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 │∂╘⌐ 

III-V │⁸Si ≢│ ⇔ ⌂™ ╛ ─ ╩ ⇔√

⅜ ╘╠╣≡⅝√⁹∕╣│ ⌐ Si ⌐ ∆╢ III-V ─Ᵽ

ꜟ◒ ─ ─╖╩ ⌐⇔√╙─≢│⌂™⁹GaAs/N-AlGaAs ⌂≥─

ⱪכ♪ ╩ ™√ ♩ꜝfi☺☻♃ (High electron mobility 

transistor: HEMT) [1.1.1-3] ╛ ╩ ⌐ ™√ ꜠

) ◙כ ⌐≤⌂ ([5 ,1.1.4] ◙כ꜠ ╠╣╢╟℮⌐⁸ ⌂╢ ╩

꜠ⱬꜟ≢ ⌐ ↕∑√Ⱬ♥꜡ ╛ ⌐ ⅜ ↕╣√

─ ╩ ⇔⁸∕↓⌐ ╣╢ ⌂≥ ⌂ ╩ ⇔

≡ ⇔™ ╛ ╣√ ╩ ∆╢↓≤⌐╟╡ ⇔≡⅝√⁹III-V

│⁸ ⌂ ⅛╠ ≤◄Ⱡꜟ◑כⱣfi♪╩ ⌐╟

╡ ⇔≡⁸◐ꜗꜞ▪╩ ∂ ╘⁸ ≤∆╢ ⌐ ┘≈↑╢↓≤⌐№╢

≤ ≠↑╢↓≤⅜≢⅝╢⁹∕─√╘⁸ │ ╘≡ ⌂ ≠↑≤

⌂╢⅜⁸∕─ ╩ ╘ ↄ│ ═╠╣≡™⌂™⁹╕√⁸ ⇔

≈≈№╢◐ꜗꜞ▪ ∂ ╘─ ╩ ╘√ ╛ ♪♇♩─ ⌐⅔

™≡│⁸ ─ꜞ♁◓ꜝⱨ▫≤◄♇♅fi◓⌐╟╢ ≢│♄ⱷכ☺⅜ ↕

╣≡⇔╕™ ⌂◐ꜗꜞ▪ ∂ ╘⅜≢⅝╢╕≢⌐│ ∫≡™⌂™⁹∕─√

╘⁸ ⱪ꜡☿☻─╖⌐╟╢ ⅜ ╕╣╢⅜⁸ ─ ≢│⁸

⅜ ≤⌂╢─│ ─╖≢№∫√⁹ ╠⅛─ ╩ ╡

╣⁸ ┼─ ╩ ≤∆╢ ⅜ ≤⌂╢⁹ 

│⁸↓╣╠ ╩ ╕ⅎ ⌂ ╛◙כ꜠ №╢™

│ √⌂ ╩ ∆╢ ─ ⌐ ∆╢↓≤╩ ⌐ ─

╩ ∫≡™╢⁹╕∏ ─ ─ ≢⁸ √⌐ Sb-As ╩ ╗ III-V-V

─ ╩ ⇔⁸InGaAs ╛ InAlAs ≤─Ⱬ♥꜡ ╩

⇔⁸Ᵽfi♪▪ꜝ▬ⱷfi♩≤ ⌂≥ ╩ ╠⅛⌐∆╢⁹╕√

─ ⌐ ⇔⁸ ≢ ⌐ ∆╢ ─

≤∕╣⌐ ℮ ─ ╩ ⌐ ╠⅛⌐∆╢⁹↕╠

⌐⁸◐ꜗꜞ▪ ∂ ╘─ ╩ ╘√ ╛ ♪♇♩╩ ⱪ꜡☿☻

─╖≢ ∆╢ ╩ ⇔⁸ ⇔√ ─ ≤∕─ ╩ ∆╢↓

≤⌐╟╡∕─ ╩ ∆⁹ 

≢│⁸↓─ ─ ≤ ⅛╠─ ─ ⁸↓╣⌐ ∆╢

─ ╩ ⇔⁸ ─ ╩ ∆⁹ 
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 ─ ⌐ ↑√ ─ ≤  

1970 ⅛╠─◖fiⱧꜙכ♃≤ ╩ ≤⇔√ │⁸∕╣╕≢

⌂≥ ─ ⌐ ╠╣√╙─⅛╠ ⌂ ┼≤ ⅝ↄ ⇔√⁹

≢│▬fi♃כⱠ♇♩╛⸗Ᵽ▬ꜟ ⌂≥  (Information and 

Communication Technology  ICT)⌐╟╡⁸ ─ ™ ☻ⱦכ◘₁

⅜ ⁸ ₁ ⌐╕≢ ↕╣╢╟℮⌐⌂∫√⁹↓℮⇔√ ╩ ⅎ

≡™╢─⅜◦ꜞ◖fi⌐ ↕╣╢ ◄꜠◒♩꜡♬◒☻≢№╡⁸ ─

≢№╢ III-V ╙ ⌐ ⌐⅔™≡ ⅝⌂ ╩ √

⇔≡⅝≡™╢⁹ 

◦ꜞ◖fi ≤ ─↓─ ─ ╩ ≡╖╢≤⁸₈

≡⇔≥♪כ꞉כ◐⅜₉ →╠╣╢⁹⇔⅛⇔⁸₈ ₉─ │ ⅝ↄ ⌂∫≡

™╢⁹ ╙─ ╩ ∆╢  (Very Large Scale 

Integration VLSI) ⌐ ↕╣╢◦ꜞ◖fi ♦Ᵽ▬☻│⁸ ╩

≤∆╢ ─ ⌐╟╡ ⇔ ⱴ│ꜟכ◔☻─⧵⁹╢™≡⅝≡╣╠→

▬◒꜡⅛╠♫ⱡ┼≤ ↕╣⁸ ≢│♩ꜝfi☺☻♃─ Ⱨ♇♅ Ɫכ

ⱨⱧ♇♅ ♩כ◕≥ │ ⌐ 10 nm ⌐╕≢ ∫≡™╢⁹↓─ ⌐╟╡

≤ ⌐ ≤ ⅜ ↕╣≡™╢⁹∆⌂╦∟⁸ ─ Si-

VLSI ─ ™ │⁸ ╩ ∆╢ ≤ ◘▬☼╩ ∆╢↓≤⌐╟

╡ ↕╣≡⅝≡⅝√⁹√∞⇔⁸↓℮⇔√◦ꜞ◖fi─ ─♩꜠fi♪│™╦

╝╢₈ ₉⁸₈ ₉⁸₈ ₉⌐ ≠⅝≈≈№╡⁸

⌐╟╢ ≤™℮╟╡⁸♅♇ⱪ ⌐ⱪ꜡☿♇◘╛ⱷ⸗ꜞ╩ ↕∑⁸♅♇

ⱪ⌐ ╩ √∑╢◦☻♥ⱶה○fiה♅♇ⱪ(System on Chip SoC) ╛⁸Ɽ

≢ꜟⱬ꜠☺כ◔♇ ╩ ↕∑╢◦☻♥ⱶה▬fiהⱤ♇◔כ☺ (System in 

Package SiP)⌐ ⇔≈≈№╢⁹ 

⁸III-V ≢│⁸ ⌐ ♦Ᵽ▬☻≤⇔≡ Si ≢│ ⇔ⅎ

⌂™ ╛ ─ ╩ ⇔√ ⅜ ╘╠╣≡⅝√⁹∕╣│ ⌐ Si ⌐ ∆

╢ III-V ─Ᵽꜟ◒ ─ ─╖╩ ⌐⇔√╙─≢│⌂™⁹

⌂╢ ╩ ↕∑√Ⱬ♥꜡ ╛ ─ ╩ ♄כ○

─כ ™ ≢ ⇔⁸∕↓⌐ ╣╢ ⌂≥ ⌂ ╩ ∆╢↓≤

⌐╟╡⁸ ⇔™ ╛ ╣√ ╩ ⇔≡⅝√⁹∆⌂╦∟ III-V

♦Ᵽ▬☻─ ╣√ ╛ │⁸ ◘▬☼─ ≢│⌂ↄ⁸ ≤∆

╢ ╩ ∆╢√╘⌐ ≤⌂╢ ─ ≢─ ⌐╟╡

↕╣≡⅝√⁹ ≢│⁸III-V ─ ≤↓╣⌐ ╢

⅔╟┘∕─ ⌐≈™≡ ∆⁹ 

 ≈─ ⌂╢ ╩ ↕∑√ Ⱬ♥꜡ ≢│⁸Ᵽꜟ◒ ⌐│⌂
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™ ⌂ ≤ ⅜ ╣╢⁹GaAs ≤ AlGaAs ≤─ ⱪכ♪

⌐⅔™≡│⁸ ™ ╩╙≈  ( ●☻ 2-dimnsional electron 

gas: 2DEG ⅜ ⌐ ↕╣⁸↓─ │ ה ⌐ ╣

√ ♩ꜝfi☺☻♃ (High electron mobility transistor: 

HEMT) [1.2.1-3] ─ ⌐ ┘≈™√⁹↓╣│ ⌐╟╢ ─

╩ ⌐⇔√∞↑≢⌂ↄ⁸ ╩╟╡ ⌐ ↕∑╢≤≤╙⌐⁸

─fiꜛ◦כ◕ⱦ♫כ◌╛ ≤⇔≡⁸╕√ Ⱶꜞ ≤⌂♄כ꜠

≢ ™╠╣╢ ♦Ᵽ▬☻≤⇔≡ ─ ICT ─ ╩ ⅎ≡™╢⁹╕

√⁸ ╩ ⌐ ™√ ) ◙כ꜠ ⁸│ ([1.2.4,5] ◙כ꜠

☻♥♇ⱪ ─ ≤◐ꜗꜞ▪≤ ─ ∂ ╘⌐╟╡ ╩ ⇔⁸

≢ ─ ─ ≤⇔≡⁸ ─ ─ Ⱡ♇♩꞉כ◒╩ ⅎ

╢ ⌂ ♦Ᵽ▬☻⌐⌂∫≡™╢⁹↕╠⌐⁸ ה ⌂≥ ⇔

™ ◄꜠◒♩꜡♬◒☻─ ╩ ╡ ⅝≈≈№╢≤≤╙⌐⁸1970 ⅛╠

80 ⌐⅛↑≡ ↕╣√ ◦ꜙ♃ꜟ◒  [1.2.6,7] ╛ ♩fiⱠꜟ

 [1.2.8,9] ⌂≥─ │⁸  [1.2.10-12] ╛ ↕╣

≡™╢♥ꜝⱫꜟ♠ ─  [1.2.13-15] ⌐ ↕╣╢⌂≥ ⌂♦Ᵽ▬

☻┼─ ⅜ ╘╠╣≡™╢⁹ 

 ↓╣╠ ─ ⌐⌂∫≡™╢─│⁸1970 Esaki ╠─ ⌂╢ ™

╩ ⇔√  [1.2.16] ⌐╟╡⁸↓╣╕≢⌐⌂™ ⇔™ ⅜ ∆╢

≤↕╣╢ ≢№╢⁹ ⁸ ─ ╛ ╩ ↕∑⁸ ⌐ ⇔™

╩ ∆╢≤™∫√ band engineering ≤™℮ ⅎ⅜ ╖ ↕╣≡™╢⁹ 

↓℮⇔√ №╢™│∕─ ⌂ ≤⌂╢ Ⱬ♥꜡ ─ ⌂

│Ᵽfi♪ ⌐ ⇔≡⅔╡⁸∕─Ᵽfi♪ │⁸ ⌐│ 1.2.1 ⌐
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∆╟℮⌐ ≈⌐ ↕╣≡™╢[1.2.17]⁹ ⌐≤∫≡⁸fi  (i = 1, 2) ≢ ⇔ 

√  (Vacuum level) ⅛╠ ─ ╕≢─◄Ⱡꜟ◑כ≢№╢

⅜ ⅝ↄ⁸⇔√⅜∫≡ ─ ─◄Ⱡꜟ◑כ⅜ ™ ⅜ ≤⌂╡ │

∕↓⌐ ∆╢⁹ ⌐ ⅜ ↕ↄ⁸ ─ ⅜ ™ ⅜ ⌐⌂

╢⁹╕√⁸ ⌐ ⇔≡│⁸ ≤Ᵽfi♪◑ꜗ♇ⱪ─ ⅜ ↕ↄ⁸⇔√

⅜∫≡ ─ ─◄Ⱡꜟ◑כ⅜ ™ ⅜⁸ ≤⌂╡ │ ⇔⁸

⌐ ≤Ᵽfi♪◑ꜗ♇ⱪ─ ⅜ ⅝ↄ⁸ ─◄Ⱡꜟ◑כ⅜

™ ⅜ ⌐≤∫≡─ ≤⌂╢⁹ 1.2.1.(a)⌐ ∆♃▬ⱪ I ─Ⱬ♥꜡ ≢

│ ≤ ⅜ ⌐ ∂ ╘╠╣╢↓≤⌐⌂╡⁸ ≥℮⇔№╢™

│ ≥℮⇔─ ⅜ ≤⌂╢⁹╕√⁸(b), (c) ⌐ ∆♃▬ⱪ II

│⁸ ╡ ℮ ─ ≢─ ⌂╡─ ⌐╟╢ ≢№╢⅜⁸

™∏╣─ ≢╙ ≤ │ ╡ ℮ ⌐ ₁⌐ ⇔≡ ∂ ╘╠╣╢

↓≤⌐⌂╡⁸ ≤ ─ ⅜ ≤⌂╢⁹ 

⁸ №╢™│ ⌐≤∫≡─ ─ ↕│ ⌐ ∆ 2 ≈─ ─Ⱬ

♥꜡ ≢─ ⁸ ⌐⅔↑╢◄Ⱡꜟ◑כⱣfi♪─ ─ ⅝↕ 

DEC,  DEV ≢№╡⁸↓╣╠│⁸ ─◐ꜗꜞ▪ ⌐ ℮Ᵽfi♪─ ╩

∆╣┌⁸ ≤Ᵽfi♪◑ꜗ♇ⱪ─ ⌐╟∫≡ ╕╢⁹Ⱬ♥꜡ ⌐╟

∫≡ ╣╢ ⌂ ╛ │⁸↓╣╠─Ɽꜝⱷכ♃⌐ ↄ ⇔≡⅔╡⁸  

1.2.1 ⌐ ⇔√♃▬ⱪ≤ ⁸ ⌐⅔↑╢ DEC, DEV ⌐╟

∫≡ ≠↑╢↓≤⅜≢⅝⁸↓╣⅜ ⌂ Ɽꜝⱷ⁹╢⌂≥♃כ 

III-V ≢│⁸ ─╟℮⌐ ─ ╛ ╩ ↕∑⁸

⇔™ ╩ ⌐ ∆╢≤™∫√↓≤⅜ ≤⌂╢⁹∕─√╘⁸ │

╘≡ ⌂ ≠↑≤⌂╢⅜⁸↓╣╕≢⌐ ↕╣≡⅝√ │⁸

GaAs/AlGaAs ╛ InGaAs/InALAs ⌂≥ ╠╣√ ≢№╡⁸∕─ ─ ⌐≈

™≡│№╕╡ ═╠╣≡™⌂™⁹ ⌐⁸InP ⌐ ⇔√ │⁸ ♦

Ᵽ▬☻╛ ♦Ᵽ▬☻┼─ ≢№╢⅜⁸InGaAs/InAlAs ⌐│╒≤╪

≥ ═╠╣≡™⌂™⁹InP ⌐ ⇔√ ⌐│ GaAsSb ≤ AlAsSb ⅜

№╢⁹↓╣╠ │⁸InGaAs ╛ InAlAs ≤─Ⱬ♥꜡ ⌐╟╡⁸Type II ─

Ᵽfi♪ ╛ №╢™│ ─ ─╖⌐ ⅝⌂ ╩╙≈◄Ⱡꜟ◑

כ ⌂≥ ⌂◄Ⱡꜟ◑כ ╩ ≢⅝╢ ⅜№╢[1.2.18]⁹ ♦Ᵽ

▬☻╩ ∆╢∞↑≢⌂ↄ⁸ √⌂ ╩ ⇔√ ⇔™♦Ᵽ▬☻

⌐ ┘≈ↄ ⅜№╢⁹ 

⁸↓℮⇔√ ─◄Ⱡꜟ◑כⱣfi♪ ╛◐ꜗꜞ▪─ ⌂≥│⁸

─ ─╖⌐╟╡ ⌐ ╕╢─≢│⌂ↄ⁸ ─ ╛ ⌂≥

─ ⌂ ⌐╟╡ ∆╢⁹ ⌐⁸ ⅜∕─ ≢ ⌐
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⇔√ ordered alloy ⌐⅔™≡│⁸ ─╖╩ ⇔≡ ⇔√

random alloy ≤│ ⌂╢ ╩ ∆↓≤⅜ ⁸ ─ ⌐⅔™≡

↕╣≡™╢⁹ ⌐⁸ ♦Ᵽ▬☻┼─ ≤⌂╢ ─ ⌐ ⇔

≡│⁸ ⅜ ≢ ⌐ ⇔√ ⌐⅔™≡│⁸ ─

⌐ ℮ ⅜ ↕╣⁸ ™ ⅜ ╠╣╢↓≤⅜ ↕

╣≡™╢⁹↓℮⇔√ ─ ≤⇔≡⁸↓╣╕≢⁸

Molecular Beam Epitaxy: MBE ╛  (Metal-

Organic Chemical Vapor Deposition: MOCVD)⌐╟╡⁸ ╩

⌐ ┼ ∆╢↓≤⌐╟╢ ⅜ ╖╠╣≡⅝√[1.2.19-25]⁹ ╠╣√

─ X  (X-Ray Diffraction: XRD) ╛  

(Transmission Electron Diffraction: TED) ≢│⁸ ╩ ∆

⅜ ╠╣⁸ ⌂ │ ↕╣≡™╢╙──⁸ ↕╣≡™╢╟℮⌂

─ ⌐≈™≡│↓╣╕≢⌐ ↕╣≡™⌂™⁹ ⁸ ─ ≢

⅜ ⌐ ∆╢ ⁸ ⅜ III-V

⌐⅔™≡╙ ↕╣≡⅝≡™╢⁹↓℮⇔√ ─ⱷ◌♬☼ⱶ╩ ⇔⁸

─ ™╩ ╘╢↓≤⌐╟╡⁸ ↕╣≡™╢╟℮⌂ ™ ⌂≥

≤│ ⅝ↄ ⌂╢ ⅜ ≢⅝╢ ⅜№╢⁹ 

↕╠⌐ √⌂ ≤⇔≡⁸ ╛ ♪♇♩⌂≥↓╣╕≢─ ⌐

ⅎ⁸↓╣≤ ∆╢ ≢─ ╩ ≤∆╢ ┼─

⅜ ╕╡≈≈№╢⁹ 1.2.2 ⌐ ∆╟℮⌐⁸◐ꜗꜞ▪─ ∂ ╘ ╩

╘√ ╛ ♪♇♩ ≢│⁸ ⅜ ⇔⁸◐ꜗꜞ▪│

─◄Ⱡꜟ◑כ⌐ ∆╢╟℮⌐⌂╢⁹↓℮⇔√⁸ ⌂ ─ ⌐╟
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∫≡│⁸ ♦Ᵽ▬☻─ ⌂ ╛ √⌂ ─ ⅜ ↕╣≡™╢

[1.2.26]⁹ ⌐ ⌂ ∂ ╘ ≤⌂╢ ♪♇♩ ≢│⁸(c) ⌐ ∆

╟℮⌐⁸ ⇔√ ─ ≤ ⌐∕─ │ ⌐ ≤⌂╢⁹↓

─ ♪♇♩─ ⌂ ╩ ∆╢↓≤⌐╟∫≡│⁸↓╣╕≢─

─◙כ꜠ ╩ ⌐ ╢ ╛ [28 ,1.2.27] ◙כ꜠♩♇♪ ╩

≤∆╢ ♦Ᵽ▬☻ [1.2.29-31]⁸ ╩ ⇔√ ─ ⱷ

⸗ꜞ[1.2.32, 33]⁸ ─ ≢ ∆╢♩ꜝfi☺☻♃[1.2.34, 35]╛ ⌐

⅜ ≤↕╣╢ ⌐ ⌂ [1.2.36-38]⁸ ╩ , 

∆╢ ♦Ᵽ▬☻[1.2.39-41] ⌂≥⅜ ↕╣⁸ ⌂ ─ ⌐

↑≡ ⅜ ⇔≡⅝≡™╢⁹ ⌐⁸ ♪♇♩╩ ⌐ ™√

⌐◙כ꜠ ⇔≡│⁸1982 ⌐ ⌐ ─ [1.2.27, 28]⅜ ↕╣≡

⁸⇔⅝™ ─ [1.2.42]⁸ ─ [1.2.43]⌂≥─ ⅜

⌐ ↕╣≡⅔╡⁸ ─  ( )╩ ∆╢ ≤∕─

─ │⁸↓─ ─ ⌂ ≤ ⅝⌂ ─ ≈⌐⌂∫≡⅝≡™

╢⁹ 

⁸ ⌐ ⇔≡│ Esaki ╠─  [1.2.16] ⁸Ⱬ♥꜡ ╛

─ ⌐ ↑≡⁸MBE ╛ MOCVD ⌂≥─ ┼─ ⅜

╕╡⁸ ╙ ⌐ ⇔≡⅝√⁹1980 ⌐│⁸Ⱬ♥꜡ ─

│ ≢כ♄כ○ ⌐⁸╕√ ╙ 1 ≢כ♄כ○

≢№╢↓≤⅜ ↕╣≡™╢⁹⇔⅛⇔⁸◐ꜗꜞ▪─ ∂ ╘ ╩ ╘√

─ ⌐⅔™≡│⁸∕╣╕≢─ ─╖─ ─ ⌐╟╡

∆╢↓≤│ ≢№╢⁹∕─√╘⁸ ─ │ MBE ╛ MOCVD

⌂≥ ⌐╟╡ ⇔⁸∕╣ ─ ∂ ╘ ╩ ╘╢ ≤⇔≡

╛ ╩ ⇔√ ⅜ ™╠╣≡⅝√⁹ ╩ ⁸ ⌂≥

ⱦכⱶ╩ ™√ꜞ♁◓ꜝⱨ▫⌐╟╡Ɽ♃כ♬fi◓╩ ™⁸◄♇♅fi◓⌐╟╡

⌐ ╩ ∆╢ ≢№╢ [1.2.44-47]⁹↓─ ⌐⁸Ɽ♃כ♬fi◓⇔

√ ┼─ ⌐╟╢ ╛ [1.2.48-50]╛◄♇♅fi◓⌐╟╡ ⇔√

─ ⁸№╢™│ ┼─ ╩ ⇔√  [1.2.51-53], 

≢─☻♥♇ⱪⱨ꜡כ ╩ ⇔√ [1.2.54, 55]╛◐fi◒┼

─ [1.2.56]⁸QW ⇔√ ╩ ⁸ ⌐╟╡ T ─ ∂ ╘

╩ ∆╢ [1.2.57-59]⁸QW ⌐ ≤⌂╢ ╩ ⇔⁸↓╣╩ ◘

▬☼⌐ ⇔↓─ ⌐╟╡ QW ⌐ ⌂ ∂ ╘ ╩ ∆╢ stressor

⌐╟╢ [1.2.60]⁸ ╘ III ─╖╩ ⌐ ⇔≡ ⇔√ ╩

⇔≡ ╩ ∆╢ ◄Ⱨ♃◐◦[1.2.61] כ⌂≥⅜ ↕╣≡⅝≡™╢⁹

⇔⅛⇔⁸↓╣╠─ ⌐╟╡ ↕╣√ ⌐⅔™≡│⁸∕─ ╩ ⌐

⅝ ∑╢╕≢⌐│ ∫≡™⌂⅛∫√⁹ ⅎ┌⁸ꜞ♁◓ꜝⱨ▫≤◄♇♅fi◓⌐╟
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╢ ╩ ™√ ≢│⁸ ⌐ ╛ ⌂≥─ ⅜ ↕╣≡⇔╕

™⁸↓─ ╩ ⇔√◐ꜗꜞ▪─ ⌂≥⌐╟╡ ⌂◐ꜗꜞ▪ ∂ ╘

≤ ⅜≢⅝≡™⌂™╙─≤ ⅎ╠╣╢⁹╕√⁸ ─ ⌂ ≤⇔

≡⁸(1) ◘▬☼╩ ⌐ ↕ↄ≢⅝⌂™⁸(2) ─ ⅜ ⇔™⁸╕√ (3) 

◘▬☼─ ╠⅞⅜ ⅝™⌂≥⅜№╡⁸ ≤∆╢ ⅜ ↕╣∏⁸

⅜ ⅝ ⇔⅝╣≡™⌂™╙─≤ ⅎ╠╣╢⁹ ⇔√ ╩ ⇔⁸

≤⌂╢ ⌐ ┘ ↑≡™ↄ⌐│⁸ ∆╢ ─◘▬☼╩◄◐◦♩fi

─ Bohr ⌐(GaAs ≢~13 nm) ⌐ ∆╢ ⅜№╢⁹╕√⁸

≢◙כ꜠ ♪♇♩⅜ ≤⇔≡ ∆╢√╘⌐│ ⌐

⌐ ↕╣≡™╢ ⅜№╢⁹↕╠⌐ ╩ ⇔≡ ↕╣≡™╢ ™

╩ ∆╢√╘⌐│⁸∕─◘▬☼│⁸ ≢─ ↕≤ ⌐

꜠ⱬꜟ≢ ⌐ ↕╣≡™╢ ⅜№╢[1.2.46]⁹⇔⅛⇔⁸↓╣╕≢⌐↓╣

╠∆═≡╩ ∆╢ ╩ ∆╢ │⌂⅛∫√⁹ ─

⌂≥╟╡ ─ ╩ ∆╢⌂≥ ╠⅛─ ╩ ╡ ╣⁸♫ⱡ☻

≢ꜟכ◔ ┼─ ╩ ≤∆╢ ⅜ ↕╣≡™╢⁹ 

 

 ─  

⌐ ⌐ ╢ ≤⇔≡⁸III-V ─ ≤↓╣⌐ ╢

≤∕─ ⌐≈™≡ ⇔√⁹ │⁸↓╣╠ ╩ ╕

ⅎ MBE ╩ ≤⇔√ ⌐╟╡ ╛◙כ꜠⌂ ♦Ᵽ▬☻⌂

≥ ♦Ᵽ▬☻╩ ∆╢ ⌂ ♦Ᵽ▬☻╛ ─ ♦Ᵽ▬☻─

⌐ ∆╢↓≤╩ ⌐ ╩ ∫≡™╢⁹╕∏ ─ ─ ≢

│⁸ ♦Ᵽ▬☻╛ ♦Ᵽ▬☻┼─ ≤⌂╢ InP ⌐ ⇔√

⌐ ⇔√⁹↓─ InP ⌐ ⇔√ ⌐│ GaAsSb ≤ AlAsSb

⅜№╢⅜↓╣╕≢╒≤╪≥ ═╠╣≡™⌂™⁹GaAsSb ─Ᵽfi♪◑ꜗ♇

ⱪ│⁸InGaAs ≤ ⅝ↄ ╦╠⌂™╙──⁸ ─ ™⌐╟╡

InGaAs ≤─Ⱬ♥꜡ ⌐╟╡Ᵽfi♪ ⅜ meV №╢ Type 

II (staggered) ─Ᵽfi♪ ⌐⌂╢ ⅜№╢[1.3.1, 2]⁹↓─ ≢│

≤ ╩ ⌐ ⇔≡ ≢⅝╢ ⁸ ∆╢ InGaAs ╛ GaAsSb

─Ᵽfi♪◑ꜗ♇ⱪ ≢─ ╙ ⌐⌂╢[1.3.3-5]⁹╕√⁸InGaAs ╛

InAlAs ≤─Ⱬ♥꜡ ≢│⁸ №╢™│ ─ ─╖⌐ ⅝⌂

╩╙≈◄Ⱡꜟ◑כ ⌂≥ ⌂◄Ⱡꜟ◑כ ╩ ≢⅝╢ ⅜№

╢[1.3.6]⁹ ♦Ᵽ▬☻╩ ∆╢∞↑≢⌂ↄ⁸ √⌂ ╩

⇔√ ⇔™♦Ᵽ▬☻⌐ ┘≈ↄ ⅜№╢⁹ ≢│⁸Sb-As ╩ ╗

III-V-V ─ ╩ ⇔⁸InP ⌐ ⇔√ GaAsSb, AlAsSb
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╩ ∆╢≤≤╙⌐ InGaAs ╛ InAlAs ≤─Ⱬ♥꜡ ⌐⅔↑╢

Ᵽfi♪ ⌂≥ ╩ ╠⅛⌐∆╢⁹ 

─ ⌐≈™≡│⁸ √⌂ ≤⇔≡⁸ ─ ≢

⅜ ⌐ ∆╢ ⁸ ≈™≡ ⇔√⁹ ♦Ᵽ

▬☻┼─ ≤⇔≡ ⌂ InGaAs ⌐⅔™≡╙⁸(InAs)1(GaAs)1 MSL ≤

∂ ≤⌂╢ CuAu-I ─ ⅜ ↕╣≡™╢[1.3.7]⁹ ─√╘

─ ╩ ™⁸ⱷ◌♬☼ⱶ╩ ∆╢↓≤⌐╟╡ ─ ™⅜ ™

⅜ ↕╣⁸ ↕╣≡™╢ ╣√ ╩ ≢⅝╢ ⅜№╢⁹

≢│⁸ ♦Ᵽ▬☻≤⇔≡ ⌂ InGaAs ─ ─√╘─ ⌂

╩ ™⁸ⱷ◌♬☼ⱶ⌐≈™≡ ∆╢⁹╕√⁸ ⌐ ⇔√ ─

≤⇔≡⁸ ⌐ ↕╣╢ ☻♥♇ⱪ╩ ⇔≡⁸☻♥♇ⱪ ╩

⌐ ╩ ↕∑╢ ⌐≈™≡╙ ∆╢⁹↓╣╠⌐╟╡⁸

InGaAs ─ ≤∕╣⌐ ℮ ─ ╩ ⌐

╠⅛⌐∆╢⁹ 

╕√⁸◐ꜗꜞ▪ ∂ ╘─ ╩ ╘√ ╛ ♪♇♩╩ ⱪ꜡☿

☻─╖≢ ∆╢ ╩ ⇔⁸ ⇔√ ─ ≤∕─ ╩ ∆↓≤

⌐╟╡∕─ ╩ ╠⅛⌐∆╢⁹ ─ ⌐ ↑≡│⁸(110) InP

≢─☻♥♇ⱪ ⌐ ⇔√⁹↓─ ≢│⁸☻♥♇ⱪ⅜ ⌐

∆╢ step ordering ⅜ ™ ⅛╠ ↓╢≤≤╙⌐ ╠⅞─ ↕™

⌂☻♥♇ⱪ ⅜ ↕╣╢⁹↓╣╠│☻♥♇ⱪⱨ꜡כ ╩ ⇔√

─ ⌐│ ⌂ ≢№╢⁹ ≢│⁸(110) InP ┼

InGaAs-InAlAs , InAs/GaAs ╩ ⇔⁸∕─

╩ ∆↓≤⌐╟╡ ┼─ ╩ ∆⁹╕√⁸ ♪♇♩

⌐⅔™≡│⁸1990 ─ ╟╡ ⌐ ↕╣ ╘√ ─

⌐ ╣╢ ╩ ⇔√  [1.3.8] ⌐ ⇔√⁹↓╣╩ ™≡

⇔√ ♪♇♩│↓╣╕≢─ ─ ↄ─ ╩ ∆╢ ⌂

≢№╢⁹ ≢│⁸↓─ ─ ⅝⌂ ≢№╢ ≤

╩ ⇔⁸ ↕╣╢ ♪♇♩─ ─┼◙כ꜠ ╩ ╠⅛⌐∆

╢⁹ 

 

 ─  

│ ⅛╠ ↕╣≡⅔╡⁸ ↔≤⌐╕≤╘≡ ∆⁹ 

│ ≢№╡⁸III-V ─ ≤ ⇔™ ⌐

↑√ ⌐ ∆╢ ╩ ═╢⁹ 

≢│⁸ ┼─ ⌂ InP ⌐ ⇔√ ⌐ ⇔⁸
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⌂ InGaAs/InAlAs Ⱬ♥꜡ ⌐ ⅎ⁸ √⌐ ⇔√ GaAsSb, AlAsSb

≤⁸∕╣╠╩ ™√Ⱬ♥꜡ ⌐ ⇔≡ ═╢⁹InGaAs/InAlAs ⇔≡

│⁸ ⱪכ♪ ╩ ▪ꜞꜗ◐♩כ◦⁸⇔ ⌐≈™≡ ═√⁹↓╣╕≢

≢№∫√ GaAs/AlGaAs ⌐ ═ ─◄Ⱡꜟ◑כ ⅜ ⅝ↄ⁸◦כ

♩◐ꜗꜞ▪ ╩ ╙ ↄ ≢⅝╢↓≤╩ ⇔⁸ ♩ꜝfi☺

☻♃ (HEMT) ┼─ ╩ ⇔√⁹╕√⁸ ─ V ╩ ╖ V

─ ⅜ ≤⌂╢ GaAsSb, AlAsSb ─ ╩ ⇔⁸

InGaAs ╛ InAlAs ≤─Ⱬ♥꜡ ⌐╟╡ Type II ╛ ⁸№

╢™│ ⌐─╖ ⅝⌂ ╩ ≈ ⌂Ᵽfi♪▪ꜝ▬ⱷfi♩╩ ≢⅝

╢↓≤╩ ⇔√⁹ 

≢│⁸InP ⌐ ⇔√ InGaAs ⌐ ⇔⁸In ≤ Ga ─

⌂ ≤∕╣⌐ ℮ ⌐≈™≡ ═╢⁹ ─ ≤⇔≡⁸╕

∏⁸ ⌂ ≢ ╣╢ ╩ ™√⁹(110) InP ≢│

InAs ≤ GaAs ⅜ ↔≤⌐ ⌐ ⇔√ CuAu-I ≤ ┌╣╢

⅜ ≢⅝╢↓≤╩ TEM ⌐╟╡ ╠⅛⌐⇔√⁹

≤ ┘ ─ ☻♥♇ⱪ ≤─ ╟╡⁸↓─ ⌐

⌐ ↕╣╢ ─ ☻♥♇ⱪ⅜ ⌂ ╩ √⇔≡™╢↓≤╩

╠⅛⌐⇔√⁹ ⌐⁸ ≤⇔≡⁸ ≢─☻♥♇ⱪⱨ꜡כ

╩ ™≡⁸InAs ≤ GaAs ╩ ⌐ ∆╢↓≤⌐╟╡ ⌐ ╩

↕∑╢ ⌐≈™≡ ⇔⁸TEM, ⌐╟╡☻♥♇ⱪ ⌐ ⇔√

╩ ≈ ⅜ ↕╣≡™╢↓≤╩ ╠⅛⌐⇔√⁹↓╣╠

InGaAs ⅛╠│⁸ ─ ╟╡ 1.6 ╙ ™ ⅜

╠╣╢↓≤╩ ⇔√⁹ ⅜ ↕╣√≤ ╦╣╢⁹ 

≢│⁸ ≢─ ⌐≈™≡ ═╢⁹ ⌐

│⁸ ≢─☻♥♇ⱪⱨ꜡כ ╩ ⇔⁸ ⌐ ╩ ∆╢

╩ ⇔√⁹ ⌐│⁸(110)InP ╩ ™⁸0.5 ─

InGaAs ≤ InAlAs, ╩ ⌐ ⇔√⁹ ╠╣√ ╩ TEM ⌐╟╡ ⇔√

⁸ ─☻♥♇ⱪ ⌐ ⇔√ InGaAs/InAlAs ⅜ ≢⅝

≡™╢↓≤╩ ⇔√⁹╕√⁸ ⅜ ⅝ↄ ⌂╢ InAs ≤ GaAs ╩

⌐ ⌐ ⇔≡ InAs /GaAs ╩ ⇔√⁹TEM, ◄Ⱡꜟ◑כ

 (EDX), ⱨ◊♩ꜟⱵⱠ♇☿fi☻(PL) ≢─ ⌐╟╡ ─

≢│⁸ ╙ ⅜ ⅝⌂ ⅜ ≢⅝≡™╢↓≤╩

⇔⁸ ─╖⌐╟╢ ⌐ ↑≡─ ╩ ╠⅛⌐⇔√⁹ 

≢│⁸ ⌂◐ꜗꜞ▪ ∂ ╘ ≢№╢ ♪♇♩─ ⌐

≈™≡ ═╢⁹ ⌐│ Ⱬ♥꜡ ─ ⌐ ╣╢

Stranski-Krastanow ╩ ™√⁹╕∏ ⌂ ⌐≈™≡
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⇔√ ≢⁸GaAs ─ InAs ♪♇♩─ ⌐≈™≡⁸ ⌂ ≤

Ɽꜝⱷכ♃≤─ ╩ ╠⅛⌐⇔√⁹ ⌐ ─≤⌂◙כ꜠

⌂ ⌐≈™≡ ⇔√⁹ ≢│⁸ ≤≤╙⌐ ♪♇♩⅜

⅝ↄ⌂╢ ⅜ ↕╣≡™√⁹ ⌐ ⇔√ ♪♇♩ ─ ╡

⇔ ⌐│ ╩№╢ ↄ∆╢ ⅜№╢ > 30 nm ↓≤⁸╕√

╩ ↄ⇔√ ⁸ ⌐ ♪♇♩─ ⅜ ╣╢↓≤╩ ⇔

√⁹↓─ ┼─ ╩ ⌐ ⇔≡ ♪♇♩ ↕╩ ⌐╟

╡ ∆╢ ╩ ⇔⁸ ⌐ ∂≡ ↕ ⅜ ∆╢↓

≤╩ ⇔√⁹╕√ ≢│⁸ ╠⅞⌐ ⇔√ ⅜ ⌐

≢⅝╢↓≤╩ ╠⅛⌐⇔√⁹↕╠⌐⁸GaAs ╩ ⌐╕≢ ↄ

⇔≡⁸InAs ╩ ⌐ ⇔≡ ∆╢↓≤⌐╟╡ ◖ꜝⱶ♫

─ ♪♇♩╩ ⇔√⁹↓╣╩ ™√ ⁸≡™⅔⌐◙כ꜠♩♇♪

╟╡ ™⇔⅝™ ╩ √⁹╕√⁸ ⌐╟╡ ⅜ ≢

№╢↓≤╙ ◙כ꜠⁸⇔ ⌂≥┼─ ╩ ⇔√⁹ 

≢│⁸ ♪♇♩─ ⌂ ♦Ᵽ▬☻≢№╢ ─┼◙כ꜠

⌐ ↑√ ⁸ ⌐ ⌐≈™≡ ═╢⁹╕∏ ≤

≤─ ╩ ⇔⁸ 0.01 ─ ⌐╟╡ ╩

≢№╢ 1.3 mm ⌐╕≢ ≢⅝╢↓≤╩ ╠⅛⌐⇔√⁹√∞⇔⁸

│ ⇔≡⇔╕™ 5 x 109 cm-2 ◙כ꜠│≢╕╕─↓⁸ ⌐│ ↕

⌂™⁹∕↓≢⁸ ≤⇔≡ ♪♇♩ ⌐ ∆╢ InGaAs ⌐≈™

≡ ⇔√⁹InGaAs ─ ≤ ↕⌐╟╡⁸0.1 mm ─ ⅜ ╠╣

╢↓≤╩ ⇔√⁹ ≤─ ⌐╟╡ 1.3 mm ≢ ∆╢ ♪♇♩

╩ 3-5 x 1010 cm-2 ⌐ ≢⅝╢↓≤╩ ⇔√⁹ ⌐⁸↓─

♪♇♩╩ ╩◙כ꜠≡™ ⁸5.4 mA ─ ⇔⅝™ ≢ ∆╢↓≤

╩ ⇔⁸ ⌂ ─┼◙כ꜠ ╩ ⇔√⁹ 

│⁸↓╣╠╕≤╘≤⇔≡⁸ ╕≢⌐ ╠╣√ ╩ ⇔≡ ═

╢⁹ 
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 InP ─ ≤Ⱬ♥꜡ ─  

 │∂╘⌐ 

InP ⌐ ⇔√ InGaAs │⁸  2.1.1 [2.1.1]⌐ ∆╟℮⌐⁸∕╣╕

≢ ⌐ ™╠╣≡⅝√ GaAs ⌐ ═≡⁸ ≢─ ⅜ 13,800 cm2/Vs 

[2.1.2]≤ ↄ⁸ ╙ ™ ─  (2.95 x 107 cm/s [2.1.5]) ⅜

↕╣≡™╢⁹∕─√╘⁸ ♩ꜝfi☺☻♃ High Electron Mobility 

Transistor: HEMT ╛Ⱬ♥꜡ Ᵽ▬ⱳכꜝ♩ꜝfi☺☻♃ (Heterojunction 

Bipolar Transistor: HBT [2.1.15-17]) ⌂≥ ה ♦Ᵽ▬☻─ ⌂

≢№╢⁹╕√⁸Ᵽfi♪◑ꜗ♇ⱪ│ ≢ 0.76 eV [2.1.4] ≢№╡⁸↓╣

│ ה ─ ─  1.55 mm ⌐ ⇔≡⅔╡⁸ ─ ה

♦Ᵽ▬☻╛ ⁸ ⌂≥─ ♦Ᵽ▬☻ ≤⇔≡╙ ≢№╢⁹ 

 

2.1.1 ⌐ III-V ─ ≤Ᵽfi♪◑ꜗ♇ⱪ─ ╩ ∆⁹

♦Ᵽ▬☻┼─ ⌂ InP ⌐ ∆╢ InGaAs ≤Ⱬ♥꜡ ⅜ ⌂

│⁸ ™ (Ẽ)≢ ⇔√ InGaAs, InAlAs ─ ⌐⁸ ─ (Ẽ)≢ ∆

GaSb ≤ GaAs ≤─ ≢№╢ GaAsSb ≤ AlSb ≤ AlAs ─ ≢№╢ AlAsSb

⅜№╢⅜⁸↓╣╠ ⌐≈™≡│╒≤╪≥ ═╠╣≡™⌂™⁹GaAsSb

─Ᵽfi♪◑ꜗ♇ⱪ│⁸InGaAs ≤ ⅝ↄ ╦╠⌂™╙──⁸ ─
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™⌐╟╡ InGaAs ≤─Ⱬ♥꜡ ⌐╟╡Ᵽfi♪ ⅜ meV №

╢ Type II (staggered)─Ᵽfi♪ ⌐⌂╢↓≤⅜ ↕╣≡™╢[2.1.18, 19]⁹

≤ ╩ ⌐ ⇔≡ ≢⅝╢ ⁸ ∆╢ InGaAs ╛ GaAsSb

─Ᵽfi♪◑ꜗ♇ⱪ ≢─ ╙ ⌐⌂╢[2.1.20-22]⁹╕√⁸ ⁸

─ ─╖⌐ ⅝⌂ ╩╙≈◄Ⱡꜟ◑כ ⌂≥ ⌂◄Ⱡꜟ◑כ

╩ ≢⅝╢ ⅜№╢[2.1.23]⁹ ♦Ᵽ▬☻╩ ∆╢∞↑≢⌂ↄ⁸

√⌂ ╩ ⇔√ ⇔™♦Ᵽ▬☻⌐ ┘≈ↄ ⅜№╢⁹ 

 

≢│⁸ ≢ ⇔√╟℮⌐♦Ᵽ▬☻┼─ ⌂ InP ⌐ ⇔√

⌐ ⇔⁸ ⌂ InGaAs/InAlAs Ⱬ♥꜡ ⌐ ⅎ⁸ √⌐

 (Molecular Beam Epitaxy  MBE) ╩ ™≡ GaAsSb ≤

AlAsSb ─ ╩ ⇔⁸↓╣╠╩ ™√Ⱬ♥꜡ ─ ≤Ᵽfi♪

⌐≈™≡ ⇔√ ╩ ═╢⁹ 

2-2 ≢│⁸InGaAs/InAlAs Ⱬ♥꜡ ⌐ ⇔≡⁸ ⱪכ♪ ╩ MBE

⌐╟╡ ⇔⁸HEMT ⌐⅔™≡ ⌂ ≢№╢ 2DEG ⌐≈™≡

⇔⁸∕─ ╩ ╠⅛⌐∆╢⁹↓╣╕≢ ≢№∫√ GaAs/AlGaAs ≢

│⁸ ─ ⅜Ᵽfi♪◑ꜗ♇ⱪ─ ─ 60%  [2.1.24] ≤∕╣╒≥

⅝ↄ⌂ↄ⁸╕√ ≢№╢ AlGaAs ◓Ⱨfiכ♪─┼ ╩№╕╡ ↄ≢

⅝⌂™ (~2 x 1018 cm-2) √╘⁸HEMT ─ ⌐ ┘≈ↄ 2DEG

╩ ↄ≢⅝⌂™ ( 1 x 1012 cm-2 [2.1.25-29])≤™∫√ ⅜№╢⁹↓╣⌐

⇔⁸InGaAs/InAlAs ≢│⁸ ⌐ ⇔√ InGaAs ─ ™ ⌐ ⅎ⁸

≢№╢ InAlAs ┼─ ⅜ⱪכ♪ ≢№╡ (~1 x 1019 cm-3 

[2.1.30, 31])⁸╕√⁸ ≢№╢ InAlAs ≤ ≢№╢ InGaAs ─
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─ ⅜ 0.53 eV [2.1.7, 2.1.32]≤ ⅝™√╘⁸GaAs/AlGaAs ⌐

═ ™ ≢ 2DEG ╩ ≢⅝╢ ⅜№╢⁹⇔⅛⇔⁸HEMT ─

⌐ ┘≈ↄ InGaAs/N-InAlAs ♪כⱪ ─ 2DEG (Ns) ⌐

≈™≡│⁸Onabe ╠─  [2.2.33] ─ ⌐│╒≤╪≥ ↕╣≡⌂™⁹↓↓

≢│ ↕╣╢ 2DEG ╩ ⌂ ⌐╟╡ ╘╢≤≤╙⌐⁸ Ⱬ

♥꜡ ─ InGaAs/N-InAlAs ⱪכ♪ ╩ MBE ⌐╟╡ ⇔⁸

◓Ⱨfiכ♪─┼  (Nd) ⌐ ∆╢ 2DEG  (Ns)≤  (m) ─

╩ ∆⁹ ◓Ⱨfiכ♪─┼  (Nd)╩ ╘╢⌐⇔√⅜™⁸2DEG

(Ns)│ ⌐ ⇔⁸ ≢№╢ InAlAs ◓Ⱨfiכ♪─┼  (Nd) ⅜ 5 

x 1018 cm-3⌐⅔™≡⁸GaAs/AlGaAs ⌐ ═ ™ ™ 2DEG  (Ns = 

3.7 x 1012 cm-2) ╩ ≢⅝╢[2.1.34]↓≤╩ ⇔⁸HEMT ⌐⅔↑╢

╩ ╠⅛⌐∆╢⁹ 

2-3 ≢│⁸InP ⌐ ⇔√ GaAsSb ─ MBE ≤∕─ ⌐

⇔≡ ═╢⁹Sb ╩ ╗ GaAsSb ╛ AlAsSb ─ ⌐⅔™≡│ ⅜

≤⌂╢⁹ 

1. Sb ╩ ╗ GaAsSb ╛ AlAsSb ≢│⁸ ≥℮⇔─

╩ ∆◒ꜝ☻♃ꜞfi◓הⱤꜝⱷ♃⅜ ⅝ↄ[2.1.35]⁸ ≤™∫

√ √╖≢כ♄כ○ ⁸◒ꜝ☻♃ ╩ ⇔╛∆™≤↕╣

≡™╢⁹╕√⁸InP ⌐ ∆╢ │⁸ ⌐│ ⌂≥╩ ℮

◑ꜗ♇ⱪ  (miscibility gap Ᵽ▬ⱡכ♄ꜟ ) ⌐№╡ [2.1.36]⁸

MBE ⌐╟╡ ∆╢ ╩ ⌐ ≢⅝╢⅛⁹ 

2. MBE ≢─ V  (As, Sb) ─ ↓╣╕≢─ AlGaAs ╛ InGaAs

⌂≥│ IIIx-III(1-x)-V ─ ≢№╡⁸ │ III ─ ╩

⇔√⁹Ga ╛ Al ⌂≥─ III ─ │ ↄ⁸╕√ ┼─ ⅜

╒╓ 100 ≢ ≤⌂╢√╘⁸III ─ ╩ ™≤∆╢ ⌐

↕∑≡ ⌐ ╦∑ ╗↓≤⌐╟╡⁸∕─ │ ≢№

∫√⁹As, Sb ─ │ ↄ⁸╕√ │ III ─╟℮⌐ 100% ≤│

⌂╠⌂™⁹ ⅜ ⌂╢ As, Sb ╩ MBE ≢≥℮ ⇔≡─ ┼ ╡

╗⅛⁹ ─√╘⌐ ≢⅝╢⌂╪╠⅛─ ⅜№╢⅛⁹ 

3 ◓Ⱨfiכ♪ ♦Ᵽ▬☻ ⅜◓Ⱨfiכ♪│⌐ ≤⌂╢⁹GaSb ≢│⁸

N ≡⇔≥♩Ɽfiכ♪─ Te ╙⇔ↄ│ Se ⅜ ™╠╣≡⅔╡[2.1.37]⁸

GaAs ╛ InGaAs ⌂≥┼─ N ≡⇔≥♩Ɽfiכ♪─ ™╢ Si │⁸GaSb ≢

│ ─ Sb ◘▬♩⌐ ╡ ╕╣⁸▪◒☿ⱪ♃≤⌂╢↓≤⅜ ↕╣≡™╢ 

[2.1.38, 39]⁹Te │ ⅜ ↄ MBE ≢│ ™ ™ ≢№╢⁹GaAs ≤

GaSb ─ ⅜╒╓ 1:1 ≤⌂╢ InP ⌐ ⇔√ GaAsSb ─ ⁸

⅜ ↄ ⅜ ™ Si ⅜ N ≡⇔♩Ɽfiכ♪ ⅎ╢⅛⁹╕√ ∆╢
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⅜№╢⅛⁹ 

2-3 ≢│↓╣╠ ⌐ ∆╢ ≤⇔≡⁸MBE ⌐╟╢ GaAsSb ─

⌐ ↑≡⁸V ≢№╢ As-Sb ─ ⌐≈™≡ ═⁸Ⱶ◦ⱦꜞ♥▫

◑ꜗ♇ⱪ ⌐№╢ InP ⌐ ⇔√ ⅜ ≢⅝╢↓≤╩ ∆⁹╕√

⌂ ≤⇔≡⁸X  (X-ray diffraction XRD)⁸ⱨ◊♩ꜟⱵⱠ

♇☿fi☻ Photolumunescence PL ⌐╟╢ ╠⅞ ╠⅞

⌂≥ ⌐≈™≡ ∆╢≤≤╙⌐⁸ⱡfi♪כⱪ≢─ ◐ꜗꜞ▪ ≤

⌂≥ ≤ ⌂ ≢№╢ V/III ⁸⅔╟┘ ≤─

 [2.1.40] ⌐≈™≡ ∆⁹╕√⁸GaSb ≢│ V ◘▬♩⌐ ╡▪◒☿ⱪ♃≤⇔

≡ ↄ Si ─ GaAsSb ≡™≈⌐◓Ⱨfiכ♪─┼ ⇔√ ╩ ∆⁹GaAsSb

⌐⅔™≡│⁸Si │ ≤⌂╡⁸ ⅜ ™ ⌐│ III ◘

▬♩⌐ ╡ ╡⌂≥כ♫♪╣╕ N ╩ ∆⅜⁸ ≢│ V ◘▬♩

⌐ ╡ ╕╣▪◒☿ⱪ♃⌐⌂╡ P ╩ ∆↓≤ [2.1.41] ╩ ╠⅛⌐∆

╢⁹ 

↓℮⇔√ GaAsSb ╛ AlAsSb ≤ InGaAs, InAlAs ≤─Ⱬ♥꜡

≢│ Type II ─Ᵽfi♪ ─ ⁸ ─╖⌐ ⅝⌂ ╩╙≈ ╛

⌐ ─╖⌐ ⅝⌂ ╩╙≈ ⅜ ≢⅝╢ ⅜№╢⁹

InGaAs/GaAsSb Ⱬ♥꜡ │⁸ ╩ ┬↓≤⌐╟╡  2.1.1 (b) ⌐ ⇔

√ Type II (staggered) ─Ᵽfi♪ ≤⌂╢↓≤⅜ ↕╣╢ [2.1.21, 22]⁹

↓─ ≢│⁸(1) InGaAs ⌐ ╩⁸╕√ GaAsSb ⌐ ╩∕╣∙╣

⌐ ⇔≡ ∆╢↓≤⅜ ≤⌂╢⁹╕√⁸(2) ╛ ╩ ∆╢

↓≤⌐╟╡⁸ ┼─ ─⇔╖ ⇔⌐╟╡⁸ ≢─Ᵽfi♪

⅜ ≤⌂╢⁹↓╣⌐╟╡⁸ ∆╢ InGaAs №╢™│ GaAsSb ─

Ᵽfi♪◑ꜗ♇ⱪ─™∏╣╟╡╙ ⌂Ᵽfi♪◑ꜗ♇ⱪ╩ ↕ↄ≢⅝╢⌂≥─

⅜№╢⁹(1) ╩ ∆╢↓≤⌐╟∫≡│⁸ ─▪Ᵽꜝfi◦▼ה

ⱨ◊♩♄▬○כ♪⅜ ↕╣≡™╢ [2.2.23]⁹ ≤ ─▬○fi ╩ ⌂

╢ ─Ᵽfi♪◑ꜗ♇ⱪ⌐╟╡ ₁⌐ ≢⅝╢√╘⁸▬○fi ╩ ⅝ↄ∆

╢↓≤⅜≢⅝⁸ ⅜ ⌐ ↕╣╢ ⅜№╢⁹╕√⁸(2) ╩ ∆

╢↓≤⌐╟∫≡│⁸ ⅛╠ 3 mm ╩ ⅎ╢ ⌐╕≢ ∆╢ ה

♦Ᵽ▬☻┼─ ─ ⅜№╢⁹↓╣╕≢⌐⁸ ╩ ╗ ⌐ⱪכꜟ◓

⅔™≡⁸↓─ InP ⌐ ⇔√ InGaAs/GaAsSb Ⱬ♥꜡ ╩ MBE ⌐╟╡

⇔⁸ ─ ▼☺כ○╩  (Auger Electron Spectroscopy

AES) ⌐╟╡ ∆╢ [2.1.42] ≤≤╙⌐ ╩♪כ○▬♄─

⇔ thermionic emission ─ ╩ ∆╢↓≤⌐╟╡

⌂≥◄Ⱡꜟ◑כⱣfi♪ ╩ ╠⅛⌐⇔≡⅝√ [2.1.43]⁹ 

2-4 ≢│⁸GaAsSb/InAlAs Quantum Well: QW ╩
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MBE ⌐╟╡ ⇔⁸PL ◄Ⱡꜟ◑כ─ ╟╡Ᵽfi♪

╩ ⇔√ ╩ ═╢⁹╕√⁸Ⱬ♥꜡ ─ ╠⅞╩ PL ─  (Full 

Width at Half Maximum FWHM) ⅔╟┘ ─ ─

 (Transmission Electron Microscopy TEM) ⌐╟╡ ⇔√

╩ ∆⁹GaAsSb/InAlAs Ⱬ♥꜡ ─◄Ⱡꜟ◑כⱣfi♪ ⅜ Type I ≢№

╡⁸ ─  (DEc)⁸ ─  (DEv) │∕╣∙╣ 0.01 eV, 0.78 

eV ≤⌂╡⁸ ─╖⌐ ⅝⌂ⱳ♥fi◦ꜗꜟ ╩╙≈ ⌐⌂∫≡™╢

↓≤╩ ∆⁹╕√⁸∕─ ╠⅞│ GaAs/AlGaAs ╛ InGaAs/InAlAs Ⱬ♥꜡

≤ ⌐⁸ ↕ ─ ╠⅞─ ─™™ ⅜ ≢⅝≡™

╢↓≤╩ ╠⅛⌐∆╢[2.1.44]⁹ 

2-5 ≢│ InGaAs/AlAsSbⱫ♥꜡ ⌐≈™≡ ═╢⁹ InGaAs/AlAsSb QW

╩ MBE ⌐╟╡ ⇔⁸AlAsSb ─Ᵽfi♪◑ꜗⱪ╩ ∆╢≤≤╙⌐Ⱬ

♥꜡ ─◄Ⱡꜟ◑כⱣfi♪─ ╩ ⇔√⁹120K ≢─

(Electro-Reflectance: ER) ⌐╟╡⁸AlAsSb ─G ≢─ Ᵽfi♪

◑ꜗ♇ⱪ⅜ 2.45 ± 0.03 eV ⌐⌂╢↓≤⁸╕√ InGaAs/AlAsSb QW ⅛╠─

PL ◄Ⱡꜟ◑כ─ ╟╡⁸↓─Ⱬ♥꜡ ⅜ Type II ─Ᵽfi♪

≤⌂╡⁸ ⁸ ─  (DEC, DEV)⅜∕╣∙╣ 1.74 ± 0.04 eV⁸

0.07 ± 0.02 eV ⌐⌂╢↓≤╩ ╠⅛⌐∆╢⁹╕√⁸InGaAs/AlAsSb QW ─

─ TEM ╟╡⁸ ꜠ⱬꜟ≢ ⌂ ⅜ ≢⅝≡™╢↓≤╩ ∆

[2.1.45]⁹↕╠⌐↓─Ⱬ♥꜡ ─ ≤⇔≡⁸AlAsSb /InGaAs /AlAsSb ⅛⌂

⌂╢ ♩fiⱠꜟⱣꜞ▪ (Resonant Tunneling Barrier: RTB)╩ ⇔⁸

I-V ⌐⅔↑╢Ⱨכ◒/Ᵽ꜠כ Jp/Jv ⅜↓╣╕≢≢ ╙ ⅝⌂ 15 ⌐ ∆╢

↓≤[2.1.46] ╩ ⇔⁸↓─Ⱬ♥꜡ ─ ╩ ╠⅛⌐∆╢⁹ 

⌐ 2-6 ≢│ ≢ ╠╣√ ╩ ⇔≡ ∆⁹ 

 

 InGaAs/InAlAs Ⱬ♥꜡ ─ ≤ ●☻  

 ≢ ⇔√╟℮⌐⁸InGaAs/InAlAs Ⱬ♥꜡ ≢│ ─ , DEC

⅜ GaAs/AlGaAs ⌐ ═≡ ⅝™↓≤⅛╠⁸ ™ 2DEG ⅜ ↕╣╢⁹

≢│⁸InP ⌐ ⇔√ InGaAs/N-InAlAs ⱪכ♪ ╩ MBE ⌐╟╡

⇔⁸ ↕╣╢ 2DEG ─ ≤ ⌐≈™≡ ⇔√  [2.2.1] ╩

∆⁹ 

≢№╢ InAlAs ┼─ N │⌐♩Ɽfiכ♪ Si ╩ ™⁸Si ─♪

◓Ⱨfiכ ╩ ⅎ≡ ⇔√ InGaAs/N-InAlAs ⱪכ♪ ─⁸2DEG

, Ns ≤ , m ╩ⱱכꜟ  (Hall) ⅔╟┘◦ꜙⱩ♬◖ⱨה♪Ɫכ☻ 

(Shubnikov-de Haas:  SdH) ╩ ∆╢↓≤⌐╟╡ ⇔√⁹╕√⁸
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╠╣√ 2DEG , Ns │ ⌐ ⇔√ ≤ ⇔√⁹ 

 ╕∏⁸↓─ ⱪכ♪ ⌐⅔↑╢ 2DEG ─ ≤ ╩ ⌐╟╡

╘√⁹ │ ⌐ ∆◦ꜙ꜠♦▫fi●כ ≤ⱳ▪♁fi ╩ ⌐

ↄ↓≤⌐╟╡ ∫√⁹ 

 

   -(ƥ2/2m*)הd2y(x)/dx2 + V(x)הy(x) = Eiהy(x) 

                                  (i = 0, 1, 2, 3, ההה)               (2.1) 

     d2V(x)/dx2 = -q/e {Nd ð n(x) - В   Ns(i) y2(x) }                    (2.2) 

 

↓↓≢⁸Nd │ ▬○fi כ♫♪√⇔ ⁸Ns │ 2DEG ⁸n(Z)│ N-InAlAs

─ ⁸V(x)│ⱳ♥fi◦ꜗꜟ◄Ⱡꜟ◑⁹╢№≢כ ⌐ ™√ │⁸

≢№╢ N-InAlAs ≤ ≢№╢ InGaAs ≤⅜ ∆╢

≤ ≤─ ⌐☻Ɑכ◘ ⅜ ™ ≢⁸ כ♪─┼

Ⱨfi◓ , Nd │⁸1 x 1017 cm-3 ð 1 x1019 cm-3 ─ ≢ ↕∑√⁹◦ꜙ꜠♦

▫fi●כ │⁸ ╩ ™≡ ⅝⁸╕√ InGaAs ≤ InAlAs ≤─Ⱬ

♥꜡ ≢│ ≢ ∆ ╩ ™√⁹∆⌂╦∟⁸2 ≈─ ─ ≢⁸

 yi(x)≤∕─ ≢№╢ yiõ(x)/mi
 ⅜ ≤⌂╢[2.2.2])≤⇔√⁹ 

 

  y1 (x) = y2 (x)                                                                          (2.3) 

    1/m1
dy1(x) /dx = 1/m2ה*

 dy2(x) /dx                             (2.4)ה*

 

InP ⌐ ⇔√ InGaAs ─ ─  (m1
*) ≤ InAlAs ─ ─

 (m2
*) │⁸∕╣∙╣ m1

* = 0.042m0 [2.2.3], m2
* = 0.075m0 [2.2.4] (m0 │

─ ─ ) ╩ ™√⁹╕√⁸↓─Ⱬ♥꜡ ─╟℮⌐ ≈─ ≢

⌐ ⅝⌂ ⅜№╢ ⌐│ ⅜ ≤⌂╢⁹↓↓≢│⁸

─  (nonparabolicity)╩ ⇔≡⁸m* = m1
*(1+2aE) [2.2.5]≤⇔≡

─ ╩ ∫≡™╢⁹↓↓≢⁸E │ ₁─ 2DEG ◘ⱩⱣfi♪─ ⅛╠─

─◄Ⱡꜟ◑⁸≢כ╕√a│ Ɽꜝⱷ⁸≢♃כⱣfi♪◑ꜗⱪ╩ Eg ≤⇔

≡⁸a = (1 ð m1
*/m0)2/Eg [2.2.6] ≢ ↕╣╢⁹ 

╕√⁸InAlAs ≢─◐ꜗꜞ▪ ⌐ ℮ ─Ᵽfi♪ ╩ ∆

╢√╘⁸ ─ⱨ▼ꜟⱵ ♦▫ꜝ♇◒ ╩ ™√⁹↓─ ⁸Si ⱬ꜠כ♫♪─

ꜟ│ ⅛╠ 10 meV ≤ ⇔≡™╢⁹ 2.2.1 ⌐ ⌐╟∫≡ ╘√

─◄Ⱡꜟ◑כ♄▬▪◓ꜝⱶ≤ 2DEG ╩ ∆⁹↓─Ⱬ♥꜡ ─

─ │ 0.53 eV [2.2.7]≤∕╣╕≢ ⌐ ™╠╣≡⅝√ GaAs/N-AlGaAs

Ⱬ♥꜡ ─  (0.2 ð 0.3 eV) ⌐ ═≡ 2 ⌐ ⅝™√╘⁸5 x 1018 cm-3

◓Ⱨfiכ♪─ ⌐ ⇔≡⁸ ↕╣╢ 2DEG │ 3.7 x 1012 cm-2 ≤ ⌐
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™ ⌐ ⇔≡™╢⁹↓─ │⁸GaAs/N-AlGaAs ─ ─ ─ ≢№╢⁹

╕√⁸ ⌐ ↕╣╢◘ⱩⱣfi♪─℮∟⁸  (E(0) = - 140.6 meV), 

 (E(1) = - 38.9 meV), 2  (E(2) = - 6.4 meV)─ ≈─◘

ⱩⱣfi♪⅜ 2DEG ⌐ ╘╠╣╢↓≤⅜╦⅛╢⁹╕√⁸↓─╟℮⌂ ─ 2DEG

⅜ ↕╣╢ ⌐⅔™≡╙⁸InAlAs ─ⱳ♥fi◦ꜗꜟ │⁸

ⱨ▼ꜟⱵ ╟╡ 0.2 eV ╙ ™ ⌐№╢⁹ 

 2.2.2 ⌐ ⇔√ InGaAs/N-InAlAs ♪כⱪ ─ ╩

⌐ ∆⁹ │⁸ ╟╡ Si ♪כⱪ InGaAs ◖fi♃◒♩  ( ↕ 10 nm, 

Nd = 1 x 1018 cm-3)⁸Si ⱪכ♪ InAlAs  ( ↕ 200 - 25 nm, Nd = 1 x 

1017  5 x 1018 cm-3)⁸ⱡfi♪כⱪ

InGaAs  ( ↕ 500 nm)

⌐╟╡ ⇔≡™╢⁹InAlAs

◓Ⱨfiכ♪─┼ │⁸1 x 

1017 cm-3
  5 x 1018 cm-3╕≢

↕∑⁸ ↕╣╢ 2DEG ╩ ↄ

∆╢√╘⁸InGaAs ≤─

⌐▪fi♪כⱪ─☻Ɑכ◘ │

⌂™ ≤⇔√⁹╕√⁸InAlAs

≢─
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≤─ ─ ╩ ⇔≡⁸InAlAs ─ ◓Ⱨfiכ♪⁸│↕

⌐ ∂≡ ⅎ≡™╢⁹⌂⅔⁸ ⌐│ 340 nm ─Ᵽ♇ⱨ□ ╩ ⇔≡⅔

╡⁸↓╣│ ⌐ ∆╟℮⌐ ─ InGaAs  ( ↕ 20 nm) ╩ 3 ─ InAlAs  

( ↕ 100 nm) ≢ ╪∞ ≤⌂∫≡™╢⁹ ⌐│ ─ (001) InP

╩ ™⁸ ─ MBE ⌐╟╡⁸  470ϴ⁸ 1.2 mm/h ⌐≡

⇔√⁹ 

∕╣∙╣─ ─ 2DEG ╩ 4.2K ≢─ SdH ╩ ∆╢↓≤⌐╟╡

⇔√⁹ 2.2.3 ⌐ InAlAs ◓Ⱨfiכ♪─┼ , NSi, ╩ 5 x 1018 cm-3

≤⇔√ ─ ╩ ∆⁹ │⁸ ⌐ ⇔≡ ╩ ∆⅜⁸ ⌐

╠╣╢╟℮⌐ ⌂╢ 3 ─ ╩ ╪≢™╢⁹↓╣│⁸ ⅜

⌐ ⇔√ ≈─◘ⱩⱣfi♪ E(0), E(1), E(2) ╩ ⇔≡™╢↓≤╩ ⇔≡™

╢⁹ ◘ⱩⱣfi♪─ 2DEG │⁸SdH ─ ⅛╠ ─ ⌐╟∫≡ ╘

╢↓≤⅜≢⅝╢⁹ 

  Ns = (e/pħ)ה(1/D(1/B))                                     (2.5) 

↓↓≢⁸ ħ │ⱪꜝfi◒ ≢⁸e │ ─ ⁸╕√D(1/B)│ ─ ⌐

∆╢ ─ ≢№╢⁹ ╟╡ ╘√ ◘ⱩⱣfi♪─ 2DEG │⁸ ₁
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Ns (0) = 2.5 x 1012 cm-2⁸Ns (1) = 7.8 x 1011 cm-2⁸Ns (2) = 1.4 x 1011 cm-2 ≢№

∫√⁹ 2.2.4 ⌐ SdH ⌐╟∫≡ ╠╣√ ╩ ⌐╟∫≡ ╘√ ≤≤

╙⌐ ∆⁹ ─ ─ⱪ꜡♇♩⅜ ⌐╟╡ ╠╣√ ╩ ⇔≡⅔╡⁸ (ủ)

│ ─ ⌐ ∆╢ ◘ⱩⱣfi♪─ 2DEG  (Ns(0), Ns(1), Ns(2))╩

⇔⁸ (ừ)│ 2DEG  (Ns = Ns(0) + Ns(1) + Ns(2) ╩ ⇔≡™╢⁹╕

√⁸ │ ◘ⱩⱣfi♪≢─ 2DEG ─ ⁸ │ 2DEG ─

╩ ⇔≡™╢⅜⁸ ╠╣√ │⁸ 2DEG ∞↑≢⌂ↄ⁸ ◘ⱩⱣ

fi♪╩ ╘╢ 2DEG ≤╙ ⌐ ™ ╩ ⇔≡™╢⁹2DEG │⁸Si

◓Ⱨfiכ♪ , Nd─ ≤≤╙⌐ ⇔⁸Nd = 5 x 1018 cm-3≢│ 3.5 x 1012 

cm-2 ⌐ ⇔≡™╢⁹╕√⁸ ◓Ⱨfiכ♪⌐℮╟╢⅛╦╙╠⅛ ⅜ ↄ

⌂╢≤ ⌐╙ ⅜ ◓Ⱨfiכ♪⁸╡⌂⌐℮╟╢╣↕ , Nd  >  4 x 

1018 cm-3≢│⁸Ns(2)⅜ 1 x 1011 cm-2╩ ⅎ╢╟℮⌐⌂╡⁸SdH ⌐⅔™≡

╙ ⌐ ↕╣╢╟℮⌐⌂╢⁹↓℮⇔√ ─Ⱬ♥꜡ ⌐╟╡ ↕╣√

ⱪכ♪ ⌐⅔™≡⁸ ─◘ⱩⱣfi♪ 2 ⌐╕≢ ⅜

⇔≡™╢↓≤⅜ ↕╣√─│⁸GaAs/N-AlGaAs ⁸InGaAs/N-InAlAs

⌂≥≢↓╣⅜ ╘≡≢№╢⁹ 



24 

 

 2.2.5 ⌐ 77K ⅔╟┘ ≢─ⱱכꜟ ⌐╟∫≡ ╠╣√ 2DEG ≤

─ ╩⁸ ⌂ GaAs/N-AlGaAs ⱪכ♪ ─  [2.2.9-11] ≤≤

╙⌐ ∆⁹↓─ ⌐⅔™≡│⁸ ≢ ⅜ ↄ⁸╕√ ≢ ⅜ ↄ

⌂╢√╘⁸ ╒≥ ⅜ ↄ⌂╡⁸ ⌂ ≤⌂╢⁹
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InGaAs ─ ⁸ ™ 2DEG , Ns ≢ 5.0 x 1012 cm-2, 77K ≢ 3.7 x 

1012 cm-2 ⌐⅔™≡╙ ─ │ ⌂ↄ⁸ ™ ╩ ∫≡™╢ ≢ 6,700 

cm2/Vs, 77K ≢ 22,000 cm2/Vs ⁹╕√⁸ ∂ ≢ ∆╢≤⁸InGaAs ─

2DEG , Ns│ GaAs ─ ⌐ ═≡ 4 ⅝ↄ⌂∫≡™╢⁹ ⌐ 300K

⌐⅔™≡│⁸2DEG ≤ ─™∏╣⌐⅔™≡╙ GaAs ─ ╩ ∫≡

⅔╡⁸ ╣√ ╩ ⇔≡™╢↓≤│ ╠⅛≢№╢⁹↓╣╠ ╩ 2.1. 

⌐╕≤╘≡ ∆⁹ 

  ⁸InGaAs/N-InAlAs ⱪכ♪ ⌐⅔↑╢ 2DEG ⌐≈™≡⁸

⅔╟┘ ⌐╟╡ ⇔√⁹↓╣╕≢─ GaAs/N-AlGaAs ⱪכ♪

≤─ ⌐⅔™≡⁸ ⅜ ⅝ↄ⌂╡ 2DEG ⅜ ⌐ ∆╢

↓≤╩ ⇔√⁹╕√⁸2DEG ─ ⌐ ∆╢ ─ ⅜ ⌂ↄ⁸ ⌐

≢│ ™ ╩ ∫√╕╕ 2DEG ╩ ↄ≢⅝╢↓≤╩ ⇔⁸↓─

╩ ™√ ⱪכ♪ ─ ╩ ╠⅛⌐⇔√⁹ 

 

 GaAsSb ─  

 InP ⌐ ⇔√ GaAsSb │⁸ 2.1.2 ⌐ ⇔√╟℮⌐Ᵽfi♪◑ꜗⱪ

⅜ 0.8 eV ⌐№╡⁸ 1.5 mm ─ ─ ♦Ᵽ▬☻ ≤⇔≡ ↕

╣╢⁹╕√⁸InGaAs ╛ InAlAs ≤─Ⱬ♥꜡ ⌐╟╡⁸Type II  [2.3.1, 

2] ⌂≥ ⌂◄Ⱡꜟ◑כ ⅜ ≢⅝╢ ⅜№╢ [2.3.3]⁹∕─√╘⁸

⇔™ ╩ ∆╢♦Ᵽ▬☻≤⇔≡╙ ↕╣╢⁹⇔⅛⇔⁸MBE [2.3.2, 4-7]╛

MOCVD [2.3.8, 9]≢ ─ ⅜№╢╙── ≢№╢ As-Sb ─

╛ ≤ ≤─ ⌂≥⌐ ∆╢ │╒≤╪≥⌂™⁹ 

≢│⁸GaAsSb ┘ AlAsSb ─ MBE ⌐ ⇔≡⁸V  (As-Sb) ─

⌐≈™≡ ═⁸ ◑ꜗ♇ⱪ ⌐№╢ InP ⌐ ⇔√

─ ⅜ ≢⅝╢↓≤╩ ∆⁹╕√ ⌂ ≤⇔≡⁸X  (X-

ray diffraction XRD)⁸ⱨ◊♩ꜟⱵⱠ♇☿fi☻ Photolumunescence

PL ⌐╟╢ ╠⅞ ╠⅞ ⌂≥ ⌐≈™≡ ∆╢≤≤╙⌐⁸

ⱡfi♪כⱪ≢─ ◐ꜗꜞ▪ ≤ ⌂≥ ⌂ ≤  (V/III

⁸ ) ≤─  [2.3.10] ⌐≈™≡ ∆⁹╕√⁸GaSb ≢│ V ◘▬♩

⌐ ╡▪◒☿ⱪ♃≤⇔≡ ↄ Si ─ GaAsSb ≡™≈⌐◓Ⱨfiכ♪─┼ ⇔√

╩ ∆⁹GaAsSb ⌐⅔™≡│⁸Si │ ≤⌂╡⁸ ⅜

™ ⌐│ III ◘▬♩⌐ ╡ ╡⌂≥כ♫♪╣╕ N ╩ ∆⅜⁸

≢│ V ◘▬♩⌐ ╡ ╕╣▪◒☿ⱪ♃⌐⌂╡ P ╩ ∆↓≤ [2.3.11] 

╩ ╠⅛⌐∆╢⁹ 
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(1) GaAsSb, AlAsSb ─ As-Sb ≤  

MBE ⌐│ ─ ╩ ™√⁹Ga, As4, Sb4─ ╢╟⌐☻כ♁ ─

MBE ╩ ™√⁹V ─◒ꜝ♇◐fi◓│⇔≡™⌂™⁹ │Ɽ▬꜡

ⱷ⁸470⇔♃♬⸗╡╟⌐♃כϴ⅛╠ 590ϴ─ ≢ ⅎ√⁹ │ 1.3 

mm/h ≢⁸V/III │⁸(JAs4 + JSb4)/ JGa(Al) (JAs4, JSb4, JGa(Al) │ ≢▬○fi

╡╟⌐☺כ◕ ⇔√ Ga, Al, Sb, As ─ ) ⌐╟╡ ⇔⁸4 ⅛╠ 10

─ ≢ ⅎ√⁹╕√⁸GaAs1-xSbx─ │⁸(004) ─ XRD ꜡♇◐fi◓◌

Ⱪכ ⌐╟╡ Vegard ╩ ⇔≡ ╘√⁹ 

2.3.1 ⌐ 500ϴ≢⁸

As ╩ ≤⇔≡ ⇔√

GaAs1-xSbx ⅔╟┘ AlAs1-xSbx

─ Sb , x ≤ Ga ╕√ Al ⌐

∆╢ Sb4 ─  

(Sb4/Ga, Sb4/Al) ≤─ ╩

∆⁹ , x │⁸

<Sb4/Ga>╕√│<Sb4/Al>─

⌐ ⇔≡ ⅝ↄ⌂∫≡

™╢⁹↓╣│⁸↓─ ≢

│ Sb ⅜ As ╟╡ ⌐

⌐ ╡ ╕╣╢↓≤╩ ⇔≡

™╢⁹Sb ─ │ As ╟╡

╙ ↄ⁸╕√⁸Sb ─ ◄Ⱡꜟ

 sublimation energy: 49.4) כ◑

kcal/mole)⅜ As (sublimation 

energy:  36.6 kcal/mole)⌐

═≡ ⅝ↄ⁸ ≢─ ⅜ As ╟╡ ™√╘≤ ⅎ╠╣╢⁹⇔√⅜∫

≡⁸GaAs1-xSbx, AlAs1-xSbx─ │ III ─ ⌐ ∆╢ Sb ─

 (JSb4/JGa, JSb4/JAl) ⌐╟╡ ≢⅝╢↓≤⌐⌂╢⁹ 

2.3.2 ⌐ GaAs1-xSbx─ Sb , x ─ ╩ ∆⁹As ─

│ ≤⇔≡™╢⁹ ⌐ ╠╣╢╟℮⌐ 560ϴ ─ ≢│⁸ ⌐

⅝⌂ │⌂ↄ╒╓ ≤⌂╢⅜⁸∕╣ ─ ≢ Sb ⅜ ⇔≡™╢⁹

Sb ─ ⌐╟╢╙─≤ ⅎ╠╣╢⁹↓╣╠ ≤ III ─ ⌐

∆╢ Sb ─ ≤╩ ∆╢↓≤⌐╟╡⁸ ⌂ↄ≤╙ XRD ≢ ↕╣

╢ ⌂ Sb , x │⁸ ◑ꜗ♇ⱪ (600ϴ≢ 0.3 0.7) ⌐№╢

⌐⅔™≡╙ ≢№╢↓≤⅜╦⅛╢⁹ 

 ⇔√ GaAsSb ─ ╩ 4.2K ≢─ PL ⌐╟╡ ⇔√⁹ 2.3.3 
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⌐ PL ─ full width at half maximum: FWHM ≤ Ⱨכ◒

─ V/III ╩ ∆⁹ │ 500ϴ≤⇔⁸InP ≤─ ≢№

╢ Sb , x ⅜ 0.5 ⌐⌂╢╟℮ JSb4/JGa╩ ≤⇔⁸As ╩ ⅎ╢↓≤⌐╟╡

V/III ╩ ⅎ√⁹PL-FWHM │⁸V/III ╩ ↕∑╢⌐≤╙⌂™ ↄ⌂╡⁸
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⌐ 8 ≢ 10 meV ─ ™ FWHM ≤⌂╢⁹╕√ │↓╣⌐≤╙

⌂™ ⌐ ↄ⌂╢ ╩ ⇔√⁹ V/III ≢─ PL ─ │⁸

⌂≥⌐ As ⅜ ⌐ ╡ ╕╣√↓≤⌐╟╢╙─≤ ⅎ╠╣╢⁹ 

 2.3.4 ⌐ PL ─ FWHM ≤ ─ ╩ ∆⁹V/III │ 8

≢ ≤⇔√⁹ │ ⌐ ⇔ ⅝⌂ │ ╠╣⌂™⁹ ⁸

FWHM │ ╩ ╘╢⌐⇔√⅜™⁸ ₁⌐ ∆╢ ⌐№╡⁸540ϴ─

⌐⅔™≡ 7.2 meV ≤ ─ ≢ ╙ ™ FWHM (7.6 meV) [2.3.6]

≤ ─ ⅜ ╠╣√⁹ ╠⅞─ ⌂™ ⅜ ≢⅝≡™╢↓≤╩ ⇔

≡™╢⁹ 

  2.3.5 ⌐ 4.2 ─ PL ☻Ɑ◒♩ꜟ╩ ∆⁹0.78 eV ⌐Ᵽfi♪  

≤ ⅎ╠╣╢◦ꜗכⱪ⌂ Ⱨכ◒⅜ ↕╣≡™╢⁹╕√⁸↓─ Ⱨכ◒╟╡
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34 meV ◄Ⱡꜟ◑כ ⌐ ™Ⱪ꜡כ♪⌂ ╙ ↕╣≡™╢⁹ ─ │⁸

⅛╠╙ ↕╣≡⅔╡⁸GaSb ⌐ ╠╣╢╟℮⌂ ╩ ⇔√

 [2.3.12]≤ ⅎ╠╣╢⁹ 

 2.3.6 ⌐ V/III 8 ≢ ⇔√ GaAsSb ─ ◐ꜗꜞ▪ ≤

─ ╩ ∆⁹◐ꜗꜞ▪─ ≤ ─ ⌐│ⱱכꜟ ╩

™√⁹GaAsSb │ ⅜ 470ϴ⅛╠ 530ϴ─ ≢│ⱡfi♪כⱪ≢ ≤⌂

╡⁸540ϴ ─ ≢│ ╩ ⇔√⁹↓─ │⁸ⱡfi♪כⱪ≢ p

≤⌂╢↓╣╕≢─  [2.3.6, 7, 9]≤ ⌂╢⁹↓─ ⌐≈™≡│ ╠⅛≢⌂™⁹

GaSb ─ ⌐⅔™≡│⁸Ga ⅜ V ◘▬♩⌐ ╢₈Ga ─▪fi♅◘▬♩₉ ⅜▪

◒☿ⱪ♃⌂╢↓≤⅜ ↕╣≡™╢[2.3.9]⁹ ™√ ≢│⁸▪◒☿ⱪ

≤⌂╢ Ga ─▪fi♅◘▬♩⅜ ∫√√╘≤╙ ⅎ╠╣╢⁹ ≤ ≤╙

510ϴ≢ ≤⌂∫√⁹ ╙ ™ │⁸300K ≢ 3,800 cm2/Vs

│ 8. 3 x 1015 cm-3 ⁸╕√ 77K ≢ 6,200 cm2/Vs │ 8. 0 x 1015 

cm-3 ≢№∫√⁹↓╣╠ ⌐╟╡⁸ ⌂ ─ ≤ ≤─

⅜ ╠⅛⌐⇔√⁹ 

 

(2) GaAsSb ┼─ Si ♪כⱧfi◓ 

 ⌐ GaAsSb ┼─ Si ⌐◓Ⱨfiכ♪ ⇔≡ ∆⁹GaAs ╛ InGaAs ⌂≥─ As

≢│⁸IV ≢№╢ Si │ III ◘▬♩⌐ ⁸GaSb⅜╢⌂≥כ♫♪╡

⌂≥ Sb ≢│ Si │ V ◘▬♩⌐ ╡▪◒☿ⱪ♃⌐⌂╢↓≤⅜ ↕╣≡
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™╢[2.3.13, 14]⁹GaAsSb ⌐◓Ⱨfiכ♪─┼ ⇔≡│⁸↓╣╕≢ Sn ⌐ⱪכ♪

╟╡ N ╩ ⇔[2.3.15]⁸Si ╡╟⌐ⱪכ♪ P ╩ ∆[2.3.7, 16]↓≤

⅜ ↕╣≡™╢⁹↓↓≢│ GaAs ≤ GaSb ─ ⅜╒╓ 1:1 ≤⌂╢ InP ⌐

⇔√ GaAsSb ┼─ Si Ⱨfi◓⌐≈™≡⁸כ♪ ⌐ ≤─ ⌐

≈™≡ ⇔√ ╩ ∆⁹ 

│⁸Si ◓Ⱨfiכ♪─ ╩ 1 x 1018 cm-3≤⌂╢╟℮ ⇔⁸V/III  

 ≢ ─╖╩ 440ϴ⅛╠ 560ϴ─ ≢ ↕∑√⁹ 2.3.7 ⌐

Si ⱪכ♪ GaAsSb ─◐ꜗꜞ▪ ≤ ─ ╩ ∆⁹◐ꜗꜞ▪

≤ │ⱱכꜟ ⌐╟╡ ⇔≡™╢⁹ ⌐⅔™≡│⁸↓╣╕≢

─ ≤ ⌐ Si │ V ◘▬♩⌐ ╡ P ╩ ∆⅜⁸ ╩ →╢

⌐⇔√⅜∫≡◐ꜗꜞ▪ │ ⇔⁸500ϴ 520ϴ─ ⌐⅔™≡⁸2 x 

1017 cm-3─ ⅛╠ 1 x 1017 cm-3─ ┼≤ ⇔⁸ ≢│

GaAs ⌂≥─ As ≤ ⌐ Si ⅜ III ◘▬♩⌐╙ ╡ ╕╣≡™╢↓≤

⅜╦⅛╢⁹ ⁸ ⁸ ⌐ V/III As ⌂≥─ ⌐╟╡⁸↕╠

⌐ ╩ ╘√ N ╩ ≢⅝╢ ⅜№╢⁹ 

⁸GaAsSb ─ MBE ⌐⅔↑╢ V ─ ⌐≈™≡ ∆≤≤╙⌐⁸

XRD ≢ ↕╣╢ ⌂ ⌐⅔™≡│⁸ ◑ꜗ♇ⱪ ⌐⅔™≡╙

≢№╢↓≤╩ ⇔√⁹╕√⁸GaAsSb ─ ⌂ ⌐≈™≡

⇔⁸ As ≢ N ≡⇔≥♩Ɽfiכ♪ ™╠╣╢ IV ─ Si ⅜

GaAsSb ≢│ ≤⌂╡⁸↓╣⅜ ≢ ≢⅝╢↓≤╩ ⇔√⁹ 
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 GaAsSb/InAlAs Ⱬ♥꜡ ─  

 ≢ ⇔√ GaAsSb ╛ AlAsSb │⁸InGaAs ╛ InAlAs ≤─Ⱬ♥

꜡ ⌐╟╡ Type II ─Ᵽfi♪ ─ ⁸ ─╖⌐ ⅝⌂ ╩╙≈

╛ ⌐ ─╖⌐ ⅝⌂ ╩╙≈ ⅜ ≢⅝╢ ⅜№╢⁹

↓╣╕≢⌐⁸ ╩ ╘√ ─↓ⱪ⌐⅔™≡⁸כꜟ◓ InP ⌐ ⇔√

InGaAs/GaAsSb Ⱬ♥꜡ ╩ MBE ⌐╟╡ ⇔⁸ ─ ▼☺כ○╩

 (Auger Electron Spectroscopy AES) ⌐╟╡ ∆╢ [2.4.1] ≤

≤╙⌐ ╩♪כ○▬♄─ ⇔ thermionic emission ─

╩ ∆╢↓≤⌐╟╡↓─Ⱬ

♥꜡ ─ ⌂≥◄Ⱡ

♪Ᵽfiכ◑ꜟ ╩ ╠⅛⌐⇔≡

⅝√ [2.4.2]⁹InGaAs/GaAsSb Ⱬ♥

꜡ ⌐⅔™≡│⁸ ─ ╠

⅞ ⅜↓╣╕≢─

GaAs/AlGaAs ╛ InGaAs/InAlAs

≤ 2~3 ≢№╢↓

≤⁸◄Ⱡꜟ◑כⱣfi♪ │

2.4.1 ⌐ ∆╟℮⌐ Type II ≢№

╡⁸ ≢─ ─ , DEc⅜

0.47  0.02 eV ⌐⌂╢↓≤⁸╕√

Ᵽfi♪◑ꜗ♇ⱪ─ ⌂╡⌐ ∆

╢ InGaAs─ ≤GaAsSb

─ ─◄Ⱡꜟ◑כ, Es 

⅜ 0.25 ± 0.03 eV ⌐⌂╢↓≤╩ ╠

⅛⌐⇔≡⅝≡™╢⁹ 

≢│ InP ⌐ ⇔√ GaAsSb ≤ InAlAs ≤─Ⱬ♥꜡ ⌐

≈™≡ ∆⁹GaAsSb/InAlAs Quantum Well: QW ╩ MBE

⌐╟╡ ⇔⁸GaAsSb ⅛╠─ PL ◄Ⱡꜟ◑כ╩ ∆╢↓≤⌐╟

╡↓─Ⱬ♥꜡ ─Ᵽfi♪ ⌐≈™≡ ∆⁹╕√⁸GaAsSb ⅛╠

─PL ☻Ɑ◒♩ꜟ─ ⅔╟┘ ─TEM ⌐╟╡↓─♥꜡ ⌐⅔

↑╢ ╠⅞ ─ ╠⅞ ⌐≈™≡ ∆ [2.4.3]⁹ 

 2.4.2 ⌐ ⇔√ GaAsSb/InAlAs QW ─ ╩ ∆⁹ │ (a),  

(b)─ 2 ╩ ⇔√⁹  (a) │⁸ ↕─ ⌂╢ ≈─ GaAsSb QW ╩ 50 

nm ─ InAlAs ≢ ╪∞ ≢⁸QW ─ ↕│ 0.9 nm (3  (Mon-Layer: 

ML), 1.8 nm (6 ML), 4.4 nm (15 ML) ⅔╟┘ 10.3 nm (35 ML)≢№╢⁹╕
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√⁸  (b) ╙ ∂ↄ ≈─ GaAsSb QW ╩ 50 nm ─ InAlAs ≢ ╪∞

≢⁸QW ↕│ 0.6 nm (2 ML), 1.5 nm (5 ML), 2.9 nm (10 ML) ⅔╟┘ 5.9 nm 

(20 ML)≢№╢⁹(b)─ ≢│⁸↕╠⌐ 100 nm ─ GaAsSb ╩Ᵽꜟ◒

─ ─√╘⌐ ⇔√⁹⌂⅔⁸™∏╣─ ⌐⅔™≡╙ 700 nm ─ ↕─

InAlAs ╩Ᵽ♇ⱨ□ ≤⇔≡ ─ ⌐ ⇔≡™╢⁹∕╣∙╣─ ─

│⁸ ⌐ ⇔√ GaAsSb, InAlAs ╟╡ ╘√ ╩╙≤⌐

⌐╟╡ ⇔√⁹ ™√ │ GaAsSb ⅜ 0.5 mm/h ≢⁸InAlAs ⅜ 1.2 mm/h

≢№╢⁹ │ InAlAs ⅛╠─ In ─ ╩ ⇔≡∆═≡ 500ϴ≢

⇔⁸Ɽ▬꜡ⱷ⁹√⇔♃♬⸗╡╟⌐♃כ ⌐│⁸In, Ga, Al, As4, Sb4─ ♁

╩☻כ ™⁸V ─◒ꜝ♇◐fi◓│ ∫≡™⌂™⁹V/III │ GaAsSb ⌐│

╩ ™⁸╕√ InAlAs ⌐│ 9 ╩ ™√⁹GaAsSb ≤ InAlAs

≢ As ⅜ ⌂╢⅜⁸ ─ As ☿ꜟ╩ ⇔⁸Ⱬ♥꜡ ≢ As ╩

∆╢↓≤⌂ↄ ⅎ≡™╢⁹ ╠╣√ ─ InP ≤─ , Da/a 

(Da = aepi ð asub) │ X (X-ray Diffraction: XRD) ⌐╟╡ ⇔⁸

GaAsSb, InAlAs ∕╣∙╣ +1.8 x 10-3, -2.1 x 10-3 ≢№∫√⁹PL │ 4.2K

─ ≢ ™⁸ ⌐│ 647.1 nm ─ Kr+ ꜠כ◙╩ ™√⁹╕√⁸ │ 

(110) ╩ TEM ⌐╟╡ ⇔√⁹ 

 (a), (b) ≈─ ⅛╠ ╠╣√ 4.2K ≢─ PL ☻Ɑ◒♩ꜟ╩ 2.4.3 (a), (b) 

⌐ ∆⁹ ⇔√ QW ─ ⌐ ⇔≡  (a) ⅛╠│ ≈ ⅜ ╠╣√⁹↓

╣╠ │ ╟╡⁸∕╣∙╣ 0.9 nm ↕, 1.8 nm ↕, 4.4 nm ↕, 10.3 

nm ↕─ GaAsSb-QW ⅛╠─ ⌐ ⇔≡™╢⁹ ⌐  (b) ⌐⅔™≡

╙ ⇔√ QW ─ ⌐ ⇔≡ ≈─ ⅜ ╠╣≡⅔╡⁸↓╣╠│
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╟╡⁸0.6 nm ↕, 1.5 nm ↕, 2.9 nm ↕, 5.9 nm ↕, 100 nm ↕─

GaAsSb-QW ⅛╠─ ⌐ ⇔≡™╢⁹QW ─ ↕⌐ ⇔≡ Ⱨכ◒│

◦ⱨ♩⇔≡⅔╡⁸ ⌐ ↕ 0.6 nm (2 ML) ─ QW ⅛╠─ ⅜ ⌐ ↕╣

≡™╢↓≤│⁸ ⅝⌂ ╠⅞─⌂™ ⌂Ⱬ♥꜡ ⅜ ↕╣≡™╢

↓≤╩ ⇔≡™╢⁹⌂⅔⁸GaAsSb ─Ᵽꜟ◒ ─√╘⌐ ⇔√ ↕

100 nm ─ GaAsSb ⅛╠│⁸ 1.606 mm (0.772 eV) ⌐ 9.8 meV ─

 (FWHM)≢⁸╕√ ⌐ ⇔√ ─ InAlAs (1 mm ↕)⅛╠

│⁸ 0.794 mm (1.563 eV) ⌐ 19.8 meV ─ FWHM ≢⁸∕╣∙╣ PL ⅜

↕╣≡™╢⁹ 

 2.4.4 ⌐ PL ◄Ⱡꜟ◑כ─ GaAsSb-QW ↕ ╩ ∆⁹ ≈─

│⁸GaAsSb/InAlAs Ⱬ♥꜡ ─ ─ , DEv, ╩Ɽꜝⱷ⁸⌐♃כ

QW ─ ─ ◄Ⱡꜟ◑כ╩ ⇔√ ≢№╢⁹ │ 1 ─

ⱳ♥fi◦ꜗꜟ⸗♦ꜟ╩ ™⁸ ⁸ ─ ⌐│ ─ ╩ ™√⁹

GaAsSb ─ ⅔╟┘ ─ │⁸GaAs (0.067m0 ( ), 0.5m0( ))

≤ GaSb (0.043m0( ), 0.5m0( ))─∕╣∙╣─ ╩ Vegard ╩ ⇔≡

⌐ ∂≡ ⇔≡⁸0.055m0 ≤ 0.5m0 ─ ╩ ™√⁹╕√⁸

InAlAs ─ ≤ ─ ⌐│⁸Olego ╠─ ╩ ⌐ 0.075m0

[2.4.4]╩⁸╕√ Wagner ╠─ ╩ ⌐ 0.8m0 [2.4.5]╩ ™√⁹ ⌐

╠╣╢╟℮⌐ ╠╣√ ◄Ⱡꜟ◑כ│ ─ , DEv╩ 0.78 eV ≤⇔

√ ⌐╟ↄ ⇔≡™╢⁹GaAsSb, InAlAs ⅛╠│∕╣∙╣ 0.772 eV (1.606 

mm), 1.563 eV (0.794 mm) ⌐ Ⱨכ◒⅜ ↕╣≡™╢⁹↓╣╩Ᵽfi♪

⌐╟╢ ≤∆╢≤⁸↓─Ⱬ♥꜡ ─Ᵽfi♪ │⁸ 2.4.5 ⌐ ∆╟℮⌐
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Type I ─Ᵽfi♪ ≤⌂╡⁸ ─ , DEv⅜ 0.78 eV ≤ ⌐ ⇔

≡ ⅝⌂ ╩ ∆╢─⌐ ⇔⁸ ─ , DEc, │ 10 meV ≤ ⌐

⇔≡│⅛⌂╡ ↕⌂ ⌐⌂∫≡™╢↓≤╩ ⇔≡™╢⁹ 

 2.4.6 ⌐ GaAsSb QW ⅛╠ ╠╣√ PL  (FWHM) ─

╩ ∆⁹ │ 100 nm ─ ↕─ GaAsSb ⅛╠ ╠╣√ FWHM (9.8 meV) ╩

⇔≡™╢⁹╕√⁸ │ ⇔√ GaAsSb QW ─ ↕⌐ 1 1ML ─

↕ ╠⅞⅜№╢ ─◄Ⱡꜟ◑כ ╠⅞ DE = (dE/dLz)DLz, DLz │ 1ML ─

↕, 0.3 nm ╩ ⇔√ ╩ ⇔≡™╢⁹ ⅜ ™ ⁸ ☻Ɑ◒♩ꜟ

─ ⅜╡│⁸ ⌐ ─ ↕ ╠⅞⌐ ⇔≡™╢↓≤⅜ ╠╣≡™╢[2.4.6, 

7]⁹  (a), (b)─ ™ < 3 nm ⅛╠ ╠╣√ ☻Ɑ◒♩ꜟ─ FWHM

│⁸ ≤ ⌐╟ↄ ⇔≡⅔╡⁸ ─ ╠⅞│ ML ≤↓╣

╕≢─ InGaAs/InAlAs QW ≤ ─Ⱬ♥꜡  [2.4.8] ⅜ ≢⅝≡™╢↓≤

╩ ⇔≡™╢⁹⌂⅔⁸ ⅜ ™ ≢─ FWHM ─ ⅜╡│⁸GaAsSb

─ ╠⅞ ⌐╟╢≤ ⅎ╠ⅎ╢⁹ 

 2.4.7 ⌐⁸  (b) ─ (110) ─ TEM ╩ ∆⁹ ⇔√ ↕⌐╒╓

⇔√ ™ GaAsSb ─◖fi♩ꜝ☻♩⅜ ⌐ ↕╣≡⅔╡⁸

GaAsSb/InAlAs QW ⅜ ⌐ ≢⅝≡™╢↓≤⅜╦⅛╢⁹╕√⁸0.6 nm 

(2ML)≤™∫√ ™ GaAsSb ⅛╠╙∕─ ╩ ∆ ⌂◖fi♩ꜝ☻♩
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⅜ ↕╣≡⅔╡⁸ ⌐ ┬╟℮⌂ ⅝⌂ ╣⅜⌂™↓≤⅜╦⅛╢⁹

2.4.8 ⌐⁸5.9 nm ↕─ GaAsSb QW ─ TEM ╩ ∆⁹ ─

GaAsSb/InAlAs │ TEM ─ ⌐╟╡◖fi♩ꜝ☻♩⅜ ≢
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№╢⅜⁸ ─ InAlAs/GaAsSb │ 1 ML ─ ╠⅞─ ─ ™◖fi

♩ꜝ☻♩≤⌂∫≡™╢⁹ ─ ↕ ╠⅞│⁸ ⌐ ⇔√ PL ≢─ ⌐

⇔≡ ⌡ 1 ML ≤ ⅎ╠╣╢⁹ 

⁸InP ⌐ ⇔√ GaAsSb/InAlAs QW ╩ MBE ⌐╟╡ ⇔⁸∕─

Ᵽfi♪ ≤ ─ ─ ↕ ╠⅞ ╩PL ≤TEM ⌐╟╡ ⇔√⁹

─ , DEv, ┘ ─ , DEc │⁸∕╣∙╣ 0.78 eV,  0.01 

eV ≢№╡⁸ ─╖⌐ ⅝⌂ⱳ♥fi◦ꜗꜟ ╩╙≈ Type I ⌐⌂

╢↓≤╩ ⇔√⁹╕√⁸∕─ ≢─ ╠⅞│↓╣╕≢─ InGaAs/InAlAs Ⱬ

♥꜡ ≤ ∂ↄ⁸1 ML ≢№╢↓≤╩ ⇔√⁹ 

 

 InGaAs/AlAsSb Ⱬ♥꜡ ─  

≢ │ ⁸ InP ⌐ ⇔ √

InGaAs/AlAsSb  (QW) ╩

MBE ⌐╟╡ ⇔⁸AlAsSb ─Ᵽfi♪◑

ꜗⱪ╩ ∆╢≤≤╙⌐↓─Ⱬ♥꜡

─Ᵽfi♪ ╩ ⇔√  [2.5.1] 

⌐≈™≡ ∆⁹AlAsSb ─G ≢─

Ᵽfi♪◑ꜗ♇ⱪ│⁸  

(Electoro-reflectance: ER)⌐╟╡

⇔⁸120K ⌐⅔™≡ 2.45 ± 0.03 eV ─

╩ √⁹╕√⁸InGaAs/AlAsSb QW

⅛╠─ PL ◄Ⱡꜟ◑כ─

╟╡⁸↓─Ⱬ♥꜡ ⅜ Type II 

(staggered) ─Ᵽfi♪ ≤⌂╡⁸
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⁸ ─  (DEC, DEV) ⅜∕╣∙╣ 1.74 ± 0.04 eV⁸0.07 ± 0.02 eV

⌐⌂╢↓≤╩ ╠⅛⌐⇔√⁹╕√⁸InGaAs/AlAsSb QW ─ ─ TEM

╟╡⁸↓─Ⱬ♥꜡ ⅜ ꜠ⱬꜟ≢ ⌐ ≢⅝≡™╢↓≤ ⇔√⁹

↕╠⌐⁸↓─Ⱬ♥꜡ ╩ ™≡ ─ AlAsSb/InGaAs/AlAsSb

♩fiⱠꜟⱣꜞ▪ (Resonant Tunneling Barrier: RTB) ╩ ⇔⁸

─Ⱨכ◒ ≤Ᵽ꜠כ ─ Jp/Jv ⅜ 300K ≢ 15 ⌐ ∆╢ ™ ╩ √ 

[2.5.2]⁹ 

InGaAs/AlAsSb QW │⁸InP ─ (001) ⌐ MBE ⌐╟╡ ⇔√⁹♁

☻כ ⌐│ Ga, In, Al, As, Sb ─ ╩☻כ♁ ™⁸V │◒ꜝ♇◐fi

◓∑∏ As4, Sb4 ╩ ⇔≡™╢⁹AlAs1-xSbx─ Sb , x │⁸2.3 ≢

⇔√ GaAs1-xSbx ─ ≤ ⌐ Sb4 ⌐ ∆╢ Al ─ ⌐╟╡ ⇔

√⁹ 2.5.1 ⌐ AlAs1-ySby ─ Sb , x ≤ Al ⌐ ∆╢ Sb4 ─  

(Sb4/Al) ≤─ ╩ ∆⁹Sb │ Sb4/Al ⌐ ⇔≡ ⌐ ⅝

ↄ⌂∫≡™╢⁹ │ InGaAs ⅛╠─ In ─ ╩ ⇔≡∆═≡ 500ϴ

≢ ⇔⁸Ɽ▬꜡ⱷ⁹√⇔♃♬⸗╡╟⌐♃כ │⁸InGaAs ⅜ 0.7 mm/h⁸

AlAsSb ⅜ 0.7 mm/h ≤⇔√⁹∕╣∙╣─ ─ InP ≤─  (Da/a) │⁸

XRD⌐╟╡ ⇔⁸InGaAs, AlAsSb│∕╣∙╣-5.0 x10-4, -7.5 x10-4≢№∫√⁹

⌂⅔⁸ 2.5.1 ─ ⌐ ∆╟℮⌐⁸AlAsSb ─ XRD ꜡♇◐fi◓◌כⱩ

─ │ 37s ≢№∫√⁹InGaAs ─  (30s)№╡⁸ ⌐ ℮

╠⅞│ ⌂™╙─≤ ⅎ╠╣╢⁹ 

2.5.2 ⌐ 120K ≢ ⇔√ AlAsSb ─ ER ☻Ɑ◒♩ꜟ ╩ ∆⁹

│⁸InP ⌐AlAsSb╩ 1mm─ ↕ ⇔⁸ ─√╘ ⌐ InGaAs
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╩ 5 nm ≡™╢⁹ ⌐│ ⌐ ╩ ™╢ EBER  [2.5.3]╩

™√⁹ ≈─ ⅜ ↕╣≡™╢⁹ ◄Ⱡꜟ◑כ │ InP ─Ᵽfi♪◑ꜗ

ⱪ⌐ ⇔√ ≢№╡⁸╕√ ◄Ⱡꜟ◑כ │ AlAsSb ─G ⌐⅔↑╢

Ᵽfi♪◑ꜗ♇ⱪ⌐ ⇔√ ≢№╢⁹ ≢ ∆╟℮⌐ ╠╣√☻Ɑ

◒♩ꜟ─ ┼─ ⌐╟╢ⱨ▫♇♥▫fi◓⌐╟╡⁸InP ─Ᵽfi

♪◑ꜗⱪ≤⇔≡ 1.39 eV⁸╕√ AlAsSb ─ Ᵽfi♪◑ꜗⱪ≤⇔≡ 2.45 eV

⅜ ╠╣√⁹ ╠╣√ InP ─Ᵽfi♪◑ꜗ♇ⱪ  (1.39 eV) │⁸ ⌐ ∆

Varshni ─Ᵽfi♪◑ꜗ♇ⱪ─ ╩ ∆  [2.5.4] ⌐╟╡ ↕╣╢

1.402 eV (120K)≤╒╓ ⇔≡™╢⁹╕√⁸AlAsSb ⌐⅔™≡│ ╠╣√ :2.45 

eV │⁸ ⌐ ∆ Vechen ─ ╩ ⇔√ ⌐╟╡ ↕╣╢ 2.47 

eV (120K) ⌐╒╓ ⇔≡™╢⁹ 

InP Ᵽfi♪◑ꜗ♇ⱪ─  (Varshni ─ ) [2.5.5]: 

  Eg(T) = Eg(0) ð aT2/(b+T) 

↓↓≢⁸Eg(0)│ 0 ≢─ InP ─Ᵽfi♪◑ꜗ♇ⱪ≢⁸1.421 eV ╩ ™√⁹

╕√⁸a, b│ InP ─ ⅔╟┘ ≢⁸∕╣∙╣ 3.63 x 10-4, 162 [2.5.4, 

5, 6]╩ ™√⁹ 

AlAsSb ─Ᵽfi♪◑ꜗ♇ⱪ─  (Vechen ─ ) [2.5.7]: 

 Eg
G

AlAsSb y  = yEg
G

AlSb + (1-y)Eg
G

AlAs + y(y-1)CAlAsSb 

 ↓↓≢⁸Eg
G

AlAsSb, Eg
G

AlSb, Eg
G

AlAs │⁸∕╣∙╣ AlAsSb , AlSb, AlAs ─G

≢─ Ᵽfi♪◑ꜗ♇ⱪ≢⁸120K ≢─ ╩ ⇔≡⁸Eg
G

AlSb ⌐ 2.37 

eV⁸Eg
G

AlAs ⌐ 3.01 eV ╩ ™√(AlSb, AlAs ─ 300K ≢─Ᵽfi♪◑ꜗ♇ⱪ│⁸∕

╣∙╣ 2.30 eV, 2.95 eV, ╕√

⁸ │ AlSb ≢

4.97, 213 ╩ ™⁸AlAs ≢ 6.0, 

408 ╩ ™≡[2.5.6] Varshni ─

⌐╟╡ ⇔√)⁹╕√ CAlAsSb

│ AlAsSb ─ bowing Ɽꜝⱷכ

♃≢⁸1.06 [2.5.8]╩ ™√⁹⌂

⅔⁸AlAs(1-y)Sby ─ InP ⌐

⇔√ │⁸Vegard ╩

⇔≡  y = 0.44 ≤⇔√⁹  

2.5.3 ⌐ ⌐╟╡ ↕╣╢

AlAsSb ─Ᵽfi♪◑ꜗ♇ⱪ

─ ≤ EBER ⌐╟╡

⇔√ ╩ ∆⁹ Ɽꜝⱷכ♃╩

™≡ ↕╣╢ ⌐╒╓
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⇔√ ⅜ ╠╣≡™╢⁹ 

 ⌐ InGaAs/AlAsSb Ⱬ♥꜡ ⌐≈™≡ ∆⁹ 2.5.4 ⌐ 4.1 nm ↕─

InGaAs ╩ AlAsSb ≢ ╪∞ ─ (100) ─ TEM ╩ ∆⁹

│ ⌐№╡⁸ │ ⌐ ⅛∫≡ ∫≡™╢⁹ ⌐ ╠╣╢╟℮⌐

◖fi♩ꜝ☻♩⅜ ⌐ ╣≡⅔╡⁸Ⱬ♥꜡ ⅜ ⌐ ≢⅝╢⁹ ⌐

┬╟℮⌂ ⅝⌂ ╣│⌂ↄ⁸ ⌂ ⌂Ⱬ♥꜡ ⅜ ↕╣≡™╢⁹

⌐ AlAsSb/InGaAs ⅛╠ ╢ ─ │ ≢⁸1 ML ─ ╠⅞⇔⅛

↕╣≡™⌂™⁹ ⁸InGaAs/AlAsSb ⅛╠ ╢ ─ ≢│⁸ ⌐

═ ─ ™⅜╛╛ ⇔≡⅔╡⁸Sb ─ ⌂≥╩ ∫√ ╠⅞⅜

∂≡™╢╙─≤ ↕╣╢⁹ 

 2.5.5 ⌐ ⇔√ InGaAs/AlAsSb QW ≤ 4.2K ≢─ PL ⌐╟╡

╠╣√☻Ɑ◒♩ꜟ╩ ∆⁹ │ InGaAs ╩ 2.1 nm ⅛╠ 20 nm ╕≢

ⅎ≡⁸(a), (c), (e)─ ─ ╩ ⇔≡™╢⁹  (a) │⁸600 nm ↕─

InGaAs ╩Ᵽ♇ⱨ□ ⌐ ™⁸ ⅜ 2.1 nm, 4.1 nm, 5.9  nm ─ ≈─

InGaAs QW ╩ 50 nm ↕─ AlAsSb ╩ ⇔≡ ⇔≡™╢⁹↓─ ⅛╠

╠╣√ PL ☻Ɑ◒♩ꜟ│ (b) ⌐ ∆╟℮⌐⁸ ≈─ ⅜ ↕╣≡™╢⁹

Ⱨכ◒  ( ◄Ⱡꜟ◑⁸1.008│(כ mm (1.230 eV), 1.272 mm (0.975 eV), 

1.424 mm (0.871 eV), ┘ 1.553 mm (0.798 eV)≢№╡⁸ ─ ╟╡∕

╣∙╣ 2.1 nm ↕─ InGaAs QW, 4.1 nm ↕─ InGaAs QW, 5.9 nm ↕─

InGaAs QW ┘ InGaAs Ᵽ♇ⱨ□ ─⅛╠─ ⌐ ⇔≡™╢⁹╕√  

(c) ┘ (e)│⁸∕╣∙╣ 10 nm ↕─ InGaAs QW ≤ 20 nm ↕─ InGaAs 

QW ╩ 600 nm ↕─ InAlAs Ᵽ♇ⱨ□ ╩ ™≡ ⇔≡™╢⁹(d), (f) ⌐

╠╣╢╟℮⌐⁸10 nm ↕─ QW ⅛╠│ 1.570 mm ( .790 eV)⌐⁸╕√ 20 nm



40 

 

↕─ QW ⅛╠│ 1.636 mm (0.758 eV)⌐ Ⱨכ◒⅜ ↕╣≡™╢⁹ ⁸

(a) ─ InGaAs Ᵽ♇ⱨ□ ⅛╠│ 1.553 mm (0.798 eV)⌐ Ⱨכ◒ ↕

╣⁸╕√ 1 mm ↕─⸗♬♃ ⌐ ⇔√ InGaAs ⅛╠│ (f) 

─ ⌐ ∆╟℮⌐ 1.552 mm (0.799 eV) ⌐◦ꜗכⱪ⌂ Ⱨכ◒⅜ ↕

╣≡™╢⁹↓╣⌐ ⇔⁸  (e) ─ 20 nm ↕─ InGaAs QW ⅛╠─ │⁸

1.636 mm (0.758 eV) │⁸InGaAs ─ ╟╡ ™◄Ⱡꜟ◑כ≢─ ≤⌂

∫≡™╢⁹↓─↓≤│⁸(f) ─ ⌐ ∆╟℮⌐ InGaAs/AlAsSb Ⱬ♥꜡

⅜⁸Type II  (staggered) ─Ᵽfi♪ ⌐⌂∫≡™╢↓≤╩ ⇔≡™╢⁹ 

 2. 5.6 ⌐ ⌐ ⇔√ InGaAs/AlAsSb QW (a), (c), (e) ⅛╠ ╠╣√ PL

Ⱨכ◒◄Ⱡꜟ◑כ─ ╩ ∆⁹ │⁸InGaAs QW ─ ─

≤ AlAsSb ─ ─ ≢─ ◄Ⱡꜟ◑כ╩ ─ , 

DEc ╩Ɽꜝⱷכ♃⌐ ⇔√ ≢№╢⁹ ⌐│ ╩ ™⁸

≢─  (nonparabolicity)╩ ⇔√⁹InGaAs ─ ─ │ 
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0.040m0 [2.5.9] ╩⁸╕√ AlAsSb ⌐│ 0.125m0 ╩ ™√⁹↓─ │⁸G ≢─

AlAs ─  (0.15m0 ≤ AlSb ≢─  (0.12m0)⌐⅔™≡⁸Vegard

╩ ⇔≡ ⌐ ⇔√Ᵽfi♪◑ꜗ♇ⱪ╩ ⌐ ⇔√⁹ ⌐ ↕╣╢

╟℮⌐⁸ ╠╣√ │⁸ ─ , DEc ╩ 1.74 eV ≤⇔≡ ⇔√ ⌐╟

ↄ ⇔≡™╢⁹1 mm ↕─ InGaAs ⅛╠│ 4.2 ⌐⅔™≡⁸0.799 eV ⌐

Ⱨכ◒⅜ ↕╣≡™╢⁹╕√⁸AlAsSb ≢│⁸120K ≢─ EBER ⌐╟

╡⁸ Ᵽfi♪◑ꜗ♇ⱪ≤⇔

≡ 2.45 eV ⅜ ╠╣≡™╢⁹Ᵽfi

♪◑ꜗ♇ⱪ─ ╩

∆╢≤ (AlAs, AlSb ─ ⁸

╩ ⌐ Vegard ╩

⇔≡ AlAsSb ─ ╩ ⁸↓╣╩

╩ ™≡ Varshni ─ ⌐╟╡ 4.2

≢─Ᵽfi♪◑ꜗ♇ⱪ╩ ) 

4.2K ⌐⅔™≡│ 2.47 eV ≤⌂╢⁹

↓╣╠─ ╩ ™╢≤↓─Ⱬ♥

꜡ ─Ᵽfi♪ │⁸ 2.5.7

⌐ ∆╟℮⌐ ─ , 

DEC ⅜ 1.74 eV⁸ ─

, DEv ⅜ 0.07 eV ─ Type II  

(staggered)─Ᵽfi♪ ≤⌂╢⁹ 
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 ⌐ ⇔√ ⌐ ⅝⌂ ╩╙≈↓─ InGaAs/AlAsSb Ⱬ♥꜡ ╩

™≡ ♩fiⱠꜟⱣꜞ▪  (Resonant Tunneling Barrier: RTB)╩ ⇔⁸

∕─ ╙ ⌂ ≤⌂╢ ─Ⱨכ◒ ≤Ᵽ꜠כ ─ Jp/Jv ╩

⇔√⁹ 2.5.8 (a) ⌐ RTB ─Ᵽfi♪♄▬▪◓ꜝⱶ╩ ∆⁹ RTB

│⁸ ↕ 4.4 nm ─ InGaAs  ╩ 2.9 nm ─ ≈─ AlAsSb Ᵽꜞ▪ ≢ ╪∞

≢№╢⁹(001) InP ⌐ 500ϴ⌐≡ ⇔≡™╢⁹ ≤ ⌐

│ Si ╢╟⌐ⱪכ♪ n-InGaAs ─◖fi♃◒ ╩ ⇔≡ Cr/Au ╩ⱡfi▪꜡▬≢

⇔≡™╢⁹  (b) ⌐ 300K ≢ ╠╣√ I-V ╩ ∆⁹ ─Ⱨכ

◒ /Ᵽ꜠כ ─  (Jp/Jv ) │ 15 ≤ ⌐ ™ ⅜ ╠╣√⁹

↓╣╕≢ ⇔√ ≢│⁸Jp/Jv ⅜ 300K ≢ 10 ╩ ⅎ╢ │⌂™⁹

╕√⁸↓─ │⁸↓╣╕≢ ≢№∫√ InGaAs/AlAs [2.5.10]≤ ─ ≢

№╡⁸RTB ≤⇔≡─ ╩ ∆ ≢№╢⁹ ⁸RTB ╩ ™√♥ꜝⱫ

ꜟ♠ ⅜ ↕╣≡™╢⁹↓─ ⌐╟╡ ⌂╢ ⅜ ↕╣╢⁹ 

 ⁸InP ⌐ ⇔√ InGaAs/InAlAs QW ╩ ⇔⁸AlAsSb ─Ᵽ

fi♪◑ꜗⱪ╩ ∆╢≤≤╙⌐ InGaAs/AlAsSb Ⱬ♥꜡ ─Ᵽfi♪ ╩

⇔√⁹AlAsSb ─G ≢─ Ᵽfi♪◑ꜗ♇ⱪ│ ER ⌐╟╡⁸120K ⌐

⅔™≡ 2.45 eV ≢№╢↓≤╩ ╠⅛⌐⇔√⁹╕√⁸InGaAs/AlAsSb QW ⅛╠─

PL Ⱨכ◒◄Ⱡꜟ◑כ─ ╟╡⁸↓─Ⱬ♥꜡ ⅜ Type II  

(staggered) ─Ᵽfi♪ ≤⌂╡⁸ ⁸ ─  (DEC, DEV) ⅜∕

╣∙╣ 1.74 eV⁸0.07 eV ≤ ─╖ ™ ╩ ≈↓≤╩ ╠⅛⌐⇔√⁹

╕√⁸InGaAs/AlAsSb QW ─ ─ TEM ╟╡⁸ ꜠ⱬꜟ≢

⌂ ⅜ ≢⅝≡™╢↓≤╩ ⇔√⁹↕╠⌐⁸AlAsSb (2.9 nm)/InGaAs 

(4.4 nm)/AlAsSb (2.9 nm)⅛╠⌂╢ RTB ╩ ⇔⁸300K ≢─ ⌐
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⅔™≡ Jp/Jv ⅜ 15 ⌐ ∆╢ ™ ╩ √⁹↓╣│ ≢│ ╙ ™ ≢

№╡⁸RTB ≤⇔≡─ ╩ ⇔√⁹ 

 

 ╕≤╘ 

≢│⁸♦Ᵽ▬☻┼─ ⌂ InP ⌐ ⇔√ ⌐ ⇔⁸

⌂ InGaAs/InAlAs Ⱬ♥꜡ ⌐ ⅎ⁸ √⌐ MBE ╩ ™≡ GaAsSb

≤ AlAsSb ─ ╩ ⇔⁸↓╣╠╩ ™√Ⱬ♥꜡ ─ ≤

Ᵽfi♪ ⌐≈™≡ ⇔√⁹ 

2-2 ≢│⁸InGaAs/InAlAs Ⱬ♥꜡ ⌐ ⇔≡⁸ ⱪכ♪ ╩ MBE

⌐╟╡ ⇔⁸HEMT ⌐⅔™≡ ⌂ ≢№╢ 2DEG ⌐≈™≡⁸

⅔╟┘ ⌐╟╡ ⇔√⁹InGaAs/N-InAlAs ⱪכ♪ ≢│⁸

↓╣╕≢─ GaAs/N-AlGaAs ⱪכ♪ ⌐ ═≡⁸ ─ ⅜ ⅝

ↄ⌂╡ ╙ ™ 2DEG ⅜ ≢⅝╢↓≤╩ ⇔√⁹╕√⁸2DEG

─ ⌐ ∆╢ ─ ⅜ ⌂ↄ⁸ ⌐ ≢│ ™ ╩ ∫√

╕╕ 2DEG ╩ ↄ≢⅝╢↓≤╩ ⌐ ⇔⁸↓─ ╩ ™√ ♪

ⱪכ ─ ╩ ╠⅛⌐⇔√⁹ 

2-3 ≢│⁸InP ⌐ ⇔√ GaAsSb ─ MBE ≤∕─ ⌐≈™

≡ ⇔√⁹GaAs1-xSbx ╛ AlAs1-xSbx ─ , x │⁸III  (Ga, Al) ─

(JGa, JAl) ⌐ ∆╢ V ≢№╢ Sb ─  (JSb4) ─  (JSb4/JGa, 

JSb4/JAl) ⌐╟╡ ≢⅝⁸ ◑ꜗ♇ⱪ ⌐№╢ InP ⌐ ∆╢

╙ ≢№╢↓≤╩ ⇔√⁹╕√⁸GaAsSb ─ ⌐≈™≡⁸ⱡfi

≢ⱪכ♪ N ≤⌂╡ ◐ꜗꜞ▪ 1015 cm-3○⁸≥↓╢№≢כ♄כ ≢─

PL ⅜ 7.2 meV ≤ ╠⅞─ ⌂™ ⅜ ≢⅝╢↓≤╩ ⇔√⁹

↕╠⌐⁸N ≡⇔≥♩Ɽfiכ♪ ™╠╣╢ Si ⅜ GaAsSb ≢│ ≤⌂

╡⁸↓╣⅜ ≢ ≢⅝╢↓≤╩ ⇔√⁹ 

2-4 ≢│⁸GaAsSb/InAlAs Ⱬ♥꜡ ⌐≈™≡ ⇔√⁹GaAsSb/InAlAs

Quantum Well: QW ╩ MBE ⌐╟╡ ⇔⁸PL ◄Ⱡ

─כ◑ꜟ ╟╡⁸↓─Ⱬ♥꜡ ⅜ Type I ≢№╡⁸ ─

 (DEc)⁸ ─  (DEv) ⅜∕╣∙╣ 0.01 eV, 0.78 eV ≤⌂╡⁸

─╖⌐ ⅝⌂ ╩╙≈ ⌐⌂∫≡™╢↓≤╩ ⇔√⁹╕√⁸Ⱬ♥꜡

─ ╠⅞╩ PL ─ ⁸⅔╟┘ ─ TEM ⌐╟╡ ⇔⁸ ╠

⅞⅜↓╣╕≢─ GaAs/AlGaAs ╛ InGaAs/InAlAs Ⱬ♥꜡ ≤ ⌐

─™™ ⅜ ≢⅝≡™╢↓≤╩ ⇔√⁹ 

2-5 ≢│ InGaAs/AlAsSb Ⱬ♥꜡ ⌐≈™≡ ⇔√⁹ InGaAs/InAlAs QW

╩ ⇔⁸AlAsSb ─Ᵽfi♪◑ꜗⱪ╩ ∆╢≤≤╙⌐ InGaAs/AlAsSb Ⱬ
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♥꜡ ─Ᵽfi♪ ╩ ⇔√⁹AlAsSb ─G ≢─ Ᵽfi♪◑ꜗ♇ⱪ

│ ER ⌐╟╡⁸120K ⌐⅔™≡ 2.45 eV ≢№╢↓≤╩ ╠⅛⌐⇔√⁹╕√⁸

InGaAs/AlAsSb QW ⅛╠─ PL Ⱨכ◒◄Ⱡꜟ◑כ─ ╟╡⁸↓─Ⱬ

♥꜡ ⅜ Type II  (staggered) ─Ᵽfi♪ ≤⌂╡⁸ ⁸ ─

 (DEC, DEV) ⅜∕╣∙╣ 1.74 eV⁸0.07 eV ≤ ─╖⌐ ™ ╩

≈↓≤╩ ⇔√⁹╕√⁸InGaAs/AlAsSb QW ─ ─ TEM ╟

╡⁸ ꜠ⱬꜟ≢ ⌂ ⅜ ≢⅝≡™╢↓≤╩ ⇔√⁹↕╠⌐⁸

AlAsSb (2.9 nm)/InGaAs (4.4 nm)/AlAsSb (2.9 nm)⅛╠⌂╢ RTB ╩

⇔⁸300K ≢─ ⌐⅔™≡ Jp/Jv⅜ 15 ⌐ ∆╢ ™ ╩ √⁹↓╣│

≢│ ╙ ™ ≢№╡⁸RTB ≤⇔≡─ ╩ ⇔√⁹ 

⌐≡ ╠⅛⌐⇔√ InP ⌐ ⇔√ InGaAs, InAlAs, GaAsSb, 

AlAsSb ─ ─Ᵽfi♪♄▬▪◓ꜝⱶ╩ 2.6.1 ⌐╕≤╘≡ ∆⁹ 
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 InP ─ ─

≤  

 │∂╘⌐ 

 ⌐⅔™≡⁸InGa(Al)As ╛ Ga(Al)AsSb ⌂≥ InP ⌐

⇔√ ╩ ™╢↓≤⌐╟╡⁸Type II ─Ᵽfi♪ ─ ⁸ №╢™│

─╖⌐ ⅝⌂ ╩ ∆╢⌂≥ ⌂Ᵽfi♪ ⅜ ≢⅝╢↓≤╩

⇔√⁹↓℮⇔√ ─◄Ⱡꜟ◑כⱣfi♪ ╛◐ꜗꜞ▪─ ⌂≥│⁸

─ ─╖⌐╟╡ ⌐ ╕╢─≢│⌂ↄ⁸ ─ ╛ ⌂≥

─ ⌂ ⌐╟╡ ∆╢⁹ ⌐⁸ ⅜∕─ ≢ ⌐

⇔√ ordered alloy ⌐⅔™≡│⁸ ─╖╩ ⇔≡ ⇔√

random alloy ≤│ ⌂╢ ╩ ∆↓≤⅜ ⁸ ─ ⌐⅔™≡

↕╣≡™╢⁹ ⌂ ⌐⅔™≡│⁸ ─ ⌂ ⌐╟╡⁸

─Ⱳfi♪ ≤ ⅜ ⇔⁸∕╣⌐ ℮ ─ ⌐╟╡⁸Ᵽfi♪◑ꜗ♇

ⱪ⅜ ∆╢≤↕╣≡™╢[3.1.1-3]⁹ ⌐╙⁸GaAs ─ (001) ⌐

↔≤⌐ ⌐ ⇔√ (GaAs)1(AlAs)1 Mono-layer 

superlattice: MSL ⌐⅔™≡⁸ ⅜ ∂ ─ Al0.5Ga0.5As ⌐

═ ⅝⌂◄Ⱡꜟ◑כ◑ꜗ♇ⱪ⌐⌂╢↓≤⅜ ↕╣≡™╢[3.1.4-6]⁹╕√⁸

─№╢ InAs ≤ GaAs ╩ ↔≤⌐ ⌐ ⇔√(InAs)1(GaAs)1 

MSL [3.1.7-9]╛ GaAs ≤ GaP ╩ ⌐ ⇔√ (GaAs)1(GaP)1 MSL [3.1.10]

⌐⅔™≡╙⁸ ∂ ╩ ∆╢ ─  (random alloy)⌐ ═◄Ⱡꜟ◑

⅜ⱪ♇ꜗ◑כ ↕ↄ⌂╢↓≤⅜ ↕╣≡™╢⁹╕√⁸ ♦Ᵽ▬☻┼─

≤⌂╢ ─ ⌐ ⇔≡╙⁸ ⅜ ≢ ⌐ ⇔√

⌐⅔™≡│⁸ ─ ⌐ ℮ ⅜ ↕╣⁸ ™

⅜ ╠╣╢↓≤⅜ ↕╣≡™╢⁹Yao │⁸ ─ In0.5Ga0.5As ≢

│⁸ ⱨ◊ⱡfi ≤▬○fi ─ ⌐  [3.1.12-14] ⅜№╡⁸

⌐ 100K ≢─ ↓─ ⌐╟╡ ↕╣≡™╢⁹In ≤ Ga

⅜ ⌐ ⇔√(InAs)1(GaAs)1 MSL ≢│⁸↓─ ⅜ ↕╣⁸

─ In0.5Ga0.5As ⌐ ═ ™ ⌐⌂╢≤⇔≡™╢ [3.1.11]⁹

⌐ ⱪכ♪ ─ ●☻ Two Dimensional Electron Gas

2DEG ⌐≈™≡╙ ↕╣≡™╢[3.1.15-17]⁹Walukiewicz ╠│⁸

InGaAs ╩ ≤∆╢ InGaAs/N-InAlAs  ⱪ (Selectivelyכ♪

doped SD) ─ 2DEG ─ ╩ ⇔⁸ ≢─ │⁸

⅜ ≢№╡⁸↓─ ─ ⌐╟╡ ≢─ ⅜
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⌐ ≢⅝╢↓≤╩ ⇔≡™╢[3.1.16]⁹Takeda ╠╙ ⌐ ╩ ⌐⁸

(InAs)1(GaAs)1 MSL ╩ ≤∆╢ SD ─ 2DEG ╩ ⇔⁸ 

(InAs)1(GaAs)1 MSL ─ ⌂ ⌐╟╡ ⅜ ↕╣⁸

(4.2K) ⌐⅔™≡⁸ ─ InGaAs/N-InAlAs SD ⌐ ═≡ ™

≤⌂╢↓≤╩ ↕╣≡™╢ [3.1.17]⁹ 

↓℮⇔√ ─ ≤⇔≡⁸↓╣╕≢⁸ Molecular 

Beam Epitaxy: MBE ╛  (Metal-Organic 

Chemical Vapor Deposition: MOCVD)⌐╟╡⁸ ╩ ⌐

┼ ∆╢↓≤⌐╟╢ ⅜ ╖╠╣≡⅝√[3.1.7-9, 18-21]⁹ ╠╣√

─ X  (X-Ray Diffraction: XRD) ╛  

(Transmission Electron Diffraction: TED) ≢│⁸ ╩ ∆

⅜ ╠╣⁸ ⌂ │ ↕╣≡™╢╙──⁸ ↕╣≡™╢╟℮⌂

─ ⌐≈™≡│↓╣╕≢⌐ ↕╣≡™⌂™⁹ 

⁸ ⌐⅔™≡│⁸ ≢ ⅜ ⌐ ∆╢

⁸ ⅜ ╠╣≡™╢[3.1.22]⁹ ─ ≤⌂╢ III-V

≤ ∂ Face-Centered Cubic: FCC ─

⌐⅔™≡⁸  3.1.1 ⌐ ∆╟℮⌂ CuAu-I ⁸CuPt ⁸⅔╟┘ Chalcopylite 

⌂≥─ ⅜ ↕╣≡⅔╡⁸ ─  (random alloy)≤│ ⌂╢

╛ ⌂≥⁸ ╙ ↕╣≡™╢⁹III-V ⌐⅔™

≡╙⁸↓╣╕≢⌐ InGaAs ╛ InGaP ⌂≥≢⁸ ─ ⅜ TEM

⌂≥⌐╟╡ ↕╣≡⅝≡™╢⁹  3.1.1 ⌐⁸III-V

⌐ ↕╣√ ≤ ╩╕≤╘≡ ∆ [3.1.23-41]⁹↓℮⇔√

│ ↄ─ ⁸ ⌐ ⌐ ⅜∫≡™╢─≢│⌂ↄ ⌐ ╕∫≡

⅔╡⁸∕─ │ ╛ ⁸V/III ⌂≥─ ⌐ ↄ ∆╢

⅜ ╠╣≡™╢⁹ ⌐⁸GaAs ⌐MOCVD ╩ ™≡ ⇔√ InGaP
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⌐⅔™≡│⁸ ⌐╟╢Ᵽfi♪◑ꜗ♇ⱪ ⅜ ↕╣≡⅔╡

[3.1.24, 26, 28, 29]⁸ ⌂ ∞↑≢⌂ↄ ⌂ ⌐⅔™≡╙

™⁹↓℮⇔√ ─ⱷ◌♬☼ⱶ╩ ⇔⁸ ─ ™╩ ╘╢↓≤⌐╟╡⁸

↕╣≡™╢╟℮⌂ ™ ⌂≥ ≤│ ⅝ↄ ⌂╢ ⅜ ≢

⅝╢ ⅜№╢⁹ 

∕↓≢ ≢│⁸ ⁸ ≤⇔≡ ⌂ InP ⌐ ⇔√

InGaAs ─ ⌐≈™≡⁸(1) ≢ ⌐ ↓╢

⌐≈™≡ ⇔√ ╩ ═╢⁹╕√⁸(2) ⌐ ⇔√ ─ ≤

⇔≡⁸ ⌐ ↕╣╢ ☻♥♇ⱪ╩ ⇔≡⁸☻♥♇ⱪ ╩ ⌐

╩ ↕∑╢ ⌐≈™≡ ⇔√ ╩ ═╢⁹ 

≢ ↓╢ InGaAs ─ ≤⇔≡⁸ (110) InP ⌐ ↕╣

╢ CuAu-I ─ ⌐ ⇔√⁹↓─ │⁸(001) ⌐ ⇔√

(InAs)1(GaAs)1 MSL ≤ ∂ ≤⌂╢⁹3-2 ≢│⁸(110) InP ┼

─ InGaAs ─ MBE ⌐≈™≡ ═⁸ ⇔√ InGaAs ⌐ ↕

╣╢ ╩ TEM ⁸XRD ⌐╟╡ ⇔⁸∕─ ⌂ ≤

╩ ╠⅛⌐∆╢[3.1.42-45]⁹3-3 ≢│↓─ ≤ MBE ≤─ ╩

⌐ ∆⁹╕√⁸3-4 ≢│ ⌐╟╡ ∆╢ ─☻♥♇ⱪ ╩

 (Refrection High Energy Electron Diffraction: 

RHEED)⅔╟┘  (Atomic Force Microscopy: AFM)⌐╟╡

⇔[3.1.46]⁸↓╣╠ ☻♥♇ⱪ ≤ ≤─ ╩ ∆⁹3-5 ≢│⁸

↓╣╠ ╩ ⌐ ─ⱷ◌♬☼ⱶ⌐≈™≡ ∆╢ [3.1.47]⁹3-6 ≢│

⇔√ InGaAs ╩ ⌐ ™√ InGaAs/N-InAlAs SD ╩

⇔⁸ ─ InGaAs ⌐ ═ 1.6 ╙ ™ 2DEG ⅜ ╠╣╢↓≤╩



53 

 

∆[3.1.43, 44]⁹╕√⁸3-7 ≢│ InAs ≤ GaAs ╩ ↔≤⌐ ⌐ ∆

╢ ⌂ ─ ≤⇔≡⁸(110) ⌐ ↕╣╢ ☻♥♇ⱪ ≤

☻♥♇ⱪ⅜ ⌐ ⇔√☻♥♇ⱪ○כ♄ꜞfi◓⌐≈™≡ ⇔⁸☻♥♇ⱪ

╩ ⌐ ∆╢☻♥♇ⱪⱨ꜡כ ╩ ⇔√ ─ ⌐≈™≡ ∆⁹

TEM ⁸XRD ⌐╟╡☻♥♇ⱪ╩ ⌐ ⌐ ⌂ ╩

∆╢ MSL ─ ╩ ╠⅛⌐∆╢[3.1.48]⁹↕╠⌐⁸3-8 ≢│↓─

─ 2DEG ⌐≈™≡ ⇔⁸ ≤⇔≡─ ╩ ∆[3.1.48]⁹ ⌐

3-9 ≢│ ≢ ╠╣√ ╩ ⇔≡ ∆⁹ 

 

 (110) InP ⌐ ⇔√ InGaAs ─  

(1)  (110) InP ┼─ InGaAs ─ MBE  

(110) InP ⌐ MBE ⇔√ InGaAs ⌐⁸(001) ⌐ ⇔√

(InAs)1(GaAs)1 MSL ≤ ∂ ≤⌂╢ CuAu-I ─ ⅜ ↕╣

≡™╢[3.2.1]⁹⇔⅛⇔⁸ ─ⱷ◌♬☼ⱶ╛ ≤ ≤─ ⌐≈™

≡│⁸╒≤╪≥ ╠⅛⌐↕╣≡™⌂™⁹╕√⁸(110) ┼─ ⌐⅔™≡│⁸

⌐╟╢ ⌂ⱨ□☿♇♩ ╛[3.2.2-6]╛ ─ ☻♥♇ⱪ─

[3.2.7, 8]⌂≥⌐╟╡ ⌐ ⇔⌐ↄ™↓≤╙ ↕╣≡™╢⁹∕↓≢⁸(110) 

┼─ MBE ⌐≈™≡⁸╕∏ ⌂ ╩ ∫√[3.2.9, 10]⁹ 

 3.2.1 │⁸(110) InP ⌐ ⇔√ InGaAs  ( ↕ 1.5 mm) ─

≢№╢⁹ │ 440ϴ⁸V/III │ 60 ≢ ⇔≡™╢⁹ ⌐

│⁸ (110) ⅛╠ (a) [00-1] ┼ 0.5° ⁸(b) [00-1] ┼ 3° ⁸(c)  

[001] ┼ 3° ↕∑√ ╩ ≈─ ⱱꜟ♄⌐☿♇♩⇔⁸ ⌐ ⇔

≡™╢⁹ ─⸗ⱱ꜡☺│⁸ ─ ≤ ⌐╟╡ ⅝ↄ ⇔

≡™╢⁹ ─ ⅜ ↕™ ⁸  3.2.1. (a) ⌐ ∆╟℮⌐ ─№╢ꜝⱨ
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⌂ ⌐⌂╢⁹ ─ │⁸[001] ⌐ ↄ ╩ ≤⇔√

─ ≢№╡⁸ ─ⱨ□☿♇♩⅜ ↕╣≡™╢≤ ╦╣╢⁹  3.2.2. (a) │⁸

InGaAs ╩ (110) ⅛╠ [00-1] ┼ 0.5° ↕∑√ ⌐ ⇔≡

™╢ ─ RHEED ≢№╢⁹ │⁸[-110] ⅛╠ ↕∑≡ ⇔≡™

╢⁹  3.2.2. (b) ⌐ ⌐ ∆╟℮⌐⁸[111] ⌐ ⅜◒כꜞ♩☻╢┘ ╠

╣≡⅔╡⁸(111) ⅛╠⌂╢ ⌂ⱨ□☿♇♩⅜ ↕╣≡™╢↓≤╩ ⇔≡™

╢⁹ ─ⱨ□☿♇♩ │⁸(110) GaAs ┼─ GaAs ╛ AlGaAs ⌐

⅔™≡╙ ↕╣≡⅔╡[3.2.2-6]⁸(110) ┼─ ⌐⅔™≡ ╣╢ ─ⱨ

□☿♇♩≤ ⅎ╠╣╢⁹ ⁸ ─ ╩[00-1] ⌐⁸ ╩ ⅝

ↄ 3° ⌐ ∆╢↓≤⌐╟╡⁸(111) ⅛╠⌂╢ ─ⱨ□☿♇♩ │

↕╣╢ ⌐№╢⁹ 3.2.1. (b) │⁸[00-1] ⌐ 3° ↕∑√ ⌐

⇔√ ─ ⸗ⱱ꜡☺≢№╢⁹  (a) ⌐ ╠╣√╟℮⌂ⱨ□☿♇♩─

│ ↕╣⁸(001) ┼─ ≤ ∂╟℮⌂ ─ ™ ⅜

╠╣≡™╢⁹↓╣⌐ ⇔⁸ ─ ╩ [001] ⌐⇔√ ⁸ ╩

⅝ↄ 3° ⌐ ⇔≡╙  (c) ⌐ ╠╣╢╟℮⌐ ─ ™ │ ╠

╣⌂⅛∫√⁹ ╩ (110) ⅛╠ [00-1] ⌐ ↕∑╢↓≤⌐╟╡ ╣

╢ ☻♥♇ⱪ─ III [001] ┼─ ⁸V [00-1]

┼─ ≤∕─☻♥♇ⱪ ⅜ ⌂ⱨ□☿♇♩ ─ ⌐⌂∫

≡™╢≤ ⅎ╠╣╢⁹ 

≢│⁸ ⌂ⱨ□☿♇♩ ⅜ ⅝⌐ↄ™ (110) ⅛╠ [00-1] ┼

↕∑√ ⌐ ⇔√ InGaAs ─ ⌐≈™≡ ⇔√ ╩

═╢⁹ 

 

(2)  (110) InP ⌐ MBE ⇔√ InGaAs ─  

 (110) InP ⌐ ⇔√ InGaAs ⌐ ↕╣╢ ╩ TEM
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⌐╟╡ ═√[3.2.9-11]⁹InGaAs ─ │⁸ ⅜ ↓╡⌐ↄ™ 

(110) ⅛╠ [00-1] ⌐ ↕∑√ InP ╩ ™⁸ ─ MBE ⌐╟╡

∫√⁹ 

  3.2.3. (a) - (c) │⁸(110) ⅛╠ [00-1] ⌐ 5° ↕∑√ ⌐

⇔√ InGaAs ─ (a) (110 ) ⁸(b) (-110)  ⅔╟┘ (c) (001) 

⅛╠ ╠╣√ TED ≢№╢⁹™∏╣─ TED ⅛╠╙ 220, 111, 002

─ ⌐ ⅎ⁸ ≢│ ≤⌂╢ 001, 110, 112 ⌐ ☻ⱳ♇♩

⅜ ╣⁸₈ ₉⅜ ↕╣≡™╢↓≤╩ ⇔≡™╢⁹ ↕╣≡™╢

─ ╩ ∆ ☻ⱳ♇♩  ☻ⱳ♇♩ ─Ⱶꜝכ  (h, k, l) │⁸

™∏╣╙ ╕√│ ≢№╡⁸ ꜚ♬♇♩

☿ꜟ⌐⅔™≡⁸GaAs ⅜ ⌐ (0, 0, 0) ≤ (1/2, 1/2, 0) ─◘▬♩╩⁸╕√ InAs

⅜ (1/2, 0, 1/2) ≤ (0, 1/2, 1/2)─◘▬♩╩ ╘╢ CuAu-I ─ ⌐ ⇔

≡™╢[3.2.12, 13]⁹ ⌐ ⇔√ ⌐│⁸  3.2.4 ⌐ ∆╟℮⌐ [110] 
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≤ [-110] ⌐ InAs ≤ GaAs ⅜ ⌐ ┘⁸╕√ [001] ⌐│ 

In As Ga As ⅜ ↔≤⌐ ⌐ ∆╢ ≤⌂╡⁸(001) 

⌐ ⇔√(InAs)1(GaAs)1 MSL ≤ ∂ ≤⌂╢⁹ 

  3.2.5 │ (-110) ─ High Resolution: HR TEM ≢

№╢⁹X1 ð X3 ⅔╟┘ Y1 ð Y3 ─ ≢ ∆╟℮⌐ ╢™  ( )≤╛

╛ ™ ⅛╠⌂╢ 002 ⅔╟┘ 220 ⅜ ⌐╖╠╣⁸  3.2.4 ⌐ ∆

CuAu-I ─ ⅜ ↕╣≡™╢↓≤╩ ⇔≡™╢⁹√∞⇔⁸↓℮⇔√

⅜ ⌐ ≢⅝╢ │ ≢№╡⁸ ⇔√ ≤ ⇔≡™

⌂™ ⅜ ⇔≡™╢⁹╕√⁸  3.2.5 ⌐ΓAPBó ≢ ⇔√ │⁸ ╢™

≤╛╛ ™ ⅜ ⇔≡™╢ ╩ ⇔√╙─≢⁸Kuan ╠⅜ ⇔≡™

╢  (Anti-Phase Boundary: APB [3.2.12, 13]) ≤ ⅎ╠╣╢⁹

⌂⅔⁸HR-TEM ─ ⌐≈™≡⁸ ≢⁸ ↕ (8 nm - 25 nm

─ ) ⌐≈™≡ⱴꜟ♅☻ꜝ▬☻ ⌐╟╡◦Ⱶꜙ꜠כ◦ꜛfi⇔√≤↓╤⁸

⌐⅔™≡⁸In-As ─ ⅜ Ga-As ╟╡╙ ╢™ ≤⇔≡

╣╢↓≤⅜╦⅛∫≡™╢[3.2.14]⁹⇔√⅜∫≡⁸  3.2.5 ─ΓAPBó │⁸InAs

⅜ ⇔√ ⌐ ⇔≡™╢⁹ 

 ⌐⁸≥─ ─ ≢ ⇔≡™╢⅛╩ ═╢√╘⁸ ≢─

Dark Field: DF ─ ╩ ∫√⁹DF ─ ⌐│⁸110 ☻ⱳ
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♇♩╩ ™≡ ↕∑≡™╢⁹⇔√⅜∫≡⁸ ⇔√ │ ╢™◖fi♩ꜝ☻

♩≢ ╣⁸ ⇔≡™⌂™ │ ™◖fi♩ꜝ☻♩≢ ╣╢↓≤⌐⌂╢⁹  

3.2.6 ⌐⁸(a) (110)  ≤ (b) (001) ─ TEM-DF ╩ ∆⁹™∏╣─ ⌐

⅔™≡╙ ─ ╢™ ≤ ™ ⅜ ↕╣≡⅔╡⁸ ⅜

⌐ ⌐ ↓∫≡™╢─≢│⌂ↄ⁸ ─ ♪ⱷ▬fi ╩ ⇔≡™╢↓

≤⅜╦⅛╢⁹  3.2.7 ⌐ TEM-DF ⅛╠ ↕╣╢ ╩ ⌐ ∆⁹

⇔√ ─♪ⱷ▬fi│⁸(110) ⌐ ≢│⌂ↄ⁸ ─ [00-

1] ≤ ─ [001] ⌐ ⅛⌐ 1 ð 2Ǿ ⌐ ™≡™╢⁹╕√⁸

♪ⱷ▬fi │⁸ ↕⅜ 10 nm №╡⁸ ≢─ ⅜╡│ 100 nm ╩ ⅎ
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≡™╢╟℮⌐ ↕╣╢⁹⌂⅔⁸  3.2.6. (b) ─ (001) ⌐⅔™≡⁸

♪ⱷ▬fi─ ↕⅜ (110) ⌐⅔™≡ ↕╣╢♪ⱷ▬fi─ ↕╟╡ ↄ

↕╣╢─│⁸ ♪ⱷ▬fi⅜ [001] ⌐ ™≡⅔╡⁸∕─√╘ (001) 

⅛╠ ⇔√ (001) ⱪ꜡☺▼◒◦ꜛfi⌐⅔™≡ ⁸ ⇔√ ordered

≤ ⇔≡™⌂™ disordered ≤⅜ ⌂∫≡ ↕╣╢√╘≤ ⅎ╠╣

╢⁹ 

 

 ⌐╟╢ ─  

 ≢ ⇔√ ⅜⁸ ⌐╟╡≥℮ ∆╢⅛╩ ═╢↓≤│⁸

─ⱷ◌♬☼ⱶ╩ ⇔⁸ ─ ™╩╟╡ ╘╢√╘⌐ ≢№╢⁹↓↓

≢│ ≤ MBE ⁸ ⌐ ≤ ─ ╩Ɽꜝⱷכ♃⌐

═√ ⌐≈™≡ ═╢⁹ 

(1) ⌐╟╢ ─  

─ ⌐ ⅎ╢ ╩ ═╢√╘⁸ ⌂╢ ≢ ⇔√ InGaAs

─ ─ ™╩ TEM ⅔╟┘ TED ⌐╟╡ ⇔√ [3.3.1, 2]⁹ ⌐│ 

(110) ⅛╠ [00-1] ┼ 5° ↕∑√ InP ╩ ™√⁹V ⱦכⱶ

≤ III ⱦכⱶ ─ V/III │ 60 ≤⇔⁸ ╩ 360ϴ⅛╠

450ϴ╕≢ ⅎ≡ InGaAs ╩ ⇔√⁹ ⇔√ ⸗ⱱ꜡☺│™∏╣╙

─╟™ ⅜ ╠╣⁸  3.2.1. (a), (c) ─╟℮⌂ ⌂ⱨ□☿♇♩ │╒

≤╪≥ ↕╣≡™⌂™⁹ 

 3.3.1. (a) - (d) ⌐⁸ ╩ ⅎ≡ ⇔√ InGaAs ⅛╠ ╠╣√ 

(110) ─ TED ╩ ∆⁹↓─ ⌐⅔™≡│⁸ ╩ ≤

⇔⁸ ╩ ◄♇♅fi◓⌐╟╡ ⇔≡™╢⁹∕─√╘⁸ ─ ™│⁸

⌐ ☻ⱳ♇♩─ ⌐ ↕╣≡™╢⁹ ─ ™╩ ∆

☻ⱳ♇♩ │⁸(a) 360ϴ≢ ⇔√ ≢ ╘≡ ≢№╢⅜⁸

╩ ╘╢⌐⇔√⅜™ ↄ⌂╡⁸(d) 450ϴ≢ ⇔√ ≢ ╙ ↄ⌂∫≡™╢⁹

─ ⌐⅔™≡│⁸ ⅜ ↄ⌂╢⌐⇔√⅜™⁸ ─

™⅜ ⅝ↄ⌂╢↓≤╩ ⇔≡™╢⁹  3.3.2 │⁸3° ↕∑√ ⌐ V/III

╩ 45 ≤⇔≡ ╩ 380ϴ⅛╠ 495ϴ╕≢ ⅎ≡ ⇔√ InGaAs

⅛╠ ╠╣√ XRD ─ ꜡♇◐fi◓◌כⱩ ≢№╢⁹ │⁸110

─ ╩q - 2q ☻◐ꜗfi⇔≡™╢⁹110 ─ │⁸

⅜ 450ϴ ≢│⁸ ≤ ∂ↄ ╩ ↄ∆╢⌐⇔√⅜™ ↄ⌂╢

⅜⁸↕╠⌐ 450ϴ ─ ≢│ ↄ⌂∫≡™╢⁹ ⸗ⱱ꜡☺│™

∏╣╙ ≢№╡⁸ ⌂ⱨ□☿♇♩ ╛ As ⌂≥⌐╟╢ ∕─╙──

│⌂™╙─≤ ⅎ╠╣╢⁹ ⌐ ∆╢ ⅜№╢↓≤╩ ⇔≡™
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╢⁹ ─ ⌐ ∆╢ ─ │⁸(001) GaAs ⌐ ⇔√

InGaP  [3.3.3-5] ╛ (001) InP ⌐ ⇔√ InAlAs  [3.3.6] ─

⌐⅔™≡╙ ↕╣≡⅔╡⁸↓╣╠│ ⌐╟∫≡ ∆╢ ─

≤─ ╩ ⇔≡™╢⁹ ≢─ InP (110) ─ InGaAs

⌐ ↕╣╢ CuAu-I ─ ⌐⅔™≡╙⁸ ⌐ ⇔√ ─

⁸⅔╟┘↓╣⌐ ⇔≡ ↕╣╢ ─ ⅜ ⌐

⇔≡™╢╙─≤ ⅎ╠╣╢⁹ 
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(2) ─ ⌐╟╢ ─  

(001) GaAs ⌐ ⇔√ InGaP ⌐ ↕╣╢ CuPt ─ ⌐⅔

™≡│⁸ ─ ─ ™⌐╟╡⁸ ─ ╛ ⇔√ ♪ⱷ▬fi

─ ⅜ ∆╢↓≤⅜ ↕╣≡™╢ [3.3.7, 8]⁹∕↓≢⁸ ─ ⌂╢

(110) InP ⌐ InGaAs ╩ ⇔⁸ ─ ⌐≈™≡ TED ⅔╟┘

TEM ⌐╟╡ ⇔√ [3.3.2]⁹ 

 3.3.3 (a) - (d) │⁸ ⅜ ⌂╢ ⌐ ⇔√ InGaAs ⅛╠

╠╣√ (-110) ─ TED ≢№╢⁹ ─ │ 3°⅛╠ 10°─ ≢

ⅎ√⁹ ⁸V/III │⁸ ⌂ⱨ□☿♇♩ ⅜ ↓╠⌂™ ≤⇔⁸∕

╣∙╣ 410ϴ⅔╟┘ 60 ╩ ™√⁹ ≈─ ⱱꜟ♄⌐ ─ ⌂╢ ╩☿

♇♩⇔⁸ ⌐ ╩ ∫≡™╢⁹002, 111, 220 ─ ☻ⱳ♇♩─

⌐ ∆╢⁸110, 001, 221 ─ ─ │⁸3°≤ 5° ↕∑√

⌐ ⇔√ ≢ ╙ ↄ⁸ ─ ⅜ ⅝™ 8°⅔╟┘ 10° ⌐

⇔√ ≢│ ↄ⌂∫≡™╢⁹╕√⁸8°⅔╟┘ 10° ↕∑√ ─

≢│⁸ ─☻ⱳ♇♩ ⅜ ⌐ ┘≡⅔╡⁸ ⇔√♪ⱷ▬

fi─ ⅜ ⇔≡™╢↓≤╩ ⇔≡™╢⁹  3.3.4. (a) - (d) │⁸ ☻

ⱳ♇♩╩ ™≡ ↕∑√ (-110) ─ TEM -DF ≢№╢⁹ ⇔√♪ⱷ

▬fi╩ ∆ ╢™◖fi♩ꜝ☻♩│⁸ ─ ⅜ ⅝ↄ⌂╢⌐⇔√⅜∫≡

ↄ⌂╢≤≤╙⌐⁸ ┼─ ⅜╡╙ ↄ⌂╢ ⌐№╢⁹╕√ ⇔√♪ⱷ▬fi

─ ╙ ─ ╩ ⅝ↄ∆╢⌐⇔√⅜∫≡ ↕ↄ⌂∫≡™╢╟℮⌐

ⅎ╢⁹ ─ ╩ ⅎ╢↓≤⌐╟╡ ∆╢ ─☻♥♇ⱪ ≤∕─

⅜ ⌐ ⇔≡™╢╙─≤ ⅎ╠╣╢⁹ 
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⁸(001) GaAs ⌐ ⇔√ InGaP ─ CuPt ─ ⌐⅔™≡

│⁸ ─ ╩ ⅝ↄ∆╢↓≤⌐╟╡⁸♪ⱷ▬fi─ ♪ⱷ▬fi≤

≤─ ⅜ ⅝ↄ⌂╢↓≤⅜ ↕╣≡™╢[3.3.8]⁹ ≢│⁸∕℮

⇔√ ─ ⌐ ∆╢♪ⱷ▬fi─ ─ │ ≢⅝⌂⅛∫√⁹(110) 

InP ─ CuAu-I ─ ─ ⅜ ≤│ ⌂∫≡™╢↓≤╩

⇔≡™╢⁹ 

 

 ☻♥♇ⱪ ⌐╟╢ ─  

 (001) GaAs ⌐ ⇔√ InGaP ⌐ ↕╣╢ CuPt ─

╛ (001) InP ⌐ ⇔√ InAlAs ⌐ ↕╣╢ 3 ─

─ ⌐│⁸ ⌐╟∫≡ ∆╢ ─ ⅜ ⇔≡™╢↓≤

⅜ ↕╣≡™╢[3.4.1-4]⁹(110) InP ⌐ ⇔√ InGaAs ─ CuAu-I

─ ⌐⅔™≡╙⁸ ≢ ⇔√╟℮⌐ ╛ ─

⌐╟∫≡ ⇔≡⅔╡⁸ ♄▬♫Ⱶ◒☻⌐ ⇔√ ⅜ ⌐

⇔≡™╢≤ ⅎ╠╣╢⁹⇔⅛⇔⁸(110) ⌐⅔™≡│⁸ ─ │ 1x1 

(buckling) ⅜ ↕╣≡™╢─╖≢№╡⁸(001) ─╟℮⌐ ─

│ ⇔⌂™⁹⇔√⅜∫≡⁸(110) ≢─ ⌐ ─ ⅜

⇔≡™╢ │ ™≤ ⅎ╠╣╢⁹ ⁸(110) ┼─ ⌐

⅔™≡│⁸ ☻♥♇ⱪ─  [3.4.5, 6] ╛ ☻♥♇ⱪ─  [3.4.7-11]
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⌂≥ ─☻♥♇ⱪ ⅜ ⌐╟╡ ⌐ ∆╢↓≤⅜ ↕╣≡™

╢⁹∕↓≢⁸ ≢│ ☻♥♇ⱪ [3.4.12-15]≤ ≤─ ⌐≈™≡

═√ ⌐≈™≡ ⌐ ∆⁹ 

 

(1) InGaAs ─ ☻♥♇ⱪ  

(110) InP ┼ InGaAs ╩ MBE ∆╢ ⌐ ╣╢ ─

☻♥♇ⱪ ╩ RHEED ⌐╟╡ ═√⁹  3.4.1. (a) - (c) │⁸(110) ⅛╠ 

[00-1] ⌐ 5° ↕∑√ InP ⌐ InGaAs ╩ ⇔≡™╢ ⌐

╠╣√ RHEED ≢№╢⁹ │⁸ ─ ≤ ☻♥♇ⱪ

⌐ ∆╢ [-110] ⅛╠ 25 kV ─ ≢ ↕∑≡™╢⁹ ⌐

∆╟℮⌐⁸ ╩ ⅎ╢↓≤⌐╟╡ ─ ⅜ ╠╣⁸ ⌂╢ ⅜

↕╣≡™╢↓≤⅜╦⅛╢⁹(a) ─ │ (110) ┼─ ⌐⅔™≡ ╖╠

╣╢ 1x1 ╩ ⇔√ ≢№╢⁹↓╣⌐ ⇔⁸(b) ≤ (c) ⌐ ∆ ⌐⅔™≡

│⁸1x1 ─ ─(◒כꜞ♩☻) ⌐ ⇔√ ⅜ Laue ⌐fiכ♂ ∫

≡ ⌐ ╣≡™╢⁹ ⇔√ ─ │⁸(b) ≤ (c) ≢ ⌂∫≡⅔╡⁸

∕╣∙╣ ─ ─ 1/8 ≤ 1/4 ⌐⌂∫≡™╢⁹ 

 ┼ ⌐⅔™≡│⁸ ≢ ─☻♥♇ⱪ⅜ ↕╣

╢  step ordering ⁹↓─ ⁸  3.4.2. (a) ⌐ ∆╟℮⌐⁸ ⌐│  

(3.1) ≢ ↕╣╢ ─☻♥♇ⱪ ─♥ꜝ☻ ⅜ ↕╣⁸ 

     W = Na                                                     (3.1) 

(W │♥ꜝ☻ ⁸a │ ─ ─ ) 

─ ⌐│  (a) ⌐╟∫≡⁸  (3.2)≢ ╕╢ ⅜ ↕

╣╢↓≤⌐⌂╢⁹ 

    L = W/cos a                         (3.2) 

   L │ ⁸W │ ♥ꜝ☻ ⁸a│ ─  
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↓─≤⅝─ ꜡♇♪ ꜡♇♪ │⁸♥ꜝ☻─ ♥ꜝ☻⅜

↕™√╘⌐ ꜡♇♪⅜ ╩╙≈ ≤ , L ─ ≤⌐╟╡⁸  

3.4.2. (b) ⌐ ∆╟℮ ⌐ ∂≡ ꜡♇♪⅜ ↕╣╢↓≤⌐⌂╢⁹

╩☻♥♇ⱪ ⌐ ⌐ ↕∑√ ─ Ewald ≤─ │⁸  3.4.2. 

(c) ⌐ ∆╟℮⌐⌂╡⁸ ⇔√ ⅜ Ewald 0 ─ Laue fiכ♂

⌐ ∫≡ ╠╣╢⁹ 

 ╕√⁸step ordering ↓∫≡™╢ ─ ♥ꜝ☻ ☻♥♇ⱪ ⁸

W │⁸ 

  W = Na = nd/tan a                                              (3.3) 

a │ ─ ─ ⁸N │♥ꜝ☻ ─ ─ ⁸ 

nd │☻♥♇ⱪ ↕≢⁸n │ ≢⁸d │ ↕⁸ 

╕√a│ ─  

≢ ↕╣╢⁹⇔√⅜∫≡⁸(110) ⅛╠ 5° ↕∑√ InP ⌐ ─

step ordering ⅜ ↓∫√ ─ ♥ꜝ☻ , W │⁸ 

  W = d220/tan 5°= 2.372 (nm)                                   (3.4) 

 (↓↓≢⁸d220 │ (110) ─ ─ ↕⁸a │ InP 

⌐ ⇔√ InGaAs ─  (0.58686 nm)  

≤⇔≡⁸d220 = a/(22+22)1/2 = 0.2075 (nm)) 
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≤⌂╡⁸ ─ ┼ 

  L = W/cos 5°= 2.381 (nm)                             (3.5) 

─ ⅜ ↕╣╢↓≤⌐⌂╢⁹╕√⁸ ─ ┼─

─ │⁸ 

  a = d001 = a/(0+0+12)1/2 = 0.5869 (nm)                            (3.6) 

≢№╢⅛╠⁸ ─ ─ ⌐ ⇔≡ 4 ─ ⅜ ↕╣⁸

─ ꜡♇♪─ ⌐ ⇔≡ 1/4 ─ ≢ ⇔√ ⅜ ╠╣╢

↓≤⌐⌂╢⁹╕√⁸n ─ ↕─☻♥♇ⱪ⌐╟╢ step ordering ⅜ ↓

∫√ ⌐│⁸ ♥ꜝ☻ ⁸Wn │⁸ 

  Wn = nd220/tan 5°= nW                                                       (3.7) 

⌐⌂╡⁸ ─ ┼│ 

  Ln = Wn/cos 5°=nW/cos 5°= nL                                                (3.8) 

─ ⅜ ↕╣╢↓≤⌐⌂╡⁸ ─ ꜡♇♪─ ⌐ ⇔≡⁸

1/4n ─ ≢ ⇔√ ⅜ ╣╢↓≤⌐⌂╢⁹ 

  3.4.2. (b), (c) ⌐ ⇔√ RHEED ⌐⅔™≡⁸ ⇔√ ─ │⁸

꜡♇♪─ ⌐ ⇔≡∕╣∙╣ 1/8 ≤ 1/4 ≢№╡⁸↓╣╠│ 2 ≤

─☻♥♇ⱪ⌐╟╢ step ordering⅜ ↓∫√ ─ ⌐╒╓ ⇔≡

⅔╡⁸  3.4.3. (b), (c) ⌐ ∆╟℮⌂ ⅔╟┘ ─ step ordering 

⅜ ↓∫≡™╢╙─≤ ⅎ╠╣╢⁹  3.4.4. (a) - (c) │⁸(110) ⅛╠ [00-1] 

┼ 3Ǿ,5Ǿ⅔╟┘ 8Ǿ ↕∑√ ⌐ InGaAs ╩ ⇔≡™╢ ⌐ ╠╣
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√ RHEED ≢№╢⁹ ⇔√ ─ │⁸ ꜡♇♪─ ⌐ ⇔∕

╣∙╣ 1/6.5, 1/4, 1/2.5 ≤⌂∫≡⅔╡⁸ ⌐│ ─☻♥♇ⱪ ⅜∕╣∙╣

3.9 nm, 2.3 nm, 1.5 nm ─ ─ step ordering ⅜ ↓∫≡™╢↓≤╩ ⇔

≡™╢⁹ ⁸  3.4.1. (a) ⌐ ⇔√ ⌐⅔™≡│⁸ ─ ꜡♇♪ ⌐

│ ╣≡™⌂™⁹  3.4.3. (a) ⌐ ∆╟℮⌐ ☻♥♇ⱪ│ꜝfi♄ⱶ⌐

↕╣≡™╢╙─≤ ⅎ╠╣╢⁹ 

 ─╟℮⌐⁸ (110) ⅛╠  [00-1] ⌐ ↕∑√  InP ┼─ 

InGaAs ─ ⌐⅔™≡│⁸ ⌐╟╡ꜝfi♄ⱶ⌂☻♥♇ⱪ ≤

─ step ordering ─ ⁸ ─ step ordering ⅜ ↓╢↓≤⅜╦⅛∫

√⁹ 

 

(2) InGaAs ─ ☻♥♇ⱪ ≤  

InGaAs ─ ☻♥♇ⱪ ⅜ ⁸As ⌐╟╡≥

℮ ∆╢⅛ RHEED ╩ ™≡ ═√⁹ ⌐│ [00-1] ⌐ 3° ↕∑√ 

InP ╩ ™⁸0.18 mm/h ─ ≢ ⇔√⁹  3.4.5 ⌐ ↕╣√

☻♥♇ⱪ ≤ ≤─ ╩ ∆⁹ ─ ⅜ ↕ↄ⌂

╢ №╢™│  As ─ ≢ ☻♥♇ⱪ│ꜝfi♄ⱶ≤⌂╡⁸

─ ⅜ ⅝ↄ⌂╢ №╢™│  As ─ ≢│ step ordering ⅜

↓∫≡™╢⁹√∞⇔⁸ ─ step ordering⁸ ─ step ordering ─

│⁸ ♥ꜝ☻ ⅜ ↄ⁸ ─╟╡ ™ ⅜ ≤⌂╢ 2

─ step ordering ⅜⁸ ─ step ordering ⅜ ↓╢ ╟╡

⅜ ↕ↄ⌂╢ ⁸ As ≢ ↓∫≡™╢⁹  (001) ┼─

⌐⅔™≡│⁸ ☻♥♇ⱪ─  (step bunching) │⁸ ─

⅜╟╡ ⅝ↄ⌂╢ ⁸ As ─ ⌐⅔™≡ ↕╣≡™╢⁹(110) ≢

─ 2 ─ step-ordering ─ │ (001) ≤ ─ ⌐№╡⁸

⌐ ─ ⌐ ↕╣≡™╢─≢│⌂™↓≤⅜ ↕╣╢⁹ 
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 3.4.6 (a), (b) ⌐⁸ ─  step ordering ⅛╠ ─  step 

ordering ┼ ∆╢ (a) ⁸(b) As ─ ⌐╟╢

╩ ∆⁹ ─ ╩ ⅝ↄ∆╢ ♥ꜝ☻ ╩ ↄ∆╢ ≤⁸ ∆╢

│ ↄ⌂╡⁸╕√ As │ ↄ⌂╢ ⌐№╢⁹↓╣│⁸ ─

≤│ ─ ⌐№╢⁹↓─ ≢─ step ordering ⅜⁸ ─

⌐ ↕╣≡™╢─≢│⌂ↄ⁸ ─ ⌐╟╡ ╦╢☻♥♇ⱪ

⌐ ∂√ As ─ ╡ ╖⁸№╢™│☻♥♇ⱪ ≢─ As ⌐ ⇔√

─ ⅜⁸↓─ ≢─ step ordering ⌐ ⌂ ╩ √⇔≡™

╢≤ ⅎ╠╣╢⁹ 
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 ─╟℮⌐ InP (110) ┼─ InGaAs ─ ⌐⅔™≡│⁸ꜝ fi♄

ⱶ⌂☻♥♇ⱪ ≤ ─ step ordering ⌐ ⅎ ─ step ordering 

⅜ ↓╡⁸ ⌐ ─ ⌐ ↕╣≡™╢─≢│⌂ↄ⁸ ─

☻♥♇ⱪ ⌐╟╡ ∆╢ ≤ As ⅜№╢↓≤⅜╦⅛∫√⁹ 

 

(3) ☻♥♇ⱪ ⌐╟╢ ─  

 ≢│ ─ ☻♥♇ⱪ⅜⁸ ─ ≤ ⌐╟╡⁸

─ step ordering⁸ ─ step ordering ⅔╟┘ꜝfi♄ⱶ⌂☻♥♇ⱪ⌐

∆╢↓≤╩ ⇔√⁹ ≢│⁸↓℮⇔√ ☻♥♇ⱪ ≤ ≤─ ⌐≈

™≡ ═╢√╘⁸ ☻♥♇ⱪ ╩ ⇔≡ InGaAs ╩ ⇔⁸∕─

─ ™╩ TED⁸XRD ⌐╟╡ ⇔√⁹ 

  3.4.7 │⁸ ─ step ordering (a)⁸ ─ step ordering (b)⁸

⅔╟┘ꜝfi♄ⱶ⌂☻♥♇ⱪ (c) ╩ ⇔≡ ⇔√ InGaAs ─ (-110) 

─ TED ≢№╢⁹ ⌐│ [00-1] ⌐ 5° ↕∑√ InP ╩ ™⁸

V/III ╩ 19 ⌐ ⇔≡⁸ ╩ 440ϴ (a)⁸420ϴ (b)⁸410ϴ (c)⌐ ⅎ

╢↓≤⌐╟╡ ☻♥♇ⱪ ╩ ⇔√⁹ ─ ™╩ ∆ 110 

☻ⱳ♇♩─ │⁸ ─ step ordering ╩ ⇔⌂⅜╠ ⇔√ ⌐

╙ ↄ⌂╡⁸ ⌐ ─ step ordering ╩ ⇔⌂⅜╠ ⇔√ ⌐

╙ ↄ⌂∫≡™╢⁹  3.4.8 │⁸ ⌐ 3° ↕∑√ ⌐☻♥♇ⱪ╩

─ step ordering (a)⁸ ─ step ordering (b)⁸⅔╟┘ꜝ

fi♄ⱶ⌂☻♥♇ⱪ (c) ⇔≡ ⇔√ InGaAs ⅛╠ ╠╣√ 110 

─q ð 2q ☻◐ꜗfi⌐╟╢ XRD ꜡♇◐fi◓◌כⱩ ≢№╢⁹110
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─ │⁸2 ─ step ordering (b) ╩ ⇔⌂⅜╠ ⇔√

⌐ ╙ ↄ⁸ ⁸ꜝfi♄ⱶ⌂☻♥♇ⱪ (c)⁸ ─ step ordering (b) ─

⌐ ↄ⌂∫≡™╢⁹ ─ ☻♥♇ⱪ ─ ™⌐╟╡⁸ ─ ™

│ ⌐ ⇔≡⅔╡⁸ ☻♥♇ⱪ ⁸ ⌐ ─☻♥♇ⱪ⅜

─ ⌐ ⇔≡™╢↓≤⅜ ↕╣╢⁹ 

 

 ─ⱷ◌♬☼ⱶ 

 ╕≢⌐⁸InP (110) ⌐ MBE ⇔√ InGaAs ⌐

↕╣╢ ╩ ╠⅛⌐∆╢≤≤╙⌐⁸↓╣╠ ⅜ ⌐╟╡≥℮

∆╢⅛⌐≈™≡ ⇔√⁹↓↓≢│⁸ ╕≢─ ╩╙≤⌐ ─ⱷ◌♬

☼ⱶ⌐≈™≡ ∆╢ [⁹ 

 ↓╣╕≢⁸GaAs (001) №╢™│ InP (001) ⌐ ⇔√ InGaP 

╛ InAlAs ⌐⅔™≡ ↕╣≡™╢ ⌐│⁸ ─ ⅜

⇔≡™╢↓≤⅜ ↕╣≡™╢[3.5.1-4]⁹↓╣⌐ ⇔⁸(110) ⌐⅔™≡│⁸

III ≤ V ⅜ ⌐ ⇔√ buckling ⇔⅛ ↕╣≡

™⌂™⁹∕─√╘⁸ ╩ ⅝ↄ ⅎ≡╙ (001) ≢─

ⅎ┌⁸1x1, 2x4, 4x2 ─╟℮⌐ ∑∏⁸ ≢─ III V ─

╙ (001) ─ ⌐ ∆╢↓≤│⌂ↄ⁸ ≤ ∂ 1:1 ≤⌂∫≡™╢⁹⇔√

⅜∫≡⁸(110) ┼─ ⌐⅔™≡│⁸ ⌐ ─ ⅜

⇔≡™╢ │ ⌂™⁹╕√⁸(001) ─ CuPt ╛ TP ─

⅜ ≢ III ─ ⅜ ╕╢  (in-plane ordering) ≢№╢

─⌐ ⇔⁸(110) ⌐ ↕╣╢ CuAu-I ─ │⁸ ⌐ ⅛
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∫≡ InAs ≤ GaAs ─  (layer ordering) ≢№╡⁸∕─

⌐│ in-plane ordering ─╟℮⌐ ─ ─╖⅜ ∆╢─≢│

⌂ↄ⁸ ⌂ↄ≤╙ ╩ ╘ 2 ⅜ ⇔≡™╢╙─≤ ⅎ╠

╣╢⁹ ╕≢⌐ ⇔√ │⁸(110) ≢─ CuAu-I ─ ⌐

─ ☻♥♇ⱪ⅜ ↄ ⇔≡™╢↓≤╩ ⇔≡™√⁹ 

╕≢⌐ ⇔√ ≤☻♥♇ⱪ ≤─ ⁸ ≤ ≤─

╟╡⁸3-3 ≢ ⇔√ ─ ⌐╟╢ │⁸ ≢│

☻♥♇ⱪ⅜ ⌐ ↕╣╢√╘ ─ ™│ ↄ⁸∕╣╟╡ ≢│

☻♥♇ⱪ⅜ ⌐ ↕╣╢√╘ ⅜ ↄ⌂╡⁸↕╠⌐ ™

≢│ ☻♥♇ⱪ⅜ꜝfi♄ⱶ⌐⌂╡⁸2 ☻♥♇ⱪ≤ ☻♥♇ⱪ

⅜ ⌐ ⇔≡™╢√╘⁸ ─ ™│ ⌐⌂╢⁸≤ ☻♥♇

ⱪ ⌐╟╢ ⌐╟╡ ≢⅝╢⁹╕√⁸ ─ ─ ⌐ ∆╢

3-3 ⌐≈™≡╙ ⌐⁸ ™√ ⁸V/III ≢│⁸

3° ↕∑√ ≢│ 2 ─ ☻♥♇ⱪ⅜ ⌐ ↕╣⁸ ⅜

ↄ ╣╢⅜⁸ ─ ≢│ ☻♥♇ⱪ⅜ꜝfi♄ⱶ⌐ ↕╣≡⇔

╕℮√╘⁸ ⅜ ↄ⌂∫≡⇔╕∫√⁸≤☻♥♇ⱪ ─ ⌐╟╢

⌐╟╡ ≢⅝╢⁹ 

─╟℮⌐⁸ ─ ☻♥♇ⱪ⅜ InGaAs ─ ⌐ ⌂

╩ √⇔≡™╢≤ ⅎ╠╣[3.5.5]⁸  3.5.1 ⌐ ∆ A ╕√│ B ─ ⌐╟

╡⁸ ♄▬♫Ⱶ◒☻⌐ ╪≢ ⅜ ↓∫≡™╢╙─≤ ⅎ╠╣╢⁹∆⌂╦

∟⁸ΔA: 2 ─☻♥♇ⱪ⌐ (InAs)1(GaAs)1 ─ ⅜ ⌐

↕╣≡™ↄΔ⁸╕√│ ΓB: ⌐⇔√⅜∫≡ InGaAs ⅜ ⇔√
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⁸In ≤ Ga ⅜ ∆╢↓≤⌐╟╡ ⅜ ↕╣≡™ↄΔ≢

№╢⁹↓╣╕≢─≤↓╤⁸↓╣╠╩ ∆╢ ╛ ⌂ │⌂ↄ⁸╕√ In

≤ Ga ─ ≥∟╠ ⅜ ≢≥∟╠⅜ ⅛ ╩ ╘╢ ╙№

⅝╠⅛≢│⌂™⁹ ⁹ ⁸ ⅛╠↕╠⌐ ∆╢ ⅜№╢⁹ 

 

 ⇔√ InGaAs ─  

 3-1 ⌐ ⇔√╟℮⌐⁸In ≤ Ga ⅜ ≢ ⌐ ⇔√

InGaAs ≢│ ⅜⌂ↄ⌂╡⁸ ⌐ ≢ ⅜ ∆

╢↓≤⅜ ↕╣≡™╢[3.6.1-7]⁹ ≢│⁸ ≢ ⇔√ CuAu-I ─

⅜ ↕╣√ InGaAs ─ ⌐≈™≡ ∆[3.6.8, 9]⁹ 

 

(1)  

 ⇔√ InGaAs ─ ╩ ═╢√╘⁸ ⇔√ InGaAs 

╩ ≤∆╢ ⱪכ♪ Selectively-Doped: SD ╩

⇔⁸∕─ ●☻ 2-Dimensional Electron Gas: 2DEG

╩ ═√⁹ 3.6.1 ⌐ ⇔√ ─ ╩ ⌐ ∆⁹ (110) ⅛╠ 

[00-1] ⌐ 3Ǿ╕√│ 5Ǿ ↕∑√ InP ⌐ 600 nm ─ InAlAs Ᵽ♇

ⱨ□ ⁸600 nm ─ InGaAs ⁸10 nm ─ InAlAs ☻Ɑכ◘ ⁸N

╢№≢♩Ɽfiכ♪─ Si ╩ 3 x 1017 cm-3 ♪כⱪ⇔√ 90 nm ─ N-InAlAs 
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⁸⅔╟┘ 10 nm ─ N-InGaAs ◖fi♃◒♩ ╩ ⇔√⁹ │

─ MBE ⌐╟╡ ™⁸ │ 440ϴ ≢⁸V/III ⅔╟┘

│⁸∕╣∙╣ 20 ≤ 0.5 mm/h ≤⇔√⁹  3.6.2 │ ⇔√ SD ─ InGaAs

⅛╠ ╠╣√ (-110) ─ TED ≢№╢⁹001, 110, 112 ─

CuAu-I ─ ─ ╩ ∆

⅜ ⌐ ╣≡⅔╡⁸

⅜ ↕╣≡™╢↓≤⅜ ≢

⅝╢⁹2DEG │⁸  3.6.3 ⌐

∆ⱱכꜟ  Ᵽכ ↕ 100 mm⁸

 50 mm ╩ ─ ≢№╢ 

[001] ≤↓╣⌐ ⇔☻♥♇ⱪ

≤ ≤⌂╢ [-110] ≤─2

⌐ ⇔⁸ⱱכꜟ ⌐╟╡ ⇔

√⁹ 

 

(2) 2DEG ─  

  3.6.4 ⌐ 3Ǿ (Ỏ─ⱪ꜡♇♩) ⅔╟┘ 5Ǿ ừ≤Ẽ─ⱪ꜡♇♩)↕∑√

⌐ ⇔√ InGaAs/N-InAlAs SD ─ 2DEG  (m) ≤  (Ns) 

─ ╩ ∆⁹ ─ 2DEG │⁸[-110] ≤ [001] ≤≢
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╒╓ ∂ ≢№╢⅜⁸100K ─ ⌐⅔™≡⁸ ⌂ ╩

⇔≡™╢⁹[001] ─ 5Ǿ ⁸ Ẽ─ⱪ꜡♇♩ │⁸ ─ 

(001) ─ InGaAs ≤ ∂ↄ⁸  100,000 cm2/Vs ≢ ⌐ ⇔ ⇔

≡™╢⁹↓╣⌐ ⇔⁸[-110] ─ │⁸5Ǿ ↕∑√ ừ─ⱪ

꜡♇♩ ≢ 153,000 cm2/Vs ⌐⁸╕√ 3Ǿ ↕∑√ Ỏ─ⱪ꜡♇♩

≢ 161,000 cm2/Vs ⌐ ⇔≡™╢⁹(001) InP ⌐ ⇔√ ─ InGaAs

╩ ⌐ ™√ SD ⅛╠ ╠╣√ 2DEG 

─ │⁸10K ─ ≢╙  100,000 cm2/Vs ≢№╢⁹╕√⁸

⌐⅔™≡⁸↓╣╕≢⌐ ↕╣≡™╢ ╙ ™ │⁸ ≢ ⇔√ 

115,000 cm2/Vs [3.6.10]≢№╢⁹ ⇔√ InGaAs ≢⁸ ⌐ [-110] ≢

╠╣√ │⁸↓╣╠ ─ InGaAs ─ ╩ ⌐ ╢ ≢№╡⁸

↕╣≡™╢╟℮⌐ ⌐╟╡ ⅜ ↕╣√↓≤⌐╟╢≤ ⅎ╠╣

╢⁹ 

 ⁸ ≢─ [-110] ≤ [001] ─ ─ │⁸ ⌐ ∆

╟℮⌐ ⇔√♪ⱷ▬fi─ ⌐ ⇔≡™╢≤ ⅎ╠╣╢⁹  3.6.5 │⁸

3-2 ≢ ⇔√ TEM-DF ⅛╠ ↕╣╢ ─ ≢№╢⁹ ⇔√

│⁸(110) ⅛╠ 1 - 2Ǿ ™√ ─♪ⱷ▬fi╩ ⇔≡™╢⁹∕─√╘⁸

2DEG ⅜ ↕╣╢ ≢│ │⁸ ⇔√  (Ordered 

region) ≤ ⇔≡™⌂™  (Disordered region) ⅜ [-110] ⌐

⌂ ⌐ ↕╣≡™╢↓≤⌐⌂╢⁹ ⅜ [001] ─ ─ 

a ─ ⌐ ∆╢ ⁸Disordered region ╩ ╢↓≤⌐⌂╡ ╩

↑╢↓≤⌐⌂╢⁹↓╣⌐ ⇔≡⁸[-110] ─ ─ b ⌐

⅜ ∆╢ ⁸ │ Ordered region ≤ Disordered region ≤╩ ⌐

∆╢ ⌐⌂╡⁸↓─ ≢─ ⅜ ≤⇔≡ ↕╣╢⁹∕─√

╘ [001] ≢│ ─ ╩ ↑╛∆ↄ⁸[-110] ≢│∕─ ╩ ↑
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⌐ↄ™ ≤⌂╢⁹⌂⅔⁸[-110] ⌐⅔™≡⁸Ordered region ≤ Disordered 

region ⌐⅔™≡⁸↓─ ≢─◐ꜗꜞ▪ ⅜ ∂≢№∫√≤∆╢

≤⁸Ordered region ─ │↕╠⌐ ™↓≤⅜ ↕╣╢(220,000 

cm2/Vs ≤ ↕╣╢)⁹ 

 

(3) 2DEG ─ ─ ™⌐╟╢  

 ─ ™≤ ≤─ ╩ ═╢√╘⁸ ⌂╢ ─ ⌐

─ ≢ InGaAs/N-InAlAs SD ╩ ⇔⁸ ─ ™╩ ↕

∑⁸∕─ 2DEG ╩ ⇔√⁹ 

 ⌐│ 3-3 ≢ ⇔√ ╩ ™√⁹⇔√⅜∫≡⁸  3.3.3 ⅔╟┘  3.3.4 

⌐ ⇔√╟℮⌐⁸ ─ ™│ ─ ⅜ ⅝ↄ⌂╢╒≥ ↄ⌂╡⁸

⇔√♪ⱷ▬fi│ ↕ↄ⌂╢ ≤⌂╢⁹  3.6.6 ⌐⁸[-110] ─ 2DEG 

77K ≤ ─ ⌐ ∆╢ ╩ ∆⁹ ≢─ 2DEG 

⅜ ─ ⌐ ⇔≡╒≤╪≥ ⇔⌂™─⌐ ⇔≡⁸77K ≢─ │⁸

─ ╩ ⅝ↄ∆╢⌐⇔√⅜™ ↕ↄ⌂╢ ⌐№╢⁹ ─ ╩

ⅎ╢↓≤⌐╟╡ ⇔√ ─ ™≤♪ⱷ▬fi─◘▬☼⅜⁸ ─

⌐ ╩ ╓⇔⁸ ≢─ ╩ ↕∑≡™╢╙─≤ ⅎ╠╣╢⁹ 

 ─╟℮⌐⁸CuAu-I ⌐ ⇔√ InGaAs ╩ ⌐ ™√ 

SD ⌐⅔™≡⁸ ⅜ ↕╣√↓≤⌐╟╢≤ ⅎ╠╣╢ ™ 2DEG 

⅜ ╠╣√⁹⇔⅛⇔⁸∕─ │  3.1.3 ⌐ ⇔√ ↕╣≡™╢

8 x 105 cm2/Vs [3.6.7] ╕≢⌐│ ∫≡™⌂™⁹↓╣│⁸ ─ ⌐

╟╢╙─≤ ⅎ╠╣╢⁹√∞⇔⁸2DEG │⁸ ─ ™╩ ╘╢↓

≤⌐╟╡ ⇔≡⅔╡⁸ ─ ™╩↕╠⌐ ╘╢↓≤⌐╟╡⁸ ╩

⇔⁸↕╠⌐ ™ ⅜ ╠╣╢╙─≤ ⅎ╠╣╢⁹ 
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(4) ⇔√ InGaAs ─  

 (001) GaAs ⌐ MOCVD ⇔√ InGaP ⌐ ↕╣≡™╢ CuPt 

─ ≢│⁸ ⌐╟╡ PL ⅜ ┼◦ⱨ♩∆╢↓≤⅜

↕╣≡™╢[3.6.11-14]⁹╕√⁸(001) InP ┼ InAs ≤ GaAs ╩

↔≤⌐ ⌐ ⇔√ MSL ⌐⅔™≡╙⁸PL ⅜ ┼◦ⱨ

♩∆╢ 2K ≢─ PL ⌐⅔™≡⁸29 meV ◄Ⱡꜟ◑כ ⌐◦ⱨ♩∆╢ ↓≤⅜

↕╣≡™╢[3.6.15,16]⁹↓↓≢│⁸CuAu-I ⌐ ⇔√ InGaAs 

─ PL ⌐≈™≡ ∆⁹ 

  3.6.7 │⁸(110) ⅛╠ [00-1] ┼─ ╩ 3° 10°─ ≢ ⅎ

≡ MBE ⇔√ InGaAs ⅛╠ ╠╣√ 4.2K ≢─ PL ☻Ɑ◒♩ꜟ≢№

╢⁹ │⁸3-4 ≢ ⇔√ ⌐╟╡ ⇔≡⅔╡⁸⇔√⅜∫≡⁸ ─

™│⁸3°⅔╟┘ 5° ↕∑√ ≢ ↄ⁸ ⅜ ⅝ↄ⌂╢⌐≤╙⌂

™ ↄ⌂∫≡™╢⁹ ↕╣√ PL ─ │⁸1.545 mm (0.803 eV) ((a) 3Ǿ

⁸1.547 mm (0.802 eV) (b) 5Ǿ ⁸1.552 mm (0.799 eV)  ((c) 

8Ǿ ⁸⅔╟┘ 1.549 mm (0.801 eV) ((d 10Ǿ ≢№╡⁸╕√ (001) 

⌐ ⇔√ ─ InGaAs ─ │ 1.567 mm (0.791 eV) ≢

№∫√⁹ ─ InGaAs  ≤─ ⌐ ─ ⅛⌂ │ ╘╠╣╢╙─

─⁸↓╣╕≢⌐ ↕╣≡™╢╟℮⌂ ⅝⌂ ≤│⌂∫≡™⌂™⁹XRD 

⌐╟╡ ╠╣√ Ⱨ⁸╡╟◒כVegard ╩ ⇔≡ ╘√ InAs ─

│⁸∕╣∙╣ 0.52, 0.52, 0.53, 0.53 ≢№╡⁸╕√ (001) ⌐ ⇔√ InGaAs 
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─ InAs │ 0.53 ≢№∫√⁹ ─ │⁸ ─ ™⌐

⇔≡™╢╙─≤ ⅎ╠╣╢⁹ ⁸(001) ─ InGaAs ─ ⅜ 

4.4 meV ≢№╢─⌐ ⇔≡⁸(110) ⌐ ⇔√ InGaAs ─ │ 

3 meV ≤ ↄ⌂∫≡™╢⁹ ─ ⅜ ↕ↄ⁸ ─ ™⅜ ↄ⌂╢

3Ǿ ≢│ 2.3 meV ≤ ╕™ ⅜ ╠╣≡™╢⁹PL ─ ╩

→╢ ─ ≈⌐⁸ ╠⅞⅜№╢⅜⁸↓─ ╠⅞⅜ ⌐╟╡

↕╣≡™╢ ╙№╢⁹ 

 

 ☻♥♇ⱪ╩ ⇔√ ≤ ─  

 ╕≢⌐ InP (110) ┼─ InGaAs ─ ⌐ ⌐ ↕╣

╢ CuAu-I ─ ─ ⌐≈™≡ ⇔⁸ ─ꜝfi♄ⱶ ⌐ ═⁸

⌐ ≢│ ⅜ ↕╣√≤ ╦╣╢ ™ ⅜ ╠╣╢↓≤╩

⇔√⁹╕√⁸3-4 ≢│⁸↓─ (110) InP ⌐│⁸ ╩ ┬↓≤⌐╟╡⁸

─ step ordering ≤ 2 ─ step ordering ⅜ ↓╢↓≤╩ ⇔⁸

InGaAs ─ ⌐│⁸↓╣╠ ☻♥♇ⱪ ─℮∟⁸2 ─ step 

ordering ⅜ ≢№╢↓≤╩ ⇔√⁹ ⁸↓℮⇔√ step ordering ≢│⁸

⌐ ↕╣√ │☻♥♇ⱪ ⌐ ╡ ╕╣⁸☻♥♇ⱪ ⅛╠ ⅜ ╗☻

♥♇ⱪⱨ꜡⁹╢™≡∫⌂⌐כ  3.7.1 │☻♥♇ⱪⱨ꜡כ ╩ ⌐ ⇔√

≢№╢⁹2 №╢™│ 3 ⌂ ╩ ∑∏⁸ ⌐ ↕╣√

│☻♥♇ⱪ ⅛╠ ╡ ╕╣≡™ↄ⁹∕─√╘⁸☻♥♇ⱪ ╩ ⌐⇔≡

─ ╩ ∆╢↓≤╙ ≤⌂╢⁹ 3.7.2 ⌐ (a) ≤(b) 

⌐ ─ InAs ≤ GaAs ╩ ⌐ ⇔√ ⌐ ↕╣╢ ╩

⌐ ∆⁹ ┼─ ⌐⅔™≡│⁸ ─ ⌐ ∂

≡ 2 ─ ╩ ⇔⌂⅜╠ ⅜ ╗⁹∕─√╘⁸ ™ ≢─ MSL │

↕╣⌐ↄ™↓≤⌐⌂╢⁹↓╣⌐ ⇔⁸ ≢─☻♥♇ⱪⱨ꜡כ

≢│⁸ ─ ╩ ∆╢↓≤⌂ↄ⁸ ☻♥♇ⱪ ⌐│ MSL ⅜ ↕

╣╢↓≤⌐⌂╢⁹ 
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≢│⁸(110) InP ─ step ordering ╩ ⇔⌂⅜╠

─ InAs ≤GaAs ╩ ⌐ ∆╢↓≤⌐╟╡ ⇔√  [3.7.1]⌐≈

™≡ ∆⁹ 

 

(1)  

│ ─ MBE ⌐╟╡ ∫√⁹InGaAs Ᵽ♇ⱨ□ ─ ⌐╟╡⁸

─ step ordering ╩ ↓⇔⁸↓╣╩ ⇔⌂⅜╠ ─ InAs ≤ GaAs

╩ ⌐ ╡ ⇔ ⇔√⁹◦ꜗ♇♃─ ╩☻fi◔כ◦ 3.7.3 ⌐ ∆⁹As

│ ≤⇔⁸III - V ─ │ ∫≡™⌂™⁹ ⌐ ↕╣√

─ ╩  3.7.4. (a) ⌐ ⌐ ∆⁹ ☻♥♇ⱪ ≢ ⅜ ⇔

√ ─ MSL ⅜ ↕╣╢↓≤⌐⌂╢⁹ ⌐│⁸(110) ⅛╠ [00-1] 

⌐ 3Ǿ ↕∑√ InP  ( ♥ꜝ☻  

4 nm) ╩ ™√⁹  3.7.4.(b)⌐ ∆╟℮

⌐⁸  [001] ⌐ 4 nm ≢ GaAs ≤

InAs ─  (APB)⅜ ⌐ ╢↓

≤⌐⌂╡⁸ ⌐ 8 nm ─ ⅜

↕╣╢↓≤⌐⌂╢⁹ ↓─ ╩⁸

┼─ ╩ ∆╢ MSL ≤

⇔ ≡ ⁸ laterally modulated monolayer 

superlattice (LM-MSL)≤ ┬⁹InAs ≤

GaAs ─ │⁸∕╣∙╣ 0.16 mm/h, 



77 

 

0.14 mm/h ≢⁸ ╩∕╣∙╣ 4.8 , 5.2 ⅛↑≡ ⇔≡™╢⁹

│ 440ϴ≢⁸As │ InGaAs Ᵽ♇ⱨ□ ⌐│ 1 x 10-5 Torr ╩⁸╕√ InAs

≤ GaAs ─  (MSL ) ⌐│ 5 x10-6 Torr ™√⁹As ─ ⅎ│⁸

∕╣∙╣─ As ⌐ ⇔√ ─ As ☿ꜟ╩ ─כ♃♇ꜗ◦ꜟ☿≡™ ⌐╟

╡ ≢ ⌐ ↕∑√⁹↓╣╠ │⁸ ─ step ordering ⅜

↓╢ ⌐╟╡ ⇔√⁹  3.7.5. (a) ð (c) ⌐ ─ RHEED ╩ ∆⁹

│☻♥♇ⱪ ⌐ ⌂  [1-10] ⅛╠ ↕∑≡ ⇔≡™╢⁹

InGaAs Ᵽ♇ⱨ□  (a) ⌐ ╠╣╢ ─ step ordering ╩ ∆

⇔√ │⁸InAs (b) ≤ GaAs (c )─ ⌐⅔™≡╙ ↕╣≡⅔

╡⁸ ─ step ordering ⅜ ⌐ ↕╣≡™╢↓≤╩ ⇔≡™╢⁹ 
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(2)  

 ╠╣√ ╩ XRD, TEM ⌐╟╡ ⇔√⁹╕∏⁸220 ╩ XRD ⌐

╟╡ ≤ ⌐≈™≡ ⇔√⁹ │⁸2q ╩ InP ─Ⱪꜝ♇◓  

(43.58Ǿ)⌐ ⇔⁸q ─╖╩ ↕∑√ (q-scan)⁹ 3.7.6 ⌐ ╠╣√  

(rocking curve) ╩ ∆⁹ ⇔√ ─ Ⱨכ◒│ InP ⅛╠  

+398 arcsec ⌐№∫√⁹ ─  (bi-axial strain)⌐ ╩ ⇔≡⁸

Vegard ╩ ⇔≡ ╘√ InAs ─ │⁸0.497 (Da/a = -2.4 x 10-3)≢№∫√⁹

⇔√ ⅜ ╠╣≡™╢↓≤⅜╦⅛╢⁹╕√⁸ ⇔√ ─ Ⱨכ

◒─ │ 41 arcsec ≢№╡⁸InP  (37 arcsec)≤╒╓ ≢№∫√⁹

╛ ─ ⅝⌂ ╣│⌂™╙≤ ⅎ╠╣╢⁹ 

 ⌐ TED ⌐╟╡⁸ ─ ⌐ ∆╢ ⌐≈™≡ ═√⁹

3.7.7. (a) ⌐(1-10) ⅛╠ ╠╣√ TED ╩ ∆⁹ ⌐ (b)

⌐ ∆ CuAu-I ─ ╩ ⌐[001] ⌐ ⇔√ ⅜

╠╣≡™╢ (h, k, l±1/13), (h, k, l)│(even, even, odd)╕√│ (odd, odd, even) 
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≢ CuAu-I ─ )⁹ ⌂ CuAu-I ─ ≤│ ⌂╡⁸[001]

⌐ CuAu-II ─ ⅜ ↕╣≡™╢↓≤⅜╦⅛╢⁹ 

↓↓≢⁸LM-MSL ─ ⌐≈™≡ ∆╢⁹LM-MSL │ 3.7.8.(a), 

(b)⌐ ∆╟℮⌐⁸CuAu-I ─ ⅜ z ⌐ M ⌂╡⁸

╩ ⇔≡ GaAs ≤ InAs ─ ⅜ ╣ ╦╡⁸↕╠⌐ M ⌂╢ ≤⌂∫

≡™╢⁹↓─ ≢│⁸(c)⌐ ∆╟℮⌐ CuAu-I ─ ╩ ≈

⅛╠⌂╢ I ≤ GaAs ≤ InAs ─ ⅜ ╣ ╦∫√ ⅛╠⌂

╢ II ≤⅛╠⌂╡⁸ I ≤ II ≤─ ≢│ ⅜ (h+l)/2 ∞↑∏╣

≡™╢⁹↓℮⇔√ ─ , FLM-MSL │⁸ I ─ CuAu-I ─

─ ╩ fI ≤∆╢≤⁸ 

  

  FLM-MSL = FI + FII                                                                     (3.9)  

            = fI 
 

 
 ρ ÅØÐ “Ὥ Ὤ ςὓ ὰ ὰ               (3.10) 

≤⌂╡ │ 1, 2 ╩ ⁸╕√ Laue ─ , |GLM-MSL|2 │⁸ 

 |GLM-MSL|2 = 
▼░▪ ╝ Ⱬ▐

▼░▪ Ⱬ▐
 
▼░▪ ╝ Ⱬ▓

▼░▪ Ⱬ▓
 
▼░▪ ╝ Ⱬ ╜■

▼░▪ Ⱬ ╜■
                        (3.11) 

≢№╢⅛╠⁸ ⌐ ╠╣╢ │⁸ 

 |FLM-MSL|2|GLM-MSL|2                              (3.12) 

 = 
▼░▪ ╝ Ⱬ▐

▼░▪ Ⱬ▐
 
▼░▪ ╝ Ⱬ▓

▼░▪ Ⱬ▓
 
▼░▪ ╝ Ⱬ ╜■

▼░▪ Ⱬ ╜■
 

▼░▪ Ⱬ╜■

▼░▪ Ⱬ■
 ╬▫▼

Ⱬ
(h+(2+l)l)            (3.13) 
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⌐ ∆╢↓≤⌐⌂╢⁹ 3.7.9. (a), (b) │⁸(11l)≤(22l) ≢─ l ⌐ ∆╢

╩ ⇔√  (M = 5 ≢ ) ≢№╢⁹(11l) ≢│⁸(110) ─ │ 0 ≤⌂╡⁸∕

─  (11±1/2M), (11±3/2M), (11±5/2M)ההה⌐ ⌐ ⇔√

⌐ ⇔√ ⅜ ╣╢↓≤⌐⌂╢⁹⇔⅛⇔⁸ ⌐⌂╢⌐⇔√⅜™∕─

│ ↄ⌂╢√╘⁸ ⌐ ↕╣╢─│ ─(11±1/2M)─ ─╖≤

ⅎ╠╣╢⁹ ⁸(b)⌐ ╠╣╢╟℮⌐ (22l) ≢│⁸ ⌐│

⌂ │⌂™⁹⇔√⅜∫≡⁸ 3.7.10 ⌐ ⌐ ∆╟℮⌐⁸(h, k, l±1/2M)

≢⁸(h, k, l)│(even, even, odd)╕√│ (odd, odd, even) ─ CuAu-I ─

╩ ⌐ ⅜ ╣╢↓≤⌐⌂╢⁹ 

⌐ ⇔√ ─ │ 3Ǿ≢№╢⅛╠⁸∕─ ♥ꜝ☻ │⁸4.0 nm

≤⌂╢⁹↓─ ⁸CuAu-I ─

 (a = 0.58686 nm)│⁸ ≈─♥

ꜝ☻ ⌐ ⌐ 6.8 ┬ (M = 

6.8) ↓≤⌐⌂╢⁹⇔√⅜∫≡⁸

│⁸(h, k, l±1/13.6) ↓↓≢⁸(h, k, 

l) │ (even, even, odd) ╕√│ (odd, 

odd, even)─ CuAu-I

⌐ ⅜ ╣╢↓≤⌐⌂╢⁹

3.7.7.(a)⌐ ⇔√(-110) ⅛

╠ ╠╣√ TED ≢│  (h, k, 

l±1/13.5) ⌐ ⌂ ⅜
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╣≡⅔╡⁸ 3.7.4 ⌐ ⇔√ ⅜ ⌐│ ≢⅝≡™╢↓≤╩

⇔≡™╢⁹ 

⁸ 3.7.7.(a)⌐ ⇔√ TED ⌐ ╠╣╢╟℮⌐ ⇔√ │⁸

[001] ⌐ ⌐ ⇔≡ ⇔≡™╢─≢│⌂ↄ⁸ ⌐ ™√ ⌐

⇔≡™╢⁹↓╣╠ ─ ╩╟╡ ⌐ ═╢√╘⁸XRD ╩ ∫√⁹

3.7.11.(a) │(110) ─ XRD  (rocking curve)≢№╢⁹ │(b)⌐

∆╟℮⌐ 2q╩Ⱪꜝ♇◓ ⌐ ⇔≡q─╖╩☻◐ꜗfi∆╢↓≤⌐╟╡

⇔√⁹ │ (2q, q)⅜(21.60ě, 4.77ě), (21.20ě, 10.40ě)─≤⅝ ≤⌂∫

√⁹↓╣╠ │ 3.7.12.(a)⌐ ∆╟℮⌐∕╣∙╣ (1.01, 1.01, 0.07)≤

(0.99, 0.99, -0.07)⌐ ⇔⁸[00l] ⌐ ⇔≡-10.4ě ™√ ⌐№╢⁹↓℮⇔√

─ ⅝│⁸(b)⌐ ∆╟℮⌐ ⅜ ™≡™╢↓≤⌐ ⇔≡

™╢⁹ 
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≢─☻♥♇ⱪⱨ꜡כ ⌐⅔™≡│⁸◘▬◒ꜟ№√╡─

─ ™⌐╟╡ ↕╣╢ ⅜ ∆╢⁹ 3.7.13 ⌐(InAs)1/(GaAs)1 LM-MSL

⌐⅔™≡◘▬◒ꜟ№√╡─ ⅜ ⇔√≤⅝─ ─ ╩

⌐ ∆⁹◘▬◒ꜟ№√╡─ InAs ─ ╩ M (ML), GaAs ─ ╩ N (ML)

≤⇔≡⁸M+N ⅜ ML ⌐ ⇔≡™╢ ⁸(a)⌐ ∆╟℮⌐ , (m+n)

│ ─ ♥ꜝ☻ , L ─ ⌐  ((m+n) = 2L)⇔⁸APB │[110] ⌐

↕╣╢⁹ ⁸◘▬◒ꜟ№√╡─  (M+N)⅜ 2 ML ⌐ ⇔≡ ⅜№

╢ ⁸(b), (c)⌐ ∆╟℮⌐ , (m+n)│ ─ ♥ꜝ☻ ─ ╟

╡ ─№╢ , pהd002 (p ─ ─ )∞↑ ↄ (╕√│ ↄ)⌂╡⁸APB

│ ⌐[110] ⅛╠ ™≡ ↕╣╢⁹↓℮⇔√ ⁸ │ 3.7.14. 

(a) - (c)⌐ ∆╟℮⌐⌂╡⁸x ⌐ ⇔≡ ™≡ ╣╢↓≤⌐⌂╢⁹↓─ ⅝ q

│⁸◘▬◒ꜟ№√╡─ , p ╕√ ─ a≤⇔≡⁸ 

  ÔÁÎ —                          (3.14) 

≤⌂╡⁸ ⅝q│⁸◘▬◒ꜟ№√╡─ ─ 2ML ⌐ ∆╢ ,p ≤

─ , a⌐ ╕╢↓≤⌐⌂╢⁹ ⌐ XRD ⌐╟╡ ⇔√ ─

⅝│[00l] ⌐ ⇔≡-10.4Ǿ ™≡™√⁹ ⌐ ™√ ─ ,a│3Ǿ≢№

╢⅛╠⁸ 3.14 ╟╡⁸◘▬◒ꜟ№√╡─ │ 0.019 ML (0.95%)

≢№∫√↓≤╩ ⇔≡™╢⁹ 

 ⇔√╟℮⌐⁸ ↕╣╢ │◘▬◒ꜟ№√╡─ ─ ⅛⌂∏╣╛
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─ ⌐╟╡ ⌐ ∆╢╙─⁸ ╩ ∆╢ ⅜

≢⅝≡™╢↓≤⅜╦⅛∫√⁹ 

 

8   (InAs)1/(GaAs)1 LM-MSL ─  

 ≢│⁸ ⌐ ⇔√(110) InP ⌐☻♥♇ⱪⱨ꜡כ ╩

⇔≡ ⇔√(InAs)1/(GaAs)1 LM-MSL ─ ╩ ⇔√ ⌐≈™≡

∆⁹ 

≤⇔≡ MSL ╩ ⌐⇔√ ♪

ⱪכ ╩ ⇔⁸∕─ 2DEG ╩

ⱱכꜟ ⌐╟╡ ⇔√⁹ 3.8.1 ⌐

⇔√ ─ ╩⌐ ∆⁹600 

nm ↕─ InAlAs Ᵽ♇ⱨ□ ⌐ 50 

nm ↕─ (InAs)1/(GaAs)1 LM-MSL ╩

≤⇔≡ ⇔⁸10 nm ↕─

InAlAs ☻Ɑ⁸90◘כ nm ↕─ Si כ♪

ⱪ (Si: 3 x 1017 cm-3)─ InAlAs 

⁸ ┘ 10 nm ↕─ Si  ⱪ(3 x 1017כ♪

cm-3)─ InGaAs ◖fi♃◒♩ ╩ ⇔
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√⁹∆═≡─ ─ ⌐⅔™≡│ RHEED ≢⸗♬♃⇔⁸ ─ step ordering

⅜ ↕╣≡™╢↓≤╩ ⇔≡™╢⁹ⱱכꜟ │⁸☻♥♇ⱪ⌐ ⌂ [1-10] 

≤☻♥♇ⱪ⌐ ∆╢ [001] ⌐◄♇♅fi◓⌐╟╡ⱱכꜟⱣכ╩ ⇔⁸

2 ≈ ─ 2DEG ╩ ⇔√⁹ 

 2DEG ♩כ◦≥ ─ ╩ 3.8.2 ⌐ ∆⁹╕√⁸

3.8.1 ⌐⁸↓─ ╟╡ ╠╣√ 2DEG ≤ ╩ 3-6 ≢ ⇔√
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CuAu-I ─ ⅛╠ ╠╣√╙─≤ ╦∑≡ ∆⁹ │ ≢№∫

√⁹☻♥♇ⱪ⌐ ⌂ [1-10] ─ │⁸☻♥♇ⱪ⌐ ∆╢ [001] 

─ ⌐ ═⁸ ⌐ ⌐⅔™≡⁸ ⅝⌂ ╩ ⇔√⁹ ─ │⁸

─ (001) ⌐ ⇔√ InGaAs/N-InAlAs ⱪכ♪ ⅛╠ ╠╣

≡™╢ 2DEG ≤ ≢№╢⁹[1-10] ─ │⁸165,000 cm2/Vs

⌐╕≢ ⇔≡⅔╡⁸ ≢ ⇔√ ─ ─  (110,000 cm2/Vs [3.8.1])

╩ ⅝ↄ ∫≡™╢⁹↓ ⁸[001] ─ │╗⇔╤ ─

╟╡ ™ ≤⌂∫≡™╢⁹↓╣│⁸ ─╟℮⌐ ⅎ╠╣╢⁹ 3.8.3 │ ↕

╣╢ ╩ ⌐ ⇔√╙─≢№╢⁹☻♥♇ⱪ ─ │⁸AFM ≢ ↕╣

√╟℮⌐╛╛₈℮⌡╡₉╩ ∫≡™╢⁹↓╣⌐╟╡⁸ ⌂ disordering ⅜⅔

↓╡⁸☻♥♇ⱪ ─APB ≢│ ⌐ ╣⅜ ∂≡™╢↓≤⅜ ↕╣╢⁹

[001] ≢│⁸ │↓╣╠╩ ∫≡ ∆╢↓≤⌐⌂╡⁸↓╣╠

─ ╩ ↑╢↓≤⌐⌂╢⁹ ⁸☻♥♇ⱪ ⌐ ⌂ [1-10] ≢│⁸↓

╣╠ ─⌂™ ≤ ↕╣╛∆™ ─ 2 ─ ≤⌂

╡⁸↓╣╠─ ≤⇔≡ ↕╣╢↓≤⌐╟╡ ™ ≤⌂∫≡™╢╙─≤

ⅎ╠╣╢⁹ 

 [1-10] ─ │⁸ ⌐ ↕╣≡™╢ ⅜ ⌐ ↕╣√

─  (1 x 106 cm2/Vs72))⌐ ═ ™⁹↓╣│⁸ ⅜╕∞ ≢│⌂

ↄ⁸disordered ⅜╕∞[1-10] ⌐╙ ∫≡™╢↓≤⅜ ⅎ╠╣╢⁹╕√

TED ⌐ ╠╣╢╟℮⌐ ╩◒כꜞ♩☻⌐ [110] │ ∫≡™

╢⁹↓╣│ ≤ ∆╢ ⌐╙ APB ⅜ ↕╣⅔╡⁸↓─

╩ ↑≡™╢ ╙№╢⁹ ─ ⌂╢ ⌂≥⌐╟╡⁸↓╣╠─

disordering ╩ ∆╢↓≤⅜≢⅝╣┌⁸ │ ↕╣⁸↕╠⌐ ™

⅜ ╠╣╢╙─≤ ⅎ╠╣╢⁹ 
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 ╕≤╘ 

 ≢│⁸ ⁸ ≤ ⌂ InP ⌐ ⇔√ InGaAs 

⌐ ⇔⁸In ≤ Ga ─ ≤∕─ ⁸ ⌐≈™≡

⇔√⁹In ≤ Ga ⅜ ≢ ⌐ ⇔√ ⇔√ InGaAs 

≢│⁸ ─ InGaAs ≤│ ⌂╢ ╣√ ⅜ ≢⅝╢↓≤╩

═⁸∕─ ≤⇔≡ (110) ⌐ ⇔√ InGaAs ─ ╩

∆╢↓≤╩ ⇔√⁹∕↓≢⁸╕∏ (110) ┼─ MBE ⌐≈™≡

═⁸ ∆╢√╘⌐│ [00-1] ⌐ ↕∑√ ⅜ ≢№╢↓≤╩

⇔√⁹ ⌐⁸ ⌐ ⇔√ InGaAs ⌐ (InAs)1(GaAs)1 MSL ≤

∂ ≤⌂╢ CuAu-I ─ ⅜ ↕╣╢↓≤╩ TEM ⌐

╟╡ ⇔√⁹ │ ≢│⌂ↄ⁸(110) ⅛╠ ⅛⌐ ™√ ─♪ⱷ▬

fi╩ ⇔≡™╢↓≤╩ ╠⅛⌐⇔√⁹╕√⁸ ≤ ≤─ ⁸

≤ ⌐ ↕╣╢☻♥♇ⱪ ≤─ ╟╡⁸CuAu-I ─ ⌐

│⁸ ⌐ ↕╣╢☻♥♇ⱪ ⁸ ⌐ 2 ⅛╠⌂╢ ☻♥♇ⱪ⅜

⌂ ╩ √⇔≡™╢↓≤╩ ⇔⁸↓╣⌐ ≠ↄ⸗♦ꜟ╩ ⇔√⁹╕√⁸

⇔√ InGaAs ╩ ⌐ ™√ InGaAs/N-InAlAs SD ╩

⇔⁸ ⇔√ InGaAs ─ 2DEG ⌐≈™≡ ⇔√⁹

⌐⅔™≡│ ─ InGaAs ≤─ ⌐ │ ╘╠╣⌂™╙──⁸100K

─ ⌐⅔™≡⁸ ⅜ ↕╣√↓≤⌐╟╢≤ ⅎ╠╣╢ ─ 

InGaAs ─  (100,000 cm/Vs ð 115,000 cm2/Vs) ╩ ⅝ↄ ╢ ™

20K ≢ 165,000 cm2/Vs ⅜ ╠╣╢↓≤╩ ⇔√⁹╕√⁸

⇔√ InGaAs ─ PL ⌐⅔™≡⁸ ─ ⅝⌂ │ ↕╣

⌂⅛∫√╙──⁸∕─ ⌐⅔™≡⁸ ─ ™⅜ ∆⌐⇔√⅜™ ↄ⌂

╢↓≤╩ ⇔√⁹ 

╕√⁸ ≤⇔≡⁸ ≢─☻♥♇ⱪⱨ꜡כ ╩ ™≡⁸

InAs ≤ GaAs ╩ ⌐ ∆╢≤™∫√ ⌐ ╩ ↕∑╢ ⌐

≈™≡ ⇔⁸TEM, XRD ⌐╟╡☻♥♇ⱪ ⌐ ⇔√ ╩ ≈

 (LM-MSL) ⅜ ↕╣≡™╢↓≤╩ ╠⅛⌐⇔√⁹↓╣╠

InGaAs ⅛╠│⁸ ─ ╟╡ 1.6 ╙ ™⁸ ⅜

↕╣√≤ ╦╣╢ ™ ⅜ ╠╣╢↓≤╩ ⇔√⁹ 

⁸ ─ⱷ◌♬☼ⱶ╩╟╡ ⌐⇔⁸ ─ ™╩ ╘╢↓≤⌐╟

╡ ⌂╢ ─ ╛ ─ ⅜ ≢⅝⁸ ⁸ ─ ⌂

⌐⌂╢≤ ⅎ╠╣╢⁹ 
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4  InP ─ ☻♥♇ⱪ╩ ⇔√

≤ ─  

4  │∂╘⌐ 

≢│⁸(110) InP ┼─ InGaAs ─ MBE ⌐⅔↑╢ ⌐≈™

≡ ⇔√⁹ │ ─ ☻♥♇ⱪ ⌐ ↄ ⇔≡⅔╡⁸↓╣╩

∆╢↓≤⌐╟╡ ⌐ ⇔√ ╩ ∆╢↓≤⅜≢⅝√⁹ ⁸

─ ☻♥♇ⱪ  (step ordering)╩ ∆╢↓≤⌐╟∫≡│⁸

╩ ≢☻♥♇ⱪ ╩ ⌐ ≢⅝╢↓≤╩ ⇔⁸↓╣⌐╟╡

⌐ ─☻♥♇ⱪ ⌐ ⇔√ ╩╙≈ LM-MSL ⅜ ≢⅝╢↓≤

╩ ⇔√⁹↓℮⇔√☻♥♇ⱪⱨ꜡כ ≢│⁸ 4.1.1 ⌐ ∆╟℮⌐ ⇔√

⅜⁸♥ꜝ☻ ⌐ ╩ ∆╢↓≤⌂ↄ☻♥♇ⱪ ⌐ ╡ ╕╣

╢↓≤⌐╟╡ ⅜ ∆╢⁹∕─√╘⁸♥ꜝ☻ ⌐│ phase ⌐ ⇔√

phase ╩ ≈ ⅜ ↕╣╢↓≤⌐⌂╢⁹∕─√╘⁸ ╩

≢ ⌐ ╡ ⇔ ∆╢↓≤⌐╟∫≡│⁸ 4.1.2 ⌐

∆╟℮⌂ ⌐ ─№╢ ╩ ∆╢↓≤⅜ ≤⌂

╢⁹↓╣│↓╣╕≢─ ≤ ╖ ╦∑╢↓≤⌐╟╡♫ⱡ☻◔כꜟ─

╩ ⱪ꜡☿☻⌂⇔ ≢⅝╢↓≤⌐⌂╢⁹↓℮⇔√ │⁸

Petroff ╠⌐╟╡ ↕╣[4.1.1]⁸∆≢⌐ (001) GaAs ≢

GaAs/Al(Ga)As ⅛╠ ╢ In-plane superlattice

IPSL ─ ⅜ MBE [4.1.2-7] ╛ MOCVD [4.1.8-11] ⌐╟╡ ╖╠╣≡

⅝≡™╢⁹ ⌐ ─ ⅜ ⅝™≤↕╣╢ MOCVD ⌐⅔™≡│⁸

Fukui ╠⌐╟╡☻♥♇ⱪ ╛∕─ ≤ ≤─ ╛ ─☻♥

♇ⱪ ┼─ ╡ ╖ ⌂≥ ⌂ ╙ ╘ ↄ ═╠╣≡⅝√

[4.1.9]⁹TEM ╛ XRD ⌂≥⌐╟╡☻♥♇ⱪ ⌐ ⇔√ ─
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⅜ ↕╣≡⅝≡™╢⁹⇔⅛⇔⁸ ↕╣√ ─ │ ⌐

⇔≡⅛⌂╡ ↕ↄ⁸0.1~0.2  [4.1.5, 12-14] ≢№╢≤↕╣≡™╢⁹☻♥

♇ⱪⱨ꜡כ ⌐╟╡ IPSL ⌂≥ ╩ ∆╢ ⁸(1) ☻♥♇ⱪ

─ ⁸(2) ☻♥♇ⱪ ─ ⁸(3) ─ mixing ─  (

)⅜ ≤⌂╢⁹ ⌐⁸ ⌂ ⌐ ↑≡│ ─ ─╟℮⌐

╩ ⌐ ⅝ↄ∆╢↓≤⅜ ≤⌂╢⁹(110)InP ┼─

InGaAs ≢│⁸ ™ ⅛╠ step ordering ⅜ ↓╢≤≤╙⌐ ╠⅞

─ ↕™☻♥♇ⱪ ⅜ ↕╣≡™╢↓≤╙ AFM ⌐╟╡ ↕╣≡⅔╡⁸

─ ⌐ ≢№╢≤ ⅎ╠╣╢⁹ 

≢│⁸(110) InP ─☻♥♇ⱪ ╩ ═╢≤≤╙⌐↓─

≢─☻♥♇ⱪⱨ꜡כ ╩ ⇔√ ─ ⌐≈™≡ ∆⁹

4-2 ≢│⁸↓─ ─ ☻♥♇ⱪ ⌐≈™≡ RHEED, AFM ⌐╟╡

⇔√ ╩ ∆ [4.1.15] ⁹ 4-3 ≢│ ─ ≤⇔≡⁸

(InAs)1/(GaAs)1 MSL ⅛╠ ╢ InGaAs ≤(InAs)1/(AlAs)1 MSL ⅛╠

⌂╢ InAlAs ≤⌐╟╢ IPSL ≤∕─  [4.1.16, 17] ⌐≈™≡

∆⁹↕╠⌐⁸4-4 ≢│ ⅜ ⅝ↄ ⌂╢ InAs ≤ GaAs ╩ ⌐ ⌐

⇔≡ InAs /GaAs  (in-plane strained superlattice: 

IPSSL) ╩ ⇔⁸TEM, ◄Ⱡꜟ◑כ  (EDX), ⱨ◊♩ꜟⱵⱠ♇

☿fi☻(PL) ⌐╟╡ ⇔⁸ ─ ≢│⁸ ╙ ⅜ ⅝⌂

⅜ ≢⅝≡™╢↓≤╩ ∆[4.1.18, 19]⁹ ⌐ 4-5 ≢│ ≢

╠╣√ ╩ ⇔≡ ∆⁹ 
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  (110) InP ─ InGaAs-InAlAs ─ ☻♥♇ⱪ ≤

∕─  

 ☻♥♇ⱪⱨ꜡כ ╩ ⇔≡⁸ ╩ ∆╢ ⁸☻♥♇ⱪ

─ ⅜ ≤⌂╢⁹ ≢ ⇔√╟℮⌐ (110) ⅛╠ [00-1] ⌐ ↕

∑√ InP ┼─ InGaAs ╩ ⌐⅔™≡│⁸ ⌐╟╡ ⅔╟

┘ 2 ─ step ordering ⅜⅔↓╢⁹ ≢│⁸(110) InP ┼─

⌐⅔™≡ ↕╣╢ ☻♥♇ⱪ ≤ ≤─ [4.2.1, 2]⌐≈™

≡ ∆⁹ 

(1) (110) InP ⌐ ↕╣╢ ☻♥♇ⱪ  

4.2.1 │ 3° ↕∑√ InP ─☻♥♇ⱪ⅜ ↕╣√

─ │ 4 nm ⌐ InGaAs ╩ ⇔≡™╢ ─ RHEED ≢№╢⁹

│⁸☻♥♇ⱪ⌐ ⌂ [1-10] ⅛╠ ↕∑≡ ⇔≡™╢⁹(a), (b)⌐

╠╣╢╟℮⌐ ╩ ⅎ╢↓≤⌐╟╡⁸ ─ ⌂╢ ⇔√

⅜ ╣≡ↄ╢⁹↓─ ⇔√ ─ │⁸ ⌐ ⌐ ⇔≡

1/13.5, 1/27 ≢№╡⁸∕╣∙╣ (a) ─ step ordering ≤ (b) 2 ─

step ordering ⅜ ↓∫≡™╢↓≤╩ ⇔≡™╢⁹  4.2.2 ⌐⁸↓─ ⁸

─ step ordering ≤  ( , As )─ ╩ ∆⁹

╩ ⅎ╢↓≤⌐╟╡⁸ ⁸ ─ step ordering ⅜ ↓╢⅜⁸ ♥

ꜝ☻ ⅜ ↄ⌂╢ ─☻♥♇ⱪ│⁸ ─ ⅜ ↕ↄ⌂╢

⁸ As ≢ ↕╣≡™╢⁹  4.2.3 ⌐ ─ ╩ ⅎ√ ─

step ordering ≤ (a) ⅔╟┘ (b) As ─ ╩ ∆⁹ ─ ╩

↕ↄ⇔≡ ♥ꜝ☻ ╩ ↄ∆╢⌐⇔√⅜™ step ordering ⅜ ↓╢ │⁸

─ ⅜ ↕ↄ⌂╢ ⁸ As ┼≤ ⇔≡™╢⁹↓─
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≢─ step ordering ⅜⁸(001) ┼─ ─╟℮⌐ ─ ∞

↑⌐ ↕╣≡™╢─≢│⌂ↄ⁸As ─ ╡ ╖╛⌂≥ ─ ⅜☻♥♇ⱪ

⌐ ⌂ ╩│√⇔≡™╢╙─≤ ⅎ╠╣╢⁹ 

(110) ≢─ step ordering │ ─╟℮⌐ ⅎ╢↓≤⅜≢⅝╢⁹ 4.2.4 │

↓─ ⌐ ↕╣╢☻♥♇ⱪ╩ ⌐ ⇔√ ≢№╢⁹(110) │ III

V ─ ≢№╡⁸ ≢│ III , V ⅜ ⅛⌐ ⌐∏

╣╢↓≤⌐╟╡ ∆╢ buckling ( )≤⌂∫≡™╢↓≤⅜ ╠

╣≡™╢⁹⇔⅛⇔⁸☻♥♇ⱪ ─ As │ buckling ≢⅝⌂™√╘⁸☻♥♇ⱪ
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⌐│ As ─ ⌂Ⱳfi♪⅜ ↕╣≡™╢≤ ⅎ╠╣╢⁹ ⌐ ⇔√ III

│⁸ 4.2.5 ⌐ ∆╟℮⌐⁸↓─☻♥♇ⱪ ─╖⌐ ↕╣√ ⌂ As

≤ ∆╢↓≤⌐╟╡☻♥♇ⱪ─ ⅜ ╗╙─≤ ⅎ╠╣╢⁹↓─ ⁸☻♥♇

ⱪ ─ As ≤ ⇔√ III │ ∆╢ As ≤─ ⅜⌂™≤ ≤ ─

Ⱳfi♪≤⇔⅛ ⇔≡™⌂™√╘⁸⅛⌂╡ ⌂ ⌐⌂╢⁹☻♥♇ⱪ⅜

⇔≡ III ─ ≢ ⇔≡™ↄ√╘⌐│As─ ⅜ ≢№╢↓≤

⅜ ↕╣╢⁹ ⁸ ─ ╩ ↕ↄ⇔≡⁸ ♥ꜝ☻ ╩ ↄ⇔√ ⁸

☻♥♇ⱪ ─ │ ↄ⌂╢⁹∕─√╘⁸ ─ ⅜ ↕™╒≥⁸╟╡

ↄ─ As ╩ ╡ ╗ ⅜№╡⁸ 4.2.3 ⌐ ⇔√╟℮⌂ ⅜ ∂√╙─

≤ ⅎ╠╣╢⁹↓℮⇔√ │⁸(001) ≤│ ⅝ↄ ⌂∫≡™╢⁹(001)

─ step ordering ⅜ ⌐ ⇔√ III ─ ⌐ ↕╣≡™╢

─⌐ ⇔⁸(110) ≢│ ─ ≤™℮╟╡⁸╗⇔╤ As ─ ╡

╖ ⌐⌂∫≡™╢↓≤⌐⌂╢⁹ 

 

(2) ☻♥♇ⱪ─  

(110) ⌐ ↕╣╢☻♥♇ⱪ─ ╩ AFM ⌐╟╡ ⇔√⁹ 4.2.6.(a), 

(b)│⁸(110) ⅛╠[00-1] ┼ 1.2Ǿ ↕∑√ InP ☻♥♇ⱪ

⅜ ↕╣√ ─ ♥ꜝ☻ │ 9.9 nm ⌐⁸(a) ⁸(b) 2 ─
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step ordering ⅜ ↓╢ ≢ ⇔√ InGaAs ─ ─ AFM ≢№╢⁹[1-10]

⌐ ∫√☻♥♇ⱪ⅜ 10 nm (a)≤ 20 nm(b)─ ⌐ ↕╣≡™╢↓≤

⅜╦⅛╢⁹╕√⁸☻♥♇ⱪ ─ ╠⅞ ℮⌡╡ │ ↕ↄ⁸ ⌂☻♥♇ⱪ

⅜ ↕╣≡™╢⁹↓℮⇔√ ≢ ☻♥♇ⱪ│ ─ ⌐

│ ≢№╢≤ ⅎ╠╣╢⁹ 

 

 ☻♥♇ⱪⱨ꜡כ ╩ ⇔√ InGaAs/InAlAs

─  

↓↓≢│⁸ ≢ ⇔√(110) InP ─☻♥♇ⱪ╩ ∆╢↓≤⌐╟╡

4.1.2 ⌐ ⇔ √  (in-plane superlattice: IPSL) ╩

InGaAs/InAlAs ⌐╟╡ ⇔√[4.3.1-3] ⌐≈™≡ ∆⁹ 

 

(1) InAlAs ─ ☻♥♇ⱪ  

InGaAs/InAlAs IPSL ╩ ∆╢

≢⁸InAlAs ⌐⅔™≡╙ ☻♥♇ⱪ

│ InGaAs ≤ ⌐ step ordering ╩

∆╢ ⅜№╢⁹╕√⁸

⌐ ↑≡│⁸ ┼─◐ꜗꜞ▪ ∂

╘ ╩ ∆╢ ⅜№╡⁸IPSL

─ ≤⇔≡ ™╢ InAlAs ─ ☻

♥♇ⱪ │ ≢№╢⁹∕↓≢⁸╕∆

InAlAs ─☻♥♇ⱪ ⌐≈™≡

═√⁹ 4.3.1 │⁸(110) ⅛╠[00-1]

┼ 3Ǿ ↕∑√ InP ⌐
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InAlAs ╩ ⇔≡™╢ ─ RHEED ≢№╢⁹ , As , │⁸

∕╣∙╣ 450ϴ, 5 x 10-6 Torr, 0.19 mm/h ≢№╡⁸InGaAs ⌐⅔™≡

─ step ordering ⅜ ↓╢ ⌐≡ ⇔≡™╢⁹InGaAs ≤ ⌐

⇔√ ⅜ ⌐ ╣≡⅔╡⁸ ─ step ordering ⅜ ↓∫≡™

╢↓≤⅜╦⅛╢⁹  4.3.2 ⌐ InAlAs ─ ☻♥♇ⱪ ≤ ≤─

╩ InGaAs ≤≤╙⌐ ∆⁹InAlAs ─ step ordering │ InGaAs ─ ╟╡

, As ≢ ↓╡∞⇔⁸╕√ InGaAs ⌐ ╠╣√╟℮⌂ ─ step 

ordering │ ↕╣⌂⅛∫√⁹InGaAs ⌐⅔™≡ ↕╣╢ ☻♥

♇ⱪ─ ⌐ ≤⌂╢☻♥♇ⱪ ≢─ ⅜ InAlAs ≢│ ↕╣

⌂™ ⅜№╢⁹ ⁸InAlAs ─ ─☻♥♇ⱪ│ , As ─ ™

╕≢ ↕╣≡⅔╡⁸InGaAs ─ ─ step ordering ⅜ ↓

╢ ⌐⅔™≡╙ ⌐ step ordering ⅜ ↕╣√⁹ 4.3.3. (a) │
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(110) ⅛╠[00-1] ⌐ 1.2Ǿ ↕∑√ InP ⌐ ⇔√ InAlAs ─ AFM

≢№╢⁹(b)⌐ ∆ InGaAs ≤ ⌐ ─ ™☻♥♇ⱪ ⅜ ↕

╣≡™╢⁹ InAlAs ⌐⅔™≡╙ InGaAs ≤ ⌐ ─ step 

ordering ⅜ ≢⅝⁸InGaAs/InAlAs IPSL ─ ⅜ ≢№╢↓≤⅜ ≢

⅝√⁹ 

 

(2) InGaAs/InAlAs IPSL ─  

(110) ⅛╠[00-1] ⌐ 3° ↕∑√ InP ⌐⁸ ─ step 

ordering ╩ ⇔≡⁸InGaAs-InAlAs IPSL ╩ ⇔√⁹√∞⇔⁸ ≢

─ ≢│⁸ ─ ─ ™⌐╟╡♥ꜝ☻ ≢ ∆╢

⅜№╢√╘⁸AlAs-GaAs-InAs ─ ≤⇔√ [4.3.1]⁹ 4.3.4 ⌐ ☻fi◔כ◦

╩ ∆⁹InGaAs Ᵽ♇ⱨ□ ⁸0.5 ─ AlAs ≤ GaAs⁸⅔╟┘

─ InAs ╩ ⌐ ╡ ⇔

⇔√⁹ 4.3.5 ⌐ ⌐ ↕╣√

─ ╩ ⌐ ∆⁹4 nm ─

♥ꜝ☻ ⌐│⁸2 nm ─(InAs)1/(GaAs)1 

MSL ≤(InAs)1/(AlAs)1 MSL ⅜ ┘≤

⌂∫√ IPSL ⅜ ↕╣╢↓≤⌐⌂╢⁹

☻כ♁│ ⌐ ≢№╢ In, Ga, 

Al ⅔╟┘ As ╩ ™√ ─ MBE ≢

™⁸As ─◒ꜝ♇◐fi◓│ ╦∏

As4 ╩ ™√⁹GaAs, AlAs, InAs ─

│ 0.15 mm/h ≢⁸0.5 ─

╩ 2.5 ⅛↑≡ ∆╢↓≤⌐⌂╢⁹ │440ϴ≢⁸As │ InGaAs

⌐│ 3.5 x 10-6 Torr ╩⁸╕√ IPSL (AlAs-GaAs-InAs) ⌐│ 1.8 x 10-

6 Torr ╩ ™√⁹InGaAs Ᵽ♇ⱨ□ ≤ IPSL ─ ≢│⁸∕╣∙╣─ As
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⌐ ⇔√ ─ As ☿ꜟ╩ ™⁸ ≢│ ⌂⇔⌐ As ╩ ⌐

↕∑≡™╢⁹ 4.3.6 (a) ð (d) ⌐ InGaAs Ᵽ♇ⱨ□ ┘ IPSL (AlAs-0.5

, GaAs-0.5 , InAs-1 ) ─ RHEED ╩ ∆⁹IPSL

⌐⅔™≡╙⁸ ─ step ordering ⅜ ↕╣≡™╢↓≤⅜ ≢⅝╢⁹ 

 

(3)  

 ⇔√ IPSL ╩ XRD, TEM ⌐╟╡ ⇔√⁹ 

╕∏⁸220 ╩ XRD ⌐╟╡ ═√⁹ │⁸(110) ⅛╠[00-1] ⌐ 3Ǿ

↕∑√ InP  ( ♥ꜝ☻  4 nm)⌐ 200 nm ─ InGaAs Ᵽ♇ⱨ□

⌐ 620 nm ─ IPSL ╩ ⇔≡™╢⁹ │⁸2q╩ InP ─Ⱪꜝ♇◓  (43.58

Ǿ)⌐ ⇔⁸q☻◐ꜗfi╩ ∫√⁹

4.3.7 ⌐ XRD ╩ ∆⁹IPSL ─

Ⱨ⁸│◒כInP ⅛╠  

0.069Ǿ⌐№∫√⁹ ─ ⌐╟╢

╩ ⇔≡Vegard ╩ ⇔

≡ ╘√ InAs ─ │ 0.50 ≢№╡⁸

4.3.5⌐ ⇔√ ⅜ ╠╣≡

™╢↓≤⅜╦⅛╢⁹╕√ Ⱨכ◒

─ │ 34 arcsec.≢№╡⁸InP

 (24 arcsec)⌐ ═∕╣╒≥ ⅝

ↄ⌂™⁹ ╛ ─ ⅝⌂ ╣│

⌂™╙─≤ ⅎ╠╣╢⁹ 

4.3.8 ⌐  (-110)  (a) ⅔╟┘ (001)  (b) ─ TED ╩ ∆[4.3.1, 

3]⁹(a) ⌐ ⇔√ (-110) ⌐⅔™≡⁸ ⌐ ─ ⌂╢

─ ⅜ ╣≡™╢⁹ │™∏╣╙[001]

⌐ ⇔≡™╢⁹ √∫™≥ההה,111 ,220 ,⁸002│≈ ╩ ⌐
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⇔√ ≢№╡⁸{h, k, lӈ1/6.5} ((h, k, l) │∆═≡ ⅛ ≢№╢)

≢ ↕╣╢ ⌐ ╣≡™╢⁹╕√⁸╙℮ ≈│ √∫™≥ההה ,112 ,110 ,001

CuAu-I ─ ─ ╩ ⌐ ⇔√ ≢№╡⁸{h, 

k, lӈ1/13} ((h, k, l) │(even, even, odd) ╕√│(odd, odd, even)≢№╢)≢ ↕╣

╢ ⌐ ╣≡™╢⁹ ⁸(b) ⌐ ⇔√ (001) ⌐⅔™≡│⁸ ⇔√

│⌂ↄ⁸(h, k, l) ⅜ (even, even, odd) ╕√│ (odd, odd, even) ≤™∫

√ CuAu-I ─ ─ ⌐ ─ ─╖⅜ ╣≡™╢⁹ 

↓↓≢⁸ 4.3.5 ⌐ ⇔√ MSL-MSL ⅛╠⌂╢ IPSL ─ ⌐≈™≡
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∆⁹ 4.3.9 │⁸ ⌂╢ A (InAs), B (GaAs)≢ ↕╣╢(a) CuAu-I ─

 (MSL), (b) LM-MSL, ⅔╟┘ C (GaAs) , D (AlAs)≢ ↕╣╢(c) 

IPSL, ≤ A (InAs)-C (AlAs), A (InAs)-D (GaAs)≢ ↕╣╢ (d) MSL ⅛╠⌂

╢ IPSL ─ ╩ ⌐ ⇔√ ≢№╢⁹╕√↓╣╠ ⌐ ∆╢

╩ (e) ð (h) ⌐ ∆⁹ ⌐╙ ⇔√╟℮⌐⁸CuAu-I ─  (MSL)

≢│⁸(e)⌐ ∆╟℮⌐ (even, eve, odd) ⅜(h, k, l) √∫™≥ההה221 ,001 ,110

╕√│(odd, odd, even)⌐ ⌐ ⅜ ╣√⁹↓─ ⅜[001] ⌐

M ⌂╡⁸ ╩ ⇔≡↕╠⌐ M ⌂∫√ ⅜ (b) ⌐ ∆ LM-MSL

≤⌂╢⁹↓─ ≢│⁸ ╩ ⌐ ⇔√ ⅜ (h, 

k, lӈ1/2M) ((h, k, l)│ (even, eve, odd)╕√│(odd, odd, even))⌐ ╣√⁹ ⁸

(c) ⌐ ∆╟℮⌐[001] ⌐ M ─ ≤⌂╢ IPSL ≢│⁸

╩ ⌐ ⇔√ ⅜ (h, k, lӈ1/M) ((h, k, l)│ (even, eve, even)╕√

│(odd, odd, odd))⌐ ╣╢⁹(d) ⌐ ∆ MSL ⅛╠⌂╢ IPSL ≢│⁸(b) ⌐ ∆

LM-MSL ⌐⅔™≡⁸ B ⅜(c)⌐ ∆ C, D ≢ ↕╣╢ IPSL ⌐

⅝ ╦∫√ ≢№╢⁹⇔√⅜∫≡⁸ │(f)≤(g) ─ ≤⌂╡⁸(h) ⌐ ∆

╟℮⌐⁸ ╩ ≤⇔√ ⅜(h, k, lӈ1/M) ((h, k, l)│ (even, eve, 

even)╕√│(odd, odd, odd))⌐ ╣⁸↕╠⌐ CuAu-I ─

╩ ≤⇔√ ⅜(h, k, lӈ1/2M) ((h, k, l)│ (even, eve, odd)╕√│

(odd, odd, even))⌐ ╣╢↓≤⌐⌂╢⁹ 4.3.10 ⌐⁸ 4.3.9 (h) ⌐ ⇔√ MSL 

ð MSL ⅛╠⌂╢ IPSL ─ ≤ ╩ ⌐ ∆⁹MSL ⅛╠

╢ IPSL │⁸InAs-GaAs ⅛╠ ╢ CuAu-I ─ (MSL)─

⅜ M/2 ⌂╡⁸ ─ ⌂╢ InAs-AlAs ⅛╠ ╢ MSL ⅜ M/2 ⌂

╢ I ≤ ╩ ⇔≡ ⅜ ⇔√ II ≤⅛╠ ╢⁹ 4.3.11 ⌐



103 

 

↓─ ╩ ⌐⇔√ ─ ╩

∆⁹ ≢│ , M │ ≤⇔≡™╢⁹(a) 

⌐ ∆(11l) ≢│⁸(110)─ │ ≤⌂╡⁸

∕─  (110ӈ1/2M)─ ⅜ ↄ⌂∫≡⅔

╡⁸↓─ ⌐ ⅜ ╣╢↓≤⌐⌂

╢⁹╕√(b) ⌐ ∆ (22l) ≢│⁸(220)─

⌐ ⅎ(220ӈ1/M)─ ⅜ ↄ⌂∫≡

⅔╡⁸↓─ ⌐ ⅜ ╣╢↓≤⌐

⌂╢⁹⇔√⅜∫≡⁸ 4.3.12 (a) ⌐ ∆

⌐ ⅜ ╣╢↓≤⌐⌂╡⁸TED ╩ ∫

√(-110) ⌐⅔™≡│ (b) ⌐ ∆ ⌐

☻ⱳ♇♩⅜ ↕╣╢↓≤⌐⌂╢⁹ ⌐

™√ ─ │ 3Ǿ≢⁸∕─ ♥ꜝ☻

│ 4 nm ≤⌂╢⁹↓─ ⁸♥ꜝ☻ ⌐│

 (a = 0.58686 nm)│⁸ ⌐

6.8 (M=6.8) ⌂∫≡ ↕╣╢⁹⇔√⅜∫

≡⁸ │⁸(h, k, lӈ1/13.6) ((h, k, l)│ 

(even, eve, odd)╕√│ (odd, odd, even)≢

CuAu-I ─ )≤(h, k, lӈ1/6.8) ((h, k, l)│ (even, eve, 

even)╕√│(odd, odd, odd)≢ )⌐ ╣╢↓≤⌐⌂╢⁹ 4.3.8 ⌐

⇔√(-110) ─ TED ≢│⁸CuAu-I ─ ≢(h, k, lӈ13.5) 

⌐⁸╕√ ≢ (h, k. lӈ6.5) ⌐ ⅜ ╠╣≡⅔╡⁸

4.3.5⌐ ⇔√MSL⅛╠⌂╢ IPSL ⅜ ≢⅝≡™╢╙─≤ ⅎ╠╣╢⁹ 

 4.3.13 │(110)  (a)⁸(220)  (b)╩ ⇔√ XRD ≢№╢⁹
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│ 2q╩∕╣∙╣─Ⱪꜝ♇◓ ⌐ ⇔≡q─╖╩☻◐ꜗfi⇔≡™╢⁹(110), (220)

⌐ ⌐ ≤⌂∫√ ⅜ ╠╣≡™╢⁹(110) ≢│⁸(2q, q)⅜(21.11ě, 

10.61ě), (21.86ě, 16.77ě)─≤⅝ ⅜ ≤⌂∫≡™╢⁹↓╣╠ │

4.3.14 ⌐ ⌐ ∆╟℮⌐∕╣∙╣ (1.02, 1.021, 0.07), (0.98, 0.98, -0.07)
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⌐ ⇔⁸[00l] ⌐ ⇔≡-17.5ě ™√ ⌐№╢⁹(InAs)≤ GaAs+AlAs

≤⅛╠ ╢ ⅜ 4.3.14 (b)⌐ ∆╟℮⌐ ™≡™╢↓≤╩ ⇔≡⅔╡⁸◘▬

◒ꜟ √╡─ ⅜ 2 ML ⌐ ⇔≡ ⌐ 0.033 ML  (1.65%)

≢№∫√↓≤╩ ⇔≡™╢⁹ ⁸(220) ─ │⁸(110) ⌐

═ ↄ Ⱨכ◒⅜ ≢№∫√⁹GaAs-AlAs ─ ╠⅞⅜ ∂≡™╢↓

≤╩ ⇔≡™╢⁹ 

 ⇔√ IPSL ─ ╩ ═╢√╘ TEM ╩ ∫√⁹ 4.3.15 ⌐(-110)

─  (DF) ╩ ∆⁹InGaAs Ᵽ♇ⱨ□ ≤─ ⌐ ⇔≡╒╓

⌐ ┘╢ ⌂ ◖fi♩ꜝ☻♩⅜ ╠╣≡™╢⁹↓─◖fi♩ꜝ☻♩─ ╢

™ ⅜ InAlAs ⌐⁸╕√ ™ ⅜ InGaAs ⌐ ⇔≡™╢⁹InGaAs/InAlAs

─◖fi♩ꜝ☻♩ │ ⌡ 4 nm ≢№╡⁸↓╣│ ─ ⅛╠

↕╣╢ ♥ꜝ☻ ⌐╒╓ ⇔≡™╢⁹√∞⇔⁸ ⌐ ↑

≡│◖fi♩ꜝ☻♩⌐℮⌡╡⅜№╡⁸ ╣⁸ ╣ ╙ ↕╣⁸ ⅜ ╣

√ ⅜ ↕╣╢╒⅛⁸◖fi♩ꜝ☻♩⅜ ╣ ╩ ∆╢ ╙ ↕

╣≡™╢⁹↓╣│⁸ ─ ─ ⅛⌂ ╛☻♥♇ⱪ ─ ╠⅞╛

─ ╣⌐ ⇔≡™╢╙─≤ ⅎ╠╣╢⁹ 4.3.16 ⌐(110) ─ TED ╩

∆⁹ 4.3.12 ⌐ ⇔√ ⌐ ⇔√ ⅜[00l] ⌐ ⇔≡ ⌐

╣≡™╢⁹ ↕╣√ ─ ⅜⁸ ─ ⌐ ⇔≡ ↕╣≡⅔

╡⁸╕√ ─ ╟╡∕─ ╙ ™↓≤⅜ ↕╣╢⁹

4.2.17 ⌐ TEM-DF ╩ ∆⁹[-110] ⌐ ∫≡ ─ ™ InGaAs/InAlAs

◖fi♩ꜝ☻♩⅜ ╠╣≡™╢⁹↓℮⇔√ │⁸ ⌐ ⌂  nm ⅛╠

 nm ─ ╠╣√ ─ ╩ ⇔√ ≢№╢⁹ ⌐⅔™≡ ↕
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╣√℮⌡╡ ─ ╣│⁸↓℮⇔√ ™ ≢│№╕╡ ⌂ ╣≤│⌂╠⌂™

↓≤╩ ⇔≡™╢⁹ 

 

(3) PL  

 ⇔√ IPSL ─ PL ╩ ═√⁹ 4.3.18 ⌐ ⇔√ IPSL ⅛╠ ╠╣

√ 4.2K─PL☻Ɑ◒♩ꜟ╩ ∆⁹ ─√╘ ≢ ⇔√ (InAs)1/(GaAs)1 LM-

MSL ⅔╟┘ ─ ─ InGaAs (2 nm)/InAlAs (2 nm) ⁸IPSL ≤

∂ ─ In0.5Ga0.25Al0.25As ⅛╠ ╠╣√☻Ɑ◒♩ꜟ╙ ∑≡
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∆⁹IPSL ⅛╠│ ≈─Ⱨכ◒⅜ ╠╣≡™╢⁹ Ⱨכ◒│ 1.06 eV ⌐№╡⁸↓

╣│ ≤⌂╢(InAs)1/(GaAs)1 LM-MSL ╟╡ 260 meV ╙ ◄Ⱡꜟ◑כ ⌐№

╢⁹╕√↓─Ⱨכ◒│ ⌐ ⇔√ ⌐ ∆╢ In0.5Ga0.25Al0.25As 

╟╡╙ 90 meV ◄Ⱡꜟ◑כ ⌐№╡⁸InGaAs (2 nm)/InAlAs (2 nm)

─Ⱨכ◒⌐ ™⁹InGaAs, InAlAs ⅜∕╣∙╣ 2 nm ─ ╩ ≈ IPSL

⅜ ≢⅝≡™╢↓≤╩ ⇔≡™╢⁹ ⁸ Ⱨכ◒╟╡ ◄Ⱡꜟ◑כ ⌐

№╢ Ⱨכ◒ (1.13 eV)│⁸In0.5Ga0.25Al0.25As ⌐ ™ ≢№╡⁸

⇔≡™╢ ⁸№╢™│ GaAs ≤ AlAs ⅜ ⌐ ∂╡ ™

⅜ ↕™ ⅜ ⇔≡™╢↓≤╩ ⇔≡™╢⁹IPSL ─ Ⱨכ◒─

│⁸47 meV ≢№∫√⁹↓╣│⁸ ─ ─  (9 meV)⌐ ═ 5

™⁹ TEM ≢│⁸InGaAs/InAlAs ◖fi♩ꜝ☻♩─ ╠⅞⅜ ↕╣≡⅔

╡⁸↓─ ™ PL │ ⌐↓℮⇔√ ─ ╩ ⇔≡™╢╙─≤

ⅎ╠╣╢⁹ 

 ⁸(110) ⅛╠[00-1] ┼ 3° ↕∑√ InP ⌐⁸☻♥♇ⱪⱨ꜡כ

╩ ⇔≡⁸0.5 ─ GaAs ≤ AlAs ⅔╟┘ 1 ─ InAs ╩ ⌐

╡ ⇔ ∆╢↓≤⌐╟╡⁸(InAs)1/(GaAs)1 MSL ≤(InAs)1/(AlAs)1 MSL ⅛╠

╢ IPSL ╩ MBE ⌐╟╡ ╘≡ ⇔√⁹ ⇔√ IPSL ╩ TEM, XRD

⌐╟╡ ⇔√⁹ ⌐ ≠ↄ ⌐ ⇔√ ⌂ ⅜ ╠╣≡⅔╡⁸

⌂ ⅜ ≢⅝≡™╢↓≤╩ ⇔√⁹↓╣⌐╟╡⁸ ─╖⌐╟

╢ ⌐ ↑⁸↓℮⇔√ ─ ╩ ⇔√⁹ 

 

 (110) InP ─ InAs/GaAs ─  

≢│⁸(110) ⅛╠[00-1]

⌐ ↕∑√ InP ≢─☻♥♇

ⱪⱨ꜡כ ╩ ∆╢↓≤⌐╟

╡⁸InGaAs/InAlAs IPSL ╩ ⇔⁸

⌂ ⅜ ≢⅝╢

↓≤╩ ⇔√⁹⇔⅛⇔⁸TEM ╛

PL ⌐ ╠╣√╟℮⌐⁸ ─

╠⅞╛ ─ ⅜№╡⁸ ♦Ᵽ

▬☻┼ ≢⅝╢╒≥─ ╣√

≢│⌂⅛∫√⁹ ⁸InAs/GaAs ⌂≥

─ ╩ ≢

∆╢≤ ≢ ⅜⅔↓╢↓≤

⅜ ↕╣≡™╢[4.4.1-3]⁹↓╣╕≢
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⌐⁸(001) GaAs ⌐ ⇔√ InP/GaP ╛(001) InP ⌐ ⇔

√ InAs/GaAs ⌐ 4.4.1 ⌐ ∆╟℮⌂ ─ ⅜

↕╣≡™╢⁹↓℮⇔√ ─ │ ╠⅛⌐↕╣≡™⌂™⅜⁸ ⌐

⇔√ ╠⅛─ ⅜ ™≡™╢╙─≤ ⅎ╠╣╢⁹╕√⁸↓─ ≢│ 4.4.2

⌐ ∆╟℮⌐ GaAs-InAs ⌐│ 7%╙─ ⅜№╡⁸ ⌐ ⇔ ⌐

↕╣╢ InAs-GaAs ─ ⌐≈™≡╙ №╢⁹ 

∕↓≢⁸ ≢│↓╣╕≢⌐ ⇔√☻♥♇ⱪⱨ꜡כ ⌐↓℮⇔√

⌐ ↄ ⌂ ╩ ∆╢↓≤⌐╟╡ ⅜ ∆╢↓≤╩ ⇔

≡ InAs/GaAs  (in-plane strained superlattice: IPSSL)─

╩ ╖√  [4.4.4, 5] ⌐≈™≡ ∆⁹ 

 

(1)  

(110) ⅛╠[00-1] ⌐ ↕∑√ InP ⌐ ─ step ordering ╩

⇔⌂⅜╠⁸0.5 ─ InAs ≤ GaAs ╩ ⌐ ╡ ⇔ ⇔√⁹ 4.4.3 
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(a)⌐ ╩☻fi◔כ◦ ∆⁹ ⅜ ⌐ ╦╣√ ⁸(b)⌐ ∆╟℮⌐

InAs ≤ GaAs ⅜♥ꜝ☻ ⌐ ┘⌐⌂∫√ InAs/GaAs IPSSL ⅜ ↕╣╢↓

≤⌐⌂╢⁹ 4.4.4 ⌐(110) ⅛╠ 3Ǿ ↕∑√ InP ⌐ 0.5 ─ InAs

≤ GaAs ╩ ⌐ ╡ ⇔ ⇔≡™╢ ─ RHEED ╩ ∆⁹100 nm

─ ↕╩ ⇔√ ⌐⅔™≡╙ InGaAs ≤ ⌐ ─ step 

ordering ╩ ∆ ⅜ ⌐ ╣≡⅔╡⁸↓℮⇔√ ⌐⅔™

≡╙ step ordering ⅜ ↕╣╢↓≤⅜╦⅛╢⁹ │⁸ ─ step 

ordering ⅜ ↓╢ ⌐╟╡ ⇔√⁹ │⁸InAs, GaAs ⅜∕╣∙╣ 95 

nm/h, 83 nm/h ╩ ™⁸0,5 ╩ 3.9 ⁸4.5 ⅛↑≡ ⇔≡™╢⁹

│ 470ϴ≢⁸As │ IPSSL (InAs-GaAs ─ ) │ 4.3 x 10-6 

Torr ╩ ™⁸InGaAs, InAlAs │ 1.0x 10-5 Torr ╩ ™√⁹InGaAs Ᵽ♇

ⱨ□ ≤ IPSSL ─ ≢│⁸∕╣∙╣─ As ⌐ ⇔√ ─ As ☿ꜟ╩

™⁸ ≢ As ╩ ⌐ ↕∑√⁹ 

 

(2)  

⇔√ IPSSL ╩ XRD, TEM ⌐╟╡

⇔√⁹ 

╕∏⁸220 ╩ XRD ⌐╟╡ ═√⁹

│⁸2q╩ InP ─Ⱪꜝ♇◓  (43.58Ǿ)⌐

⇔⁸q☻◐ꜗfi╩ ∫√⁹ 4.4.5 ⌐

╩ ∆⁹ ⇔√ IPSSL ─ Ⱨכ◒

│ InP ⅛╠ 0.069Ǿ⌐№∫√⁹

─ ⌐╟╢ ╩ ⇔≡ Vagard

╩ ⇔≡ ╘√ InAs ─ │ 0.50 ≢

№╡⁸ ⌐╒╓ ∆╢ ⅜

≢⅝≡™╢↓≤⅜╦⅛╢⁹╕√⁸IPSSL ─
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Ⱨכ◒─ │ 34 arcsec ≢№╡⁸InP

 (24 arcaec)⌐ ═∕╣╒≥ ⅝ↄ│

⌂™⁹ ╛ ⌐ ⅝⌂ ╣│⌂™╙─

≤ ⅎ╠╣╢⁹ 

⌐⁸TED ⌐╟╡ ⌐≈™≡

═√⁹ 4.4.6 ⌐(110) ⅛╠[00-1] ⌐

1.5Ǿ ↕∑√ InP  ( ♥ꜝ☻  8 

nm) ⌐ ⇔√ IPSSL ⅛╠ ╠╣√(-

110) ─ TED ╩ ∆⁹002, 220, 

√∫™≥ההה,111 ╩ ⌐

⇔√ ⅜ {h, k, lӈ1/13.5} (√

∞⇔(h, k, l)∆═≡ ⅛╕√│ )≢

↕╣╢ ⌐ ╣≡™╢⁹╕√⁸ ≢╖

╠╣√╟℮⌂ CuAu-I ─ ⌐│ │⌂ↄ⁸ 4.4.3 ⌐ ⇔

√╟℮⌂ ⅜ ─ ≢№╢[001] ⌐ ♥ꜝ☻ ⌐

⇔≡ ↕╣≡™╢↓≤⅜╦⅛╢⁹ 

4.4.7 (a)│⁸(110) ⅛╠[00-1] ⌐ 1.2Ǿ ↕∑√  ( ♥ꜝ☻

10 nm) ⌐ ⇔√ IPSSL ─(-110) ─ TEM-DF ≢№╢⁹InGaAs Ᵽ♇ⱨ

□ ≤─ ⌐ ⇔≡╒╓ ⌐ ┘╢ ⌂ ◖fi♩ꜝ☻♩⅜ ╣

≡⅔╡⁸ ┼─ ⅜ ↕╣≡™╢↓≤⅜╦⅛╢⁹↓─◖fi♩ꜝ☻♩

─ │ ⌡ 10 nm ≢№╡⁸ ─ ⌐ ⇔√ ♥ꜝ☻ ⌐╟ↄ

⇔≡™╢⁹(b)│(110) ─ TEM-DF ≢№╢⁹InAs-GaAs ⅜[-110]

⌐ ↕╣≡⅔╡⁸ Ⱶ◒꜡fi⌐╙ ┬ ™ ≢ ⌐ ↕╣≡⅔╡⁸

⌐ ⌂ ⅜ ↕╣≡™╢↓≤⅜╦⅛╢⁹ 

IPSSL ─ ╩◄Ⱡꜟ◑כ (Energy-Dispersive X-ray 
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microanalysis: EDX)⌐╟╡ ═√⁹↓─EDX│ ─ TEM 

(Field Emission type Scanning Transmission Microscopy: FE-STEM)⌐

╖ ╕╣≡⅔╡⁸ │ 1 nm ⌐╕≢ ╡↓╗↓≤⅜≢⅝╢⁹∕─

√╘ │ 1 ð 2 nm ≢№╢⁹ 4.4.8 ⌐ (110) ⅛╠[00-1] ⌐

1.2Ǿ ↕∑√ ⌐ ⇔√ IPSSL ⅛╠ ╠╣√ (1-10) ─ STEM

≤ ─ A-Aõ≢ ⇔√ ⌐ ∫≡ ⇔√ In ≤ Ga ─ ⱪ꜡ⱨ□▬ꜟ╩

∆⁹ ─ ∫√ In, Ga ─ │⁸STEM ─◖fi♩ꜝ☻♩ ⌐ ⇔

≡ ⌐ ⇔≡⅔╡⁸InAs-rich ⌂ ≤ GaAs-rich ⌂ ⅜ ≢⅝≡™

╢↓≤⅜╦⅛╢⁹ ─ ≢ ⇔√ ≢─ In, Ga, As ─ │ 12 : 38 : 50 ≢№

∫√⁹ ⇔√ InAs ≤ GaAs ⅜ ∂╡ ™⁸In0.24Ga0.76InAs ─ ⅜

↕╣≡™╢↓≤╩ ⇔≡™╢⁹ 

 

(3) PL  

1.2° ↕∑√ ⌐ ⇔√ IPSSL ╩ 77K ≢─ PL ⌐╟╡ ⇔√⁹

4.4.9 ⌐ PL ☻Ɑ◒♩ꜟ╩ ∆⁹ ─ ╩(b)⌐ ∆⁹InAs/GaAs IPSSL 

( ↕ 100 nm)≤ InP ⌐ ⇔√ InGaAs( ↕ 200 nm)╩ InGaAs/InAlAs

Ᵽ♇ⱨ□ ⌐ ⇔≡™╢⁹IPSSL ─ ┼─ ↕│ 100 nm ≢№╢√

╘⁸ ≢─◐ꜗꜞ▪ ∂ ╘ │⌂™⁹⇔√⅜∫≡⁸[001]

┼─ ⅜ PL ◄Ⱡꜟ◑כ⌐ ∆╢↓≤⌐⌂╢⁹ ⅛╠│⁸0.81 eV

≤ 0.77 eV ⌐ ≈─Ⱨכ◒⅜ ╠╣√⁹ ◄Ⱡꜟ◑כ ─ 0.81 eV │ InGaAs ⅛

╠─ ⁸╕√ ◄Ⱡꜟ◑כ ─ │ IPSSL ⅛╠─ ≤ ⅎ╠╣╢⁹IPSSL
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─ ☻Ɑ◒♩ꜟ─ │ 27 meV ≢№∫√⁹↓╣│ InGaAs (18 meV)

⌐ ═╛╛ ™╙──⁸ ≢ ⇔√ InGaAs/InAlAs IPSL (47 meV)⌐ ═

⌐╕≢ ⇔≡™╢⁹InGaAs/InAlAs IPSL ⌐ ═ ─◘▬☼ ╠

⅞╛ ─ ╠⅞│⁸ ↕ↄ⌂∫≡™╢↓≤⅜ ↕╣╢⁹IPSSL ─

╩ ∆╢√╘⁸  (In1-xGaxAs (5 nm)/InxGa1-xAs (5 nm))─ ◄Ⱡ

╩כ◑ꜟ ⇔√⁹ ╩ ∆╢ InAs ≤ GaAs ─℮∟ , x ⅜ ∂

╡ ∫√ ╩ ⇔⁸In1-xGaxAs (5 nm)/InxGa1-xAs (5 nm) ─

◄Ⱡꜟ◑כ╩ , x ╩Ɽꜝⱷכ♃⌐ ⇔√⁹ ⌐│⁸SP3*S

 (nearest-neighbor sp3*s tight-binding approximation [4.4.6, 7])╩ ™√⁹

╕√⁸ ─ ╙ ⇔≡⁸Pollak ╠⅜ ⇔√ strain Hamiltonian [4.4.8]╩

™√⁹In1-xGaxAs /InxGa1-xAs ─ ─ , DEV ⌐≈™≡│⁸↓╣╕≢

⌐ ↕╣≡™╢ InxGa1-xAs/GaAs Ⱬ♥꜡ ─ , 0.3DEg (DEg │ In1-xGaxAs

≤ InxGa1-xAs ─Ᵽfi♪◑ꜗ♇ⱪ─ ≢⁸DEg = Eg (In1-xGaxAs) ð Eg (InxGa1-

xAs)) [4.4.9]≤ 0.4DEg[4.4.10]╩ ⌐⁸DEV = (0.3 ӈ 0.1)DEg≤⇔√⁹⌂⅔⁸

⌐│(001) InP ⌐ ⇔√ In0.68Ga0.37As/In0.39Ga0.61As ⌐⅔™≡

│⁸ ≢ 0.716 eV ─ ◄Ⱡꜟ◑כ⅜ ↕╣≡™╢[4.4.11]⁹

≢│⁸DEV = 0.2DEg╩ ™√ ⅜ 0.718 eV⁸╕√DEV = 0.4DEg╩ ™√

⅜ 0.709 eV ≢№╡⁸ ↕╣≡™╢ ≤╟ↄ ⇔√ ≤⌂╢↓≤╩

⇔≡™╢⁹ 4.4.10 ⌐ In1-xGaxAs (5 nm)/InxGa1-xAs (5 nm) ─

◄Ⱡꜟ◑כ─ , x ╩ ∆⁹ , x ─ ⌐╟╡ ◄Ⱡꜟ

⅜כ◑ ⌐ ∆╢ ⌐№╢⁹PL ⌐╟╡ ╠╣√ IPSSL ─ ◄Ⱡ

eV ⁸0.77│כ◑ꜟ ≢№∫√⁹↓─ │⁸ , x ⅜ 0.26ӈ0.02 ─ ⌐

⇔⁸In0.74Ga0.26As ≤ In0.26Ga0.74As ⅛╠ ╢ ⌐╟╡ IPSSL ⅜ ∑╣≡

™╢↓≤╩ ⇔≡™╢⁹↓─ │⁸ ⌐ ⇔√ EDX ⌐╟╢ ─ ≤
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⌐╟ↄ ⇔≡™╢⁹⇔√⅜∫≡⁸ ⌐ 26% ─ In ≤ Ga ⅜ ⌐

↨╡ ∫≡™╢↓≤⌐⌂╢⁹ 4.4.11 ⌐ ∆╟℮⌐⁸↓─ ─

≤ ─ │ 0.48 ⌐ ⇔≡⅔╡⁸↓╣╕≢─ GaAs/AlAs ╛

GaSb/AlSb ⅛╠ ╢ IPSL ─ ⅜ 0.1~0.2 [4.4.12-14]≢№∫√⁹

─ ─ ⅜ ⅝ↄ ⇔≡™╢↓≤╩ ⇔≡™╢⁹ 
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(4)  

 InAs/GaAs IPSSL ─ ╩ ═╢√╘⁸InAs/GaAs IPSSL ╩

⌐ ™√SD ╩ ⁸∕─ 2DEG ╩ⱱכꜟ ⌐╟╡ ⇔√⁹ 

InAs/GaAs IPSSL ╩ ⌐⇔√ ⱪכ♪ ╩ ⇔⁸∕─ 2DEG

╩ ═√⁹ 

 4.4.12 ⌐ ⇔√ SD ╩ ⌐

∆⁹(110) ⅛╠[00-1] ⌐ 1.2Ǿ ↕

∑√ InP ⌐ 350 nm ─ InGaAs Ᵽ♇

ⱨ□ , 100 nm ─ InAs/GaAs IPSSL

, 10 nm ─ InAlAs ☻Ɑכ◘ , Si ╩

3 x 1017 cm-3 √⇔ⱪכ♪  90 nm ─ N-

InAlAs , N-InGaAs ◖fi♃◒♩

╩ ⇔√⁹2DEG │⁸ⱱכꜟⱣ

) כ  100 mm,  50 mm)╩ ─

≢№╢[001] ☻♥♇ⱪ⌐ ∆

╢ ≤↓╣⌐ ⌂ [-110]  (☻♥

♇ⱪ⌐ ⌂ )⌐ ⇔⁸ⱱכꜟ

⌐╟╡ ⇔√⁹ 4.4.13 ⌐ 2DEG

 (m[001], m[-110])─ ╩ ∆⁹ ─ , Ns │™∏╣─ ⌐⅔™

≡╙ 1 x 1012 cm-2≢№╡⁸ ⌐ ⇔≡╒≤╪≥ ⇔⌂™⁹ ⁸2DEG






























































































































































