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Abstract

In this study, GaN/AIN and GaN/GaN layers were grown on Aly,O4
substrates by atmospheric pressure MO—HVPE system in which
metal organic sources can be used for the growth of AIN and GaN
buffer layers. For the AIN and GaN buffer layer growth,
trimethylaluminum (TMA), trimethylgallium (TMG) and ammonia
(NH;) were used as precursors. After the buffer layer growth, thick
GaN layers were grown on the AIN/Al,O5 and GaN/Al,O5 substrates,
using metallic Ga on which HCl gas was over flown and NHj as

source materials. Growth temperature of the thick GaN layers was



1050C. We investigated material properties of the thick GaN layers
grown on various buffer layers, namely, GaN and AIN buffer layers
grown by the MO-HVPE, GaN template grown by conventional
MOCVD and ZnO buffer layer deposited by sputter system, by
using of XRD (X-ray diffraction), PL (photoluminescence) and CL
(cathodoluminescence) measurements. Through PL and CL
measurements, we could confirm that the thick GaN grown on AIN
buffer layer has better crystal quality than any other buffer layers
used in this experiment.

Also as another study, growth of Mg doped thick GaN layers were
performed by using of mixed—source HVPE in which metallic Ga
mixed with Mg was used as a group lII source material for the
growth of GaN:Mg. A luminescence peak which might be from Mg
related recombination center could be observed in
cathodoluminescence (CL) spectroscopy and Auger electron
spectroscopy (AES) measurement. From the above results, we
suggest that mixed—source HVPE method could be possibly used in

the growth of Mg doped thick GaN growth
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Properties Semiconductor materials
Si GaAs h—GaN 6H—-SiC
Bandgap(eV) at RT 1.1 1.4 3.39 2.9
Band transition type | Indirect Direct Direct Indirect
Crystal structure Diamond | Zincblende Wurzite Hexagonal
Lattice parameters A=5.43 A=5.653 a=3.189 a=3.08
(A) 1 c=5.185 c=15.12
Melting Point (C) 1420 1240 2518 -
molecular weight 28.09 144.63 83.728 40.1
Density (g/cr) 2.32002 s V%) 6.10 3.211
Thermal expansion Adala Ada/a=6 Ada/a=5.59 | da/a=4.2
coefficient (107° /K) =3.59 Adc/c=3.17 | J/c=4.68
Thermal
1.5 0.5 1.3 5
conductivity (W/cmK)
Electron mobility,
R 1400 8500 900 600
RT (emV ™ 's™ )
Hole mobility, RT
R 600 400 20 15-21
(ewV s )
Break—down field
6 0.3 0.4 4 5
(10°V/cm)
Saturated electron
1 2 2 2.7
drift velocity
(10" em/s)

10




<E 2-2>TM-VH 3pehE 9] HdnbAel 54
Properties InN GaN AIN
Bandgap(eV) at RT 1.9 3.4 6.2
Band transition type Direct Direct Direct
Crystal structure Diamond Zincblende Zincblende
Lattice parameters (A) a=3.547 a=3.189 a=3.112
c=5.760 c=5.185 c=4.982
Melting Point (C) 1373 2791 3273
molecular weight 28.09 144.63 100.695
Density (g/cm) 2.32002 5.3176 4.138
Thermal expansion dala Ada/a=6 Ada/a=5.5
coefficient (107% /K) =3.59 Adc/c=3.17
Thermal
1.5 0.5 0.8
conductivity (W/cmK)
Electron mobility,
R 1400 8500 350
RT (emV ™ 's™ )
Hole mobility, RT
R 600 400 100
(ewV s )
Break—down field
5 0.3 0.4 -
(10°V/cm)
Saturated electron drift
velocity 1 2 -
(10" cm/s)
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MI-VE A3tE Bede dudos A 7k 9 A2 7HA L 9l
U 29 2-2004 = 5 QR0 3EA S otk cFe wEkd dAE
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cE 7MA F 709 hexagonal T%2] sublatticeE°] ¢cFO 2 5/84
o Apol& FaL 7 FwY dAEo] Ad¥HE Fxolth. Zincblende TEE
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GaN, AIN, InN2| Ao+ wurtzite 737} d9std oz etAd % %
olt}. 3+H, zincblende 7%+ GaN$} InN9 A $-° Si o]y MgO, =&

!

GaAs? (00D 9ol 43AZd wf Hgstrta A vk dukd o
cubic (zincblende) ¥ hexagonal (wurtzite) 7%2E ©|F+ GaN, AIN, InN
& AT o7k vl AINE I 3 V £ Y4 Fo] #ol= =471 det
A FEEC Wurtzite 7% 9} zincblende 7+%2] zlo]d& 18 2-39)
A K AARE T A9 Fo] Aol £A7F [0001] WEFoE
ABABABAB.....Q1  Zo]  wurtzite FFola, [111] WFo=E
ABCABCABC...?1 79| zincblende F&©°]tt.

Juza®} Hahnell 98A AH5O = wurtzite 7325 7M1+ GaNe| Axf

A7t Rad ol3E [33], @2 AdSe] Aegl=d, A4 A, AA

=i

T, A wete 258 zFoles QAT A2 A] straino] ¢l
4 2 El+= Maruska®) Tietjen©] ®3 3 a = 3.189 A, c =5.185 A %k
So] AAE 1 QI obge & WY AFE Jala =559 X 10 P K,
dc/c = 3.17 x 10 ~° K7!, Sichel¥} PankoveZ} =733+ Ao 4
A% ¢ = 1.3 Wem - K2 BuEYh [34]. AT ofd = AF

A =3 B, AT, EE R webd B =Y A
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¥ 2-3 Wurtzite 7%= zZtE= GaN9 &4

Bandgap energy Eg(300 K) = 3.39 eV
Eg(1.6 K) = 3.5 eV
&% o] w2 bandgap energy? M3 | dEg/dT = —6.0x107 " ev/K
ot o W= bandgap energy®] Wa# | dEg/dp = 4.2x10 % ev/K
A2 (300K) a=3.189 A
c=05.185 A
A9F A (300K) da/a=559 x 10 "K'
dc/e=3.17 x 10 °K™!
“AHE% (Thermal Conductivity) # =1.3W/cm - K
#7224 (Dielectric Constant) £9=95
€w =5.35
fa Az A= m#*, =0.2 my

2.2.2 F83 - A718 EA

GaN&= A3 o] g axpzA 243 whobx o] Adg-apzo] &
&4 54 Aol =¥ 7lEola vk GaNe| 34 SEAS &,
HEALS 38, PL (photoluminescence), PR (photoreflectance), CL
(cathodoluminescence), EL (electroluminescence), Raman, Time-—
resolved spectroscopy, photocapacitance, DLTS (deep level

transient spectroscopy), PLE (photoluminescence excitation) =

FalA olFolA L gk,

16




Maruska$2} Tietjen [10]°1 &34 GaN2] A2 42 direct bandgap
AR 7} 3.4 eVYo] ElEqa 1 Fo] # 24 2 bandgap °YA =
3.5 eV Axdo] RyuFE1 gt g8 &% wE bandgap °lUA 2

WetEe Ad A4 AR Rl meEb Be HAE Kol o)

—

Fol| ofAL 7o ot gl kS HuE X ¢k vl Monemaro] 2
¥ bandgap °lH A= 3.503+10.0005 eVE &% u}

K
g 717 o9 Wek A 2-13 o] e & Yok [36].

i

Eg = 3.503+ (5.08 10 *T?)/(T-996) eV ...... 2—-1
366
365
. 364
E 363
360
359 I

0 50 100 150 200 250 300

Temperature [°C]

<% 2—4> GaN9 &% wE bandgap YA
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3E 2—4 GaN Aol AFEE = ofe 7F4] 7] BlaL

Substrate Symmetry Lattice Coefficient of Lattice
parameters thermal mismatch
expansion
Wurtzite GaN | Hexagonal | a= 3.189A | 5.59 x 10 °K™!
c=5.185A | 3.17 x 10 °K™!
Zincblende GaN Cubic a= 4.52A
Wurtzite AIN Hexagonal | a= 3.1124A 4.2 x 10 K™ 2.4%
c=4982A | 5.3 x 10 °K™!
a — Al,Os4 Hexagonal | a= 4.758A | 7.5 x 10 °K™" | 16.09%
c=1299A | 857 x 10 °K™
Si Cubic a=5.430A [359 x 10 °K™'| 17.7%
GaAs Cubic a= 5.653A |6.00 x 10 K™ | 20.9%
6H—-SiC Hexagonal | a= 3.08A 3.4%
¢ = 15ub2A
3C—SiC Cubic a= 4.36A 3.5%
InP Cubic a=5.869A | 45 x 10 °K™' | 22.99%
GaP Cubic a=5.451A |4.65 x 10 K| 17.1%
MgO Cubic a=4.216A |4.65 x 10 K| 6.73%
ZnO Hexagonal | a= 3.252A | 2.9 x 10 °K™ 1.9%
c=05.213A | 4.75 x 10 °K™!
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2.4 o3 EA] (epitaxy) A

2.4.1 Hydride Vapor Phase Epitaxy (HVPE)

GaNZ= A #3517 93 W o2 MOVPE (metalorganic vapor phase
epitaxy), MBE (molecular beam epitaxy) I3 HVPE (hidried
vapor phase epitaxy) 5°] 2t} HVPEHS dAtxo=w 714 edd A
Ao R MIE 422 552 halogen &3&ES AFEsta Sk GaN

Ao A% 1M1% 952 GaCl, GaCly 5& o] 431A]¢

e
=
~
e
i
1o
)
oY)

FAelM Ga 958 HCl 7kAE REgA17A GaClE BAdshs Zlo] drk4
ojltt, olgdA AFE  GaClak NHz 725 AFIA7-A] Hjo]
1000~1100TC eof|A] Afgtolo 7] fJell epitaxy AJ7&A1Z1th. HVPEH ¢
54 MOCVDS}F HluwsjA AZEE7E v w21 F4~5u wlo]3
2o FAE zZte vag vud 44 45 F Ae Holt)
HVPER el ©3F GaN Whg4l& 74es] yehld ofefe] 4 2-20%
wd 7 olo.

Ga(D+ HCI(g) — GaCl (g)+1/2 H,(g)

GaCl(g) +NH;(g) — GaN(s) +HCl(g) + Hy(g)

NH;(g) + HCI(g) — NH,CI (g) ...... 2—-2
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2.4.2 Metal—Organic Vapor Phase Epiaxy (MOVPE)

dAAl MOVPEW S 13 % A LED9 dlwHz el GaN whubA 2] A
g wo] AhdAor 7HE g AFEE A Yl GaN ©AR g olth
o] WL 1% alkyl 94%} VE hydrides ATFAEY o3 g
o] 714Hkgol ol&Esk= Hl¥EW Y (non—equilibrium) 3% 7]

o]},

=
o) AMEE = 11 33952 TMG (trymethlygallium) 9F 22

o

(radiofrequency) ot} A7) A o0& 7}L ¥ = graphite A& 2] W3
(susceptor) $]ol =%t

MOVPEH el 9oJst GaN T wh-g2l& 7heks] yehdld ol o] 2
(2-3)° % BT 4 gl

Ga(CHj3)3 + NH; — GaN(s)+3CH;  ...... 2-3

kAR, 919 A Eget whg WAYSES ofA delA A gow ol T
A7 A= B3] oldfisty] flaiAe Bu o @ dAgF W
ojof & Zlo|t}.

GaN 3= & t7Ih 52 At MOVPE Rbg7]7F AR+ AL

30
X
2
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A MOVPEHO V= 49 FaiFFuA ditel A= A%
MOVPEW o] Wo] A% 11 ¢t} Nakamuras< modified MOVPE, =

TF-MOCVD(Two flow MOCVD)H& AFE3le] 13]% H A LED A&}

of HFHACHA0]. o] B EAE ugEo] s FHOE FFH
B 5d wgoERE Aas 54 kvt FEE] MR JREUS
2 fEshs wolth

2.4.3 Molecular Beam Epitaxy (MBE)

RAAY S nEAC HTE BEAS YA d F2 AgHE )

M 233F ZHdlA TGl ol FejAm 1970dthe] i V]=o

_—

0

PN
=
o B AvxiEe]l AxpHe Aas FEss ATE dasgon

O

Bhan S olg% s1%o] AT A HTA %R A4Hn Y
BH41~43). ol& wte] ¥, =, 24 Ws 52 AUas 24

gas source MBE, CBE(chemical beam epitaxy) 52 % s F7F 1o

v Aol v 7] glElME A ARI w5alok s 233 e

N
A
>

A Aol o]FolAef gtk MBES] 7hd & &4l i Al
ke

o,
1o

ol o
-1 =

% & glow, oY tE Anze Ao

ofo
o
ol
o
o
iy
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O]
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}1\_]__

3
g}

I 2 (> 1000 T)elA

I

<]

=

=

A

O]

LS

| e 2xoA o] shsatol

o

o] 4 AEHATE A4,

EF NH;9)

] (alloy segregation)

AT,
Run

MOCVD® el H]

P
T
L

=

J)

o

Foll A

IS

AL aAE

3

Q|

sh [44],

[¢]

¢

o Ay

).
g

@6

A5 (high injection current)

Zo
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o Tz
==
na

1

=0
3T

s

TC

Fol A9l s

Apsto] o]

S

2.5.1 ¥== (Buffer layer) 8 o] &3 4

dimentional growth) &2 ¢

2.5 2% A7 7<=
2]

[45].

<
o
o
ol

X

(contact metal) ¥ £ == %

[46]&
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1986 Amano 5= MOCVDWHO=Z GaN®=2 F#sl7] Ao 50

nm 712 AIN 25 (00012 Atgtolo] 7|3 ffe & 444 o=

ol
¥
v
=
>
o
v
o
e
ofj
ol
Ao
>
>
ofo
flo
Z,
[ab)
o
o))
=)
[
=
[ab)
o
Ao
o)
>
kit
)
)
i
¥
v

st QUH49]. HZelis Absfolol AW A3 27] wART ohe
43 FoI% 2 A AR IIAAAL F05L Aol 99 W

e Aojetds Aol A2 Ao dHo] dojd & U
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2.6 2474 37t 7=

Si, GaAs 52 AAel vla] GaNAl WMEA= ofd @& AAdddo] &

A A - AaAARE] SAS Jidsted we Fesith 7 x9
W7l W oZE  SEM (scanning electron microscopy), TEM
(tunneling electron microscopy), XRD (X—ray diffraction), AFM—
STM (atomic force microscopy—scanning tunneling microscopy) 5 ©]
T2 ARgHa glew. MBE Mo 44 A #52 = 3l RHEEDS
o] AbE-% 11, Columnar, EAFO|A7%+e] A4 x4 e M &2 T2
SEM& ol &34 F7te 3 WAl W25 AFM—-STMe], x4
of ARTEH7Ee AT FWAHY wola® Fx9 B, screw
dislocation, edge dislocation, mixed dislocation, 52 ZF& Ao o
iM% TEMo] AM&-¥w #7842 XRDe| 98 H7kHar gtk strain¥}

phononsol w3t F7le} vjagdede] A4 A3} strain,

o
i
o,

=9 Hri= vt £33 CL (cathodoluminescence), PLY %=

1o
ol
ok
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WAUZe) Aol BT, femtoxd 2% EolAE ol&F B

e%, AR, o7} AT 5 77t AsAR wavTe #ud WAt

2714 @7 PHOE+= undoped EE ETE

o
a
o
©
5
0Q
ot
o,
oX
ofj
1o

Hall effect =74, hetero AW o]z AR}7}A9 =554, leak dF

L

rE
2
1o
ok
0.
D
]
o
)
<
@,
1o

E4, DLTS (deep level transient spectroscopy)

o

7 ol WallA 1 it

2.6.1 PL (photoluminescence)

PL Bt gatshs wel sho] we A2lE Sgshs guEA wE

Ao g 54

3 Mote=d F2 ARgET. AW oR WA 9

ftlo
ME

bandgap YA EHt} & WS Az HFA7|H, AA=°] conduction
band® A7]HAtt7} o8] =Y =2 oA HA FAso] A EH = ou
WA el = FAES 3ol ek A7IE 545 Aol PL A9 e

e & 5 gtk

29



a8 2-5 & AP 29l PL ~AHEHS

T Ll =

= PL 9]

|\t
ol

7
Mekzolth, Ao 22¢l A8l GaN 2] bandgap oY A (A-&oA] <k
3.5eV) Bty Z YA E 7HA2L 3= He—-Cd #olA 9] 325nm 3g&
Fdow ARESAd. o #HolAe HY ¥ 100mW  o]ir,
attenuator = oAl AZIE A3t o] w #HolAo AY]:=
Hol 468.8MW/croltt, o] W& focusing W=(LDE HFAIX o

sample ol FAFSFITE Almi FE]¥#e] vacuum grease & ©]8-3}o]

PL As= #olAel "o Alge] x4 v HA4stEz wid Fes
AAsE 7AEs NEE A7) Qa4 lock—in amplifier & A}&-38FSTh
PL A3+ dolA7F Algel @xuak st = 2 lock—in amplifier 9]
reference A& 2+ chopper & T35 ALE3}S T

AEE ot AtdEE ASeE stoEnt U4o+ Zlo] ofye
Ao R UerE  collimate WEIL2)E FHFAZ T TA
A= (L3) 2 AHFste] 37 (spectrometer) & YAAIZ T ©hA3tH
119l A|7]&= PM tube detector & 1 A7IE FAsAT. PM
tube ZHE QS A&+ Lock—in Amplifier oA £33} 3, Autoscan
system o4 YAYE A5z WAste] PC oA #AsAH 2 A=

g PL 542 42300 K)ok 77 K oA FAsqth 77 K oA
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2.6.2 CL (chathodoluminescence)

CL 542 o171 odAel gaix ¥l& WE At oAM= PLoJY

EL (electroluminescence) 2} FAFsttt & 4= QAR AR} -HAF A&

A7 @el® SAes wAE EW B4 Gud AFo] 100 A o]l

N
>~
>
(73
@)
Q
2
o
(0]
fu
%

T, Aot Fom AR GRS Elow MZS



100 ~ 200 um 4ol
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3.4 3
3.1. MO—HVPE #=x¢} 1 AA

GaN Alde] AP W FolA HVPE Wi A3 4E°] v
kA Sk AR GA 47 o

o Qlrk vk ek wre] A Z1dE 5 gle @do] lojA vy
8 AAels olE el Ak diFEe] A9 MOCVDEH-E o] &3}
Mo Zo JgATF7E Al EY $h[50]. 2 F 19959 Y. Miura 52
MOCVD 7]5<& HVPEe| A%3% MO-HVPE AHE 302 %915k

WS F8 GaN Aol o] &8t [51]. ©] W2 MOCVDe] sl

of AH&-¥ MO-HVPE: HVPERH| S wkg7]5 JdZ & A
7}~ vl #ell TMG (trymethylgallium) 2 TMA (trymetyaluminium) & 2
A8ka MOCVD 7158 AHEE Wiz HVPE AH|Z AR o] Wug
!
!

Fr

= 19yl

ol

131 MOCVD source$) 4% 71~ wjdS ALE

<

ol

TR e BT RS SRel A Aol 4%

!
e

AAE Al
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A Fde MO-HVPEW® 3= AFol7F itk Y. MiuraZ} AHE-3F MO—
HVPEW > &3kl AINS GaNg A&st7|ols £ wolx vt Syt
GaN Z23AF A MFH 9424 TMG & AFE3s7] w¥ol metal GaN
& A8k HVPE WHe A9-Hves 48 571 drth gk HaSS
AN o= HVPEe| &3 TMAY TMGE 3% 7FA% NH3E 5
= QEIIAR AFESHE MOCVDY Aoz A H

HEE- 22 ofg] 2] 3-19F #o] hes] yeRd 4 9t

(CH3)3Ga + HCl + H,  GaCl + 3CH,

GaCl + NH;  GaN + 3HCI ...... 3—1

o
12
()
o

Z
iib)
oX,
rlo
1€

% Gadl HClIS &9 GaCle ¥4 A]7]3L o] NH,
g BRATE PHS olSeGth o BAW FAe MHZH T

GaN T& & Hbg-3% Qboa] AL 4= Qltk= Zojth. MOCVD$ HVPE

shbel wgeel FAHEEA A el o5S AL F gon
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3.2. MO—HVPE ¥ & ©] &3 HH S GaN 2 AR
3.2.1 MO—HVPE (Metalorganic — Hydride Vapor Phase Epitaxy)

2 AdoA= 2¥ 3-1% o] £33 (horizontal reactor) MO-
HVPE A& o]&3te] AIN, GaN W#Z 183 %9 GaN 44 & 4
etk AHg¥E MO-HVPERH|:= 7]£¢ HVPE 7hAujde] TMAS}
TMGE 43t Feo|tt. APdAE A 7t~ FF5E, 3 7,
Aoy o] Al FEOo 7 H7 oW

WA NtAga s B 7k Aejdlels $1394 7kl HCI3F NHj
o] Adzt glow o) s S8l 7kA7F Fd ek vkl F
Jell= HFdTE Argshd ol BuolaH e AZe 2753t
AR gn Aol REREELS T8 3-19 2k 7FA9 FHEE Ao
o] MFC (mass flow controller)® ZZA% 1 1o st 5SS 19
3-1—(c) el HeERA AT

nlxeto 7 79 3-2 9 MO-HVPE #H] 9] ¥-3-7] BEo Fuk-37|=
TMG, TMA, HCl % NH; &= 24 2
TR AA GaN 7} $2H = hot—wall FE|Z oA 79 £xd9S

7M1 3 (horizonta) & AMESIQith. d87tAE 747 REsto

ok

Zola 4 Qg uE = Aol AdPS olfagtt. Tuk GaN A IS 9%

A | =1 = =
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82+ 1459 HCIl gas (BN), NH; gas (BN) 18]3 Ga metal &
AREEt B9 7] AA9t FE7FA (carrier gas) EE N, 7F AFg€T)
W FES iERelA HSkRe]l Wk Wi HCl o] ZE+
Mol Ga & 7 Ga boat o A3 =tk HCl o] 32+ A g4
125 NH; 7tA7F 82+ Agae] a7 7ie A gae] v+
AReA 2w "ozl 3ol 7|dE AA st tray & Fvd 28 4
A712= 6 MY 24 998 &% A4 (temperature controller) &
Zrzy 2dE £ JEs Sy ok ©@eol 1 WyE 3 ®rA 9
25 x47]% Ga metal zone 995 860 C7F H =% 2435ty 3 @9
4 HEE 6 W7R 9 &=F4d7]+ growth zone 9 %% 1050 C7}
HEE xAsglth By 2% oexk ®97E £1 T vRteE g
AFsHA FA Y. ®BEge] EUal W FE gas 9 RESEES w7
o2 wAY7} scrubber & AF  #7]H =5 St Scrubber =
3 HAE AAsd 1 e FUINer AR Aow wFo]
WS ES ZHeIES stk 2 WAl e dEYol ThAE
swTel FIHHESF i TR 3w FEAUEEFC]
AT FHTOIM HCL o] whgatal & Fof| wiEH s shqlch &

Ao Ag¥E MO-HVPE #A°o 7t~ dj#=E 1% 3-3 9
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<19 3—-1> HVPE#AH| 2] Controller
(a) Working diagram

(b) Power controller
(c) MFC (mass flow controller)

(d) ex=x47)
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4, AHdA7 U EE

4.1 MO-HVPEE o] &3t W3 Z3 £ GaN 2333

4.1.1 AIN HHF9 433 g HASH vu

MO-HVPE ]2 A4s AIN W ZF avs Aoz vusy|
9lstel MO-HVPEZ A &8t AIN W3 9ol $9 GaN A% Al =7
3 FdsA 2 HEF 9olE GaN AAs 3 Fetxr AJAS st
Ak,

HA AT Aol ST} Ga F& WY BE-ES AAS] 93
Al bakings 3}tk Baking2 N, % SgldA Al A% H
20 C A% £ 1070 CTolA 1AZF=F A&t

71O 2= (0001) Akgtoloj & ARSIt A EE 719 249
wl-¢- wigkstE R 71ke] dmHe| gl EeEoly AtstuE AAS] S8l

Ol 2% 4-13 22 cleaning & AR #71AHS 98 =+

ii‘

Aejo A ol E 58, HE2 5% FoF W11, DI(deionized) water

2T 5 NE ARARY 29 v Zand e Abstehe A

j&

3 BAF(HF) £ do 1% E<F etchingdtal DI water® A ojUlal N,=

AzA AT
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| oHAE 5E (ST
- HF 1&
71 | Wlgg 58 (259 Abs}ar
|::> DI water
A DI water 5% AA
4 N, Az N, A=

<138 4—-1> 71 A" A

AIN By &S A o 7|92 &= 935 € & 3ok =3 1

o] ¥ GaN 24 44T W BE HIAZF fo U 2%& G

o

des 850 C zEaL A 99S 1050 T = A% AR HCIE

2 10 scem, NH39 %2 500 sccml.® =8 608 &9 A% 313

fo
(T
olo
s
1o,
M
4o
N
N
[

o AIN W3S A Al TMA 9459 471~

£ AN E oS3t o]

To® AHgESledl 1 F 3 WAl MOCVDE ol §ate] A% GaN
71 (2 pm) & o] g3klon F MARE ZnOE WHITOE = 7%

AT MHE0] fli Abstolo} J|RE o] MEE 8%l Zn0

mlo

< RF sputterg o] &3] 200 W2 Ar w97]elA 2417 &< &
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skl olwf ZnO9 F7+= ¢F 0.6 um ©]t}.

1o

HT-GaN

AN HIHZ

Sapphire

AdEs 23 4-20) Yehgdch,

MO-HVPE (2)
(1) &M 17 nm
(5 min M%)

(2) TMA S

3)

HT-GaN

Zn0 HEHS

Sapphire

: 100 sccm
\
(8) NHz =&

: 500 sccm

RF sputter (4)

(1) 57 6000 A

(2) 7k2% 50 sccm
(3) RFIHY] 200 W
(4) & 50 mTorr

HT-GaN

GaN

Sapphire

HT-GaN

Sapphire

<a® 4-2> AR Fxe W 4Fxa
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<71¥ 4-3> MO-HVPEZ A &3t AIN ¥ =2 d (FA9)

(@ 5% (20 nm) (b) 203 (70 nm) (c) 30% (100 nm)

AIN HHZ fo F9 GaN& A& = APYGS Lol w7 3l
XRD (x—ray diffraction) 2 S48}t 18 4—-40o| = Alygfo]o] 7|5
el AIN HHFS 51 &k Az F 1050 T o4 GaN A4S 1

AlZF =t

LS

o,
o

A7l AlES] XRD SAA7E Btk GaN A%<
(0002) W&ol sidst= dAa7F BeetA dze AT FWHM (full

width at half maximum) ©] ¢F 630 arcsecEZA Blw A & < JeERY
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ARl (@), (b) 2T (09 9ol
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1.2x16 T T T T T T T T T T
1.ox16[- GaN/ AIN buffer / AILO,
o)
'c 8.0x1dr .
=]
£
8,
<. 6.0x1d- __ FWHM -
k7 0.178
c
2
£ so0xdf- .
2.0x10f .
n 1 " 1 L 1 L 1 " 1 "
16.0 16.5 17.0 175 18.0 18.5 19.0
Omega [degree]

<% 4—4> GaN/AIN [ 53 ( 20 nm)]/Al,05 2] XRD A%
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1.05kx9.52 u (a) 1.01 kx 9.98 u (b)

~ w = — >
-7 ;'& . 09 a )’ o

(a) GaN/AIN/AlL,O4 (b) GaN/GaN(MOCVD)/Al,04

(c) GaN/ZnO/Al,04 (d) GaN/AlL,O3

<718 4-5> Wy = WAzt ©E vk GaN9

ke
(2
o
=
B
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ok o]E FH GaN9| #34 5A4E nluety] flE PL 542
t 9 4-6°1= 919 4 7HA AlEE 300 KoM S4 % PL A& 4
Bl odch AIN M3 5S Zhe AlE9} MOCVDE 4438 GaN T 2zt
Al g oA+ band-edge W= (emission) 3= (peak)? 3] 365 nm
(3.39 eV) oA yestth 28y Zn0 HASS 7H A58 B S0l
ol AR A9 365 nm Xtk PL Z%7F 370 nm (3.35 eV)elA ¢

A FFESQIT 370 nmell #AE Fol= Ak JF] Aow Azhd

o} [53]. H, 400 ~ 450 nm9 EXE 7IAE ® o2 937 ve

ou] olo] gt AowE 7E Fole =g} o AE Alolg Ho|7} B
Ag Aoz YAk [54].

I 4=7°= el et 4 A FF WS E 7= GaN 42
ol gk 77 K oA 2] PL 574 A5 BT 4 7HA A5oA 554
o2 3789 peak o] WZHU=H 470 yF 358 nm (3.46 eV),
366 nm (3.38 eV) Z12]3L 376 nm (3.30 eV) ©]t}. 358 nmofA] Ho]
+ peak < band—edge emission peak ©]™, 366 nm & peak < AtA
EEo 93 peak ©]al, 376 nmeollA ol peaks DAP (doner—

acceptor pair) #olo] #gE Rog yHEn} [55]. o]gd E¢E

=)

A peak 52 Hd87FA TE AHYog wrEojR HES oA WAEE =
=9 odFor A, sH, 7} A5 2] band—edge emission peak

o] FWHM= ZAbsl] Btk AIN M3 3 A5+ 2.1 nm (17 meV)ZEA]
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Zn0 W Z A152 3.4 nm (30 meV) <} Afgto]o] flef HHZF glo] A

X
o
>~

g3t Al=2 9 4.2 nm (100 meV) ol vl&l| 22 #& 7FA|+= sH MOCVD

NZ= 9o A& A 59 2.8 nm (20 meV) &= H)==3+ 3t

fu
oX
o
=
)
o

S MRS o = et} o4 MO-HVPEZ A &8t AIN HE =S o]

o Y B4o] TE WH S ALgel 4P F
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T =300 K 7

GaN/AIN buffer

GaN/ZnO

PL Intensity [arb. units]

GaN(No buffer) ]

L N 1 PUNIET N SUSS
350 400 450 500 550 600
Wavelength [nm]

<I1¥ 4-6> WY F W3le] w2 39 GaNZ2] PL spectra (300 K)

T=77K 4

GaN/AIN

GaN/GaN(MOCVD)

GaN/znO

PL Intensity [arb. units]

GaN(No buffer)

500 550

350 ' 200 ' 250
Wavelength [nm]

<™ 4-7> Wy F WH3le] & Tu GaNF9 PL spectra (77 K)



A(77 K) PLEYZAFAE o]&ste] 1% 4-8¢l= band—edge
emission peaks 7|02 JAZAZ 2714 EE peak?] At
AE ArlE vas gtk aH R AIN WS AR GaN 7]

%= peak©l| H]3] band—edge emission peak? 7
7 & A ¢ Ak o8 gRA e R Zn0 HESS 7Ix AEE

WS HABEA XT ol WSl fle A% FAHA =

i

N ¥#3F, MOCVDE %3 GaN 18]3 ZnO HHZTS
o] &3k GaN9| Z-¢-= FWHMO| 22t 6.7 nm (68 meV), 7.4 nm (70
meV) 183 7.8 nm (74 meV)ZA H]5=d HAES Ho|1 Q= HhH
W E glo] AZE GaN Al& 9 FWHML 11 nm (105 meV) 24 Tt
A7EA Algel vl8) o & g 7S o 5 dTh

wela] 2 AFo A MO-HVPE 7]5o=z AAHE AN Hy=2

o% Az, Ry e dFHAES 7= 7188 9 GaN 24 A

Fol BolahA o4 4 US Aow BEIL.
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Y L 1 L 1
Band edge emission Impurity peak DAP peak

Normalized PL Peak Intensity [arb. units]

<1% 4-8> E<%& PL peak?d} DAP peak?® Aozl = wlw (77

K)

T =300 K
FWHM : 6.7 nm (66 meV)
GaN/AIN

FWHM : 7.4 nm (70 meV)
GaN/GaN(MOCVD) |

FWHM : 7.8 nm (74 meV)

GaN/ZnO

CL Intensity [arb. units]

FWHM : 11.1 nm (106 meV)

GaN (No buffer)
ASO 500

|
350

400
Wavelength [nm]

K1Y 4-9> WY ZF9 £57 W3le] W& 32 GaN =9 CL 23

53



4.1.2 WH39] A=) WE ¥ GaNe| 384 44

HS

Ao degie]l MO-HVPE #XE A#d AN ZFo
HHFoRAMO 7hsde &Rl va dAR e AHst vy Fo
AAEEE o7l flal vuES AFEEE WA 7IHA At
My A & AFM(atomic force microscopy) < £3Fo] AIN ¢ GaN
WS 242+ A A7]9F Al H Ale (root mean square,

rms)  ARVE SAsAL. o] FAEAHL 1 Sl AEH

otk A Al TMA ¢ TMG 7FA% ¥re3e Ry 7fAs
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<19 4-10> AIN¥ GaN ®H¥F9] g9 wiste] w& AFM %9
ojm] ]
(a) AIN(1000 C)/Al,05 (b) AIN(1050 C)/Al,0;
(¢) AIN (1100 C)/AL,05 (d) GaN (700 C)/Aly04
(e) GaN (800 C)/Al,03 () GaN(900 C)/Al,03
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HHFe] el 2 GaN & 4% st $ CL 54 A%E AN
GaN W# 39 g wet 27 4-12¢] Jepigicth 27 4-12—
(@)= AIN HHZFE o]&3 Ffola 4-12—(b) & GaN HHZF S o] &
ato] FuF GaN A7 9 CL Z7%4Aoltt. AIN MHTE 7 A= 4
F2%7F 1000 T HHAZS (57 80~100 nm) ol 7|2 GaN9| %8}
7z EAJo] 7b ZE<9kth 1000 T, 1050 T2 F4 34 =3k 364 nm <)
g whele] 1100 C A8% 366.5 nmE ¢F 2.5 nmA L #upg Zow

JEees B 5 Atk o

fr

a2 Ao

it
o

N3l T2 GaNT 9o

A7 A7) Mo 88 (strain)©] S7Fsts GAIZ AR GaN H

HES 7Hd AS= AFeEr 800 €l W E(F7: 20~40 nm) 9
of A47st Tu GaNe FEA o) 7Hd £ F o7 e
CL S423%= &8l 139 4-139 (@$% (bl AIN & GaN W35

Z}7ke] FWHM (full width at half maximum) #< %38 71 $54< 4

Ao ® vws] Bokth AIN W52 49 1000 CTelM 7 =

rlo
1):_‘1.\1_(

(11.8 nm)= 73, GaN HWHZF2 A9 800 TelA 7H¢ &2

(10.1 nm<= K= & F 3w A3z o= AIN HHF 9=

o owebA] A e At olw ks AW wHA7I= WS AR
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350 ' 400 ' 450
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<19 4-12> AIN(a) 9} GaN(b)HHZ A &5 W3lo| u}

GaN¢] CL 2%
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4.2 Mixed source HVPE® ol 23t Mg doped GaN<¢ A%

A2 Abgrolo] el st GaN (2 im)/ALO; & 7|#Oo=Z o] &33ltt.
Metal Ga 20 g o] Mg 0.1 g & H|Z g7 HE 3/ Zel T A A

A QP9 EHY =2 2RoA FEs| Est AHE el o
Q3 129 furnace oA @@ A|7F baking & AFESFA T AR Al
T A4S 99 2EF 800 CT= 3o 7l#e 2%+ 1050 CT= A

ZatE T Al w2k NH;9 oF2 500scem, HCIS 92 20 scem®

2 30% FoF T3tk Ao} pAme NoB Agsith 1Y 4-14:

Ga+Mg
<

<1¥ 4-14> Mixed—source HVPE W
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4.2.1 Mg—doped GaN¢] ZA3 A3 A& &4

Mixed—source WOz A#Aw GaN<2 AAAA Aeje} Mgo ¥3F o
5 g3t7] Y& XRD9 AES(auger electron spectroscopy) & ©]
43 =4tk 19 4-15% GaNiMg AIES w-20Ho% =43

XRD #H O % hexagonal 7x2%2 @274 GaN7} 443t RS &l

ok

T %tk o] A5 cF AA A4+ 5.187 AolY. w scan A] peak
°] FWHM %t 5 arc minZ HliL% Sod A4S 7HS 13

AATE o] AIH}ZHE mixed—source HVPEH | 93] Ad4d® Mg

o
o
S
@
o
D
Q)
Z
rl

= QwAel GaN 24 2o Fug sk S e

T3 19 4-169% AEE T GaN 47 &l Mg Awvs A
at7] 91k AES FHAAARE HAAh GaN:Mg @AE% = AES
spectrum®]A Ga (LMM), N (KLL) ¥ Mg (KLL) peak¢] &A%

)

o] 2 AR Mgol TFE] Y& FAT 5 Uitk

= T
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T T T T T
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=1 i
c
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E L
i Sapphire(0006) 7
41.68
L | | " 1
20 40 0
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<% 4-15> Mg doped GaN<¢] XRD spectra
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4.2.2 Mg doped GaN ¢ CL A3

% 4-17@ A= A2 (300 K)ellA F4g CL A5 et
364 nmeolA4 band edge emission peak®] A E 3 380 nm(3.26 eV)
< 2] peako] Mg acceptor$} #H#H St peak O = o3 T}H[57].

9 4-17(b) 2 4 KellAl =743t CL spectrum®| A zero phonon line
= 376 nm (3.29 eV)olA #== 31 LO phonon replica(0.09 eV) 7}
387 nm (3.2 eV)2} 398 nm (3.11 eV)ol] Aol A TA2HT}[58]. Mg
doping®] A% @43t ol|q#7} A3 AA Mg el wlsh 238tz 2
AEE vEo] =3 Hrh mebd GaN AW Wl E=3FH Mg ¢
emission 542 TAle] A Lol = AL T3k do] dr. ol
CLZ44d77F Mg ¢ &l 1.5x 107 em 7 o]} Q1 Aol 3.2 eV
g oJo A9t emission ©] YEFFA 1.5% 107 em * ~ 5x 10" em ?
AFol 9] oFS 2= Aol 3.2 eVE 2.8 eV F P emissions
Holml 5X 10" em 77 o]l Afeliz 2.8 eV FoeAul FE

emission®] YERATI= J. M. Myoung® HiL[59]5 FalA Azs] &

B\

ml SIMS (secondary ion mass spectroscopy)= ©| &3 Mgo 4=

—

e s FAQAT Mg o =3F] B 2 x 10 a o)z 9

AFE 5 Utk £rge] RES uhe] vl 4P wEsle]l Mg

ftlo

concentrationgts JFH o2 dojul= #o] T3 ojof & Aoy,
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