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1

1.1

1.1.1 III

III III Al

Ga In

III AlGaN AlInN InGaN AlGaInN

1.1 a

III III

AlN 6.2 eV InN

0.6 0.7 eV

1.1 III  [1-6]
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1.1 a

1.1  III

[eV] 

[ ] [10-6/K] 
[W/cmK]

a c a / a c / c 

AlN Wurtzite 6.2 3.112 4.982 4.2 5.3 8.5 0.29-0.45 2.9 

GaN Wurtzite 3.4 3.189 5.185 5.6 3.2 9.5 0.18-0.29 2.1 

InN Wurtzite 0.6 - 0.7 3.53 5.71 3.8 2.9 15.0 0.05 1.2 

1.1.2 III

GaN 1969 Maruska

MIS LED  [7] GaN

GaN

p p-n
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1986 Amano

 [8] GaN MOVPE

GaN GaN

p

 [9] p

p  [10]

Nakamura

p

 [11] p Mg

 [12]

2 1992 GaN / AlGaN

 / LED 1993 AlGaN / InGaN LED

 [13]

LED LED 1

LED YAG LED

 [14-16]

2014

Akasaki Amano Nakamura 3  [17]
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1.1.3 III

LED

1.2 

 (External Quantum Efficiency : EQE)

 [18] InGaN LED 90 EQE

LED  [19]

In EQE

 [20, 21]

55% EQE LED  [22, 23]

EQE 20%

 [24] EQE

1.2
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InGaN LED EQE 2 1

2

c GaN

 (Multiple Quantum Wells : MQWs) 

 [25] MQWs

3 nm LED

MQWs

 [26, 27]

2

 [28, 29]

1.1 InN KInN

GaN H2

N2 InN

GaN

1.1



6

1.3 In

 [30]

In

H2

 [31]

1.3 InGaN

c GaN LED

LED
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1.2

GaN LED MQWs InGaN GaN

c III

In Ga InGaN In

1.4 (a) 

N III p1 + p2 + p3 + p4 = 0

1.4 (b)  (p1 + p2 

+ p3 + p4  0) 

 [1, 32-34] GaN 1.5 

c

MQWs

MQWs 1.6 (a) 

1.6 (b) 

p n

MQWs

 [35]
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1.4

1.5

1.6
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1.3 III

c GaN LED

c

GaN 1.7 c m

1.8 c a  [36]

a m c a

m  (11-22)  (10-11) 

GaN LED c

MQWs

LED

1.9 GaN In 15% InGaN

 [31] c 50 90°

{11-22} {10-11} {20-21} 

In LED

 (Full Width at Half Maximum : FWHM) 460 

nm 520 nm LED

LED c LED  [37, 38]

LED  (Laser Diode : LD) 
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[39, 40]

 (Photoluminescence : PL)  {20-21} 

 {20-21} InGaN

c

 [41]

 [42] 6 c 2

{11-22}  {10-11} 

 [43, 44]

 [45, 46] LD

III
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1.7 c m

1.8 c a
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1.9 c

1.4

 (Metal-organinc vapor phase epitaxy : MOVPE) 

GaN LED Al

Ga In  (Trimethyl Aluminum : 

TMA)  (Trimethyl Gallium : TMG)  (Trimethyl 

Indium : TMI) N  (NH3) 

 (Si)  (SiH4) 

 (Mg) 

 (Cp2Mg) 

 (H2)  (N2) 

 [1, 32]

MOVPE 1.10 
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TMI Cp2Mg

 (Mass Flow Controller : MFC) 

1.10 

[32] BN BN
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1.10 MOVPE

1.5

 (Hydride vapor phase epitaxy : HVPE) 

HVPE m/h

HVPE GaN 1969

Maruska Tietjen GaN 3.4 eV

 [7]

HVPE 1.11 

1200 ºC
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GaN

HCl + Ga  GaCl + 1/2 H2

GaCl + NH3  GaN + HCl + H2 

Ga

 (HCl) 

GaCl GaCl MFC HCl

1.11 GaCl NH3

GaCl H2 NH3

2

1.11 

1.11 HVPE
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1.6 GaN

GaN 1.12 c

MOVPE c-GaN GaN

HVPE c-GaN 1.12 (a) 

c GaN

c-GaN

c GaN c GaN m

106 cm-2  [47-50]

c-GaN GaN

GaN 5 mm

 [51]

1~2 mm

c-GaN  {10-11} {10-12} 

 {11-22} 

 [52-54] cm

c-GaN

1.12 GaN

GaN

GaN

 [55]
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1.12 GaN

GaN  (Basal Stacking Faults : BSFs) 

BSFs GaN c BSFs

c

BSFs

GaN

1.7

1.13 

 (Patterned Sapphire Substrate : PSS) MOVPE

GaN HVPE
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GaN GaN

PSS Kyropoulos 

method (KY ) Edge-defined film-fed gwoth method (EFG ) Heat exchange method (HEM ) 

Czochralski method (CZ ) 10

GaN

GaN  {20-21} 

 {20-21}  {20-2-1} GaN  {10-11} {11-22} 

c GaN  = 

2  < 1 107 cm-2  = 

1 4

1.14 

2 2  {20-21} GaN

MOVPE PSS GaN  {20-21} GaN

GaN  {10-11} {11-22} 

GaN PSS {20-2-1} GaN GaN

N PSS

3 GaN HVPE

2 PSS GaN GaN

4 3 {20-21} GaN GaN
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5 HVPE 4

GaN  {20-21}  {20-2-1} 

1.13 GaN

1.14
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2 {22-43}  {20-21} GaN

MOVPE

2.1

GaN c

GaN

GaN

GaN c GaN GaN

GaN

GaN Si SiC

MgAl2O4

 [56-60] LED

c

GaN

r a GaN m

 {11-22} GaN  [56, 61, 62]

GaN 1010 cm-2
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GaN GaN

 (Epitaxial Lateral 

Overgrowth : ELO)  [63-66]

c c GaN c

c

GaN  [67-69] GaN c c

GaN c c

c c

PSS GaN

GaN c

58  {11-22} GaN r PSS GaN c 62  {10-11} GaN

n PSS  [70, 71]

GaN 108 cm-2

GaN BSFs BSFs

GaN c

c

BSFs

 = 2  < 1 107 cm-2  = 

2.1 GaN c 75

 {20-21} GaN {22-43} PSS MOVPE
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BSFs

2.1 {22-43} {20-21} GaN

2.2 {22-43} 

{22-43} PSS 2.2 

(1)

2  {22-43} 

(2) SiO2

SiO2 100 nm

(3) HMDS

(1) SiO2

HMDS

115 ºC 200 s

3 m
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(4)

200 mW/cm2

115 ºC 150 s

c 3 m 6 m

(5) ICP-RIE 

SiC

Ar BCl3 Cl2

(6)

2.2
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2.3 1  {20-21} GaN

{22-43} PSS MOVPE {20-21} GaN

2.3 H2 1150 ºC

460 ºC GaN

TMG 12.64 mol/min NH3 5.0 slm 709 s

25 nm 1000 ºC GaN

TMG 30.35 mol/min NH3 0.2 slm

1 h 5 h GaN 98.5 kPa

2.3 {20-21} GaN 
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2.4 XRD (X-ray Diffraction : XRD) 2.5 

SEM (Scanning Electron Microscope : SEM) 2 -  22-43 

 20-21 GaN GaN

 {22-43}  {20-21} GaN

SEM

2.5 (a) 1 h −c  {10-11} 

2.5 (b) 5 h

−c m {10-11} +c

1 h 5 h m −c

−c

GaN V/III  = 

+c V/III  = 294 V/III Ga

 [72] +c +c

+c +c +c −c

2.5 (b) 

2

1 −c r PSS

 {11-22} GaN SiC m GaN −c

{22-43} PSS  {20-21} GaN −c

 [70, 73] 2
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2.5 (b) 

HVPE

2.4 {22-43} PSS  {20-21} GaN XRD

2.5 {22-43} PSS  {20-21} GaN  (a) 1 h (b) 5 h SEM
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2.4  {20-21} GaN

{22-43} PSS  {20-21} GaN

SEM −c −c 2.6 PSS

c PSS −c

−c  (< 0.1 m) −c

 (~1 m)  PL 4 K He-Cd

 (  = 325 nm) 14 mW 0.1 mm

300 gr/mm 2.7 −c

3.49 eV  (Near Band Edge : NBE) 

−c NBE 3.44 eV BSFs

 [74-76] −c

BSFs

2.6 −c
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2.7 −c  {20-21} GaN 4 K PL

−c

TEM (Transmission Electron Microscope) 

−c ~ 0.9 m < 0.05 m 2.8 (a) (b) SEM

2.8 (c) (d) TEM 2.8 (e) (f) {22-43} PSS

c +c {22-43} PSS c

−c

c c-GaN

+c +c

+c 90

 [77-79]

+c
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2.9 {22-43} PSS  {20-21} GaN c GaN

75 ELO

90

 {22-43} PSS

+c

−c

CL (Cathode Luminescence) 2.10 

−c

PSS c

6 m
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2.8 −c  {20-21} GaN  (a) (b) SEM (c) (d) TEM

(e) (f) 
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2.9  (a) (0001)  (0001) GaN (b) 

(c) {22-43} PSS  {20-21} GaN 

2.10 −c  (a) (b)  {20-21} GaN CL
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III III PL BSFs

TEM

2.1  [80] TEM

g0002 g30-33 g10-11 g10-10 4 2.11 TEM

c

 [81] TEM

g30-33 g10-11 g10-10

g0002

I1 BSFs

 [82]

2.1

Type 

g I1 I2 E PSF 

0002 Invisible Invisible Invisible Invisible 

30-33 Visible Invisible Invisible Invisible 

10-11 Visible Visible Visible Invisible 

10-10 Visible Visible Invisible Visible 
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2.11 TEM (a) g0002 (b) g30-33 (c) g10-11 (d) g10-11 (e) 

GaN {22-43} PSS  {20-21} GaN

BSFs

2.5 (a) 1 h
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−c −c

−c −c

Hiramatsu c-GaN  <11-20> 

ELO  and/or 

+c {10-11} 

2.12 2  [83]

1

−c 2 +c

−c

BSFs

2

 {20-21} GaN

2.12 c-GaN  <11-20> ELO
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2.5 2  {20-21} GaN

2.5.1

2.13 

1 975 ºC 1000 ºC 1025 ºC 3 2

875 ºC 900 ºC 925 ºC 3 9

1 2 TMG 30.35 mol/min NH3 0.2 slm

0.5 h 3 h 1 2

1 PSS c

PSS

2 98.5 kPa

2.13 2
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9 SEM 2.14 −c 2.15 1

975 ºC 2 875 ºC −c 900 ºC 925 ºC

2.5 (b) 

+c 1

1025 ºC 2 900 ºC 925 ºC −c

1 1000 ºC 2 −c

1 1000 ºC 2 900 ºC

−c

 {22-43} PSS  {20-21} GaN c-GaN  <11-20> 

ELO

2.16 2 1

−c  {10-11} 2

−c {10-11} +c m

+c −c

m

2 −c {10-11} 

m {10-11} +c

m  {10-11} 
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2.14 2  {20-21} GaN SEM

2.15 2  {20-21} GaN −c



38

2.16 {20-21} GaN 2
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2.5.2 V/III

1 1000 ºC 2 900 ºC V/III

GaN V/III 147 294 882 2942

5884 NH3 V/III

2.17 

SEM

V/III  = 5884

XRD GaN 20-21 GaN  22-43 

chi 15 fai  0002 GaN  22-40 

c GaN c

a GaN c

c SiO2

2.18 c GaN c

a GaN c

V/III  = 5884 SEM

a GaN c

c GaN c a GaN c

{20-21} GaN V/III  = 147~2942 V/III

 = 147 −c

V/III Ga Ga
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2 5

V/III  = 147 ~ 294

V/III  = 294 882 2942 −c

2.17 V/III  {20-21} GaN SEM  (a) V/III = 147  (b) V/III 

= 294  (c) V/III = 882  (d) V/III = 2942  (e) V/III = 5884 
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2.18 (a) (b) c  (c) (d) 

(e) V/III  = 5884  {20-21} GaN

2.19 4 K PL V/III  = 147 BSFs

3.44 eV  (Prismatic Stacking Faults : PSFs) 

−c BSFs

PSFs PSFs

BSFs V/III 3.49 

eV NBE 2.2 eV

(Yellow Luninescence : YL)  [84]

2.20 NBE YL V/III V/III  = 294

V/III  = 2942 NBE 7

YL 1/4 NH3
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YL Ga

Ga Si Ga D-A

 [85-93] YL D-A

Ga V/III

Si O

V/III  = 294

Hall 4.5×1018 cm-3

31.5 cm2/Vs

Si O

Si

108 cm-2 cm2/Vs

O

 [94-95] GaN GaN

GaN GaN Si

GaN O GaN 5

O  [96] c-GaN

1050 1100 ºC  {20-21} GaN 900 1000 ºC

NBE V/III 294

GaN

 [97]

V/III
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 = 147 V/III  = 294

PSFs

2.19 (a) V/III  {20-21} GaN 4 K PL (b) NBE

2.20 V/III  {20-21} GaN 4 K PL  (a) NBE (b)YL 
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2.21  {20-21} GaN c XRC (X-ray Rocking 

Curve) c FWHM 543 arcsec c

FWHM 399 arcsec c

3.8 m c 11.5 m

c 7.7×106 /ºC c

7.0×106 /ºC c

FWHM c

c FWHM

c FWHM c

PSS c  {10-11} GaN {11-22} GaN

 [71, 98]

2.21 {20-21} GaN XRC  (a) c (b) c
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2.6

GaN c 75  {20-21} GaN 2 {22-43} 

PSS MOVPE

1000 ºC 2  {22-43} PSS c

 {20-21} GaN −c {10-11} +c m

+c

−c GaN c

I1 BSFs BSFs

−c +c

2 2

100 ºC 1000 ºC 2

900 ºC −c BSFs

1/10

V/III V/III  = 147~2942 V/III

NBE YL

Hall

V/III

V/III  = 2942

BSFs PL 7
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3 GaN

HVPE

3.1

GaN Na

HVPE 3.1 GaN

300 600 ºC 1000 5000  [99-101] Na

Na

750 900 ºC 30~50  [102, 103]

1×104 cm-2

HVPE 106 cm-2

GaN

 [47-51]

 = 2  < 1 107 cm-2  = 

 {20-21} 

{11-22} {10-11} GaN HVPE
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3.1 GaN  (a) HVPE (b) Na

(c) 

3.2 GaN

MOVPE 2 PSS  {20-21} GaN  {10-11} GaN  {11-22} 

GaN

HVPE 3.2 1

N2 15 min 600 ºC 2

H2 NH3 45 min 1040 ºC

V/III  10 GaN 6 h 98.5 

kPa
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3.2 HVPE GaN 

3.3 {20-21} GaN {10-11} GaN {11-22} GaN

{10-11} {11-22} 

GaN c m {10-11} {11-22} 

 {11-22} GaN m

 {20-21} GaN

{20-21} 

m  {10-11} m  {10-11} 

 {20-21} 

MOVPE GaN

2~3 m

CMP (Chemical Mechanical Polish) m  {10-11} 
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 {20-21} GaN HVPE

3.4 2 PSS

mm

3.3 

3.5 

c-GaN c-GaN

3.6 c-GaN {10-11} GaN c-GaN

GaN {10-11} 

GaN GaN

 {10-11} GaN

GaN

GaN

GaN

GaN

GaN

HCl GaN
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SiC

3.3 HVPE GaN  (a) {10-11} (b) {11-22} (c) {20-21} 

3.4
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3.5 c-GaN

3.6 GaN  (a) (0001) (b) {10-11} 

CL 3.7 

CL

GaN

c-GaN
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3.7

3.1  [104, 105]

(3.1) 

h0 h 0

n n = 0.67 K

c {20-21} {11-22} 

c  {10-11} > 

{20-21} = {11-22} 

 [104]
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PSS GaN

1 GaN 1 GaN

GaN m GaN

GaN 1×107 1×108 cm-2 PSS MOVPE

GaN

HVPE c-GaN

Ti

Void-Assisted Separation  [106, 107]

HVPE c-GaN

ELO  [77, 108]

GaN

GaN

HVPE ELO

ELO c-GaN 100 m/h
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mm GaN GaN

m/h

500 m/h HVPE GaN

ELO 500 m/h 

3.3 {11-22} GaN SiO2

3.3.1 {11-22} GaN

{11-22} GaN r-PSS m

3×108 cm-2 1×1010 cm-2 r-PSS

m  {11-22} GaN

GaN MOVPE

MOVPE 50 2

MOVPE 2 1

MOVPE m

 {11-22} GaN HVPE MOVPE

HVPE 2

HVPE 2 m  {11-22} GaN

m  {11-22} GaN 3.2

1040 ºC
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3.8 HVPE m  {11-22} GaN (a) (b) 

V/III  10 GaN 5 min 98.5 kPa 3.8 

{22-43} PSS 3 m 6 m

SiO2

200 nm  {22-43} PSS

SiO2

3.9 SiO2 SiO2

 {11-22} GaN m HVPE
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3.9 {11-22} GaN  (a) SiO2 (b) SiO2

3.10 

GaN SiO2

10

GaN m

3.11 

GaN

SiO2

2
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3.10 {11-22} GaN  (a) SiO2 (b) SiO2

3.11  {11-22} GaN  (a) (b) 

3.12 

2000 2400 

m 500 m/h
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SiO2  {10-11} 

m

 (Peak to Valley : PV) 1500 m  {11-22} 

GaN 1500 m

2000 2400 m

SiO2  {10-11} 

m

PV 300 m m  {10-11} 

m  {10-11} 

ELO

3.12 {11-22} GaN  (a) SiO2 (b) 

SiO2



59

3.3.2

SiO2

 {11-22} GaN m 30 45 60 90

3.1 SiO2

SiO2

SiO2

 {11-22} GaN SiO2

3.13 SiO2

SiO2 SiO2

m SiO2

2.7 107 cm-2

SiO2

SiO2 m ELO

−c BSFs
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3.1 m SiO2

Rotation angle [°] Number of Crack 

without SiO2 14 

90 2 

60 1 

45 0 

30 1 

0 0 

3.13 SiO2

SiO2

m SiO2 1 

min HVPE 3.14 SEM CL SEM

SiO2

SiO2  {10-11} 
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ELO

CL SiO2

HVPE

SiO2

GaN

GaN

3.15  {0001} GaN

3.1 K

SiO2 K = 5 nm SiO2

K = 35 nm SiO2

SiO2 HVPE

500 m/h ELO
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3.14 1 min  {11-22} GaN (a) SiO2 SEM

(b) SiO2 CL (c) SiO2

SEM (d) SiO2 CL

3.15
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3.4 {10-11} GaN SiO2

3.4.1 {10-11} GaN

{11-22} GaN  {10-11} GaN SiO2

MOVPE 2 n-PSS  {10-11} GaN

{22-43} PSS

3 m 6 m

SiO2 200 nm

 {22-43} PSS

SiO2 3.16 

SiO2 SiO2  {10-11} GaN a

HVPE

3.16 {10-11} GaN  (a) SiO2 (b) 

SiO2
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3.17 

GaN SiO2

10

GaN m

SiO2

1

3.18 

1600 2000 m

400 m/h SiO2

 {10-11} PV

300 m SiO2 PV

3.19 0.19 mm × 0.14 mm

PV 0.1 m RMS 16.8 nm MOVPE

PSS

PSS GaN

3 2

SiO2

 [106, 107, 109-111]

SiO2 PSS c

PSS GaN  [112]
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3.17 {10-11} GaN  (a) SiO2 (b) SiO2

3.18 {10-11} GaN  (a) SiO2 (b) 

SiO2

3.19 SiO2  {10-11} GaN
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3.5 {20-21} GaN SiO2

3.5.1 {20-21} GaN

{11-22} GaN {10-11} GaN  {20-21} GaN SiO2

MOVPE 2  {22-43} PSS

{20-21} GaN

 {22-43} PSS

3 m 6 m

SiO2 200 nm

 {22-43} PSS

SiO2 3.20 

3.21 MOVPE SiO2

SiO2  {20-21} GaN a

{22-43} PSS  {20-21} GaN  {10-11} m

SiO2 PSS

HVPE
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3.20 {20-21} GaN  (a) SiO2 (b) 

SiO2

3.21 {20-21} GaN  (a) SiO2 (b) 

SiO2

3.22 

GaN SiO2

10

GaN m

SiO2

2

3.23 
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1600 2000 m

400 m/h SiO2

m  {10-11} 

PV 300 m SiO2

PV

3.24 

0.19 mm × 0.14 mm PV 2.4 m RMS 272.0 nm

m a

m/h ELO

3.22 {20-21} GaN  (a) SiO2 (b) SiO2
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3.23 {20-21} GaN  (a) SiO2 (b) 

SiO2

3.24 SiO2  {20-21} GaN
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3.5.2

SiO2  {20-21} GaN SiO2

{20-21} GaN a 30 min HVPE 1

100 m/h

3.25 SiO2

30 min

SiO2

3.26

GaN
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3.25 {20-21} GaN  (a) (b) SiO2

(c) SiO2

3.26 {20-21} GaN

r-PSS  {11-22} GaN GaN

 [113]

GaN SiO2
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GaN GaN

HVPE

HVPE 3.25 (c) 

2 HVPE 10 min

3 HVPE 480 min

3.27 2 HVPE

3 HVPE

m

3.25 (a) (c) 3.27 (a) (b) HVPE

3.27 {20-21} GaN  (a) HVPE 2 (b) HVPE 3
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HVPE MOVPE

SEM CL 3.28 

HVPE

CL a BSFs

BSFs

BSFs c c

c ELO

a

a 6 m

 nm −c

3.28 (a) (b) 

BSFs

-c
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3.28 HVPE  {20-21} GaN  (a) SEM (b) CL

MOVPE  {20-21} GaN  (c) SEM

(d) CL

SiO2

SiO2

SiO2

ELO

ELO

490 m 500 m SiO2
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100 m/h 20 min HVPE

3.29 ELO

3.30 (a) (b) SEM CL 3.30 (c) (d) 

a SEM CL SEM

m  {10-11} 

m

3.29 490 m 10 m SiO2  {20-21} GaN
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3.30 490 m 500 m SiO2  {20-21} GaN

 (a) SEM (b) CL (c) SEM (d) CL

3.31 {20-21} GaN

SiO2

SiO2

ELO m
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3.31 GaN

SiO2  {20-21} GaN 3.32 

{0001} GaN 3.1 

K K = 4 nm {0001} GaN  {11-22} GaN

SiO2 K = 12 

nm SiO2

1000 m 4 K

PL 3.33 MOVPE

3.44 eV BSFs

HVPE BSFs

BSFs

BSFs

GaN

I1-type BSFs  [114] HVPE

MOVPE 100 200 ºC

GaN
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MOVPE  {20-21} GaN BSFs +c

PSS SiO2 BSFs

BSFs

MOVPE Volmer-Weber

BSFs

 [115] HVPE

 [116-118]

m  nm

GaN GaN

0
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3.32

3.33 {20-21} GaN 4K PL

3.6

 = 2  < 1 107 cm-2  = 



80

 {20-21}  {11-22} {10-11} GaN

HVPE HVPE

{11-22} GaN {10-11} GaN {20-21} GaN

SiO2 HVPE ELO

400 m/h {11-22} GaN

1500 m PV 300 m {10-11} GaN 300 m PV 0.1 m

{20-21} GaN 300 m PV 2.4 m

2

BSFs

ELO

ELO

m

BSFs

BSFs
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4 GaN

4.1

SEMI Si [119] GaAs [120] InP [121]  [122] SiC 

[123] c-GaN [124] 

GaN

 [125, 126] c-GaN Ga  {0001} 

N  {000-1}  {000-1}  {0001} 

5 10  [127, 128]

 = 2  < 1 107 cm-2  = 

 = 2  {20-21} GaN

= 2  {20-21} GaN
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4.2 {20-21} GaN {20-2-1} GaN

 {20-21} GaN  {20-2-1} GaN  {20-2-1} 

GaN

10 mm × 10 mm

30 40 m Ni

SiC

100 300 m/min 10 30 min

#230

1000 1500 rpm 15 

m/min  {20-21}  {20-21} 

 {20-2-1} 

1 6 m

2 3 m 100

150 ml/h 100 rmp 50 rpm 30~100 m/h

10 50 m CMP

50 300 ml/h 40 rpm 100 1000 g/cm2

 nm CMP
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1 m  [129, 130]

500 m  {20-21} GaN 4.1 

4.1  {20-21} GaN

4.3 GaN

500 m  {20-21} GaN Vis-UV

4.2 374 nm 850 nm

4.1 

                         (4.1) 
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n A0 A1 A2 A0 = 2.27

A1 = 304.7 A2 = 294.0  [131] 4.2 

r

                               (4.2) 

r Tinternal 4.3 

                          (4.3) 

532 nm 2 cm-1

4.3  {20-21} GaN AFM 4.4  {20-2-1} GaN AFM

{20-21} GaN 1 m 5 m 10 m RMS

0.180 nm 0.260 nm 0.364 nm {20-2-1} GaN 1 m 5 m

RMS 0.187 nm 0.191 nm AFM

4.5 0.35 mm × 0.26 mm

PV RMS 2.274 nm 0.195 nm
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4.2 500 m  {20-21} GaN

4.3 {20-21} GaN AFM  (a) 1 m × 1 m (b) 5 m × 5 m (c) 10 m × 10 

m 

4.4  {20-2-1} GaN AFM  (a) 1 m × 1 m (b) 5 m × 5 m 

400 500 600 700 8000
10
20
30
40
50
60
70
80

Wavelength [nm]



86

4.5 {20-21} GaN

2  {20-21} GaN

CMP 4.6 

2  {20-21} GaN



4.4

= 

4.4

2

2

= 

{20

= 

{20

{20-21} 

2

{20-21} 

21} 

2

= 

{20

21} 

{20

= 

{20-21} 

{20-21} 

GaN

2

21} 

21} 

GaN

4.6

2

{20

GaN

6

GaN

{20-2-

GaN

2

GaN

-1} 

GaN

2

< 1

GaN

GaN

< 1 10

87

107 cm

87

{20

cm-

{20-21} 

-2

21} GaNGaN

= 

GaN

= 

{20{20-21} GaN21} GaN21} GaN21} GaN

2
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5 {20-21} {20-2-1} GaN HVPE

5.1

GaN {20-21} 

GaN  {20-2-1} GaN  [132-139] PSS

 {20-2-1} GaN 5.1  {20-2-1} GaN  {22-43} 

PSS c −c −c

{20-21} GaN 1

[140] 2 −c BSFs

BSFs  {20-2-1} GaN PSS

{20-21} GaN  {20-2-1} GaN {20-21} GaN

CMP  {20-2-1} GaN

GaN 107 108 cm-2

 = 2  < 1 107 cm-2  = 

 {20-21} GaN

HVPE  {20-21} 

 {20-2-1} 

GaN

PSS GaN

HVPE
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5.1 {22-43} PSS  (a) {20-21} GaN (b) {20-2-1} GaN  

5.2 GaN

{20-21} GaN  {20-2-1} GaN

HVPE

5.2 1

N2 15 min 600 ºC 2

H2 NH3 45 min 1040 ºC

V/III  10 GaN 2 

min 30 min 240 min 98.5 kPa
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5.2 HVPE GaN 

5.3 2 min {20-21} 

 {20-2-1} 

TEM 5.4 g10-10

TEM {20-21}  {20-2-1} 

HVPE

GaN BSFs

GaN BSFs
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5.3 GaN HVPE  (a) {20-21} (b) {20-2-1} 

5.4 GaN HVPE TEM  (a) {20-21} (b) {20-2-1}

5.5 30 min 240 min

{20-21} GaN 30 

min {20-2-1} GaN 240 min mm

GaN
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3.25 

CMP

5.5 GaN HVPE  (a) {20-21} 30 min (b) 

{20-2-1} 30 min (c) {20-21} 240 min (d) {20-2-1} 240min
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HVPE CMP

 nm

AFM

5.6 (a) nm

60 min

10 min AFM

5.6 (b) 

10 min

60 min 5.6 

(c) 

CMP

1

5 ~ 10  / mm2

mm

 nm

AFM m
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5.6  {20-21} GaN 5 m × 5 m AMF  (a) 

(b)  10 min (c)  30 min 

5.3 GaN

5.7  {20-21} GaN  {20-2-1} GaN 240 min

CL {20-21} 1.0×108

cm-2 {20-2-1} 2.0×108 cm-2  {20-2-1} 240 min

 {20-21} GaN 8.3×107 cm-2

{20-2-1} GaN 3.3×107 cm-2 {20-2-1}  {20-21} 

5.8  {20-21} GaN  {20-2-1} GaN

GaN 3.1 K

{20-21} GaN K = 8 nm  {20-2-1} GaN K = 50 nm {20-2-1} GaN

{20-2-1} GaN

9.6×106 cm-2
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5.7 CL  (a) {20-21} GaN (b) {20-2-1} GaN (c) {20-21} GaN 240 

min (d) {20-2-1} GaN 240 min

5.8 GaN
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5.9  {20-21} GaN 240 min  {20-21} GaN  {20-2-1} GaN PL

4 K He-Cd  (  = 325 nm)

14 mW 0.1 mm 300 gr/mm

BSFs {20-21} GaN 240 min NBE

GaN

GaN

3.33eV PSFs {20-2-1} GaN 240 min NBE

 {20-21} GaN GaN

{20-21} GaN PSFs {20-2-1} 

GaN

5.9 4 K PL  (a) {20-21} GaN (b) {20-21} GaN 240 min

(c) {20-2-1} GaN 240 min
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PL {20-2-1} GaN

{20-21} GaN {20-21} GaN

 {20-2-1} GaN  {20-2-1} GaN

5.1 V/III  30 HVPE GaN

+c  {11-22} {10-11}  {20-21} 

+c  {11-22} 

Ga {10-11}  {20-21}  N Ga

N +c −c

+c  [141]

Ga +c N −c HVPE

N

 {20-21} GaN  {20-2-1} GaN NBE

 [142, 143]

5.1 HVPE GaN
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N 3.7 

N  {10-11} GaN

100 m

SiO2 3.3 (a) 

N

240 min  {20-21} GaN

{20-2-1} GaN SEM 5.10

{20-21} GaN {10-11} m

{20-2-1} GaN  {10-1-1} m

 {20-2-1} GaN  {20-21} GaN

5.10 240 min SEM  (a) {20-21} GaN (b) {20-2-1} GaN 
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3 c

 [140, 144]

 [104, 145] {20-21} 

GaN  {20-2-1} GaN 3



100

5.4

 = 2  < 1 107 cm-2  = 

4  {20-21} GaN {20-21}  {20-2-1} 

HVPE

2 min

HVPE

30 min 240 min

HVPE GaN

CMP

 nm

CMP

Ga  {20-2-1} GaN

N  {20-21} GaN PL NBE

9.6×106 cm-2

Ga

+c −c

BSFs
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6

(1) {22-43}  {20-21} GaN MOVPE

MOVPE  {22-43} PSS  {20-21} GaN

{20-21} GaN  {22-43} PSS c

GaN −c

I1 BSFs

+c

2 BSFs 1/10

V/III V/III BSFs

PL 7

(2) GaN HVPE

PSS  {20-21} GaN {10-11} GaN  {11-22} GaN HVPE

SiO2

400 m/h

SiO2 c a

 {11-22} c m  {20-21}  {10-11} 

a m
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HVPE BSFs

(3) GaN

 {20-21} GaN

{20-21}  {20-2-1} GaN

2  {20-21} GaN

(4) {20-21} {20-2-1} GaN HVPE

{20-21} {20-2-1} GaN HVPE {20-21} GaN  {20-2-1} GaN

HVPE

PL Ga {20-2-1} GaN

N  {20-21} GaN

{20-2-1} GaN 9.6×106 cm-2 HVPE

BSFs

PSS GaN

SiO2

0 GaN
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GaN

BSFs

BSFs GaN
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