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1   

1.1  

 ,▬fi♪⌂≥─ ╩ ╗ ⅜ ₁⌂ ╛ ╩ ┼ ∟

→≡™╢. 2014 ⌐│ ≢ 92 ─꜡◔♇♩─ ∟ →⅜ ╦╣(1-1), ,

, ⌂≥⅜ ∟ →╠╣≡™╢. ─ │ ⌐ ⇔≡

⅔╡, ─╟℮⌐ ⅜ ╠╣╢. ≢╙ ₈│╛┬↕ 2₉⅜ ∟ →╠

╣, ⌐│▪ⱷꜞ◌─☻Ɑכ☻ X ⅜꜡◔♇♩─ ⌐ ∆╢⌂≥, ⌐

⅜ ⇔≡™ↄ↓≤⅜ ↕╣╢. 

─╠╣↓│(♪כ♁◌) ╩ ↕∑╢√╘, ╕√│ ─ ♦Ᵽ

▬☻≤⇔≡ ≢№╢.  

 

 

1.1 2014 ─ ─꜡◔♇♩ ∟ → (1-1) 

∟ →  ∟ →  2013 ≤─  

꜡◦▪ 33 0 

 23 +4 

 16 +1 

 11 +4 

 4 +1 

▬fi♪ 4 +1 

▬☻ꜝ◄ꜟ 1 +1 

 0 - 1 

 92 +11 

 

 

 

─♪כ♁◌╢↑⅔⌐ ╩ ⌐ ∆. 

 

 

 

 ♪כ♁◌ 1.1.1

 ╩ ∆╢ │ ⱪꜝ☼ⱴ╛ ⱨ꜠▪⌐╟╡ ⇔, 

╩ ⅝ ↓∆ ⅜№╢. │ ─ ─ ≤⌂╡, ↓╣╩ ⌐

←─⌐, ⇔≡⅝√ ╩ ⌐ ∆╢√╘─ ♦Ᵽ▬☻(◌♁כ♪)⅜

≢№╢. 



 

2 

 

 1.1 ⌐ ∆ ₈╖≥╡и (ADEOS-и)₉│ ≢─

─○♂fiⱱכꜟ⌂≥ ≢─ ─ ─√╘⌐ 2002 ⌐ H-иA ꜡◔

♇♩⌐╟╡ ∟ →╠╣√(1-2) ⇔⅛⇔ 2003 10 ₈╖≥╡ 2 ₉⅜

╩ Ɑꜟכ ≢ ╩ ∫√. ─ │ ─ ≢№╡, ⌐

╟∫≡ ∕─╙─⅜ ⇔≡⇔╕∫√(1-3). 

 

 

 

 

1.1 ╖≥╡и (ADEOS-и) 

 

 

 

 

1.1.2  

 ⌐│ ≢ ⅜ ⌂▬○fi◄fi☺fi⌂≥─ ⅜

↕╣≡™╢. ▬○fi◄fi☺fi│,◐☿ⱡfi⌂≥─ ●☻╩ⱪꜝ☼ⱴ⌐⇔≡, ◐☿ⱡfi

▬○fi╩ ⌐ ⇔≡, ≢ ↕∑╢↓≤⌐╟╡ ╠╣╢ ⅛╠ ╩

╢. ◄fi☺fi│▬○fi╩ ⇔ ↑╢≤ ⅜ ⌐ ⇔≡⇔╕℮√╘, ⌐

∆╢√╘⌐ ╩ ∆╢♦Ᵽ▬☻( )⅜ ⌐⌂╢. 

 ₈ITOKAWA ₉─ ◘fiⱪꜟ╩ ⌐ ∟ ∫√ ₈│╛┬↕

(MUSES -C)₉⌐│, ▬○◄fi☺fi µ10⅜ ↕╣≡⅔╡ │ⱴ▬◒꜡ ≢

№╢(1-4). 

 

ᶩJAXA 
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1.2 │╛┬↕(MUSES -C) 

 

 

 

 

כ◙♥ 1.1.3 ◦☻♥ⱶ  

 1.3⌐ ∆╟℮⌐(1-5), ─ ∆╢ ⌐╟╡ ⌐│ ─☻Ɑכ☻

♦Ⱪꜞ⅜ ⇔≡™╢ ♦Ⱪꜞ─ │ ⌐╟╢ ─╖≢№╡♦

Ⱪꜞ ─ ⌐╟╢ ≤ ⅜ ╡ ℮ ╩ ⅎ≡♦Ⱪꜞ⅜ ∆╢

≤ ∕╣ ╩ ⇔⌂ↄ≡╙♦Ⱪꜞ ⅜ ⇔≡™ↄ↓≤⌐⌂╢ ↓─ ╩◔

≥ⱶכ꜡♪fi◦כꜝ☻ ┘ ⌐ 700[km] 1000[km] 1500[km]

─ ≢│∆≢⌐ ⇔≡™╢≤™╦╣≡™╢(1-6)  

↓─♦Ⱪꜞ ─ ≈≤⇔≡ כ◙♥⅜─╢™≡╣↕ ◦☻♥ⱶ╩ ™

√ ≢№╢ כ◙♥⌐1.4 ◦☻♥ⱶ─ ╩ כ◙♥ .(1-7)∆ ◦☻♥ⱶ

≤│ ─ ╩(כ◙♥) ⇔√ ◦☻♥ⱶ≢№╡ ↓╣⅜ ─ ╡╩ ⇔

╩ ╢ ⌐╟╡ ⅜ ∂╢ ∕↓≢ ⌐כ◙♥ ⇔≡ↄ╢ ╩

─ ⅛╠ ↕∑╢↓≤≢⁸ ⅜ ↕╣ ⌐כ◙♥ ╩ ∆ ⅜≢⅝╢

↓─ ≤ ≤─ ⌐╟╡ ♠fi꜠כ꜡ ╩ ↕∑♦Ⱪꜞ╩ ↕∑╢
(1-8) ↓─◦☻♥ⱶ⌐⅔™≡ ⌂─│, ╩ ┼ ∆╢♦Ᵽ▬☻≢№╡

⅜♪כ♁◌⌂ ≤↕╣╢  

 ≢ ╡ ℮ ⁸│♪כ♁◌ כ◙♥─↓⌐ ◦☻♥ⱶ≢─ ╩

⇔√╙─≢№╢. 

 

 

 

 

 

 

ᶩJAXA 
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1.3 ─♦Ⱪꜞ─  

(  : NASA,  òOrbital Debris Quarterly Newsó, Volume 18, Issue 1 January 2014  ) 

 

 

 

כ◙♥ 1.4 ◦☻♥ⱶ─  

(  : JAXA  ,(EDT)כ◙♥ , ,

http://www.ard.jaxa.jp/research/mitou/mit -edt.html, 2016/02/09)  
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 ♪כ♁◌  1.2

 ⌐ │♪כ♁◌ ,⌐℮╟√═ ⌐⅔™≡ ≢№╡, ↓╣╕≢ ₁⌂

⅜♪כ♁◌─ ↕╣≡⅝√ ⌂╙─╩ ∆╢≤ ◌♁

♪כ ⱱ꜡כ♁◌כ♪ ⱴ▬◒꜡ ╢№⅜≤⌂♪כ♁◌ ,♪כ♁◌

⌐ ─♪כ♁◌ ╩ ∆  

 

 ♩♇ꜞⱷꜞ♇♩≤♦ⱷ─♪כ♁◌ 1.2

 ♩♇ꜞⱷꜞ♇♩ ♦ⱷ ♪כ♁◌

 ⱶ♥☻◦ ♪כ♁◌

 

 

 

ⱱ꜡כ♁◌כ♪  

 

●☻  

 

ⱶ▪♇ⱪכ◊►  

ⱴ▬◒꜡   ♪כ♁◌

ⱶ▪♇ⱪכ◊►  

 

●☻  

 

  ♪כ♁◌

 

●☻  

 

 

 

 

 

(Thermal Emission Cathode : TEC)♪כ♁◌ 1.2.1  

 TEC │ ⌐╟∫≡ ╩ fi♃♅ ,│≥ .╢№≢♪כ♁◌╢∆

╛♃fi◓☻♥fi⌂≥─ ─ ╩ ∆╢↓≤≢, ─ ⅜◄Ⱡꜟ◑כ

╩ ≡, (ⱳ♥fi◦ꜗꜟ)╩ ⅎ≡ ⌐ ↕╣╢ ≢№╢(1-9). 

│ ⌂≥⌐ ↕╣≡™╢. 

 ─ ─◄Ⱡꜟ◑כ │, Fermi -Dirac ⌐╟╡ ≢ ↕╣╢. 

 
ὪὉ

ρ

ρ Ὡὼὴ
Ὁ Ὁ
ὯὝ

 (1.1) 

↓↓≢ E │ ─◄Ⱡꜟ◑כ , Ὁ│ⱨ▼ꜟⱵ◄Ⱡꜟ◑כ, k │Ⱳꜟ♠ⱴfi , T │

≢№╢.  
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1.5 │ ─ ╩ ⇔√ ≢№╢. E │ ─◄Ⱡꜟ◑כ , ─

N (E )│ ≢─ ─ , z │ ⅛╠─ ( )╩

∕╣∙╣ ⇔≡™╢. ─ɫ│ⱨ▼ꜟⱵ Ὁ⅛╠, Ὁ╕≢─◄Ⱡꜟ◑כ

⌐№√╢ ≢№╢. ⱨ▼ꜟⱵ ≤│, №╢◄Ⱡꜟ◑כ ⌐⅔™≡, ⌐╟

╡ ↕╣≡™╢ ⅜ 1/2 ≢№╢◄Ⱡꜟ◑1.5 .(1-10)╢№≢≥↓─כ ─╟℮⌐

⌐╟╡◄Ⱡꜟ◑כ╩ ↑ ╡, ╩ ⅎ√ ⅜ ⌐ ↕╣╢. 

│ ≢ ↕╣╢. 

 

ὐ ὃὝὩὼὴ
‰

ὯὝ
 (1.2) 

 

ὃ
τ“ὩάὯ

Ὤ
 (1.3) 

 

(1.2)│ Richardson-Dushman ─ ≤ ┌╣, A │ , e│ , h │

ⱪꜝfi◒ ≢№╢. 

 

 

 

 

 

a)                         b) ◄Ⱡꜟ◑כ  

      1.5 ─  
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1.2.2 ⱱ꜡כ♁◌כ♪ 

 1.6 ⌐ⱱ꜡כ♁◌כ♪─ ╩ ∆. ⱱ꜡1.2 ,│♪כ♁◌כ ⌐№╢╟℮⌐ⱨ

▫ꜝⱷfi♩ ≤ ∆╢≤ ●☻╩ ≤∆╢≤™℮ ⅜№╢⅜, ⇔√

╩ ℮↓≤⅜≢⅝╢↓≤╛ (1000 )≢№╢↓≤⌂≥─ⱷꜞ♇♩⅛╠

ⱱכꜟ☻ꜝ☻♃─ ≤⇔≡ ↄ ™╠╣≡™╢. ⱱ꜡כ♁◌כ♪│ ─ ™Ᵽ

ꜞ►ⱶ⌂≥╩ ╗ ╩▬fi◘כ♃כ≤⇔≡ ⇔≡™╢. ↓─▬fi◘כ♃כ╩ⱥ

╡╟⌐כ♃כ ╕≢ ∆╢≤, ▬fi◘כ♃כ│ ╩ ∆╢. ↕╣√ │

●☻≤ ⇔, ⱱ꜡כ♁◌כ♪ ≢ⱪꜝ☼ⱴ╩ ─♪כ♁◌ .╢∑↕ ⌐

≥כⱤכ◐ ⌐♪כ♁◌╢╣┌ ⇔≡ ⌐ ↕╣√ ╩ ∆╢≤, ⱪꜝ☼ⱴ⅛╠

♪כ♁◌⅜ ⌐ ⅝ ♪כ♁◌ .╢╣↕ ⌐│ ⱥכ♃כ╩ ™≡▬fi◘כ

╩כ♃ ⅜♪כ♁◌╪√∫™ ,⅜╢∆ ∆╢≤ ⌐╟∫≡ ╩ ∆╢↓

≤⅜≢⅝╢(1-11). 

 

 

 

 

 

1.6 ⱱ꜡כ♁◌כ♪─  

(  : , , 18 , ò ⱱכꜟ☻ꜝ☻♃─ ó) 
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1.2.3 ⱴ▬◒꜡  ♪כ♁◌

 ⱴ▬◒꜡ ─ⱪꜝ☼ⱴ ,│♪כ♁◌ ⌐ ◘▬◒꜡♩꜡fi (Electron  

Cyclotron Resonance : ECR)╩ ⇔≡ ─ ╩ →≡™╢. 1.7⌐ ECR

─ ╩ ∆. ⌐ ∆╢ │ ♠fi꜠כ꜡≢ ╩ ↑╢. ↓─

─√╘ │, ⌐ ⅝≈ↄ╟℮⌐◘▬◒꜡♩꜡fi ≤ ┌╣╢ ╩∆

╢. ⌐⅔↑╢ ─ │ ≢ ↕╣╢. 

 
ά
Ὠὺ

Ὠὸ
Ὡ○ ║ (1.4) 

↓↓≢ m │ ─ , v │ ⱬ◒♩ꜟ, e│ , B │ ≢№╢. ↓─≤⅝

─ ─ ὶ│ꜝכⱴ ≤ ┌╣, ≢ ⅎ╠╣╢. 

 
ὶ

άὺ

ȿὩȿὄ
 (1.5) 

↓↓≢ὺ│ ─ ─ B ⌐ ⇔≡ ⌂ ─ ⅝↕≢№╢. 

 ⱪꜝ☼ⱴ╩ ⇔≡™╢ │∆═≡ ≢№╢. ∕─√╘◘▬◒꜡♩꜡fi

─ │, ─ ⅝⌐ ⇔≡, ─ ⌐╟∫≡≢⅝╢ ⅜

⌐ ╩ ↄ ≢№╢. ≈╕╡ │ ⌐ ⇔≡ ╡─ ╩ ℮. ↓─

─ │◘▬◒꜡♩꜡fi ≤ ┌╣, ≢ ↕╣╢. 

 
‫

ȿὩȿὄ

ά
 (1.6) 

│ ⌐ ⇔≡ ⅝⌐ ↕╣╢√╘, ─ ─ ≤ ⅝⌐, 

∆╢ ↕⅜ ⇔™ ╩⅛↑╢≤, │ ⌐ ↕╣, ⅛╠ ⌐◄Ⱡ

╩כ◑ꜟ ↑ ╢↓≤⅜≢⅝╢. ↓╣⅜ ◘▬◒꜡♩꜡fi ≢№╢(1-12). 

 

 

1.7 ECR ─  

(  : , , 23 , òⱴ▬◒꜡ ─

ó) 
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(Field Emission Cathode : FEC)♪כ♁◌ 1.2.4  

╡╟⌐ ,│♪כ♁◌  ╩ ╛ ,╡№≢♪כ♁◌╢∆

⌐ ╩ ⇔≡, ─ ╩ ⅝ ∆. ⌐≈™≡│ ≢ ⇔

ↄ ═╢. 

 

 

 

1.3  (AO) 

350~1400[km]─ (Low Earth Orbit : LEO) ⌐│ ⌂ ⅜

⇔, ∕╣⌐ ╕╣╢ ⅜ ⅛╠─ ⌐╟╡ ∆╢√╘ , 

(Atomic Oxygen : AO) ⅜ ∆╢. 

 ὕ Ὤ’ ‗ ςτςὲάᴼὕ ὕ (1.7) 

 

│ ≤─ ⌐╟∫≡ ⅜●☻ ⇔, ↕╣╢. ☻♥

⅜fi(ISS)ꜛ◦כ ∆╢ 400[km] ≢│, ─ │ 109[/cm3] ≢№

╢⅜ , ─ ⅜ 7.4[km/s] ≤ ⌂√╘ , ┼─ AO │

1014[/cm2s]⌐ ⇔, ↄ─ ⅜ ↕╣╢, ↄ─ ≢ 1 №√╡

1[ʈm]╙─ ⌂◄♇♅fi◓ ⅜ ↕╣╢(1-13). 

 

 

 

1.4  

─≡™≈⌐♪כ♁◌ ,⌐≢╕╣↓  ₁⌂ ⅜⌂↕╣≡™╢. 

 

╩Ⱪכꜙ♅Ⱳfi♫ⱡכ◌ 1.4.1 ™√ FEC 

♃♇Ⱪ(CNT)╩◄Ⱶכꜙ♅Ⱳfi♫ⱡכ◌ ,  ⌐ ™√ ◙♥⅜♪כ♁◌

כ ◦☻♥ⱶ≢─ ╩ ⌐ ↕╣≡⅔╡, 1.8 ⌐ ∆╟℮⌐, ╣√

╩ ⇔≡™╢(1-7). (JAXA)─ │, 2016

⌐ fiꜛ◦כ♥☻ (HTV)6 ╩ ─ⱶ♥☻◦כ◙♥─≢ ,≡™

╩ ℮ ≢№╢(1-14,15). 
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            a) FEC                            b)  

1.8 CNT ╩ ™√ FEC  

(  : JAXA (EDT)כ◙♥ , , , 

http://www.ard.jaxa.jp/research/mitou/mit -edt.html , 2016/02/09) 

 

 

1.4.1 cBN ╩ ™√  ♪כ♁◌

 , ─ ╠⅜ cBN ╩◄Ⱶ♇♃ ⌐ ™√ FEC ╩ ⇔√(1-16). 1.9

⌐ FEC ─ ≤ ╩ ∆. ─ ⅝ ⇔ ╩ 1.10⌐ ∆. ↓─ FEC │, 

≢│№╢⅜ 3.48[kV]⌐≡, 107[µA]─ ╩ ⅝ ∆↓≤⌐ ⇔√. ↓─

╩ ─ ≢ ∫√ │ 0.55[mA/ cm2]≢№╢. ♥◙כ ◦☻

♥ⱶ─ ◄Ⱶ♇♃┼ ∆╢─⌐ ≤↕╣╢ │, 0.50[mA/ cm2]≢№╢√╘, ↓─

FEC │∕─ ╩ √⇔≡™╢. 

  

a)  b) FEC  

1.9 cBN ╩ ™√ FEC 
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1.10 ─ ⅝ ⇔  

(  : , , H26 , ò ⱱ► ╩ ™√

─♪כ♁◌ ) 

 

 

 

 

1.5  

 ─ FEC │, ( ⌐ ─ ≤ )⌐ ⅜№╡, ⇔√ ╩ ⅝

∆↓≤⅜≢⅝⌂⅛∫√. ╕√, ─ ⅝ ⇔─ ⌐ ⅜ ⌐ ⇔√. ↓

╣╠─ │ ⅜ ╪≢⇔╕™, ─ ⅜ ∆╢↓≤⌐ ∆╢. ∕─

√╘, ╖⌐ↄ™ ╩ ∆╢ ⅜№╢. ─ │, ╖⌐ↄ™ ╩

⇔, ∕─ ╩ ∆╢↓≤≢№╢. 
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1-1. , ò2014 ─ ─ ó, 2015 1-2  
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2   (Field Emission)  

2.1  

 ≤│ ╛ ─ ⌐ ╩ ⇔≡, ─ ╩ ⅝ ∆

≢№╢. ─ ╩ 2.1⌐ ∆. 

 Richardson -Dushman ─ │, │ ─ ⌐ ⇔≡ ≢№╢↓

≤╩ ⇔≡™╢⅜, ⌐│ ⌐╟∫≡ ⅜ ∆╢↓≤⅜ ╠╣≡™╢.

↓─ ╩ ⌐⅔↑╢ Shottky ≤ ┬(1-8). ⅜⌂™ ≢─ ⱳ♥fi

◦ꜗꜟ│ 2.2 ⌐⅔™≡ ≢ ↕╣≡⅔╡, ↓─ ⱳ♥fi◦ꜗꜟ⅜ ≢ ⌐

⌂╢─│, ⌐ ↕╣√ ⅜ ⌐ ╩ ∂, ⱳ♥fi◦ꜗꜟ╩

↕∑╢√╘≢№╡, ⌐╟╢ⱳ♥fi◦ꜗꜟὠ│ 

 

6ᾀ
Ὡ

ρφ“‐ᾀ
 (2.1) 

≢ ↕╣╢. ↓↓≢‐│ ─ ≢№╢. 

 ⌐╟╢ⱳ♥fi◦ꜗꜟ│ ╩ E ≤∆╢≤ ÅὉ( 2.2 ⌐⅔™≡ ≢ ↕╣

╢)≢№╢. ⇔√⅜∫≡ ─№╢ ─ ⱳ♥fi◦ꜗꜟ V │ ≢ ↕╣╢. 

 

ὠᾀ Ὁ
Ὡ

ρφ“‐ᾀ
ὩὉ ᾀ (2.2) 

↓↓≢Ὁ│ ⅜⌂™≤⅝─ ≢─ ⱳ♥fi◦ꜗꜟ≢№╢. ⱳ♥fi◦ꜗꜟ V

│ ⌐ ⌐ ─ ≢ ↕╣≡™╢. │ᾀ Ὡ“‐Ὁϳ ≢ ≤⌂╡,∕─

│ 

 

6 ᾀ Ὁ
Ὡ

ς

ὩὉ

“‐
 (2.3) 

≤⌂╢. ⅜ ┼ ↕╣╢⌐│, ↓─ὠ ╩ ⅎ╢ ⅜№╢─≢, ⅜№

╢ ─ ⌂ │ ≢ ↕╣╢. 

 

‰Ὁ Ὁ Ὁ
Ὡ

ς

ὩὉ

“‐
 (2.4) 

─⌂™ ≢─ │‰ Ὁ Ὁ⌂─≢, ‰Ὁ│ ≢ ↕╣╢. 

 

‰Ὁ ‰
ὩὉ

τ“‐
 (2.5) 
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∆⌂╦∟, ⌐ ⅜ ∆╢↓≤⌐╟╡ ⅜ ∆╢ . ↓─ │

W.Shottky ⌐╟∫≡ ⌐ ↕╣√↓≤⅛╠ Shottky ≤ ┌╣≡™╢. 

 ─ ⅜ ⌐ ↄ⌂╢≤, ↓─ Shottky ⌐╟╡ ⅜ ∆

╢≤≤╙⌐, 2.2 ≢ ↕╣≡™╢╟℮⌐ⱳ♥fi◦ꜗꜟ⅜ ⌐ ↄ⌂╢. ∕─√╘ⱳ

♥fi◦ꜗꜟ ╩ ⅎ╢╟℮⌂ ◄Ⱡꜟ◑כ╩ √⌂™ ≢╙, ♩fiⱠꜟ

⌐╟∫≡ ┼≤ ∆╢, ™╦╝╢♩fiⱠꜟ ⅜ ≢⅝⌂™ ≤⌂╢. ↓─

╩ , №╢™│ Cold Emission ≤™℮. 

 ─ │ ≢─ ╩ ∆ ⌐ ─ ╩⅛↑№

╦∑≡ ∆╢↓≤⌐╟╡ ╠╣╢. ─ ╩ 

 

ὟᾀȟὊ
π

Ὁ ὩὊᾀ
     
ᾀ π
ᾀ π

 (2.6) 

≤ ∆╢↓≤⌐╟╡, ─ ὖὉȟὊ│ WKB(Wenzel -Kroemer-Brilouin)

⌐╟╡ 

 

ὖὉȟὊ Ὡὼὴ
ψάς“

Ὤ
ὟᾀȟὊ Ὁ Ὠᾀ  

 

Ὡὼὴ
ψ“Ѝςά

σὬὩὊ
Ὁ Ὁ          (2.7) 

≤ ╘╢↓≤⅜≢⅝╢. ↓↓≢ὼ Ὁ Ὁ ὩὊϳ ≢№╢. ↓╣╩ ™≡, 

│ 

 

ὐ Ὡ ὲὉ ὖὉ ὨὉ (2.8) 

─╟℮⌐ ╘╠╣╢. ╩ ∆╢≤ (2.8)│ 

 

ὐ
τ“Ὡά

Ὤ
ὯὝ

Ὁ Ὁ

ὯὝ
Ὡὼὴ

ψ“Ѝςά

σὬὩὊ
Ὁ Ὁ ϳ ὨὉ (2.9) 

≤ ↄ↓≤⅜≢⅝╢.  

 (2.7)⌐⅔™≡, Ὁ Ὁ Ὁ Ὁ Ὁ Ὁ ‰ Ὁ Ὁ ≤ ⅝, ⅛≈Ὁ Ὁ⅜

כꜝ▬♥≡⇔≥™↕ ∆╢≤, 
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Ὁ Ὁ ϳ ‰ Ὁ Ὁ ϳ   

 
                                  ‰ϳ

σ

ς
‰ϳ Ὁ Ὁ  (2.10) 

≤⌂╡, ↓╣╩ (2.7)┼ ∆╢≤, 

 

ὖὉȟὊ Ὡὼὴ
ψ“Ѝςά

σὬὩὊ
‰ϳ Ὡὼὴ

τ“Ѝςά

ὬὩὊ
‰ϳ Ὁ Ὁ  (2.11) 

≤⌂╢. ↓╣╩↕╠⌐ (2.9)⌐ ∆╢≤, 

 

ὐ
τ“Ὡά

Ὤ
Ὡὼὴ

ψ“Ѝςά

σὬὩὊ
‰ϳ ὉᴂὩὼὴ

τ“Ѝςά

ὬὩὊ
‰ϳὉ ὨὉᴂ  

 
ὩὊ

ψ“Ὤ‰
Ὡὼὴ

ψ“Ѝςά

σὬὩὊ
‰ϳ  (2.12) 

≤⌂╢. ↓↓≢Ὁ Ὁ Ὁ≤⇔√. ↓─ ╩ Fowler -Nordheim ─♩fiⱠꜟ ─ ≤

™™, ─ ה №√╡⌐ ⌐╟∫≡ ⌐ ↕╣╢

╩ ⇔≡™╢. 

 

 

2.1 ─  
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2.2 ─  

 

 

2.2 Fowler -Nordheim ⱪ꜡♇♩ 

 Fowler -Nordheim ─ (2.12)─ e, “, Ὤ⌐∕╣∙╣ ╩ ∆╢≤,  

 

ὐ ρȢυτρπ
Ὂ

‰
ὩὼὴφȢψσρπ

‰ϳ

Ὂ
 (2.13) 

≤⌂╢. ‍╩ ≤∆╢≤, Ὂ ‍Ὁ ≤⌂╢. ↓╣╩ (2.13)⌐ ⇔≡, ◄Ⱶ

♇◦ꜛfi A ╩⅛↑╢≤ I │ ≢ ↕╣╢. 

 

Ὅ ρȢυτρπ
ὃ‍Ὁ

‰
ὩὼὴφȢψσρπ

‰ϳ

‍Ὁ
 (2.14) 

↓─ (2.14)─ ╩Ὁ≢ ∫≡, ─ ╩≤╢≤, 

 

ὰὲ
Ὅ

Ὁ
ὦ
‰ϳ

‍

ρ

Ὁ
ÌÎὥ

‍

‰
 (2.15) 

↓↓≢, ὥ ρȢυτρπὃὨϳ Â φȢψσρπὨ≢№╢.  

(2.15)╟╡, ╩ρὉϳ , ╩ ln(ὍὉϳ )⌐≤∫≡ⱪ꜡♇♩⇔√╙─╩ Fowler -

Nordheim ⱪ꜡♇♩(F-N ⱪ꜡♇♩)≤ ┬. ⅜ (2.12)─ Fowler -Nordheim ─

♩fiⱠꜟ ⌐╟╢╙─≢№╣┌, F-N ⱪ꜡♇♩│ ⌐⌂╢↓≤⅛╠, F-N ⱪ꜡♇♩│

─ ≤⇔≡ ™╠╣╢(2-1). 

 

─  

 

─  

⌐╟╢ 

ⱳ♥fi◦ꜗꜟ 
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a) I -V  b) F-N ⱪ꜡♇♩ 

2.3 ⌐⅔↑╢ⱪ꜡♇♩  
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 2-1. , , 2012 , ñ כ◙♥ ┼─ ⌐ ↑√

─♪כ♁◌ ò 
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3  ⱱ►  (cBN) 

3.1 cBN ─  

 ⱱ► (cBN)│ ⱱ► (BN)⅜ ─ ╩⇔√╙─≢, ⌐

⅜ ─ ╩⇔√♄▬ꜘ⸗fi♪⌐ ≡, ™ , ⌂≥─ ╣

√ ╩ ≈ ≢№╢(3-1). cBN │ ⌐│ ∑∏, ⅝⌂Ᵽfi♪◑ꜗ♇ⱪ╩ ≈

≢№╢. 

 cBN ─ ⌐│ ─ ╩⇔√ hBN ⅜№╡, ⌐⅔™≡─◓ꜝⱨ□▬♩⌐

∆╢. 

 

3.1 ≤ ⱱ► ─  

(  : IST  , ò ⱱ► ╩ ™√ 

►ꜟ♩ꜝⱢכ◖♪כ♥▫fi◓ ─ ó) 

  

3.2 cBN ─  

3.2.1 ≤⇔≡─  

 ⌐ ═√╟℮⌐, cBN │ ≤⇔≡ ╣√ ╩ ≈. ─ │

─ ≢ ─Ᵽfi♪◑ꜗ♇ⱪ(Eg = 6.25[eV])╩ ≈↓≤≢№╢(3-2). ⌐, ꞉▬♪◑

ꜗ♇ⱪ │ ─◄Ⱡꜟ◑כ ⅜ ↄ, ─ ─◄Ⱡꜟ◑כ ⌐ ™

√╘, ─ ⅛╠ √≤⅝⌐ ⅜ ⌐ ┘ ∆√╘─◄Ⱡꜟ◑

כ ⅜ ™, ≈╕╡ ⅜ ™≤™℮ ⅜№╢. ↕╠⌐ cBN │, ─

(Negative Electron Affinity : NEA) ╩ ≈≤™╦╣≡™╢. NEA ╩ ≈≤™℮↓≤

│, ─ ─◄Ⱡꜟ◑כ ⅜, ─ ─◄Ⱡꜟ◑כ ╟╡ ↄ⌂

╢≤™℮↓≤≢, ─ ⅛╠ √≤⅝◄Ⱡꜟ◑כ ⅜⌂™ ≢№╢. ∕─

√╘, ⌐ ⇔√ │, ↄ ⌐ ↕╣╢↓≤⌐⌂╢(3-3). 
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3.2.2 ≤⇔≡─  

ה ,  ( )─ ⅜ ⌐ ╕∫≡⅔╡, ∕╣╠╩ ⌐

∆╢√╘⌐, ─ ⅜ ╘╠╣≡™╢. ╩ ∆╢⌐│, 

₁⌂ ⅜ ™╠╣╢⅜, ─ ≤ ╩ ↕∑╢√╘⌐, ≤

⇔≡ ⅜◓fi▫♥כ◖ ↕╣╢. ⌂╙─≤⇔≡, ♄▬ꜘ⸗fi♪╛♄▬ꜘ⸗fi♪

⅜№╢⅜, │ ⌐ ⇔≡ ™ ╩ ≈─≢♄▬ꜘ⸗fi♪◖כ♥▫fi◓│

╩ ╗ ─ ⌐│ ™╢↓≤⅜≢⅝⌂™. ∕─√╘, ⌐ ⇔≡─ ⅜ ↄ, 

™ ╩ ≈ ⅜◓fi▫♥כ◖ ≤↕╣≡™╢. cBN │♄▬ꜘ⸗fi♪⌐ ← ™

╩ ∟, ⌐ ∆╢ ⅜ ™√╘, cBN ╩ ⌐◓fi▫♥כ◖ ™√

│№╠╝╢╙─⌐ ≢⅝(3-4), ⅜ ╕╣≡™╢. 

 

 

3.3 cBN ─  

 cBN ╩Ɫכ◖♪כ♥▫fi◓╛ ♦Ᵽ▬☻┼ ™╢⌐│, ≤⇔≡ ∆╢↓≤⅜

≢№╢. cBN │ ⱪꜝ☼ⱴ(ICP)╩ ™≡ Si ⌐ ↕╣

╢. ICP ≢ ⱨ♇ ⱱ► (BF 3)●☻╩ ™, ╩ ⌐Ᵽ▬▪☻⇔≡ 50[eV] ─

™▬○fi ◄Ⱡꜟ◑כ╩ ™≡ cBN ╩ ∆╢(3-1). ↓╣⌐╟∫≡, ⇔⌐ↄ

ↄ, ⅜ ⅝ↄ, ⅜ ™ cBN ⅜ ╠╣╢. ⇔√ cBN ╩ 3.3

⌐ ∆. 

 

 

3.2 ⱪꜝ☼ⱴ  
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a) cBN  b) cBN  

3.3 cBN  
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 3-1. , 2011 IEEEJapan, ñ ⱱ► ─ⱪꜝ☼ⱴ ≤

ò 

 3-2. Kungen Teii et al., ñLow threshold field emission from high-quality cubic boron nitride 

filmsò, JOURNAL OF APPLIED PHYSICS 111, 093728(2012) 

כ◦ⱶ◄כ◦ , , .3-3  , ñ♄▬ꜘ⸗fi♪◄꜠◒♩꜡♬◒☻─

ò 

 3-4. IST  , ñ ⱱ► ╩ ™√►ꜟ♩

ꜝⱢכ◖♪כ♥▫fi◓ ─ ò 
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4   

4.1 FEC─  

4.1.1 FEC  

 4.1,⌐ FEC─ ┘ ╩ ∆. FEC│☻♥fi꜠☻ ≢, cBN ─ ╩ ∆

╢ ≤◌Ᵽכ ⌐ ⅛╣≡™╢. cBN ─ ⌐ⱴ☻◒ , ▬fi◦ꜙ꜠כ♃, 

♩כ◕ , ╩ ⅎ╢√╘─☿ꜝⱵ♇◒ ─ ─ ⌐ ⌡≡Ⱡ☺≢ ∆╢. cBN

─ │ 11.5[mm]×11.5[mm]─ ╩⇔≡⅔╡, FEC │ 38[mm]×38[mm]─

≢, ─ ⅝│ 16[mm]≢№╢. ◌Ᵽכ─ כ◔─╘√╢↑⅛╩ ,│⌐

Ⱪꜟ╩ ∆√╘─ ⅜ ™≡™╢. 4.2 ⌐ FEC ─ ╩ ⌐ ⇔√ ╩ ∆. 

4.1⌐│ FEC─ ─ Ɽꜝⱷכ♃─ ╩ ∆. ╕√, ⇔√ FEC⅛╠

╩ ⅝ ∆ ─ ╩ 4.3⌐ ∆. 

 

  

a)  b)  

  

c)  d)  

4.1 FEC─ ┘  
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4.2 FEC─ ─  

 

 

4.1 ─ Ɽꜝⱷכ♃ 

   

─    

─  11.4 mm2 7.6 mm2 

♩כ◕ ↕ 50 µm 50 µm 

ⱴ☻◒ ↕ 20 µm 50 µm 

 130 µm 150 µm 

 

 

 

4.3 FEC⌐╟╢ ⅝ ⇔─  
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4.1.2  ⱴ☻◒  

 ⱴ☻◒ │, cBN─ ─ ⌐☿♇♩∆╢ ≢№╢. 4.3⌐ ∆╟℮⌐, 

╩ ↕╣√ cBN⅛╠ ⅜ ⅝ ↕╣╢⅜, ⅝ ↕╣√ ♩כ◕⅜ ⌐ ⇔

⌐♩כ◕≡ ⅜ ╣╢≤, ∕─ │ ≤⌂∫≡⇔╕℮. ⅝ ⇔√ ─

╩ ⌂ↄ∆╢√╘⌐, ◕כ♩ ≤ ∂ ⌐ ∂ ─ ─ ™√ ╩ cBN

─∆← ⌐ ∆╢. ↓╣⌐╟∫≡, ⅝ ↕╣√ │ⱴ☻◒ ─ ─ ⅛╠─

╖ ≡™ↄ╟℮⌐⌂╡, ◕כ♩ ⌐ ⇔⌐ↄↄ⌂╢. 

4.4 ⌐ ─ⱴ☻◒ ≤ ⇔√ⱴ☻◒ ╩ ∆. ⇔™ⱴ☻◒ │⸗

ꜞⱩ♦fi ≢, 18[mm]×18[mm]─ ≢№╢. ≤ ⌐№╢ ⅜ 1[mm]─

↕⌂ │, ╩☿♇♥▫fi◓∆╢ ⌐ ╩ ⇔≡⅔ↄ√╘─╙─≢№╢. ⌂

≤⇔≡│, ⅜ ╖⌐ↄ™╟℮⌐ ↕╩ 20[µm]⅛╠ 50[µm]≤⇔√. ╕√, │

─ ≢ ╩ ⅎ≡™√─⌐ ⇔≡, ≢ ⇔√ FEC≢│ ╩ ≢ ∆▬

fi◦ꜙ꜠כ♃─ ⌐№╢ 4 ≈─ ─ ≢ ╩ ⅎ╢↓≤⅜≢⅝╢╟℮⌐⇔√. ↓

╣⌐╟╡, ─ ⅜ ⌐ ↄ⌂╡, ⅜ ╖⌐ↄↄ⌂╢. ─ │ 0.5[mm]

×2[mm]─ ⌐ ™ ≢, 8 ↑≡™╢.  

 

 

  

a) ↕╣√  b) ⇔√  

4.4 ⱴ☻◒  

 

 

 

 

 

 

 

 

 



 

26 

 

♩כ◕ 4.1.3  

♩כ◕  │, cBN⌐ ╩⅛↑╢√╘⌐, ╩ ∆╢√╘─ ≢№╢. ◕

♩כ ⌐ ╩ ∆╢↓≤≢, 200[µm] ♩כ◕√╣ ≤ cBN ─ ⌐

⌂ ⅜ ∆╢. 

4.5 ⌐ ♩כ◕√⇔ ╩ ∆. ⌂ │ⱴ☻◒ ≤ ∂≢ , ↕

50[µm], ⸗ꜞⱩ♦fi ≢№╢. ─ ⇔√ │ כ◔ ,≢─╙─╘√╢↑⅛╩

Ⱪꜟ≤ ⌐Ⱡ☺≢ ∆╢. 

ⱴ☻◒ ♩כ◕ , ≤╙⌐ ╩ ∫≡ ⅜ ∆╢─╩ ™≢™╢. 

 

 
♩כ◕ 4.5  

 

 

4.1.4 ▬fi◦ꜙ꜠כ♃ 

 ▬fi◦ꜙ꜠כ◕ ,│♃כ♩ ≤ⱴ☻◒ ─ ⌐ ♩כ◕ ,≢≥↓╢∆ ≤

FEC ⅜ ⇔≡ ∆╢─╩ ← ⅜№╢. ╕√, ⅜ ╗─╩ ← ╙№

╢. 

4.6⌐▬fi◦ꜙ꜠כ♃╩ ∆. ↕╣√ FEC≢│, ▬fi◦ꜙ꜠כ♃│ ─

⌐ ↕ 100[µm] ─ꜞfi◓ ─ⱴ▬◌╩ ╖ ╪≢™√⅜, ≢ ⇔√ FEC≢

│▬fi◦ꜙ꜠כ♃╙ ≤ ⌐ ╩Ⱡ☺≢ ≢⅝╢╟℮⌐⇔√. ∕╣⌐╟╡▬fi

⅜♃כ꜠ꜙ◦ ⌐ ⇔≡, ╖⌐ↄↄ⌂∫≡™╢. ⌐, ─ ╩ ╠

∆√╘⌐, ▬fi◦ꜙ꜠כ♃│ ╟╡╙ ⇔ ⅝ↄ, 20[mm]×20[mm]─ ≢, 

─ ─ ╙ 2.1[mm]≤ ⇔ ↕ↄ⌂∫≡™╢. ⌐№╢ ≈─ 2.5[mm]─ │

╩ ∆√╘─╙─≢№╢. ▬fi◦ꜙ꜠כ♃─ ↕│ 75[µm]≢, ⌐ 2 ╩ ⌡

≡ ∆╢. ▬fi◦ꜙ꜠כ♃─ │ⱳꜞ▬Ⱶ♪≢№╢. ╕√, ⱴ▬◌ ─╙─╙

⇔√. 
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4.6 ▬fi◦ꜙ꜠כ♃ 

 

4.1.5 ☿ꜝⱵ♇◒  

 ∞↑ ⅎ╢∞↑≢│ ⌐ ⅜ ╗ ♩כ◕ ,╘√─⧵ .╢№⅜

─ ⅛╠ ╩ ⅎ╢√╘─☿ꜝⱵ♇◒ ╩ ⇔√. ☿ꜝⱵ♇◒ ╩ 4.7 ⌐ ∆. 

☿ꜝⱵ♇◒ │ 18[mm]×18[mm]─ ≢, ─ ─ │ 8.5[mm], ↕│ 1[mm]≢

№╢. 

 

 

4.7 ☿ꜝⱵ♇◒  
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4.1.6 ─ ╖─  

 ≢ ∫√ ⌐╟∫≡ ⌐≥─ ╖⅜ ↕╣√─⅛╩ ╙╢√╘

⌐, Autodesk─ CAD ╩ ™≡◦Ⱶꜙ꜠כ◦ꜛfi╩ ∫√. ⅜ 130-150[µm]─

, ⌐⅔™≡ 3[kV]─ ╩ ⇔√ ⌐ ⌐│√╠ↄ │⅔╟∕ 9[kPa]≢

№╢. ─ ↕╩ 50[µm]⌐ ╦∑≡, ─ ≢│Ⱡ☺ ─╖╩ ⇔, ⇔™

≢│Ⱡ☺ ⌐ ⅎ≡▬fi◦ꜙ꜠כ♃─ ─ ⅜ √╢ ╙ ⇔√. ↓╣╠─

≢◦Ⱶꜙ꜠כ◦ꜛfi╩ ∫√ ╩ 4.8 ⌐ ∆ . ⅜ ─ ≢│

0.13[mm]⌂─⌐ ⇔≡, ⇔™ ≢│ 0.043[mm]≤, ╖╩ 3 ─ 1⌐ ⅎ╠╣≡™

╢↓≤⅜ ⅛∫√. 

 

 

a) ─  

 

b) ⇔™  

4.8 ⌐╟╢ ─ ╖─◦Ⱶꜙ꜠כ◦ꜛfi  
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4.2  

4.2.1  

 ≢ ⇔√ ♅ꜗfiⱣכ╩ 4.9 ⌐ ∆. ⇔√ ♅ꜗfiⱣכ─ ⅝↕│, 

300[mm], ↕ 270[mm]─ ≢№╢. ╩ ╘╢√╘─◖꜠◒♃│☻♥fi꜠

☻ ≢, 112[µm], 90[µm]≢№╢. 

 

 

4.9 ♅ꜗfiⱣכ 

 

 ⌐│ ⌐♪ꜝ▬ⱳfiⱪ, ⌐♃כⱲ ⱳfiⱪ≤, 2 ─ⱳfiⱪ╩

™╢. 2 ≈─ⱳfiⱪ─ ╩ 4.2 ⌐ ∆. ╘⌐♪ꜝ▬ⱳfiⱪ─╖≢ ╩ ⅝, 

40[Pa] ╕≢ ⅜ Ⱳכ♃≢╤↓≥√∫⅜ ⱳfiⱪ╩ ↕∑╢. ↓─ 2 ≈─ⱳ

fiⱪ╩ ╖ ╦∑╢↓≤≢, 7.43×10-6[Pa]╩ ∆╢↓≤⅜≢⅝√. 

4.10 ⌐ ─ ╩ ∆. ♅ꜗfiⱣכ ─ │, ◐ꜘⱡfi▪ⱠꜟⱣ─◒ꜞ☻♃ꜟ▬

○fi◕כ☺╩ ™≡ ∆╢. 

 

 

4.2 ⱳfiⱪ─  

   

   

 NeoDry 15E- 3 TF160 

 250 [L/m] 160 [L/s]  
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4.10  

 

 

╕√, JAXA ─ ⌐№╢☻Ɑכ☻◘▬◄fi☻♅ꜗfiⱣכ≢╙ ╩ ∫

√. ☻Ɑכ☻◘▬◄fi☻♅ꜗfiⱣכ╩ 4.11⌐ ∆. 2.5[m], ↕ 5[m]─ ≢

№╢. ↓─♅ꜗfiⱣכꜞ♃כ꜡│כⱳfiⱪ 2 Ⱳכ♃ , ⱳfiⱪ 1 , ◒ꜝ▬○ⱳfi

ⱪ 2 ─ 5 ╩ ™≡ ⅝╩ ™, │ 2.02×10-5[Pa]≢№∫√. ☻Ɑ

≢כfi☻♅ꜗfiⱣ◄▬◘☻כ ╩ ℮ ╙ │ ∂≢№╢. 

 

  

a)  b)  

4.11 ☻Ɑכ☻◘▬◄fi☻♅ꜗfiⱣכ 

 

 

 

 

 


