ┼ ╩ ∆╢√╘⌐│

─ ─ ╩ 1 ≤∆╢ ⅜№╢ ≢ ↕╣√

TIEM ≢│ │ ≈─꜠fi☼─ ⌐╟╡ ↕╣╢ ↓↓≢ Fig. 2.28⌐

∆╟℮⌐ ꜠fi☼ f1 ─ ╩ NA1 ꜠fi☼ f1ô ─

╩ NA1ô≤⇔ ∕╣∙╣─ ⌐╟╡ ╕╢ ─ ╖ ╩∕╣∙╣a1 a1ô≤

∆╢ ꜠fi☼⅛╠ √ ⅜ ꜠fi☼╩∆═≡ ∆╢√╘⌐│ ─ ╩

√∆ ⅜№╢  

 

1111 tantan aa ¡¡¢ff . (2.96) 

 

(1.4)╟╡ (n = 1)⌐⅔↑╢ ꜠fi☼─ NA1ô│ ─╟℮⌐ √∆═

⅝ ⅜ ∆╢  

 

( )
îý

î
ü
û

îí

î
ì
ë

ù
ú

ø
é
ê

è

¡
²¡ --

1
1

1

11
1 NAsintantansinAN

f

f
. (2.97) 

 

f1 = f1ô─ (2.97)│ NA1ô ֕ NA1≤⌂╢ ⇔√⅜∫≡ ⅜ 1 ≢ (2.97)

╩ ∆╢⌐│ ꜠fi☼≤⇔≡ ꜠fi☼≤ ∂꜠fi☼╩ ∆╣┌╟™

≢│ ꜠fi☼⅔╟┘ ꜠fi☼≤⇔≡ ≤╙⌐ Nikon CFI L Plan EPI SLWD 50x(

f1 = 4 mm NA1 = 0.45)╩ ™ ─ ─ │ M1 = 1≤⇔√  

 

 

Fig. 2.28 Requirement for an imaging lens of the first imaging system. 

Objective lens Imaging lens

f1 f1ô

a aô
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· ─ ─ ─ ⅝q 

 ─ ⅜ M1 = 1─ (2.94)╟╡  

 

( ) ( ) ( ) iii
11 tan

1

1
tantan1tan qqqqqqqf =-+=ù

ú

ø
é
ê

è
-+Ö= --

, (2.98) 

 

≤⌂╡ f│q⌐ ⇔⌂ↄ⌂╢ ⇔√⅜∫≡ 2.2.1.1(a) ⌐ ═√ ⌐─╖

↕╣╢√╘ ≢│ ה ה ─ ↕⅛╠ q = 45°≤⇔√  

 

· ─ qi 

 ◄ꜞⱪ♁ⱷ♩ꜞכ─ │ ⌂ ─◖fi♩ꜝ☻♩╩ ⇔ ─

┼ ╩ ∫≡ ↕∑╢ ⅜№╢ ╠─ ⌐╟╡ ꜠fi☼ ⌐ ╩ ↕∑

√ ⌐╟╡ ⅜ ∆╢↓≤⅜ ↕╣√ [59] ∕↓≢ (2.98)╟╡

qi = 65°≤⇔√  

 

2.2.1.2 ─  

 ≢ ⇔√╟℮⌐ ─ ≤ ⅜ ∆ f│ 65°≤⇔√√╘

─ ꜠fi☼⅜ ≢⅝╢ ─ ⅝ │ 65° ≢⌂↑╣┌⌂╠⌂™ ↓─

─ ꜠fi☼⌐ ╩ ∫≡ ╩ ↕∑╢√╘⌐│ 70° ─ ⅝ ⅜

╕⇔™ ⇔√⅜∫≡ ─ ⌐│ ⌂ ≢ ⅜ ≢№╢ NA = 

0.95─ ꜠fi☼╩ ∆╢ ⅜№╢ ╕√ ◄ꜞⱪ♁ⱷ♩ꜞכ ≢ ∆╢

╩ ∆╢↓≤╩ ⇔≡ ⌐╟╢ ─☼꜠⅜ ⇔⌂™

≢ ─ ╙ ∆╢↓≤≤⇔√ OLYMPUS  M Plan Apo 50x 

(NA: 0.95, f: 3.6 mm)╩ ꜠fi☼≤⇔≡ ⇔√ ─ ─ │ M1 = 1

⌐ ⇔√─≢ (2.87)╟╡ ─ ─ M2⅜ ─ MT≤⌂╢

╕√ M2│ (2.89)⅛╠ ╠╣╢ ≢│ ─ ꜠fi☼≤⇔≡ f2ô = 100 mm

─ ꜠fi☼╩ ™√ ╕√ ╩ ∆╢ │ ─ ╩

∆╢√╘⌐ f2ô = 200 mm─ ꜠fi☼╩ ⇔√ ↓─ ─ │ f2ô = 100 

mm─꜠fi☼╩ ∆╢ MT = 27.8 ≢№╡ f2ô = 200 mm─ ∆╢ MT = 55.6

≢№╢ ꜠fi☼─ │ (2.97)─ ╩ ∆╢╟℮⌐ f2ô = 100 mm─꜠fi
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☼⌐≈™≡│ 30 mm f2ô = 200 mm─꜠fi☼⌐≈™≡│ 40 mm≤⇔√  

 

2.2.2  

 ◄ꜞⱪ♁ⱷ♩ꜞכ ≢│ ⅛╠ ╩ ∆╢─⌐ ╩ ™√⸗♦ꜟ

≢ ⇔√ ╟∫≡ ╩ ⌐ ∆╢ ⅜№╢ ⇔⅛⇔ ⌂℮╟─כ◙כ꜠

│ ⅜ ™√╘⌐ ⅜ ⇔ ⅝⌂ ≤⌂╢ ⇔√⅜∫≡

⌐ ↕╣╢ ╩ ∆╢ ⅜№╢ ↓─ │ ─ ─ (◖ⱥ

╩(כ◦fi꜠כ ↕∑╢↓≤≢ ∆╢↓≤⅜≢⅝╢ ∕↓≢ ─ ─

─√╘⌐ ⇔√ Super Luminescent Diode(SLD)≤ ⌐≈™≡ ≤

╩ ∆╢  

 

2.2.2.1 Super Luminescent Diode 

 ≤⇔≡ Amonics SLD(ASLD68-050-B-FA)╩ ⇔√ ↓─ │ He-Ne

כ◙כ꜠ ≥כ◙כ꜠☻●─ ⇔≡ ⅜ ™ ╕∏ ─ ↕⌐ ⇔≡

◖ⱥכ꜠fi☻─ ⌐≈™≡ ∆╢  

 Fig. 2.29 (a)│ T = t1⌐⅔™≡ ∂ P0╩ ≤∆╢ ≈─ E1 E2⅜ x

⌐ ∆╢ ╩ ⇔≡™╢ P1 ≢↓─ ─ ╩ ∆╢ ∕─

⅜ ⌐ ≢№╣┌ ◖ⱥכ꜠fi☻⅜ ≢№╢≤™℮ ⇔⅛⇔ Fig. 

2.29 (b)─╟℮⌐ ⅜ ⇔√ T = t2⌐ ≈─ ─ ⅜ ∆╣┌ ∕

╣╠─ ╙ ∆╢ ↓─ ◖ⱥכ꜠fi☻⅜ ∆╢ ╩◖ⱥכ꜠fi☻

Dtc ≤ ┘ ∕─ ⅜ ™╒≥ ™ ◖ⱥכ꜠fi☻ ╩ ≈≤™℮ ∕⇔≡

≢ ∆╟℮⌐ ◖ⱥכ꜠fi☻ Dtc⌐ c╩⅛↑╢≤ ◖ⱥכ꜠fi☻ Dlc⅜ ⅎ

╠╣╢  

 

cc tcl D=D . (2.99) 

 

◖ⱥכ꜠fi☻ ≤│ ─ ⅜∕╤∫√ ≢ ⅜⅝╣™⌂ ≤⇔≡

⌐ ™≡™╢ ↕≢№╢ │ ⌂╢ ⅛╠ √ ⅜ ⌂╡ ™

╘№∫√╡ ╘№∫√╡∆╢√╘ ∆╢ ⇔√⅜∫≡ ◖ⱥכ꜠fi☻ ⅜ ↑╣┌

⅜ ⅝⌂ ⅛╠ √ ≢╙ ⇔ ◖ⱥכ꜠fi☻ ⅜ ↑╣┌ ⅜
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◖ⱥכ꜠fi☻ ╟╡ ⅝⌂ ⅛╠ √ ─ ─ │ ↄ ─ │ ↕ↄ⌂╢

≈╕╡ ◖ⱥכ꜠fi☻ ╩ ↄ≢⅝╣┌ ╩ ≢⅝╢ ♫♩ꜞ►ⱶ ꜝfiⱪ─

╟℮⌂ ⅛╠ ↕╣╢ ─◖ⱥכ꜠fi☻ ⌐≈™≡ ⅎ╢ ⅛╠─ ╩☻Ɑ◒

♩ꜟ ⌐ ∆≤ ─☻Ɑ◒♩ꜟ ⌐ ↕╣╢ ≈─☻Ɑ◒♩ꜟ ─

│ ™⅜ №╢ ─ ⅜╡╩ ∫≡™╢ ↓╣│ ╩ ↕∑╢

─ ╛ ─ ⌂ ⌐╟╢♪♇ⱪꜝכ ─ ⌂≥─

⌐╟╢╙─≢№╢ ↓─ ╩ Dn≤ ┬ Dn⅜ ⅝ↄ⌂╣┌ ⌐

╕╣╢ ─ ╙ ↄ⌂╡ ◖ⱥכ꜠fi☻ Dtc │∕─ ↕ↄ⌂╢ ↓↓≢ Dn

≤Dtc─ ⌐│ ⅔⅔╟∕ ─ ⅜ ╡ ≈[60]  

 

c

1

tD
ºDn . (2.100) 

 

(2.99) (2.100)╟╡ ⅜ ⅛╣╢  

 

nD
ºD

c
lc . (2.101) 

 

╕√ ─ l0╩ ☻Ɑ◒♩ꜟ ( )╩Dl ─ ╩n0≤∆╢

≤ ─ ⅜ ╡ ≈  

 

00 l

l

n

n D
=

D
. (2.102) 

 

(2.101) (2.102)╟╡ ◖ⱥכ꜠fi☻ Dlc ≤☻Ɑ◒♩ꜟ Dl─ ⌐ ─ ⅜

∆╢  

 

l

l

ln

l

D
=

D
=D

2
0

0

0
c

c
l . (2.103) 

 

√∞⇔ c = n0l0─ ╩ ⇔√ ⇔√⅜∫≡ ◖ⱥכ꜠fi♩ ╩ ↄ∆╢⌐│

╩ ↄ∆╢⅛ ☻Ɑ◒♩ꜟ ╩ ↄ∆╣┌ ™  
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Fig. 2.29 Schematic of temporal coherence of light (a) At T = t1. (b) At T = t2. 

 

Table 2.2 Specifications of super luminescent diode (ASLD68-050-B-FA). 

Properties Units  

Center wavelength, l0 nm 680 

Output power mW > 4.4 

 Spectrum width nm 7.8 

 

Table 2.3 Coherence lengths of super luminescent diode and He-Ne laser. 

Light source Units Coherence length, Dlc 

Super luminescent diode ɛm 59 

He-Ne laser m 400 

 

 ⌐ ≢ ⇔√ SLD─ ╩ Table 2.2⌐ ∆ √∞⇔ ☻Ɑ◒♩ꜟ

│ Ⱨכ◒ ⅛╠ ⅜ ⌐ ∆╢ ─ ≢№╢ SLD─◖ⱥכ꜠fi♩ ≤

╢№≢כ◙כ꜠☻●⌂ He-Ne꜠כ◙כ─◖ⱥכ꜠fi♩ ╩ (2.103)╩ ™≡

⇔√ ╩ Table 2.3⌐ ∆ √∞⇔ He-Ne꜠כ◙כ≤⇔≡ 632.8 nm

10
-6

 nm╩ ⇔√[60] SLD│ He-Ne꜠כ◙כ≤ ⇔≡ ◖ⱥכ꜠fi♩ ⅜

⌐ ™↓≤⅜ ⅛╢ ∕⇔≡ ⅛╠╙ He-Ne꜠כ◙כ╟╡ SLD ─ ⅜

─ ⅜ ⌂™ ⅜ ╠╣≡™╢[59] ⅎ≡ SLD⌐│ ∂ↄ

─ ≢№╢ fiⱪꜝ◒כ▪ ≤ ⇔≡ ─╟℮⌂ ⅜№╢  

 

xP0 P1

x

E1

E2

E1 + E2

(a)

(b)

E1

E2

E1 + E2

P0 P1
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╘√╢№≢כ◙כ꜠ · ⌂ ≤ ◖fi♩꜡כꜝ╩ ∆╣┌

⌐ ∫≡ ⇔√ ╩ ╢↓≤⅜≢⅝╢ ↓╣│ ─ ⅛╠ ╩ ∆

╢◄ꜞⱪ♁ⱷ♩ꜞכ ⌐⅔™≡ ⌐ ╢ ⌂ ╩ ℮ ⌐ ≢№╢  

 

· ⅛╠ ↕╣╢ ╩ ∆╢↓≤⌐╟╡ Ɽꜟ☻ ≤⇔≡ ≢⅝ kHz ~ 

MHz─ ╡ ⇔ ╩ ≢⅝╢ ↓╣│ 5 ≢ ℮ ⌐⅔™≡ ≤

⌂╢ ( │ 5 ⌐≡) 

 

⇔√ SLD │ ◖fi♩꜡כꜝ≤ ◖fi♩꜡כꜝ⅜ ≤⌂∫≡⅔╡

│ ⱨ□▬Ᵽכ╩ ⇔≡ FC◖Ⱡ◒♃╟╡ ≢ ↕╣╢ ╟∫≡ ◖Ⱡ◒♃

⅛╠─ ╩ ┼ ∆╢√╘ ◦◓ⱴ ꜟfi◓ⱱ◦◌כ◊ⱨכ◙כ꜠

♄(FOPT)╩ ⇔√ √∞⇔ ⇔≡™√꜠fi☼⌐╟∫≡ ↕╣╢ ─☻

ⱳ♇♩◘▬☼⅜ ╟╡╙ ⅝⅛∫√√╘ ─☻ⱳ♇♩◘▬☼╩ ↕ↄ⇔≡

╩ ∆╢√╘⌐ ╟╡ ─ ™ OLYMPUS LCP Plan FI 20x (NA : 

0.40, f: 9 mm)⌐ ⇔√  

 

2.2.2.2  

 SLD │ ◖ⱥכ꜠fi☻⅜ ™ ≢№╢⅜ ∕╣≢╙ ⅜ ⇔≡⇔╕℮

↓╣│ ◖ⱥכ꜠fi☻⅜ ™√╘≢№╢ ∕↓≢ ◖ⱥכ꜠fi☻⌐≈™≡

═√ ◖ⱥכ꜠fi☻╩ ↕∑≡ ╩ ∆╢ ⌐≈™≡ ═╢  

 ◖ⱥכ꜠fi☻─ ⅎ│ ⅜ ≈ ⌂ ⅜╡⅛╠ ∂╢ ╩

∆╢─⌐ ╙╟ↄ ╦╣╢ ↓↓≢ Fig. 2.30─╟℮⌐ ⌂╢ P2 P3⌐№╢ ╩

ⅎ╢ ↓╣│ꜘfi◓─ ⌐ ⇔™[61] ↓─ ≢│ ≈─ ⅛╠ √

╩ ≈─Ⱨfiⱱכꜟ⌐ ↕∑ ∕╣∙╣╩ ─ ≤⇔≡

↕∑╢  
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Fig. 2.30 Young's experiment for optical interference. 

 

≈─ ⌐╟∫≡ ╣√ ⌐ ∆╢ ⌐ ╩ ∆╢ ╙⇔

⅜ ⌂ ≢№╣┌ P2 P3⅛╠ √ │ Fig. 2.30≢ ⇔√╟℮⌐

─ ╩ ⇔≡ ⌐ ∆╢√╘ ⅜ ⌐ ↕╣╢

⌐ ≈─Ⱨfiⱱכꜟ⅜ ₁─ ≢ ↕╣√ │ ∂⌂™ ↓─

⌐╟╢ │ ⌐▬fi◖ⱥכ꜠fi♩≢№╢≤™╦╣╢ ⇔√⅜∫≡ ⌂

╢ ⌐№╢ ⅜ №╢ ⌐⅔™≡ ∂ ⌐№╣┌ ↓╣╠─ ≢─ │

⌐◖ⱥכ꜠fi♩≢№╢ ◄ꜞⱪ♁ⱷ♩ꜞכ ≢│ ─◗Ⱶ╛ ↄ ∫

√ ⌂≥⅜ ─ ╩ √∆↓≤⌐╟╡ ⅜ ∆╢≤ ⅎ╠╣╢ ↓↓

≢ ⅜ ⌂ ⅝↕╩ ≈ ≢№╣┌ ≢─ ⅜∕╤╦∏

⌐ ⅜ ⇔⌂™ ╟∫≡ ⌐ ╩ ™╣┌ ⌐▬

fi◖ⱥכ꜠fi♩≢№╡ ╩ ∆╢↓≤⅜≢⅝╢ ∕─√╘ ≢│

≢№╢ ♫ⱡⱨ◊♩fi SK-11כꜝ◐ꜟ◒♇Ɑ☻כ◙כ꜠ ╩ ⇔√

↓╣│ Fig. 2.31─╟℮⌐ ⌐◖ⱥכ꜠fi♩⌂ ╩ ∆╢≤ Ᵽfi♪ꜟⱨ□▬Ᵽ

כ ≢ꜝfi♄ⱶ⌐ ─ ╩ ╣ ⅎ╢↓≤⌐╟╡ ─ ⅜ ⇔

≡ ⌐▬fi◖ⱥכ꜠fi♩⌂ ≤⌂∫≡ ↕╣╢ ≢№╢ ↓─ ╩

∆╢ ≢│ ≤⌂∫≡ ↕╣╢ ≈╕╡ ╩ ⌐ ∆╢↓≤⅜

≢№╢ ╕√ │כꜝ◐ꜟ◒♇Ɑ☻כ◙כ꜠ ─ r ⌐●►☻ ─

I ╩ ≈●►◦▪fiⱦכⱶ╩ ⅜ ⌡ ╟℮⌂ ┼ ∆╢ ↓╣│ ◄

ꜞⱪ♁ⱷ♩ꜞכ ⌐⅔™≡ ─ ╩ ≤∆╢─⌐ ≢№╢  

 

P2

P3
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Fig. 2.31 Effect of speckle reducer of SK-11. 

 

2.2.3  

 2.2.1 2.2.2 ≢ ═√ ⌐ ≠⅝ ⇔√ TIEM─ ╩ Fig. 2.32⌐ ∆

SLD (ASLD68-050-B-FA ,Amonics)⌐ ↕╣√ ⱨ□▬Ᵽכ◖Ⱡ◒♃⅛╠ ∆

╢ ╩ ꜠fi☼(LCP Plan FI 20x, OLYMPUS)⌐≡ ⇔ (SK-11, 

Nanophoton)╩ ↕∑√ ⅛╠│ⱨ□▬Ᵽכ╩ ⇔≡ ⅜ ↕

╣ 60 mm─꜠fi☼≢ ↕╣√ ♦Ᵽ▬☻╩ ∆╢

≤⇔≡◓ꜝfi♩ⱶ♁fiⱪꜞ☼ⱶ(GTPC-10-25AN, ◦◓ⱴ ) l/4 ≤⇔≡

(WPQ-6700-4M,◦◓ⱴ )╩ ™√ │ 65°≢ ↕╣ ↕╣√

│ ─ ⅛╠ ╩ 45° ↑√ ─ ┼ ∆╢ ─ ≢│

꜠fi☼≤⇔≡ ─ ꜠fi☼(CFI L Plan EPI SLWD 50x, Nikon)╩

⇔ ™⌐ ╦∑≢ ⇔≡ ╩ 1 ⌐ ⇔√ ─ ─ │

⌐ ⇔≡ ⌐⌂╢╟℮⌐ ─ ─ ⅛╠ 45° ↑√ ꜠

fi☼⌐│ NA ꜠fi☼(M Plan Apo 50x, OLYMPUS)╩ ⇔ ꜠fi☼⌐│

100 mm╕√│ 200 mm─ ꜠fi☼╩ ™√ │ ꜠fi☼─

⌐ ⇔ ◓ꜝfi♩ⱶ♁fiⱪꜞ☼ⱶ(GTPC-10-25AN,◦◓ⱴ )╩ ⇔√

≤⇔≡ CCD◌ⱷꜝ╩ ⇔√⅜ ⌐ ⇔√◌ⱷꜝ⅜ ⌂╢√╘ ─

≢∕─ ⌐ ⇔√ CCD◌ⱷꜝ─ ≤ ╩ ═╢ ⌐ ⇔√ ─

╩ Fig. 2.33⌐ ∆ ─ ≤⇔≡ ─◄ꜞⱪ♁ⱷכ♃─ ╩☺כ♥☻

r

I

r

I

Speckle reducer

Spatially-coherent light Spatially-incoherent light

Gaussian beam Flat beam
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⇔ ∕─ ⌐ Ⱶꜟ▪╛☺כ♥☻ ╩ ─ ⌐╟╡ ╡ ↑√ ≤

─ ♦Ᵽ▬☻─ ─ ╩ Fig. 2.34⌐ ∆ כꜝ◐ꜟ◒♇Ɑ☻כ◙כ꜠

⅛╠│ⱨ□▬Ᵽכ╩ ⇔≡ ⅜ ↕╣ ꜠fi☼≢ ↕╣√ ♦Ᵽ▬☻

╩ ∆╢ ─ ╡│ ─ ╩ ∆╢√╘⌐ ™╢╙─≢ ─

│ ⇔⌂™ ⌐ ─ ─ ╩ Fig. 2.35⌐ ∆ ⌐ ∫≡™╢☻♥

☺כ │ ─ ⌐ ∆╢╙─≢ ╩ ∆╢ ⅜☺כ♥☻

⌐ ↕╣≡™╢ ⌐ ─ ≤ ─ ─ ╩ Fig. 2.36⌐ ∆

─ ≤ ─ │ ∕╣∙╣ ₁─ ●▬♪─ ⌐ ↕╣≡⅔╡

⅝ ╩ ⌐ ∆╢↓≤╩ ≤⇔√ ⌐ ≤ ─ ─ ─

⌐ ∆╢ │ ⇔™√╘ ─ ꜠fi☼⌐│꜠fi☼ ⌐ 2

─ ꜠fi☼⌐│꜠fi☼ 2 ≤꜠fi☼ 1 ─ ╩ ≤⇔√

ⱨ▫ꜟ♃כ│ 2.3.3 ≢ ∆╢ ↕╠⌐ ╩ ⅎ╢√╘

╩ ─ ⌐ ⇔ ─ ⅛╠─ ╩ ∆╢√╘⌐ ╩ ≢

∫√  

 



69 

 

 

Fig. 2.32 Schematic of setup for two-stage imaging ellipsometric microscope. 
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Fig. 2.33 Photograph of two-stage imaging ellipsometric microscope. 

 

 

Fig. 2.34 Photograph of light source and optical devices. 

 

Speckle reducer

Optical devices

Sample stage

Second imaging system

First imaging system

Objective lens

Speckle reducer

Optical fiber of SLD

Fiber of speckle reducer

Lens (f = 60 mm)Polarizer

Quarter wave plate

Aperture



71 

 

 

Fig. 2.35 Photograph of sample stage. 

 

 

Fig. 2.36 Photograph of first and second imaging system. 

  

Sample

Tilt stage

XY stage

Z stage

CCD camera
Nikon CFI L Plan

EPI SLWD 50x

OLYMPUS M Plan

Apo 50x

Imaging lens

Analyzer

Interference filter
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2.3  

 ≢│  TIEM ─ ─ ⌐≈™≡ 2.2 ≢ ⇔√ ╩ ™≡

∫√ ⌐≈™≡ ═╢ TIEM │ ─◄ꜞⱪ♁ⱷ♩ꜞכ ≢│

≢№∫√ ™ ≤ ™ ─ ╩ ⌐∆╢ ∕↓≢ ≤∆╢

≤ ⅜ ↕╣≡™╢⅛ ⌐ ⇔√ ╕√ ─♫ⱡⱷכ♩ꜟ ↕

╩ ≢⅝╢⅛ ╩ ∫√  

 

2.3.1  

 

2.3.1.1 ─  

 ─ ╩ Fig. 2.37⌐ ∆ ─ │ Fig. 2.32≤ ≢№╢⅜

( l/4 )│ ≢│ ⌂√╘ ™√ ─ ꜠

fi☼│ 100 mm─ ╩ ⇔√ ≤⇔≡ ⱱ♩♬◒☻ CCD

◌ⱷꜝ(C5985)╩ ⇔√ ╩ Table 2.4⌐ ∆ ╩ ∆╢√╘─ │ Fig. 

2.38⌐ ∆◦ꜞ◖fi ─ Ɽ♃כfi╩ ⇔√ │◦ꜞ◖fi►▼Ɫ ╩♪ꜝ

▬◄♇♅fi◓⌐╟∫≡ ↕ 500 nm ∫≡ ⇔√ Fig. 2.38⌐⅔↑╢ ™ ⅜

◄♇♅fi◓ ≢ Ɽ♃כfi │ 5×20 mm≢№∫√  

 ╕√ TIEM ─ ╩ ∆╢√╘─ ≤⇔≡ ∂◦ꜞ◖fi ─ Ɽ♃

╩fiכ ─◄ꜞⱪ♁ⱷ♩ꜞכ ≢ ⇔√ ─ ╩ Fig. 2.39⌐

∆ ⌐ He-Ne꜠כ◙כ(05 LHP 925, Melles Griot)╩ ⇔ 65°─ ≢ ╩

⇔√ TIEM ─ ≢ ⇔√ ─ ꜠fi☼(CFI L Plan EPI SLWD 50x, 

Nikon)╩ ⅛╠ ⅜ 52°≤⌂╢╟℮⌐ ⇔ ꜠fi☼≤⇔≡ 80 

mm─ ꜠fi☼╩ ⇔√ ≤⇔≡ ⱱ♩♬◒☻ CCD◌ⱷꜝ(C5985)

╩ ⇔ ꜠fi☼ ⌐ ⇔≡ ⌐ ⇔√  
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Fig. 2.37 Schematic of setup for two-stage imaging ellipsometoric microscope for 

measurement of field of view. 
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Table 2.4 Specifications of CCD camera (C5985). 

Properties Units  

Effective number of pixels pixel 756 × 485 

Pixel size ɛm 8.4 × 9.8 

Imaging area mm 6.45 × 4.84 

Digitizer type bit 8 

 

 

Fig. 2.38 Etching pattern on silicon wafer. 

 

 

Fig. 2.39 Schematic of setup for conventional ellipsometoric microscope for measurement 

of field of view. 

 

2.3.1.2 ≤  

 Fig. 2.40⌐ 100×100 mm
2─ Ɽ♃כfi╩ ⇔√ ╩ ∆ ⌐ ⅛∫≡


























































































































































































































































































