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1.1  

Let there be light ( E )
L

L  
L L 50 a

DL

D 1772 L

DL

L L

L 100 L 1876
L aL 60 L 1938 DL[1]  

a a G D

L D

 (LED: Light Emit Diode)
 

 
1.1.1  

 (EL: electroluminescence)
1907 H. J. Round n L [2] Round

 (carborundum) L SiC
 (curious phenomenon) D Lossev

D

L[3] SiC II-VI ZnS
1936 L[4]  

1950
L a L III-V III-

V n D LL 20
a III-V L 1950 Welker

GaAs III-V L[5,6]
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III-V L

L  
 

1.1  

 

1950 1960
1970

L a

G

1918
Czochralski

 (
CZ )[7]

1925
L [8] III-

V
V

V

D L (
GaP: 37 InP: 25

GaAs: 1 Si: 
0 ) [9,10]

L  
L

PbTe D L[11]
CZ 1965 III-V D InAs

L[12] n LEC (Liquid-encapsulated Czochralski
)  

L 1957
L[13] aL III-V L

n  (MOVPE: Metalorganic Vapor Phase Epitaxy
aL MOCVD: Metal Organic Chemical Vapor Deposition) [14]
GaN AlN [15] L P  

L aG 1962
GE IBM GaAs L  (870~980 nm)
L[16,17] 1963 77K  (CW ) L[18]

1966  (300K)
6% DL[19] D 1962

Ga(As1-xPx) pn 710nm P  
(@77K)[20]
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a P P 45~50% GaAsP
L[21] As LPE (Liquid 

Phase Epitaxy) (AlxGa1-x)As
1.70eV (=729nm) P L[22]  

GaP L 1955
Wolff GaP SiC [3] ZnS [4]

560nm L[23] 1964 GaP
pn L L [24] 700nm

EL a L

D D GaP
L

L Bell 1965 GaP
N  (isoelectronic impurity)

L

P GaP 
DL[25] 1960 LEC GaP

LD LPE GaP pn
2.2eV (=564nm) 0.1% GaP:N LED

L[26] GaP Zn-O Zn
 (EA=64meV) O (ED=893meV) GaP

[27] Zn-O O
P

[28]
Ga(AsxP1-x) LED [29] As P

a L[30]  
aL L aG 1957 Elliott

DL[31] 1958
Hopfield

L[32] L

[33] [34]
[35] n L

PL (Photoluminescence)
n L ( GaAs [36]

GaP [37])
n a D

 ( GaAs [38])
D L 1959

[39] GaAs 1976 L[40] aL

 
(Varshni ) L

L[41]  
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a L 1950 15
L

D III-V L

D L

LED LD (Laser Diode) L

DL L D L

L 15 L

n  
D 1970 L

1960
Pa

 ( ) L  
D D DL

L  
 

 D  
 D  

 
aG P P

D [42]
L

GaN
2500 [43] 45000 [44] Pa

D  

 
1.1 DL

 ( [45] ) 

L n p
D

D

L

n p
D 1.1

EFS DL III-

DL

[45]  GaN
p D  AlN

 InN n D

p

D L 
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ZnSe (Eg; 2.7eV ) p D  ( )
[46]  

a LL SiC
D L[42] SiC pn LD 1960

L[47] D D

G 20 470nm SiC LED
0.03% L[48]  

1980
L MOVPE GaN

D D L RCA (Radio Corporation of 
America) Marusuka  (HVPE) GaN

3.4eV P DL[49]
1971 Pankove 475nm MIS GaN LED DL

L[50] GaN L pn
L p L 1980

GaN D GaN a L L (1982 GaN P

L L L[51])
L L  

GaN D n GaN
16% [52]
L DL

L[53] AlN
GaN L L[53] p D

D L[54]  
p L Zn DL GaN

 (LEEBI: Low-Energy Electron Beam Irradiation)
D L[55] 1989

GaN pn LED L[56] 1992 p AlGaN[57]
1995 p InGaN[58] p

L E Mg GaN
p GaN L

[59] LEEBI L L GaN
LED L[60,61]  

a L 20 a 1950
D 1980
D L DL L

a

a L

L DL

P  
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1.2 LED  

 
 
1.1.2	LED 	

50 aD 1.2

LED a D 	( AlGaInP

L 1980 [62] 1990 LED L[63])

aL Pa 	
	
	 :	 13lm/W 90lm/W D[51] 	

LED 140lm/W [64] 	

	 :	 2 D[65] 	

LED 10 [64] 	

	 :	 p 	

L aL n 	

LED 	
	

L

9%[66] 15 12% [67]

LED G CO2
D LED D L D D

LED D

L P P

a 	
	
LED 2009

Matthews L[68]

DL LED P

L L pn
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L LED L DH	( ) L

[60,61] 2000 E

D L 1970 IBM

Esaki Tsu L 	(Superlattice)	[69] [70,	

71] L L

LED MOVPE

D D MOVPE

L

Matthew DL

1mm InGaN LED L 72~252kJ

P L 720~7560kJ

[68] a n

LED

D D 1.2 a L LED 	
	

1.2	 LED 	

	

LED L

LED

DL

LED 1990

L[72] LED+

	( :	446nm :	

555nm :	600nm 	

P)

E L D D 1.3 D

a Pa P

E D

L

p p

L D Cool	White

Warm	White 3000K 	

( 1.4) aL 	( ) L

	(CRI:	Color	Rendering	Index) [51] 1.5

LED YAG 	(Y1-xGdx)3(Al1-yGay)5O12:Ce3+ LED

P LED P

n CRI

[72] 	
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1.3	 	

	

	
1.4	 	

	
1.5	 LED+YAG 	

( [72] )	

	
1.3	 	

	
	

CRI L aL L

1.3 a L[51,73]

	( ) p

[74] As D

L In

DL LED
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[75]

L

LED [73] 	

D

Pa

n

30~45% [73] LED n

Da aL

LED DL

EL aL

a

	

p nG LED

D D 1.2

DL D (InGaN )

D 	(AlGaInP ) 1.4

a

[76] G 1.6 LED

DL

[64,	77]

Da

LED aL D

p

D aL CRI Pa

LED+ 	
	

1.4		III-V 	( [52] )	

	
	

LED D DL n

(530nm~560nm

) LED 	( )
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1.6	 LED 	( [64] ) 	

(a) AlGaInP (b) InGaN 	

	
P X Y

[78] 	

 ) (1.1) 

C 	(bowing	parameter) 	(1.1)	

1.4 a AlxGa1-xAs 1.42eV	(=873nm)

2.15eV	(=577nm)a x=45% n Da

L 624~873nm D [79] InxGa1-xP

x=63% 1.34eV	(=925nm) 2.17eV	(=571	nm)a D

[80] (AlxGa1-x)0.5In0.5P x=53% 1.91eV	

(=649nm) 2.23eV	(=555nm)a 	( 1.7)[81] 	

	
1.7	AlGaInP - 	

	( [81] )	

D

1.4 AlN

GaN InN

D D In

D

[82]

D In InGaN

In 	(In )

[83] D GaN

{0001}	c

InGaN/GaN

c c

D

	

In [84] L

{!1100 } {!1120 } {!1122} {!1101 } {!2021}

!!Eg X1−xYx( ) = 1− x( )Eg X( )+ xEg Y( )− x 1− x( )C
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[85,86] D Da a

L 	

	
a L DL LED D 	

	 D 	 D P

L G

	 ( )

	 D L D D

a

L L p L

D D

D n

D a

aL

DL 	

p D LED 	(

) L D L

L

L 60 P D

L

D

L

LED a L 	

	
	

1.2	 	–	 	

19

P DL

L D D 20

DL

L

D L Pa

a L L

[87] 	

 ) (1.2) 

D

D

!! 

Δx ⋅Δp≥ !2
ΔE ⋅Δt ≥ !2
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a

	

P

Pa D

D D

L 	

L D D 1905 L

[88] Pa L D D

L D

D Pa 	(Photon)

Dirac L L Dirac 1927

The	Quantum	Theory	of	the	Emission	and	Absorption	of	Radiation	[89]

L

L

L

Fermi 	(Fermi D

) Dirac D [89,90] 	

1927 Dirac L

[87]

1925~26 Born-Jordan [91] 	( )

L D Dirac

L 1-1 L 	(

D-A ) 1927 L

L

D 	

D D a L

D L Jordan Klein

DL[92] Dirac[89]a

(19 a ) L

D D P E

DL Pa

L p

	 (aL )

Pauli Heisenberg

L[93] L 	
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DL Dirac 1927

L D L[94] D D

P P

Dirac Pauli Heisenberg

DL Pauli Heisenberg P

DL Pauli D L[95] Pa

D 	(Pa D D D

) p

P [95]

D L

D D

m c DL 2mc2	(=0.5MeV
1.6~3.2eV) 	

	
1.8	 	

E D 	(1.2)

P

E

D Da L

G

D D 	

Pa 1.8 	(aL )

G

	

(10-21Sec )

Pa

D

D

p 1.8 D 	

G

1927 a

	( ) D D

P

	(Lamb	Shift) [96] 	( D

DL ) G

1057MHz L

Pa L[97]

!!1/r
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Dirac L D D

D L G DL G

Schwinger 1948 D DL[98]

Schwinger a L 2007

a [99]

D n

G

D 	

n

p No D

L 1927

a

D

D D L 	

	
	

	 D 	

	 LD 	

	
	

	
1.9	

Average	out 	

aG P

G

L

Pa

D P

Pa

D 	( (1.2)) 	
	

	

 ) (1.2) 

D L

L aL Fermi

!!!A x ,t( ) = êakei k⋅x−ωt( )
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D

a Pa D

average	out 	

D

1.1 DL DL

Pa L

L D

[100] D D

Pa aa

p D

L

D [100] D D

( 1.9)

L L 	(DP:	

Dressed	Photon) [101,102] 	

nG P

[102] Pa D

D DL

a L 	( )

DL D 	(2.1 )

DP D 	( ) D

D D DL

L P DP

L L

DL 	 (AND[103,	

104] NOT[105] [106,107] ) P

DP

DP DL

	(2.2 ) 	(

) 	( ) L

	(DPP )[108,109] [110]

L [111,112] 	



																 	
	

	 16	

LD

p Yes

L

Pa

L 	

	
	

1.3	 	

1.1 P L

D D 1.2 D n

Pa 1950

D

n G

D
!
i

!
f

L L aL

	

	

	
1.10	 	

	
1.1 L

	( 1.10)

Da 	( )

L

a

D D
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p 1.1 L a

n

a

L

1.10 Pa

D G 1.2 DL

a L [111]	 [112]

Si SiC L

D D 	

D D DL a

D  (DPP)
L LED DL  
aG D GaP D D [111]	 [112] E

p aG GaP 2.26eV

P L 546nm

D

DPP aL GaP 	(LEC )

Si SiC D

L Pa 1.10 L GaP

aL a IV L

L III-V GaP DPP

	

 
 

 L

L a G

L

P D

D a

P D DPP L

L EL

DPP 	
	
	 [111] [112] DPP

DPP D  
 

P L G
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1.11	 	

	
D D 1.11 	

D L

a D n

L L

DL D

D D

P DL

a aG

D

L Pa 	 aL

	

D

D

DL E L D

D

aG D

L D (

P (

DL P
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P

L

D

aG

L

D D

DL

P

D aG

	

D aL

L n

D aL

L a P DL  

a  
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2.1  

2.1.1	 	

(2.1)

 

!!! 

A x ,t( ) = êakei k⋅x−ωt( ) ⇒

âk =
1
2!ωk

ωkqk + ipk( )

âk
† = 1

2!ωk

ωkqk − ipk( )
  (2.1) 

Γ

[1] 1.2
Γ

Γ

1.2
L

	L→∞

 
 

[2] 2.1  

 ( DP)
(2.2)
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2.1  

 

  (2.2) 

 

1.2

 ( 2.1) Γ

(2.3)  

!!! 
Ĥ = !ωkâkλ

† âkλ
kλ
∑ + Eα −Eβ( )b̂αβ† b̂αβ

α>F
β<F

∑ + Ĥint   (2.3) 

!ωk λ

F !Eα !
Eβ

!!b̂αβ = Sêα ĥβ
 

S (!S∗ )

!!b̂αβ
† = S∗êα

† ĥβ
†

 

!!!

âkλ ,âkλ†⎡⎣ ⎤⎦ =δk ′k δλ ′λ

b̂αβ ,b̂ ′α ′β
†⎡⎣ ⎤⎦ =δα ′α δβ ′β

  (2.4) 

(2.3) !!Ĥint  

!! 

H = 1
2mp̂

2 + 12mω
2x̂2⇒

â= mω
2! x̂ + i

mω
p̂

⎛
⎝⎜

⎞
⎠⎟

â† = mω
2! x̂ − i

mω
p̂

⎛
⎝⎜

⎞
⎠⎟
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!!!Ĥint = − ψ̂ †(r)p(r)ψ̂ (r)⋅D̂⊥(r)dv∫   (2.5) 

!p !ψ̂ !ψ̂
†

!!!ϕeα (r) !!!ϕhβ(r)  

!!!
ψ̂ (r)= ϕeα (r)êα

α>F
∑ + ϕhβ(r)ĥβ

β<F
∑   (2.6) 

!!D̂
⊥(r)

!k  

!!!
D̂⊥(r)= i Nkekλ(k) âkλ(k)eik⋅r − âkλ† (k)e− ik⋅r{ }

λ=1

2

∑
i
∑   (2.7) 

!!Nk !!ekλ(k)
(2.6) (2.7) (2.5)  

!!!

Ĥint = −i Nk ϕhβ
∗ ϕeαe

ik⋅r p⋅ekλ(k)( )b̂αβâkλ dv∫ + ϕeα
∗ ϕhβe

ik⋅r p⋅ekλ(k)( )b̂αβ† âkλ dv∫{
α>F
β<F

∑
kλ
∑

− ϕhβ
∗ ϕeαe

− ik⋅r p⋅ekλ(k)( )b̂αβâkλ†∫ dv − ϕeα
∗ ϕhβe

− ik⋅r p⋅ekλ(k)( )b̂αβ† âkλ† dv∫ }
  (2.8) 

 

!!!

ρβαλ(k)= ϕhβ
∗ (r)ϕeα (r) p(r)⋅ekλ(k)( )eik⋅rdv∫

ρβαλ
∗ (k)= ϕeα

∗ (r)ϕhβ(r) p(r)⋅ekλ(k)( )e− ik⋅rdv∫
ραβλ(k)= ϕeα

∗ (r)ϕhβ(r) p(r)⋅ekλ(k)( )eik⋅rdv∫
ραβλ

∗ (k)= ϕhβ
∗ (r)ϕeα (r) p(r)⋅ekλ(k)( )e− ik⋅rdv∫

⎧

⎨

⎪
⎪
⎪

⎩

⎪
⎪
⎪

  (2.9) 

 

!!!

γ̂ αβλ(k)= ραβλ
∗ (k)b̂αβ + ρβαλ

∗ (k)b̂αβ†

γ̂ αβλ
† (k)= ραβλ(k)b̂αβ† + ρβαλ(k)b̂αβ

⎧
⎨
⎪

⎩⎪
  (2.10) 

(2.5)  

!!!
Ĥint = −i Nk γ̂ αβλ

† (k)âkλ −γ̂ αβλ(k)âkλ†( )
α>F
β<F

∑
kλ
∑  

 (2.11) 

 

!!! 
Ĥ = !ωkâkλ

† âkλ
kλ
∑ + Eα −Eβ( )b̂αβ† b̂αβ

α>F
β<F

∑ − i Nk γ̂ αβλ
† (k)âkλ −γ̂ αβλ(k)âkλ†( )

α>F
β<F

∑
kλ
∑  

 (2.12) 

 
2.1.2	 	

(2.12)
(2.12)

2.2 	

 !ω 2.2(b) (2.13)
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2.2 A B (a) : !Ω (b) !ω

: 	 !(Ω±ω )  

 

!! 

Ĥ = !Ω â†â+ b̂†b̂( )− !ω â†b̂+ b̂†â( )⇒ ˆ ′H = ! Ω−ω( ) Â†Â+ ! Ω+ω( )B̂†B̂

Ω −ω
−ω Ω

⎛

⎝⎜
⎞

⎠⎟
diagonalizationi⎯ →⎯⎯⎯⎯ Ω−ω 0

0 Ω+ω
⎛

⎝⎜
⎞

⎠⎟

Â= 1
2
â+ b̂( ) , B̂ = 1

2
â− b̂( )

  (2.13) 

 

(2.12) 2.1
(2.12)  

!!Û = eŜ   (2.14) 

!!Ŝ  (!!Ŝ = −Ŝ† ) 

!!!
Ŝ = −i Nk γ̂ αβλ

† (k)âkλ + γ̂ αβλ(k)âkλ†( )
α>F
β<F

∑
kλ
∑  

 (2.15) 

(2.14) (2.12)

! !H  

!!! 

!H = Û −1ĤÛ = " ′ωk
!akλ
† !akλ + ′Eα − ′Eβ( ) !bαβ† !bαβ⎡

⎣
⎤
⎦

α>F
β<F

∑
kλ
∑  

 (2.16) 

!! 
!akλ , !!! !akλ

† , !! 
!bkλ , !!! 

!bkλ
†

(2.16) ! !ωk

!
Eα −Eβ( )

 ( (2.3) (2.12))
(2.16) 2.2 (2.13)

(2.16) ! ′ωk ! 
′Eα − ′Eβ( )
! !!! !akλ

†
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!! 
!akλ ! ′ωk  (

) !!! 
!bkλ
†

!! 
!bkλ ! 

′Eα − ′Eβ( )
!  (

)
Ω ^ ~

!a
 

!! 
!akλ , !!! !akλ

† , !! 
!bkλ , !!! 

!bkλ
†

!!! !akλ
†

!! 
!akλ  

!!! 

!akλ = Û
−1âkλÛ = âkλ + âkλ ,Ŝ⎡⎣ ⎤⎦+

1
2! âkλ ,Ŝ⎡⎣ ⎤⎦ ,Ŝ⎡
⎣

⎤
⎦+"

!akλ
† = Û −1âkλ

† Û = âkλ
† + âkλ

† ,Ŝ⎡⎣ ⎤⎦+
1
2! âkλ

† ,Ŝ⎡⎣ ⎤⎦ ,Ŝ⎡
⎣

⎤
⎦+"

⎧

⎨
⎪⎪

⎩
⎪
⎪

  (2.17) 

(2.4) !!Ŝ
 

!akλ = âkλ − iNk ραβλ
∗ (k)b̂αβ + ρβαλ

∗ (k)b̂αβ†( )
α>F
β<F

∑

!akλ
† = âkλ

† + iNk ραβλ(k)b̂αβ† + ρβαλ(k)b̂αβ( )
α>F
β<F

∑

⎧

⎨

⎪
⎪

⎩

⎪
⎪

  (2.18) 

!! 
!bkλ !!! 

!bkλ
†  

!!! 

!bαβ = Û
−1b̂αβÛ = b̂αβ − i ραβλ(k)âkλ + ρβαλ

∗ (k)âkλ†( )
kλ
∑

!bαβ
† = Û −1b̂αβ

† Û = b̂αβ
† − i ρβαλ(k)âkλ + ραβλ

∗ (k)âkλ†( )
kλ
∑

⎧

⎨
⎪⎪

⎩
⎪
⎪

  (2.19) 

 ( 2.1) (2.19) (2.18)

!k λ
(2.18)  

!akλ
†

kλ
∑ = âkλ

† + iNk ραβλ(k)b̂αβ† + ρβαλ(k)b̂αβ( )
α>F
β<F

∑
⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥kλ

∑

!akλ = âkλ − iNk ραβλ
∗ (k)b̂αβ + ρβαλ

∗ (k)b̂αβ†( )
α>F
β<F

∑
⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥kλ

∑
kλ
∑

  (2.20) 

 ( DP)

 (!!!âkλ
†

!!!âkλ )

 (!!!b̂kλ
†

!!!b̂kλ )

DP
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DP
DP DP

DP

!!ραβλ(k) !!ρβαλ(k) !!!ϕeα
∗ (r)ϕhβ(r) !!!ϕhβ

∗ (r)ϕeα (r)

DP  
DP

[2]  

Yukawa Potential
!
Veff =

e
−r
a

r
  (2.21) 

 
a r

DP DP
 

 
 

2.2	DP 	

 ( )
DP

DP DP
 

1cm3 023

 
[2-4]  

 
2.2.1	DP- 	–	 	

DP
2.3

2.1 2.3
 

			 
Ĥ = !ω "ai

† "ai
i=1

N

∑ +
p̂i
2

2mi

+ k
2 x̂ i+1 − x̂ i( )2

i=1

N−1

∑
i=1

N

∑ + k
2 x̂ i

2

i=1,N
∑

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
+ !χ "ai

† "aix̂ i
i=1

N

∑ + !J "ai
† "ai+1 + "ai+1

† "ai( )
i=1

N−1

∑  

    (2.22) 



																			 	
	

	 26	

!! !a† 2.3 i DP  
!!! 
!akλ
†

kλ
∑ ! !a

i !!!x̂ i !!!p̂i !mi

!k  

 
2.3  ( ) 

 

 !χ DP ! !J DP
 ( χ : !J : 

) J χ Γ  (

)  
p

!
Ωp

p !!ĉp
†

!!ĉp  

!! 
Ĥ = !ω "ai

† "a
i=1

N

∑ + !Ωpĉp
†ĉp

p=1

N

∑ + !χ ip
"ai
† "ai ĉp

† + ĉp( )
p=1

N

∑
i=1

N

∑ + !J "ai
† "ai+1 + "ai+1

† "ai( )
i=1

N−1

∑   (2.23) 

i DP p

!
χ ip

 

!! 

!ai , !aj†⎡⎣ ⎤⎦ =δ ij
!ai ,ĉp⎡⎣ ⎤⎦ = !ai ,ĉp

†⎡⎣ ⎤⎦ = !ai
† ,ĉp⎡⎣ ⎤⎦ = !ai

† ,ĉp†⎡⎣ ⎤⎦ =0
!ai , !aj⎡⎣ ⎤⎦ = !ai

† , !aj†⎡⎣ ⎤⎦ = ĉp ,ĉq⎡⎣ ⎤⎦ = ĉp
† ,ĉq†⎡⎣ ⎤⎦ =0

  (2.24) 

(2.23) DP
2.1

!!Ŝ !!Û  

!! 

Ŝ =
χ ip

Ωp

!ai
† !ai ĉp

† − ĉp( )
p=1

N

∑
i=1

N

∑

Û = eŜ
  (2.25) 

DP (2.25) !!Û
DP
(2.26) (2.27)  
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2.1 (2.26)
DP (2.27) DP  

!! 

α̂ i
† = Û† !ai

†Û = !ai
† exp −

χ ip

Ωp

ĉp
† − ĉp( )

p=1

N

∑
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪

α̂ i = Û
† !aiÛ = !ai

† exp
χ ip

Ωp

ĉp
† − ĉp( )

p=1

N

∑
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪

⎧

⎨

⎪
⎪⎪

⎩

⎪
⎪
⎪

  (2.26) 

 

!! 

β̂p
† = Û†ĉp

†Û = ĉp
† +

χ ip

Ωp

!ai
† !ai

i=1

N

∑

β̂p = Û
†ĉpÛ = ĉp +

χ ip

Ωp

!ai
† !ai

i=1

N

∑

⎧

⎨

⎪
⎪⎪

⎩

⎪
⎪
⎪

  (2.27) 

!0  

!! 
α̂ i
† 0 = !ai

† exp −
χ ip

Ωp

ĉp
† − ĉp( )

p=1

N

∑
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
0 = !ai

† exp −12
χ ip

Ωp

⎛

⎝
⎜

⎞

⎠
⎟

2⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
exp −

χ ip

Ωp

ĉp
†⎛

⎝
⎜

⎞

⎠
⎟

p=1

N

∏ 0   (2.28) 

 

!!β̂p
† 0 = ĉp

† 0   (2.29) 

(2.28) !!α̂ i
† 0

DP i DP

!!β̂p
† (2.29)

 
(2.26) (2.27) (2.23)  

!!
Ĵi = Jexp

χ ip − χ i+1p( )
Ωp

β̂p
† − β̂p( )

p=1

N

∑
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
  (2.30) 

 

!! 
Ĥ = !ωα̂ i

†α̂ i
i=1

N

∑ + !Ωpβ̂p
†β̂p

p=1

N

∑ −
!χ ipχ jp

Ωp

α̂ i
†α̂ iα̂ j

†α̂ j
p=1

N

∑
j=1

N

∑
i=1

N

∑ + ! Ĵiα̂ i
†α̂ i+1 + Ĵi

†α̂ i+1
† α̂ i( )

i=1

N−1

∑  

     (2.31) 
(2.31)

!!N̂iN̂ j = α̂ i
†α̂ iα̂ j

†α̂ j

!! Ĵi Γ

!!α̂ i
†

!!α̂ i !!β̂p
†

!!β̂p
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DP

DP ( (2.28) ) !!α̂ i
†

!!α̂ i

!!α̂ i
†

!!α̂ i

 (Dressed Photon Phonon) ( DPP)  
 
2.2.2	DP 	

DP DP
DP

	

	
2.4	 	

	
N

	( 2.4) 	(2.32) 	
	

			
mi

d2

dt2
xi = −ki+1 xi − xi+1( )−ki xi − xi−1( ) ⇒ M d2

dt2
x = −Γx  

 

		 

M =

m1 0 ! 0
0 m2 " #

# " " 0
0 ! 0 mN

⎛

⎝

⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟

		 

Γ =

k1 +k2 −k2 0
−k2 k2 +k3 !

! ! −kN
0 −kN kN +kN+1

⎛

⎝

⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟

 

 (2.32) 

	
	(2.33)

	

			
M d2

dt2
x = −Γx ⇒ ω 2Mx = Γx ⇒ ω 2x =M−1Γx   (2.33) 

		M−1Γ 	( )
	( ) 	

N=30 5 9 18 25 26 27
0.5 ki	(i=1, ,31) 	



																			 	
	

	 29	

	
2.5	 (a) 	ω i 	(i=1,

,30)	( :	30 :	5 9 18 25 26 27 ) (b)

	ω1 ,		ω2 ,		ω3

	
	

	( 2.5(b) )
2.5(b)

	[5,6]

2.5 (a)

2.5 (a) 	ω i 	(i=1, ,30)

	( )
	( ) 2.5(b)

	
[4] DP

p t

!!P(t) (2.34) 	( !!t =0
) 	

	

  (2.34) 

	
2.5

!!
P(t)=1−exp 2

χ ip

Ωp

⎛

⎝
⎜

⎞

⎠
⎟

2

cos Ωpt( )−1⎡
⎣

⎤
⎦

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
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DP DP
	

DP
DP

DP
(2.34) DP

	( (2.35)) DP DPP
	

  
(2.35a) 

 
(2.35b) 

l 	 	 	 	 	
l 

	
	 	 	 	

	
	

[4] DP
2.4 DP

(2.31) J χ

	[4] 2.6	 (a)
χ 0 J !! !J =1eV 2.6	(b)

	

!! 
J~!
k
⋅ χ
N

⎛
⎝⎜

⎞
⎠⎟

2

  (2.36) 

	
2.6	 (a)DP

(b)DP 	( [4] )	

!! 

Δx ⋅Δp≥ !2
ΔE ⋅Δt ≥ !2
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DP 	
( 2.6(a)) DP DP
DP

J
χ DP

(2.23) (2.31)
	( ) 	( ) DP

	
	

DP DP

	
DP

DP DPP
DP

DPP DPP

DPP
2.5(b) 2.6	 (b) DPP

DPP DPP α
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2.3	 DPP 	

2.3.1	 	

2.2
	(GaP ) 2.2

	

	
2.7	GaP 	

GaP	 (Gallium	 Phosphide )
Zincblend

2.7
X [7]

-X
Γ

[8]
	 ( )

GaP

	
DPP

DP
DP

DPP
DPP 	

	
	 	( )	
	

	
	

DPP

DPP
	

DPP DP
2.2

Weibull [9] 	



																			 	
	

	 33	

		
p(d)= 3

β
⋅ d
β

⎛
⎝⎜

⎞
⎠⎟

3

⋅exp − d
β

⎛
⎝⎜

⎞
⎠⎟

3⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

  (2.37) 

d 	β = 3 4πδ3

(2.37)
Γ

	

2.7
-X DP -X

<100> 2.8
A C DP

-X
A B -X

A-B DP
	

	
	

	
2.8	 (Zn ) DPP 	

	
-X

2.9 P
	 ( 2.9!⊥ [001] ) 2.9 Ga

Ga ZnGa GaP a

!!1/a

!!1/2a

DPP
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2.9 (Zn ) DPP DPP

	
	

	
2.10	 (a)pn Si	 LED pn

Weibull 	(
[9] ) (b)Si 	
	
	 DPP Si	 LED [9]
2.10(a) DPP pn Si	 LED pn

p 	 (B )
Si 2.10(b) GaP Zincblend

Si X GaP
-X

Si
(2.37) Weibull



																			 	
	

	 35	

2.10(a) Weibull
[9] Weibull

	 (3~6
) Si 	 (

2.10(b)) Si
[100] [010] [001]

-X
2.9 3~6

[10] DPP Si	 LED
Huang-Rhys [11]

Huang-Rhys !!S = 4.08±0.02 [10]
	

2.2

EL Huang-Rhys

	
	
2.3.2	DPP 	

2.2 GaP
-X 	 ( <100> )

pn DPP 	 (
-X Zn pn

)
	

	

	
2.11	DPP 	(DPP )	

	



																			 	
	

	 36	

(2.26) DPP ! !ai !! !ai
†

DPP

⊗ DPP

DPP
2.11 	

!! Eex ;el ⊗ Ethermal :phonon pn

-X pn
	 ( ) DPP

DP

!! Eex ;el ⊗ Eex ' :phonon

!! Eg ;el ⊗ Eex :phonon DPP

2.11
	 (

) !! Eex ;el ⊗ Ethermal :phonon !! Eex ;el ⊗ Eex ' :phonon

!! Eex ;el ⊗ Eex ' :phonon !! Eg ;el ⊗ Eex :phonon

DPP

!! Eg ;el ⊗ Ethermal :phonon 	

!! Eex ;el !! Eg ;el
DPP

	
	
	

2.4	 	

DP 	 (2.1
) DP DPP 	 (2.2 )

DPP DPP

	 (2.3 ) DPP
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Γ

[12] DPP
Γ

ω

δ [13]
	

[14] [15]

2.3 -X

	
(

DPP ) [16-19] DPP
pn pn

pn DPP
DPP

-X DPP

[2,9,10,16-19]

DPP
DPP

	
	

n p
pn pn pn

DPP
DPP

DPP
2.12 	

	
(1) DPP 	( )	

	 ( ) pn

Eg ! !ω laser

! !ω laser
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Eg

β

	
	

	
2.12	DPP (a)DPP (b)DPP 	
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(2) DPP 	( -X )	
pn DPP

2.3
DPP

DP

	
	

(1) (2)

DPP pn
DPP

[20] DPP
DPP

DPP
LED 	 (
) 	

	
DPP

DPP 	 ( )
GaP DPP

GaP 	 (2.26eV) 532nm	
(2.33eV) 	
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DPP 	
pn GaP	LED 	

	
	
	
	

3.1 GaP  

Zincblend GaP III-V
	 (3.1)

Eg [1] 	

!!
Eg =2.34−6.2×10−4 T 2

T +460eV, 0<T<1200   (3.1) 

	(300K) GaP Eg 2.26eV

546nm 555nm [2] Eg
GaP

Eg [3,4] 3.1

Eg
550nm Eg [5] II-VI

2.2~2.3eV Cd

[6] III-V

1.1

550nm GaP

	

GaP 3.2 X

[7]

GaP	LED N [8]

Zn-O [9]
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3.1	 	( [2] )	

	

	
3.2	 GaP 	( [7] )	

	

  (3.2) 

!!ψ iso(k)
2

	

	( 3.3)

3.3 	

!! 
Δx ⋅Δp≥ !2
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3.3	GaP N 	

	

2.26eV Eg 	

2.4 DPP GaP 2.3

GaP 	-X

Eg

	

GaP LEC

[5]

GaP 	

Γ

2.2

GaP Ga p

Be Mg Zn [10] Ga

0.13 0.35 0.94 2.2 2.3

DPP

DP Mg

Zn 31meV 64meV

DPP

DP

2.3

DPP δ

	



			 DPP pn GaP	LED 	
	

	 43	

GaP DPP

LED Si SiC GaP

	

	

	 	(LEC )

SiC 	

	 2.26	eV Eg
Si 	

	

DPP

Γ 	

	
	

3.2	GaP	pn 	

3.2.1	 pn 	

GaP LEC

n 	( :	S) Zn pn

3.1

	

	
3.1	n GaP 	(LEC ) 	

	

pn

SIMS	(Secondary	Ion	Mass	Spectrometry)

Γ

700keV 100keV

[11] 	

DPP 	

	

	 	( )	

	 	-X 	

	

2.3

Weibull 	

	 	 	 	 	

S 0.01Ωcm 300µm ~2×105cm-2 (111) 
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!!
p(d)= 3

β
⋅ d
β

⎛
⎝⎜

⎞
⎠⎟

3

⋅exp − d
β

⎛
⎝⎜

⎞
⎠⎟

3⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

  (3.3) 

d 	β = 3 4πδ3 3.4

GaP Zn

GaP 1020/cm3

GaP 1~3 1019/cm3	 3~8

(Zn) 1018/cm3

10 Zn DPP

GaP Zn 	(solubility) 4.3

1020/cm3 [12] 1020 /cm3

1019/cm3 	

	

	
3.4	 	(Weibull )	

	

3.5 [

] 	[300keV,	1.70 1014atoms/cm2,	7°]	 [500keV,	2.60 1014	

atoms/cm2,	7°]
1019/cm3 DPP

pn

500keV 100nm 500nm

pn npn 	
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3.5	 	

	

300keV pn

[11] 300keV

pn 	( )

	(I-V 3.11) 	

	

3.2.2	 	

pn

GaP	pn

	( 3.6) 	

GaP

	(Ga2O3) -

[13] HCl [14] HF

[15] NH4OH [16]
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3.6	 	

	
Zn [17]

50%HF 36%HCl HF

3.7 GaP

HF HNO3 1:1 GaP !(111) !(111)
[18] δ

HCl 	

	

	
3.7	HF GaP SEM 	
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×

-

!qφB × !φM

!χS 	

!qφB = qφM +qχS (n ) 

!
= Eg − qφM +qφS( )  (p ) 

 (3.4) 

III-V

[5] 	

[19] 	 [20] 	

[21] 	 [22]

Si

GaAs

InP III-V AuGeNi	(n )

AuZnNi	(p ) [23-27] AuGeNi

n Ge n

	( 3.8)[25] 	

	

	
3.8	AuGeNi 	

	

n-GaP	( ) AuGeNi 300nm p-GaP	( ) AuZnNi

150nm p

	( 3.9(b)) DPP

pn

DPP LED

550µm
550 µm 3.9(a)

 
-

350 [26]  
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3.9 
(a)

(b)
SEM  

 

 
3.10  

(a) 1µA (b) I-V  
 

360 1µA
 ( 3.10) 360 480

- [26]
3.10

DPP δ GaP
DPP

DPP GaP LED
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3.11 GaP pn I-V  

 
I-V 3.11 -

GaP
 

	
	

3.3	DPP GaP	LED 	

3.2 GaP	pn

2.4 DPP GaP	LED

	

DPP

Eg

DPP 532nm	(=2.33eV)

2.33eV GaP Eg 2.26eV

GaP 	

Eg
GaP 2.3eV

28µm [28] pn 	(

250nm) 2.33eV DPP

GaP pn

pn 2.33eV

	

3.12 DPP DPP

EL DPP EL

3.2 CCD on/off EL

CCD EL

DPP EL 	
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3.12	 	

	
3.2	 	

	
	

Keithley K-2400 	( 5

)

EL Si-CCD	(Roper-Scientific	

Inc.) -100 CCD

GaP 30mA	(9.9A/cm2)

532nm DPP

0.4W

0.6mm DPP 	(EL )

	(

) GaP 	

DPP 	( 3.2 EL

) EL EL CCD

0.25 1%

3.13 DPP EL

3.13(a) DPP EL 	(

3.13(b) ) 3.13(b) EL

3.13(c) 3.13(d)

3.13(b) (d) DPP

	(2.33eV) GaP 	(2.26eV)
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3.13	DPP (a)	DPP EL

(b)	EL (c) (d)DPP EL

	

	

3.13(a) 4

3.13(b) EL 3.13	

(d) (3.5) R GaP

Eg 	(1.7~2.2eV)

	

!!
R =

Psat(E)−Pini(E)
Pini(E)

  (3.5) 

2.2eV R 150~250%

DPP

Ga Zn P

[29]

(S ) [30]

Zn-O p Zn

n [31] DPP

Eg
	

Eg 2.33eV

R 550%

δ
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3.13(d) 2.33eV

	( ) 50meV

GaP LO

[32] δ

2.3 3.13 δ

DPP δ 	

3.13(c) DPP

	

 
	

3.4	 	

DPP Eg
δ GaP pn

δ

[33]

pn

δ

GaP PL	(Photoluminescence)

[34] 	

	

	
3.14	 GaP 	
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3.14

G

3.14 1000

600

800

	

800 30

	( :	488nm) 3.15 	( ⚪ ︎)
	( ) 	( )

3.3 LO

TO

	

	
3.15	 	

	
3.3	Zincblend 	( Td) 	

	 TO 	 LO 	

	(100) 	 	 	

	(110) 	 	 	

	(111) 	 	 	
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3.16	 (a)	EL (b)DPP

EL 	( 3.13(d) )	

	

3.3 δ

3.3 DPP 3.16

3.16(a) EL 3.16(b) (3.5)

R 	( 3.13 (d) )

3.13

3.3

	

3.15 3.16 Zn

300keV GaP GaP

DPP δ pn

δ
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3.5	DPP 	

3.3 3.4 DPP

GaP DPP

DPP 	( )

	( )

DPP

	

	

	
3.17 DPP (a)	)	EL

(b)DPP EL 	( 3.13(d)

)	

	

30mA 3.17

3.17(a) EL 3.17(b) (3.5)

R 3.17 (b) 2.2eV
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2.2eV DPP

δ δ

DPP

3.17(b)

	

	

LEC n GaP Zn

GaP	pn DPP Eg

δ

DPP

EL

	

	

( )	
	

	
3.18	GaP 	

	

EL

3.3

	( 3.18)

GaP DPP
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DPP

	

MOVPE GaP LEC

3.18

Appendix MOVPE GaP	 pn 	
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DPP 	

	
	
	
	
4.1 DPP LED  

DPP
DPP

 (2.2eV )
DPP

 ( Eg 2.26eV )
DPP

 

DPP
×

 
×  ( )
×

GaP SiC pn
DPP LED DPP

 (
4.1)[1] 4.1 ×

×

GaP pn
DPP 4.2  

4.2 (4.1) DPP R  (
(3.5) )  

!!
R =

Psat(E)−Pini(E)
Pini(E)

 	 (4.1) 

4.2  ( 532nm 0.4W
0.6mm 30mA) DPP

 (15mA) DPP 9
Eg  ( DPP

) DPP  



										 DPP 	
	

	 59	

 
4.1 DPP SiC LED  ( [1] ) 

 

 
4.2 EL R  

 
 (Eg )

4.1 4.2
DPP LED
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4.3  

 

4.3 4.3 case.1
DPP

DPP
4.3 case.2

Eg

DPP

4.3 case.3 ×

 
4.4 ×

4.4(a) 4.3 case.1
DPP

4.3 case.2 DPP
4.4(a)

× 4.4
(b)  
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4.4 (a) (b)  

 

4.2	DPP 	

GaP pn  
DPP

DPP
LED [2]

DPP

LED  (

)
DPP

DPP
2.33eV R(2.33eV) DPP

 
400mW

4.5 30mA ×

4.5 (a) (4.1) R 4.5
(b) R(2.33eV)

 (DPP
) 30mA ×  (DPP

)  
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4.5 400mW (a)DPP EL

R (b) DPP 2.33eV R(2.33eV) 
 

 
4.6 180mW (a)DPP EL

R (b) DPP 2.33eV R(2.33eV) 
 

4.6 180mW DPP
4.5 ×

DPP
 



										 DPP 	
	

	 63	

 
4.7  400mW 180mW  

 
4.5 4.6 4.7

DPP × %
R(2.33eV) 4.4

4.7

260mW DPP
4.8 4.7 260mW  

 

 
4.8 260mW (a)DPP EL

R (b) DPP 2.33eV R(2.33eV) 
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DPP 20mA 30mA R(2.33eV)
 

4.8 4.7 4.9
[260 mW, 30mA] [180mW, 20mA]

R(2.33eV)  
8.7W/A 9.0W/A

4.9 R(2.33eV)
4.4

 
 

 
4.9  

 

 
 

 : 180mW  
 × : 12mA 16mA 20mA 24mA 30mA 
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!!
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− 1
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⎛
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⎧
⎨
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⎫
⎬
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!!
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T1 −T2
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!!T1 =320K !!T2 =310K !!γ T1 !!γ T2 5.6
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