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Abstract

GaN is used in high-temperature/high-power devices, light emitting diodes
(LEDs) and laser diodes (LDs) in the short wavelength region due to its unique
properties. However, due to the lack of suitable low-cost substrates for homoepitaxy;,
the growth of GaN films is usualy performed on sapphire or SiC substrates.
However, the insulating properties and extreme hardness of sapphire substrates, the
small available sizes and expense of SIC substrates make difficulties for device
fabrication. On the other hand, silicon is regarded as a relatively promising substrate
for GaN epitaxy because it offers the advantages of low cost, large area, high

thermal conductivity and integration with well-established S processing.
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Unfortunately, cracking due to large thermal mismatch, melt-back etching and Si,N,
layer formation at the beginning of growth means that GaN grown on Si substrates
has a higher threading dislocation density than that on sapphire and SiC substrates.
However, the selective area growth (SAG) technique and the epitaxial lateral
overgrowth (ELO) technique have been reported to considerably reduce the
didocation density in GaN. Recently SAG by hydride vapor phase epitaxy (HVPE)
and metal organic chemical vapor deposition (MOVPE) methods have been
reviewed and various methods were applied to the growth of GaN on a silicon
substrate. SAG is a very useful technique for the fabrication of micro-structures and
semiconductor devices and also helps the understanding of growth mechanisms.
Many research groups have performed SAG experiments using SiO, masks on
sapphire or SIC substrates and have reported on the growth facet control and
dislocation density.

The purpose of this study is to investigate the properties of SAG-GaN by
hydride vapor phase epitaxy (HVPE). It has been performed on SiO, stripe-mask-
patterned Si(111) substrates with various epi-layers. AlGaN, GaN and AIN epi-layer
were used as buffer layers. The orientation of the SIO, mask pattern was opened
aong the Si <-110> direction. The properties of the SAG-GaN samples were
investigated by scanning electron microscopy (SEM), X-ray diffraction (XRD),

atomic force microscopy (AFM) and photoluminescence (PL). SEM images show



that hexagonal SAG-GaN grows verticaly aong the <0001> direction,
longitudinally along the <11-20> direction with facets on the sidewall growing along

(1-101) the direction. The PL spectra show band edge emission peaks.
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Table 1.1 £ A&

P o] 24

Properties

INN GaN AIN
Bandgap(eV) at RT 1.89 3.39 6.2
Band transition type Direct Direct Direct

Crystal structure wurtzite wurtzite wurtzite
_ . a=3.5446 a=3.189 a=3.112
Lattice parametersy )
c=5.7034 c=5.185 c=4.982
Melting Point (C ) 1373 2518 3214
molecular weight 28.09 144.63 100.695
Density (gtm) 2.32002 5.3176 4.138
Thermal expansion coefficient Aala~4 Aal/a=5.59 Aa/a=4.15
(10°/K) Aclc~3 Aclc=3.17 Aclc=5.27
Thermal conductivity
0.8 1.3 2.0
(W/cmK)
Electron mobility,
. 1400 8500 350
RT (cmV™s?)
Hole mobility, RT
1 600 400 100
(cmV™s?)
Break-down field
0.3 0.4 -
(10°V/cm)
Saturated electron drift L 5

velocity (10 cm/s)
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B = Si(111) 7] Yol Axp A3
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o|7] #lste] AlGaN/GaNe| =24z -z 9ol °F 1m®] AlGaN, GaN,

AIN ©ll¥5& MOCVDE 747t Agste] ghesom o gsigitt. rEe

o

Z~12}9] (photolithography) & 48S E3] A& (stripe)e] w23 e
gA3s & HVPE (hydride vapor phase epitaxy) = A= g A%
(SAG: selective area growth) WS &3] GaNg A4t 3=
%7] SAG-GaNell tsted= PL (photoluminescence), SEM (scanning
electron microscopy), XRD (X-ray diffractometry), AFM (atomic force
microscopy) 2% 54& 54, EASAT 3 AGAHE G st
HVPEl o3 4% = SAG-GaNe| AFEAS AuFomy Fd9

GaN Aol 2 ad 208 Stelruz 89t
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2.1.1 E818 &4

GaNT drtAow A 7pAe] ARZ4x5 2ta e o= o
A Ak, SRS wurtzite (hexagonal, Pg3mce; h-GaN) %7}
AREA <l 7oA A o=w 7 St sitta 4 k. Zincblende
(cubic, F-43m; c=GaN) Fx+ FMAFo=A U725 7HA= Si

GaAs, MgO 52 (100) 7oA &l 7hsstt 77 S7kehd v

S

o g3l wurtzite TR gl dojdt}, o] wurtzite GaNoll 44
GPa o]/e] =2 9 ¢t=He] 7kald 79 rock salt (cubic, Fm3M) -
22 o7k dejdtta wausa vk Al 7kx] A4 F-32E Fig. 2.1°]
e AT

wurtzite T3¢} zincblende %9 ZFo] A& Gao] dl 719l NY

=1}, <0001> wrako =z A =x7F ABABAB...9l #o] wurtzite T-%

o]ar, <111> Wakoe = ABCABC...Q1 Z ] zincblende T-3=¢|t}.



(a) wurtzite (b) zincblende (c) rock solt

Fig.2.1 GaN¢| A7} AA 7= (O: GadA, @: N=}h)

wurtzite T2& ZHA© GaNe Az de= dAY 74, d3bs
T, AR AR mE SHl oA 2w Aol don
At oz Ao A a=3.1892 A, c = 5.1850 A, Zincblende T+2& 7t
E GaN9| A= a=4.52 ~ 457 Ak Hauxa ok F 7Hx 2

garzxol tid GaNel 49l 545 Table. 2.1°1 fofsto] e



Table 2.1 GaN9] =4 A&

Wourtzite GaN

Zincblende GaN

Lattice constant (A) a=23.189
4.52 ~4.57
(T =300 K) c=5.185
Coefficient of thermal expansion Aala =5.59
(10°/K) Aclc = 3.17
Band (eV) 339 (RT) 3.2 ~ 3.45 (RT)
andgap energy (e 2 ~3.
3.50 (1.6K)
Thermal conductivity (W/cm K) 1.3
n (leVv):2.33 n(leVv):2.33
Index of refraction
n (3.4eV) : 2.67
Dielectric constant §=8.9~95 9.7
Electron effective mass 0.20m
Melting point (C) 2518
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2.1.2 334 54

levels WA 7]7] wio] GaNellA= W=3t Holo] 2gh wgiinl of
Yz} exciton®] 23+ near-band edge e]o] 2J3F w3 2 UV, Blue,

Green, Red, Yellow #3 W=7} vepdt}, o]¥l deep level 59 233

g

rlo

Eart s

lo

T3 A Aske 78 fRlew Agdri[14]. webA
GaNell 7|qkgt Faztsol tigt o83 dsdds f1% 434 54 4
T7F 238 P Ak GaNeo| F8HH 54 A= FE 558, W
Abe, 34, PR (photoreflectance), PL (photoluminescence), CL
(cathodoluminescence), EL (electroluminescence), Raman, Time-
resolved spectroscopy, photocapacitance, DLTS (deep level transient
spectroscopy), PLE (photoluminescence excitation) &< &34l °]F
oAA] L QAEH[15].

e 7ot MEA YedAe] Fa

$
AAFe EFe BRUAUES Fig.2.20 HERAT. GaNol A el F2
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e

W= ) F Holx= dEd] W= (conduction band)¢ 7FAAH wi=
(valence band) Alel9] A5 Aot} Fig.2.3< Brillouin zone center <
Ao A wurtzite GaNe| W= % IS YEtll= 2dolt 7}
AA] W=+ crystal field®} spin-orbit 23l o3 Al /=2 ¥+
o], ololl t-gste= Al 7kAe W= 1k HolE oy v F=ARE Zb
7} A, B, Cetal %718kl th. Reflectivity 2~ Eq oAM= o] Al Heo|7t &
% YEY, photoluminescence B E o A= o]F 7} & oA
of 91Xk A-Hole} #FHH excitonic Hol7} F= YERILE QA=
(excition)o] &t A AA WA M} A-Fo] ZTHORE AT ]
7] ® oz H7|AoR F4Q etk thAl Dt YA 3y o
EAetE B4 L YR AR Azpol] dafe A "ol v 5 gl

= J&o] dUAZE 7t d AT cluA7E S5 ZEdAl o17] © AR

e

A8 AREA R A40] WARE 4F elow J5 Agatol

2

A-AF BE el

[e =1

AL ekt webA Coulomb interaction®] &

A

o

-1t} exciton 23 9lUA(binding energy) YHE S ol A
H=dl, o] excitono] wEEd HubEo] Qe of Fof uwhebA
free exciton, & bound exciton®]2til gt} HE doping®] F7Fshel
webA] free exciton®] H]&| bound exciton®] 73&FA YERGH, Ao A

Aeow 2xg &¥d wel A oUx7} excitond} BwEe A o

UA By AXA Ho] free exciton®] dilH oz 73stA YR
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exciton (D%X) (e) donor-acceptor pair (DAP) (f) band-to-

acceptor (e,A”) (g) conduction band-to—acceptor transitions
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EE=18 meV
h
Eq= Ej= 20 meV
a% Bg= 20 me Eg= 3504 eV
veMm T |
L ZAL AE,z=6meV
EERN
B
AEg.=37 meV
G
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LTS 3

Fig.2.3 Wurtzite GaN¢] Wl=7 %

2 GaN9] Aeoae W= oux]E= 3.39 eV, A2
A 350 eVE BaEI 9o}t %o wE W=7y ouxe W3l
2> 273 A Wi Algel T wet B2 AxE Holr] wifel] A

g3 R 3 QA ZrF[16]. Monemarel] 234 1.6 KollA =4 = =1

juy)

=70 A= 3.503+0.0005eVE 5o W ME7] o= W=

A (2.3 Zon,

E, =3503+ (508x107T )/(T —996)eV (2.1)

ol & Fig. 2.4° YeEFHAT[17].
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2.2 GaN A %] o]&H = 7]&

GaN A9el BA2 248 AAsted Qo 1Y 2 TAde

A% A7)7F wj$ Ze Mul o}yl avlelA] GaN AAA A o] 837
o= oxs] W ool HAMEa glrk wiol] U o GaN AA
374 AbFol o) (AL Oy} SICE ]88 o|TddH R o] FofX i Yt}
o] & Qs GaNe} 7|% Abo]o| Azt AHGAF Afol& Qg Az}

)
O
Z.
o,
o
[o
d
él'
>
>
ofo
i
L
Ve
rlr
=y
)
N
N
N,
~
e
2
1l
il
lo
n
%
o
=
El

ato] YeERHATH18].

2.2.1 Atgtolo] (AlyOs)

Atgtolol= Al AAAIA o2 GaNs HX3H 1115 AstE(AIN,

INNLOWER] AZS 98 T2 AlEEH3 9= 7]

)
2
kn
)
=
do
ofo

X,
A

3 8olA, 283 1000 T o]ie] a2 Aol tdAd 9 FHS 7HA
Il Qlt}. Abgpolo]i=  AA|E rhombohedral T%FE  ZEA|WH  basic
rhombohedral cellEtF & hexagonal ©¢ ZAXE zt:= 7202 A4 A]

A} SATE Algloloj= A EHolmg AZE AAFe] back ohmic
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contacts MER WhEooF 37| Wit A AlxzFA]l HgsAa, &
o] Ay Aol AAX x| Adwol Astd F Athe EAHS AU
ATt 71ge] A7) A E Atgtoloji= @A AA 20 F AR A BR
U F87F o= LED, LD Faxk ik Al Aabdel dAE 7HA
-7 Ao 7ol Qg A[golth. Abutolo]&f GaNiHe] ARG
T EYA W BB AT] Aol2 late] AH GaN A4 whkel A
e Jg F7b QUAIRE Abgpelo] gwle]l A3k (nitridation) F& A
Lo A9 2== (low temperature buffer) & =& o 24 GaN 24 ut

gro] FAE AA FEAE T Al EEA A

2.2.2 SiC

Sivk Co] 54 =4S F GaN #tepe] 54 ®=3 x4do] 7hs st

2y SiC #foll &5 flo]l GaNE A3 AAst7|17F olgaL 7h4o] avt
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2.2.3 Si

Si 7l Sl AFE e ofel A4 slwel vls) AP 7
Aoz tuA, Fa9 /Be A °l8F 5 U1 GaNh AFsHE 3
AAE gEy] WS GaN 432 AT /1RoRA Ao Be
N Ba Yok 58 Sig ol 8@ AALAS GaNE /WO F Tk

e

A2 AR Az vid el Ak iR TheAde ZHA A 9le] ofel o

1l

S

A7F M JAoH[19]. L2t Sidp GaN Aol Aad EYUXA

WA Z zbol2 A8l dFE GaNe AAdo] Akgtolojy SiC
71 473E GaNmREl A4 do] v} A vk AIN, AlGaNE &5 &
2 o] g3tA Y SOI (Compliant silicon-on insulator), PS (porous Si) %
pendeo-epitaxy, ELO B 55 ARE3Ste] Sio] AW thefst FHS o

|otax e AFEo] M& Folr[20-25].
2.2.4 GaAs

GaN Ao ojA GaAs 7]#e] FHL & [[I-VEH Ald=2A

Ga 9AE o= Qd GaAs 9SS GaN HeH|2 "H3AZd 4= 9l

rl

= A3 7183 v Atole] Hyhd(cleavage plane)o] 3 &sithe= 4ol

koo flol TlsAer " ¥4 Vled w2 o9 A= (ohmic



Table. 2.2 GaN %ol o] &&= Fo7|¢e] 54
a-Al,03 6H-SIC Si GaAs
Symmetry Trigonal Hexagonal  Cubic Cubic
Lattice constant (A) a=4.758 a=3.081 a=5.481a =5.6532
Plane with nearest (0001)
(0001) (111) (111)

match to (0001) GaN | Rotated 30

Effective lattice
a=2.747 a=3.081 a=3.8403 a=3.9975

constant (A)

Lattice mismatch (%) 16.09 3.51 -16.96 -20.22
Thermal expansion a=75 a=4.20
o a=3.59 a=6
coefficient (10°7/K) c=85 c=4.68
Thermal expansion
-25.5 33.1 55.7 -6.8

coefficient differences (%)

19



2.3 o198 A (Epitaxy) 43H

Al HbeA]e] 49 epitaxial AFHOZE O 47145 2H
(HVPE: hydride vapor phase epitaxy), @ 7155 71’4447 (MOCVD:
metal organic chemical vapor deposition), @ w2 A4 A3 (MBE:

molecular beam epitaxy)°e|
2.3.1 HVPE (hydride vapor phase epitaxy)
dnbH o2 HVPE A87e2 A& gl 22el= MOCVD

Holuh MBEWH &l g &5 =7k ~100m/h A== v wE7] wfio]

GaN ZAAAALS GaCl, GaCly;s9 IIF 5 93ts 7[5 &
o]-&3H NHy 7h2=9F 9bEA|A o] FoJ XA gttt 459 H
NHss 9 7}~ ol s& 9% 7lglo] 7F2=(Carrier gas)E2+ F= Ho9 Ny

So] ALHT. HVPES o|88 GaNe| 4%& thes 2o wgsow

Ga(l) + HCI(g) — GaCl(g) +1/2H,(g) (2.2)

20



GaCl(g) + NH,(g) — GaN(s) + HCI(g) + H,(9) (2.3)

NH,(g) + HCI(g) - NH,CI(g) for unreacted NH; (2.4)
AukA 2l GaN A%< 1000T~1200Col e st Al

o 98 GaCly; Bt} GaCle] tA% ez EAgez 4 (2.3)9 e
BRSO GaNZh AMHA Bk AFEEE GaCle #5%, 2 FUH e
HCL 7hsggel abstAl wle gt

Sel 43R Fl Ga T4 BuHe) wal, wg Fo A

7hag 2 QAR GaN AR a2dA Y ditd 52 1ekE GaNE

Al aresfoR g

2.3.2 MOCVD (metal organic chemical vapor deposition)

MOCVDY& M=% 950l f7laHars AHshe 714 4

21



MOCVDHE A= dwtdoz  A-dy FiuYy, 7k AAAA,

MOCVD A, A&l7A] ] Atolo= @ oz Adty

il
o~
oX
n
ki
N
o

of Ark. fF7IaHMO) d5= MA Ee wAR Ho] Uil stainless
steelAl A-H] FYPE o] At M= A9 Ga, In, AlS] RS 9=
Z & Trymethylgallium (TMG; (CHj3)3Ga), Tryethylgallium (TEG;
(CoHs)5Ga), Trymethylindium (TMI; (CHj)sln), Trymethylaluminum
(TMA; (CH3)sADo] =2 A& Qo V= A4 dH dAx5=2&

NH37} AR&¥th Adeks dubA oz 700~1200C Ao, 7o

A

7]./\E pzd

e A4, o=

r
ol

o] B34 7txe} i E3UIAE AFES
2.3.3 MBE (molecular beam epitaxy)

MBE® & Z30% ZHdA £44d Fez 225 FHste] il
A9 ggtE MEAE QAT el Aste WEAE AEAT]
= 4% Zg=v AL Fask MBEZF 2 o83 15 985s 1A
=4, dadoges AATFEN)E AR v dARAE 2ol
VA7 A3 ebgso] 9l7] wjiEe] AWk ow MBEAE Ak Aol

2 FH(ECR: electron cyclotron resonance)ol| 2]3+ wjo] 3 = 3}
Holy Zepzvid nF9 AaZepantel] o S HAAE DAY T]AL

71 Ho  FEeTH[26-28]. 9 REYyol 7}~ Dimethyl-hydrazine
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cach

H}-#] 3]

}= HVPE® ]t MOCVD

5

ol 1000T o]olA A%

0] S HH
A= Tk

=
T

o] v}, &Y 1m/h

]
T

7F gl o]

d 2t

b
X

BEEo

o

b

g glof ofele o] k.

-
T

3
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2.4 9= A AAYS

spuke AwAom slwe] AR AA BAS 2o 94 P

2 nzEo FAHM, S Zo] Al 7] & WAYUYFLRE F2F
T Atk ol AAste Tl dAE Ateole] AuAg A B o9
7] AARRREY] FE Aol Aol ofa] Aty dwkAow oy
el whek e BV (Frank-van der Merwe), VW (Volmer-Weber),

SK (Stranski-Kranstanov) REZ 73 4 Atk y, = Ve + Vo S

BN

Aol A complete wettingo] Lojubm, o]d A5 wtepE S} Fof 9
g ez A=, olge FHEe A4S FV AAolgt du. o7]A
Yo, © cluster / vapor AlAe] YA &, y,, & substrate / vapor AW
AU E, y, & substrate / cluster AHS| YA =2 Aeojgir}, 11}

complete wetting®™= °}Y il complete non-wetting®= o}d Z7A A5,

N

Voo = Vo < Ve < Vo + Voo ZAAE AE A2 nucleation
and growth@ el =2 Hheto] st o]elst Felo J4s VW Aoz

ok, vy o g FV Ay VW g 3 deje A%

o
%)
=
2
X
°

g} stk o] #Hele] XS WA layer growth7} ¥
island growth”} ¥dojwt}. Fig.2.50] z+zte] vbubxd =k v

2 Astete] FAT[29].
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(c)
Fig.2.5 ¥t2te] A% mdl (a) Frank-van der Merwe (FV) A% (b)

Volmer-Weber (VW) 44 (¢) Stranski-Kranstanov (SK) 3%
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2.5 SAG ¢ ELO

7Fe} MESFET (Metal

=
[¢)

=28

=13
=70

wFeo] LED, LD 2439

.

Semiconductor Field Effect Transistor), MISFET (Metal Insulator
Semiconductor Field Effect Transistor), HFET (Heterostrucutre Field

A2l

=3
[e)

Effect Transistor)

Fub= Al o A4 (SAG: selective area growth)S =

S

<9

H

W A ZHELO: epitaxial lateral overgrowth)d2S o]

Ha

&

3

Fo] 2 A

S

AR} 42 F27F ELO-GaN 7|35 o] &

WY} %

SAGH-Z SiO,HF SiN¢F 2

ai

=2 =
= [¢)

(window region)

1 RAgE Ty

o] 3]

ohe

3

H]

thef THRel

(=0 s
= -1

F& (wing region) °l4 TD

&
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71 wre]l ELO ®WielA ®3¥ 7]<= Pendeo-Epitaxy (PE),

Cantilever Epitaxy (CE), Lateral Epitaxy on Patterned Sapphire (LEPS)
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Dislocations

GaN

W W

Fig. 2.6 ELOS] /HE =
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MOCVD Ho= &3 4335 4%

!

SiOp BEt &3

!

EEHLTHY (vt H"E FA)

!

HVPE o2 SAG-GaN A%

!

HVPE®| ¢J3%F ELO GaN A%

Fig.3.1 &4 =&

ke
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3.1 MOCVDell 9%t AlGaN, GaN, AIN 95 A%

S
it
ox

Zholl o] &3k 713 9ol AlGaN, GaN, AIN ¢ HslE Ri%

-

Aol eSS ARA7I7] S 4 MOCVDs ol&3tglen, 7|a3e

2 GaN(0001) He] oueld Aadel] fzek 24 A (trigonal) th3
T2E /e (11D We] 2914 Si 7]¥-S AH8-3H3

7y oSS Ay A WA Si(111) 712 $lell AIN
AN 5 ARG Al T F7EE Qe LAse W] A9E WA
st e we dolHs TDE addoz a7 9shd]
AlGaN/GaN o] - &S 2AA +x=2 73 "HEste] A33ste] MD-SLS

(modulation doped-strain layer superlattice) 732 Hej= Al &3} ).

Aol 2d I A2 TMGa, TMAL 9 7% 33ES A3}
% om RF (radiofrequency) & WAoo g 71d% 7|3 FH7FA] &4t
st FE 714 (carrier gas)ZE FA7FA(H)E ol &8t VE A=

T YEYol (NHy) 7F=E ARgsidlon dial2 2As dAWN) 7]
& oA gy e wks-S AF AAsA ®okh
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(1- X)(CH,),Ga+x(CH,), Al + NH, — Al,Ga,_ N +3CH, 1

(3-1)
(CH,),Ga+NH, - GaN +3CH, 1 (3-2)
(CH,),Al +NH, — GaN +3CH, 1 (3-3)

3] AlGaNZ¢ 7% TMGa/TMALIS] H]9} <+

Alo_gGao_gN %‘% }\6] Xo]”é‘}‘c/)iqi
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3.2 X8 4139 (Photolithography) - vlA3 ¥ 3 A

(A

WA Qrol A Fule 2915 21719] flols SAel S0, BAL 3
& RE 258 ALgsto] mhaaiz AL oF 350 nm T e F3
grit). olwle] F4xAL Table 3.10] YT vl g 248
49 EEeLs $HS 98 lmxlom ) G AR o,

olAE  (Acetone)®} g2 (Methanol)o| Z2ZF HEF  %&

£)

(ultrasonic) HEE 3 * &S5 (DI water)®2 M A3t AdA7tx~2 &
oA AxAIZT 28 o A (positive) 734 (PR: photoresist) &
23 FYste] E¥3d ¢ 3083 AXE H|o]7] (soft baking)= 3}l
M2 Si0, vhAA sfEe] |WRrlZE 242y 5um, 10me! A3 (stripe) o
B waas o]kl A= (contact) 914 WHo = Si 7]¢e] <-110>

Weko e =FA F 18 AE AFR (developer)el F7o] =3 #

i

Brol 7+3utSs A A PRo] AAR FE9 S0, WS #4357

o
[
Eh
(@]
=
(@)
[N
o
o)
(@R
@
(@]
@
(@)
=
=)
>—*
Z,
s
S
Sy
~
an)
J
ofo
%
(@)]
Hm
)
2
o,
rob
o
o
o
Y
ri
ftlo

o] AAEZE Fig. 3.2 YeERAAT.

32



Table 3.1 RF ~¥H¥E A%

Target SiQ
Base pressure <50x10°Torr
Target-Substrate distance 7.5cm
RF power 200W
Sputtering pressure 5m Torr
Discharge gas Ar (50 sccm)
S’Ozlmask /,‘10_/:'",,‘?_,/"1

AlGaN, GaN, AIN

. GaN <1120
Si(111) substrate o W
GaN <1100>, <112> <————’/

Fig.3.2 7|33} 38 JgF=

3.3 HVPEd| ¢]3F GaN A%

2 A= SAG-GaNE 43517 98] 33 (horizontal)
o] HVPEE AF&3tgth Fig.3.3¢] HVPEY /&=t &% R E e
WAttt HVPEE A 7|2 (electrical furnace), 2193 (quartz tube), 7}~

Z4%2 (MFC: mass flow controller)s o2 %3 4 Qt}. 53] &
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Al

Ao AR A2 6718 d9S A 2= 2EAA

kil

(temperature controller)® Z}z} 2438 4= 9o 1~3 JIL ALx o
A(source zone)¥ 4~6 F92 T 99 (growth zone) o2 o] ¢
A 252 FASHA 245kl 72 Y& dbg-Zel = Main, back Ny
7+, HCl ¥, NH3#, Ga R.E, thermocouple¥, HCIF x| utol] 7]9] A}&-
3= Ga x=Z (nozzle), NH; 3 ol AF&3l:= NH; FH. (tube), wafer
tray 183 A F WEgHA &2 fodE AHES $% W (Inner

tbe) 5o HIAWE] & ABSGTE oF 2t wol Folrke W 7

[>

58 25 6709 MFC (Mass Flow Controller)® Z4A3}% 0w x}A| sk

&2 Table 3.29] Yetugliet 28 a 7+ 7~ wj

r
¢

A 2(sus) AAS ARgsto] MBERE Aojsk 4= Q= ottt 7han)
T = Fig.3.40] YEFIT
[, V& A£22%F 99.9999% (6N) %9 Ga =% 99.999%

(5N) &% NH7|AE GaN AL

i
f

3t 248 (gallium)d A4

ofo
o

(nitrogen source)o.® Z+7Z} Algst¥on  GaClEs: A 3sH7]

<
99.999%(5N) =2 HCI7F=E ARS8t HCL, GaCl, NHzE W59

8 AMA v w7l E e RS St A e WA wkE

=252 ZHEetslal 975 WA st gl QA e AR
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=
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tol AeAA s

3tAl el AR w71 7F~7) 3
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¥

Ny ®b Se]dA A 4
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T

33t} Baking

A baking=

9|

7] 4

A7) 2e

ke
T

ki3

o
=

}3 o). Baking

S

o 30 T AxE ¥ N AE A

BR

A7HA F57F2] Al5E wafer trayell

A 3k

W5

-
o

olo
o

BR

—~
o
i

jans
N

F N7b~s vl

= "7 Sls

o

950C =

s
a

o] X7} 700°TCH

o
=

o3 NH; 7}~E 700 scem

S

go157] 9

s

==
=

FH NH; 7F~E 500 scem®

5]

HCl 7}F2 10 sccm¥ HCI-N,

<
T

w742 71gd

.% Agjx

&17°] GaCl

=
=

7}2~ 150 sccm<

4

Al wE-S-A1A GaN7}

=
=

ol 4 GaCl¥ 500 sccm@ NHs

3t HAS W oA

A

}.

7
HCI7}AE Fax A7|2e] A

2x

1000C= A"3FItE 1000C =

=
=g
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T
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st AAS WE F GaNzE A BelEHe AS WA 95y
700 CT7HA NHsE 83| SdFHuA 2714 WA #H T 1000 T o]
Aol oM e AEle] 7hae] sEe R ggko] A7 wEe] Wk

B elxe] JAe] §% gote] 2A AaAE 44T f3e) S %

2
)
ofy
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i,
S
N
S
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o
Jo

ot
rlo
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Table 3.2 MFC¢| &9 HAH3F
17!

Vol o %
Main N, ASM(AFC-260) 10 sim
Back N, Millipore (AFC-280SAV) 2sim
NHs- N, Millipore (AFC-280SAV) 2 slm
NH; Millipore (AFC-280SAV) 1500 sccm
HCI - N, Millipore (AFC-280SAV) 2sim
HCI Millipore (AFC-280SAV) 50 sccm
Table 3.3 HVPE el o] &3 7t~E59] /5
Flow rate (sccm)
Main N, Back N, NH3 NH3-N, HCI HCI-N,
550 500 500 150 10 150
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N, tube NH, tube Inner tube
Main-N, j I
I 4
NH;+N, ] v ]
Back-N, 1 - Exhaust
HCI+N, — ﬂlllGa /
—a |
VI z A
e
Ga boat Main tube HCI tube Wafer tray
< > < >
Source zone Growth zone
(a)
10 mi
& 1000C |- - —
‘E : Growth zone
@ 3 min :
Qo 90T}------ | Source zone
E 1 1 I
-] 1 1 1
'_; 850C | - - - =/~ 4 " :
§ 70T ---Ff A1k
5 550CH-- |' ! :
: I I I 1 :
1 ; !
Growth time
(b)
Fig.3.3 HVPE 7Ief% (a) 2 ===Z=3< (b)
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b a4

Multizone Furnace

et FTTTT11

I

| 11— | GaSubstrate EXhaUSt/
| —

HEEEEE

TMA TMG

Fig.3.4 HVPE 7}2 w3 %
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3.4 5497

3.4.1 PL (Photoluminescence)

PL X+ #34 (luminescence)? U= o] &3t SHWHO
ofH AAA o Wolgh= FAUAE 7l8] o224 YALE = o] kA
of M AVIE FA3Y. =, SAHSIAF st HEEAS] WHEFY oy A

Ho & WS Ajmdd FFA7]M dAEo] conduction band® 7] =Y
07t ofe] F92 golX|A FA=Eo] A== oln WA= FA=E

2 o] mekd AZE F4eHE Aol PL A9 Az @ 4 Atk

Fig.3.5= 2Agd 291 PL &9 /groelt}. 7][EH o=z PL &

o

A A= AR of7]E 913 excitation light source, A5 258

ol

FH dle "33 7] 938 condense lens, %3 HE gAY HE B8}

7] 13+ spectrometer, ] A FFHE 9138 Lock-in Amplifier, 712]

a1 A2z A el SAHS 9% cryogenic system®E FAETEH 2 Aol A

¢

= PLEAS Fote] olgsle] 4w 7ol Ame] gobq 54 24
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He-Cd laser Mirror

325nm/10mwW
Mirror Condense lens
CCD-3000V/ " f=60mm

| ®

2 Cryostat
monitor g e
@
@
CCD-controIIeré
Condense lens

CCD shutter f = 80mm

He compressg

Fig. 3.5 PL 7A@ =
3.4.2 SEM (Scanning Electron Microscopy)

FAF A= #An A (SEM: Scanning Electron Microscope)S ¢
W (Electron beam)& AlAE FHo| FASte] AlAZ A5 2ol <93

WA= o] X} 2 (Secondary Electron)E AE3le] 4l %(depth of focus)
3

)
rlu
P
o
lo

= o NER R vATERE FAstete B4 Ao
th. SEM2 gt g3} 2 de]7b vl fARSHAIRE A e G 9o
T H AR A BEE A & F A 7S & dEe AR
Z(Electron gun)oll A TFEo]z Az} W1 A 7)Ao o3 7tEwa Al 7))

o] A=}7] "W=(Electro magnetic lens)oll o3l F&Eo] apAfo] U

(monochromatic wave) A&} Wlo 2 AW wwHo| L“uatth A|¥ F |
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A dAbE A mRe] ek As wheg doA, b A 24

T oA v E thoF3E signal FollA] o|AHAE o] &

o

=R
AR = AE7](detector)ol] 28] 3™ scintillatorol 4] Bl o2 w3}y
31 o] Hl2 Photomultiplierdl A 714 ez WHIHET 28al 9]
signal Preamplifierol 1 FF%o] CRTAA g3ttt CRTAA <]
electron beam scanning® specimen®]A 2] Beam scanning<

synchronized® o] ¢7] W&ol specimen®l 4] scanning® image”’} CRT

Aol FASA Edo] Frh B AFNM SEME o §3te] 4gH 747t
Azel ww 9 vde BRTowA AR 2 wu 24 @7 o4
sheivt

Electron gun —

[Muminating |
lens system

Scancoils —__ |

Final lens

Detector A [ \

Computer screen

Specimen /
%
ﬂ To pumps

Fig. 3.6 SEM /9%
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3.4.3 XRD (X-ray diffractometry)

X-A 34" BEAW(XRD: X-ray diffractometryp] & A&l X-A& %

ol A 3] A (diffraction)= = @S ol &3t EZ UlF w|A

>
>
>
)
EKI

TZ2E BT § s Avlelth. Fig3.plAet o] YAt AR o=

Incident X-ray Diffracted X-ray

e

Sample
surface

Diffract Not Diffract

Fig.3.7 X4l 34
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XA 34 EA7](X-Ray Diffractometery= A UFolA XA (X-

Rays)s WA A7) XA @HAAX] (X-Ray Generator, XG)ZA %= 20 & =

—

gsk= a1y 2 W El(Goniometer), X 7= (X-Rays Intensityg =743st= 7

7157 2| (Electronic Circuit Panel, ECPR] &g AES Alojata A4S

B AGo|a XRD SAHS T3 ¥oj7 A "3} rocking curves ©]-8-35}

Incident
Amplifie

X-ray

Detector

Recorder

Fig.3.8 XRD %] 7=
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3.4.4 AFM (Atomic Force Microscopy)

A Ao #EHE o]&ste YA AW|H(AFM: Atomic
Force Microscopy)t A& A9 4 9 7HA S8 5 donH
AAHFI el Fashr] o] ti7] FollA Ao RE F79 Az o
g 3WUTx A7 hestve AR wwol dA g ol&¥a

AFMo| A &= wAlgE 3o oA E o2 A JAAESE wEofxl

& 7HAa glew o] Feo] Wy A

fols

4gas dozith AL 3}

1

FHAAEZ G528 Al717F Wskstel] wet o3 (deflection)e] &
&

=
2

AsHAl wH, o]y Joj o] Arrt S35
YAAS AHA xHY =22 FAe gigk o|nAE LA He= Aot
AFM 7§2f4 BA LS Fig.3.99] YESIT
AFMel &= contact 9 non-contact®] 7 7F#4] 54 Z=7}F 9l

Contact modeo| A= HH& Algsh=d 1 ¥ 7]+ 1~ 10nN A&
& ofF mAskARt AP H 7} ofF wiketn e 1 glol] 93] oA
g AEIt f= AS S48 skl oA Fads Add ol
L A"y SideA wkAbE G A4RE EETo|E
(Photodiode)& AF&ste] At SA4ste= < v 9 2ol

ezl MEW sof B 23 AR Abolo) HAS 2Aste] AEy
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7} AASA I =E FAAA £ Non-contact mode oA+ LA+ AF

ol¢] 91L& Agdl=d 1 g9 7] 0.1 ~ 0.01 nN HEZ A&

[

&

Mo
4z
Mo

017}&}= dlo] contact mode ©f H]& A Fo} £AME Y]

AR HAsd olgHth AXZ Aol AV YT o} WL

1t

=

o non-contact mode oA+ 7

N
N
ok
rlr
N
k1
il
o
i)
it
4
N
N
%o
N
=)
Mo

[3u
-
i
ity
rlo
Ehs
él'
olr
|o
!
r 2l
(bl
ok
&
%0
=
e
re
—
=2
X
rlr
=
(@)
(@]
<
)
il
oX

&3 AlGaN, GaN, AIN®| 7} olul5-o] & Je w24 7k o] &3t

nt

Topography -
Feedback loo Display

Photodiode

Laser

X-Y scan
control

Cantilever

0000000

sample

Fig.3.9 AFM /9%
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4. 4943 % 1F

4.1 AlGaN, GaN, AIN o3 ZF9] EAEY

Adgez dElstd A8 ol tiste] GaN& AdAst7lel oA

Aoz AFEE ZHZEo] AlGaN, GaN, AIN o ¥ 52 EAe] thate]

4.1.1 SEM

Fig. 4.17} Fig. 4.2 MOCVD= Si(111) 7|3 9o 443 9=

9 ©wg SEMO® e AR yehyqlct. Fig. 4.1 3

Si(11D) 713 2 &3 AA & F o, Fig. 4.2% 4335 73 o
skl A yERY Ttk @55 AINT, AlGaN/GaN A A%,
AlGaN, GaN, AIN o35 Ho|glgs WHARlS E3 & o Utk AIN
o oF 20nm A=Y FAR Si 7% Yol AAEJAL, AlGaN/GaN *
AR 2= AlGaNZo°] ¢F 30 nm, GaN5°] 60 nm ©]st= 3}o] 73] wt
B3l Auo] 9SS Feladrt. 28l o9 AlGaN, GaN, AINS 742}

0.5 mAEe] FAZ AFH Aegs & 7 A
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AlGaN, GaN, AIN

AlGaN / GaN

Fig.4.1 MOCVD& 443 25352 @ SEM Akxl
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Epi GaN

7"GaN
6MAIGaN
6"GaN
5MAIGaN

5"GaN

4"AlGaN

4"GaN
3'9AIGaN

3'9GaN
2"AIGaN -
2ndG

1*AlGaN

Fig.4.2 AlGaN/GaN =4z} F%
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4.1.2 PL

Fig.4.32 550l A€ 2] Z+ o3 Aol dsto] +
9 peak, peak intensity, FWHM<S <ol ® 7] 9&te] PL mappingdt % o]
3 (a)oll= AlGaN (bl GaN (o)oll= AING delHE eIt PL
mapping 23 AlGaN<e] 4% 3.388 eV ~ 3.397 eV AUAE 7K =
peakE°] AU 3.397 eV peak?} flo]¥ HANA ZFatA #=5Y
o o] peak® FWHMS 58.28 meV ~ 97.84 meVE H+ 70.84
meV=Z YES Y, @A peak®] = 0.457 volt ~ 0.622 volt= Hat
0.539 volte] A&7} ST, GaNe] 4% 3.392 eV ~ 3.397 eVl
NUHAE 7= peaksol #EEH1 oM 8.397 eV peakst &7 3.392
eV peako] $Jlo]® HAA oA ZrelAl BFS5HJ 2™ o] peak® FWHM-2
57.93 meV ~ 92.33 meVE 3t 69.55 meVZ YERRTE HAS peako]
A% 0.473 volt ~ 0.665 voltZ HF 0.569 volt= FAH A AINS]
A5 3.371 eV ~ 3.405 eVl YA E 7IA|= peakEo] AAHoz tf
el A #EREF o FWHMLS 53.23 meV ~ 104.7 meVZ H+ 78.96
meV=E ¢ F A8HT FWHMe] Hlu4 2 Z2& & 5 vk 23
peak? ZFE+ 0.512 volt ~ 0.763 volt= H++ 0.637 volte] 2z 7} =
¥t 578%¥ PL mapping Hlo|HE FTHAOE AHESLS W AR

g7l ©o]&3 MOCVDE] wbg-a o] s dloly wd #follA 9]
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oAl He-Cd laserg ©]&3te] 54& 313lth Fig.d.40] A@A7 Aozl
PL ~#E8S YeERRQT. AlGaNS F& peako] 3.3970 eVeld #3
Hlom olme] FWHMS 82.4 meV i, GaNS 3.4935eVolA FWHM
o] 656meV¢el peak 273l AINO|AM+= 3.4243 eVl 80 meVe peako]
BEEAT. BAFE peaks Tl FAG FAH A 9R2To JFgom

H| 2% FWHMeo| & peak”} #=5 31tk

Peak Lambda Walt
ng22
0601
0581
0560
05339
0513
04538
0478
0.457
Ayge 3395 F Ayge 0533
Mediar : 3.397 Median : 0.544
Std Dev: 0.0E8 % = Std Dev: 5.087 2
(0.002] [0.027]
IreSpec: 99.9% Below: 0.1 % Above: 00% In-Spec: 9.0 % Below: 0.2% Abover 08%
Int. Signal au. el
11.87 97.84
11.47 92.89
11.07 87.95
1067 83.00
1027 78.06
9876 7an
9473 EBA7
9.081 63.23
8683 58.28
Ayge 1027 Ayge :70.84
Madlan 10.39 Median : £3.20
Std Dev: 5162 % Std Dew: 12.70 %
(0.520) [8.997)
InSpec: 987 % Below: 03% Above: 11% InSpec: 100.0 % Below: 0.0% Above: 00%

(a)
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Peak Lambda e Peak It Walt
3397 0.665
3396 0641
3396 0E17
3395 0553
3394 0.563
3394 0545
3393 051
3393 0.497
3392 0.473
Awge 3395 Avge 0569
Median : 3397 Median : 0.562
Std Dev: 0L0B2 % Std Dev: 5613 %
(0.002] [0.032)

InSpec: 99.7 % Below: 0.2% Abowve: 0.1 % In-Spec: 991 % Below: 0.6% Abover 02%

Int. Signal FuwHM mev
92.33
6a.03
B373
7943
7613
7083
BE.53
62.23
57.93

Avge 6955

Median : £9.24

Std Dev: 10.92 %
[7.592)

InSpec: 98.7 % Below: 0.0% Above: 00%

Peak Lambda Walt
0762
0732
0.700
0663
0E37

L
0606
0575
0543
052

Avge 0E37
Media g Median : 0.645
Std Dev: 0168 % Std Dew: B.5E67 %
(0.008] (D0.042]
In-Spec: 83.5% Below: 03% Above: 03% IreSpec: 97.9% Below: 1.6% Above: 05 %
Int. Signal au. et
15815 1047
1453 9825
14.04 91.82
1349 8539
1293 7896
1238 7253
11.82 BE10
1127 B9EE
1071 53.23
Ayge 1293 Avgs 7896
Median : 13.06 Median : 79.20
Std Dev: 5720 % Std Dew: 10.86 %
07401 (8.575]
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