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Abstract

Freestanding GaN (FS-GaN) substrate is inevitable for the high
power and high speed optoelectronic devices. However, it is still
difficult to obtain high quality large-area GaN substrate with low-cost.
In this thesis, it is proposed to introduce a decomposable buffer layer
(DBL) to fabricate the FS-GaN. Hydride vapor phase epitaxy (HVPE) is
used to fabricate FS-GaN, and the growth condition for DBL and cap
layer (CPL) were optimized to grow high quality thick GaN. The
crystal quality of HT-GaN has been investigated in terms of optical,
electrical and structural quality. This thesis consists of five chapters.

In chapter 1, the fundamental GaN properties, problems in the
fabrication of FS-GaN substrate, and many application of the GaN are
introduced. At the end of the chapter, the purpose of this study is
addressed.

Chapter 2 describes the experimental and characteristic methods. HVPE
was used as the growth method, field emission scanning electron
microscopy (FE-SEM), high resolution x-ray diffraction (HR-XRD), micro
Raman, cathodoluminescence (CL), photoluminescence (PL), Hall effect
measurement were used as the characterization methods.

In chapter 3, DBL growth was optimized in terms of the thermal
decomposition of GaN. Also, the chemical reaction mechanism and
roles of DBL were described.

Chapter 4 describes on the design of growth and separation processes
by using DBL. Also, the role of CPL was described. Moreover,
investigate the feasibility of our proposal to fabricate the high quality
FS-GaN substrate through the characterization of structural, optical and
electrical properties of self-separated GaN.

Finally, the results found in this thesis are summarized and concluded

in the chapter 5.
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Table 1.1 Properties of GaN

Property Value Ref.
Energy band gap (eV) (@300K) 3.44 [1]
Lattice constants (@300K)
a (nm) 0.318843 (1]
¢ (nm) 0.518524
Thermal expansion coefficient (10°/K)
a 5.59 (1]
c 3.17
Density (g/ cm3) 6.15 [2]
Infrared refractive index 23 [3]
Thermal conductivity (W/cm-°C) > 21 [4]
Electron affinity (eV) 3.4 [5]
Heat capacity (@300K)(J/mol-K) 35.3 [1]
Group of symmetry C63mc (1]
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Fig. 1.1 Band-gap and chemical-bond lengths of compound
semiconductors that emit in the visible range of the electromagnetic
spectrum. The visible spectrum is shown as related to the energy gap

of the semiconductor[12].
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Fig. 1.2 Phase diagram of GaN[15].



Table 1.2

Material properties of substrate for GaN epitaxy.

] o TEC Price
Lattice misfit .
Crystal Structure (%] mismatch (c-plane)
(]
[%] 10x10mm ($)
GaN Waurtzite 0 0 1295
AIN Waurtzite 3 33 -
Sapphire
Corundum 16 -25 5
(ALOs)
SiC (6H) Waurtzite 4 24 220
Si Diamond -17 115 29 (4inch)
GaAs Zincblende -20 -7 100 (2inch)
LiAlO, Orthorhombic -1 21 54
LiGaO» Orthorhombic 1 -23 65
ZnO Waurtzite -2 -13 140
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Fig. 1.3 (a) Efficiency droop in LED depend on substrate, (b)
Transmission Electron Microscope images of Soraa’s GaN on GaNTM

crystals(right) and conventional GaN material(left).
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Table 1.3 Development history of FS-GaN substrate by HVPE

substrate for
Fabrication technique Developer (year) Ref.
GaN growth

Sapphire polishing Sapphire Nichia (1998) [19]

. . . ) Taejon national
chemical etching of Si substrate Si ) [20]
Univ. (1998)

Laser lift-off Sapphire ATMI (1999) [21]
Chemical etching of GaAs
GaAs Sumitomo (2001) [22]
substrate
Void-Assisted Separation Sapphire Hitachi (2003) [23]

Facet-Controlled Epitaxial Lateral

Sapphire Sumitomo (2005) [24]
Overgrowth (FCELO)

Tohoku Univ.
Evaporable buffer layer (EBL) Sapphire [25]

(2007)

random-islands (r-FIELO) Sapphire Furukawa (2012) [20]
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2.1.1 Hydride Vapor Phase Epitaxy ; HVPE
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Fig. 2.1 Schematic diagram of HVPE system
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2.2.1 Field Emission Scanning Electronic Microscope ; FS-SEM
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Fig. 2.2 Schematic of a scanning electron microscope[2].
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2.2.2 High Resolution X-ray diffractional ; HR-XRD
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Table 2.1 The effects of substrate and epilayer parameters upon the

rocking curve[3].

Material parameter

Effect on rocking curve

Distinguishing features

Mismatch

Splitting of layer and

substrate peak

Invariant with sample

rotation

Mis-orientation

Splitting of layer and

substrate peak

Changes sign with sample

rotation

Dislocation content

Broadening peak

Broadening invariant with
beam size, No shift of
peak with beam position

on sample

Mosaic spread

Broadening peak

Broadening may increase
with beam size, up to

mosaic cell size

Curvature

Broadening peak

Broadening increases
linearly with beam size
peak shifts systematically
with beam position on

sample

Relaxation

Changes splitting

Different effect on
symmetrical and

asymmetrical reflection

Thickness

Affects intensity of peak

Integrated intensity
increases with layer

thickness, up to a limit

Inhomogeneity

Effects vary with

position on sample

Individual characteristics

may be mapped
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2.2.3 Micro-Raman spectroscopy
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Fig. 2.3 (a) Type of Raman scattering, (b) Intensity of Raman band.

24



2.2.4 Cathodoluminescence ; CL

A 7] 2

J]

sl AAast

o

AAZF 71AZ WHS o

AN

o

il

)
~

o

of o]& ¥t} CL2 EMP (electron microprobe)(dAtH of7], X-A

1=
w4

&

o}, EMP9}

)
pul

B2

= HAE3] CRTO

FA1%F, EMP X

J]

Hl
=

=4

H}

A5}

CL &% o7] &
Abol ] Az}

o)

27

[e)
He

22|

Al &

= 0
s

]

Aol 7HdA Abel

AAE o] §

ZIRke g2 &}al, CL FA=

102

Z
ol

Fig=y

dolz 5y A

A%

€ n(external photon quantum efficiency,

od

&3 AAFDH5]

o
N—"
g
|
\S)
—~ >
o »
e N
<
B
&} g
[ | g
~
—
=%
Tr
I+
| —
~— |—
Il
<

(1-cosO)

t, CL ©]

J]

of wrebA W

AN

25



2.2.5 Photoluminescence ; PL

Photoluminescence= 3}3& HEE=A| o] 352 EALS ZAlsH7] 93k =
W 9 shtolth PLE HI 2 Q] WolE®w EeEs P AAUEE X
et 24 EordAy BEd ud, P AZATE FFgol gk o

g ARE 42 F U

AN

PLO 7t&s 234 dEe 39AE 78 F Aok A WA, AR
of "9 A7} photon AUAE FF, H7] Hol A=z Eprt= 3
Aoltt. &, electron-hole pairs (EHPs)7} ¥AdE o] 7FAAI o= A F 0]
AABHA Hal, A= o= AArF YA "dvh F HA= EHPsE ©
T A" Axet Ayel QA Hgolr o AMAY AAHd= FAMY
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FE a3t AAFer FH WAGT o7]A, Ege
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of o3 TAyg} PEA|T O R (g)= acceptor leveld A donorZF-E| ©]3)
o
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2.2.6 Hall measurement
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Fig. 2.5 Hall measurement
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<Thermal stress>

Abgtolo] 7183 GaN&| Aol A TSI stressEAH, =HoA LA
st 7 7HA ZEH LS T o ZEH X (external stress)oll ZFET of
A 2™ ()= Abgtolo] 7o) FASE A Wsd FAE AFE GaN
o 2L A yERd adola, ©@Rl 2EF 2 IS AW
a2 g AE JA s ST, o7 A4S - (b)ollA
HEd 2Ed 29 BHStE stress AEE &2 & F AT o] 2
hetero-epitaxyll A F=2 A=, 71947 A4 229 A2 tE &
ZF Agel 9% Aotk Algololx 75x10°/deg.©l3l, GaN
545x10°/deg. 2 M AlTtololr} o 2 AWA A4S 7HAth o]f e o
+ A%E GaN¢ =g threading dislocation density (TDD)E =]+

ol 7)ol @},

_compressive tensile

A

______ I —

Fig. 3.1 (a) Schematic cross-sectional view of GaN/sapphire

heterostructure, and (b) the stress distribution[1].
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3.3 Decomposable buffer layer (DBL)Y =¢]

2 A7 4 Fx<20 Decomposable buffer layer (DBL)S Alz}o]o]
7133 GaN9 gd==o=2 /\]—%—E}}E} DBL-& ‘o‘ul— GaN# =9 ZEA= x4
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energy®] Wsl= o3 2o
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FEelH, AG<0L FR-go A GaN filme] Hgste Fejs ofndict
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- A= J3d =2 T

AG; gon(PT) = AGJQGGN( T)+ RTIn(Py, 1/2) ()
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Fig. 3.2 Gibbs free energy of GaN calculated as a function of

temperature.
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Fig. 3.3 Thermally induced decomposition of GaN and the
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rate of 0.3 K/s[5].

37



332 AP GaN #|F<S 913 DBLY 9& w49

DBLS GaNe| AA o2 o]Fojx glom, ua Aejel GaN 2HS &
NYAZE o] &3t 3}sx a7l WA 1o wE DBL-GaNo] 4]
g dAVta29] AR A3 35S FA%

DBL-GaN®| #HA|&H e ofzff 11
e exoA A4E DBL-GaN9 ©d Rw
o] GaN 24 H& merglngﬂx] Fotal AAAAE sty A A
. g3 ¥ 34(b)e A" DBL-GaNS 1000 °Colld DA (N,
ambient)$t E A% o]H, 11:01]7\1 H+= vke} o] DBL-GaN¢| ZAH
A A3t ZFo] EAst=H, olHd v FiHor Aol HF
Hol = Z2AHEY AANA GaNe $+HH wkg-o] YER}r] & l
tHel. Ao g, 9 34(c)= Exl8] AESolA AsEFe EA4 oAF
gst7] #fste] HClol ol o=z dstadFo] AAHL F=50] A4

= AS g9l vk oy ®istHAFS 333% 334° AAE SEM At
oA ofefe} 22 HAFS B &+ Uk

=|
m
0
4
o
(O8]
>
S
fr
jukes
Lo
Lo
r2db

b}

.

olgdt Y E Fu GaNe AWo] DBLo| =gt A5 F=
TZE AYsA Zdgzte AR I FAdY uA e GaN AF

s N
oA QA FENS] Ga o] Aol EAMFEEZHA T2 GaNF} Atzjolo] 7|4

38



(a) As grown DBL-GaN
GaN grain )
Grain boundary
\ /|
! 1
=\

Sapphire substrate

(b) Annealed DBL-GaN

N2
A

D‘DD?;E

Sapphire substrate

Liquid Ga

(¢) Removal of liquid Ga
(HClI etching)

Void

L ]
HI 1

.

Sapphire substrate

Fig. 3.4 Schematic diagram of the experimental

procedure for role verifying of DBL.
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Img.

- Ga rich

Fig. 3.6 The entire surface of the DBL-GaN is transformed into
metallic Ga by annealing, giving rise to the dark color in the upper

half of the specimen pictures.
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(a) as grown DBL (b) annealed DBL

TDBL = 650 °C

Fig. 3.7 Surface morphologies of (a) DBL template, and (b) annealed
DBL template.
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(a) annealed DBL (b) Ga etching
TDBL == 650 °C

TDBL = 700 °C

TDBL = 750 °C

TD.B.L e 800 °C

T3 = RS IR .

Tosr = 850°C

Fig. 3.8 Surface morphologies of (a) annealed DBL template, and (b)
removal liquid Ga by HCL
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Fig. 3.9 Section of phase diagram at lbar pressure. above 1117 K
GaN decomposes into liquid and gas, virtually pure gallium and Np,
respectively. solid symbols denote solid GaN, open symbols denote

GaN decomposed into liquid+gas[10].
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Fig. 4.1 Schematic diagram of fabrication sequence for in-situ

self-separated FS-GaN by thermal decomposition of GaN.
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Fig. 4.3 Cross-sectional SEM images of (a) the interface; high density
void structure, and (b) self-separated FS-GaN.
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Fig. 4.4 Backside images of GaN on sapphire substrate depend on
growth temperature of cap layer (CPL).

55



|
1
100 | | =]
L id - i
» | =
I I 1 ™\ ! =
= 8F S i AV
R : '
25 L — Growthmede — ! &
o ' s | @ |
= 60 | ! | e |
E CPL-GaN i ¥ l “, / LN
g [ ] th moc
!
= - DBL-GaN ! B
" 40 :
b i
@ o N |
o Sapphire substrate ! N
o 20} i
' == Decomposition made: = = N
i E:ﬂ Sapphire substrate
o B B ;
1 L 1 L ) ) 1 L 1

800 850 900 950 1000
Growth Temperature (°C)

Fig. 4.5 Separation ratio of GaN during the CPL growth at the
elevating temperatures (800~1000 °C).

56



422 R &% (Cap layer)d] g8

Z (DBL)S &% oUARH st HFL 7] 93 e ok =
Sk, DBLo] 2A4%S 3 7IdEe &< dudgoz AAAo] &
DBLO|A 9 GaN& AAst7] A71A 244 Mds sk 8455 9T
Eu o AR =

CPLS A29 535 o=2ZM9 aHE 7Yttt dubtdo=z aFZ

GaN #tehs A3e 7

204 EAYNH; 97N & oAl oA dFste +
AL BTH3L olE s @A Aol dAF EE AL GaN ¢FF
A FFS AXHEA 4

dol MdHEE, 12 4 T HF Ga

s ]
FHEH d&EHo=m AAH=H, o3 4= ‘Ramping temperature
growth’ﬁ‘r s, Feff Aol mEW oy AR 94 2EHSE
3 GaN9| cracking® 2HE HZ

El—t— aNs i&?lfs}ﬁit‘r [4]. Axtxo g, B AFA A€ CPLS i
[e=]

>

4
e4F ANA FAHoR Al 29 $EF

57



43 AY3 GaN 7|19 EA H7}

431 23 3H 54

1% 4.6 (a) sample AT AXHHE AHE3t] Aluto]o] Z]dho|A F]
H2 gx AFE F9 GaNeo|x, 1% 4.6 (b) sample BE DBLT7ZE
ALg35le] Alglolo] 7lgto mBE Eg® FS-GaN A Z o 7Txm o} gt
2HEY ARE Jehd Aot ofzf A 2E#HZ2S WstE HA
W3t7] 9138k Exhigh) = A WstFS 2EHZE AFE o
Fo] 2EH 2 A7E AFFHoZ FAT S gk

Aw =Ko  [5] 8)
AoyE 2EH 29 A7) on2 Q8] MA == Eihigh) &= oy X9
1 3} o]

31, K256 cm”/GPa [6]; GaN¢}t Algtolo] 7|3 2~Ed@ X ASo|th
o714, Ex(high) ¥ dyAe 2 Z7]9 #3y oduyx Az W
st& o] &3t EH ZEHAS A4 B §, 7o wE 5AS
AL F A7

DBL #-& f7F° we& 1248 F AW I8 wstz dd x4
2EH 29 ®igE 13 & 4 vk 2 23, DBL 72 E HEsHA ¥

7d-F-(sample A)ol= & compressive stress (1.08 GPa)7} ‘T st 77}
S7/METE 2EH 2T FAEAT 443 FHHAE Fenh olHg ¥
ge Aol BAse & 2EHAVE FUAARE FFS A= AR
1z & 4 Ak 283l DBL F2E AE3 H4EZ9 49 (sample B)=
18 XA = DBL-GaN2] 43 dEs&] ur2 oz Alulolo] 7|Hogx
g 2

Zol vl dojyton, 947 AEHAE FUste Aol 2
St AWM 77k JHRE RUHA 2EHX
A2 00 7M7kE 2E# 2 3(0.08 GPa)S 7HAlE AL F2ls gt

58



571.0 T T T T T T T T T
" @RT- p Raman (a) Sample A (b) Sample B
5705 - !
[ HT-GaN Layer
570.0 HT-GaN Laver -1
5695 -_ (a)<> Cap Layver il
= ' | _,| LT-buffer Laver - DEL J
g 569.0 Sapphire substrate '
T 56851 -
S msol O < < ¢ ]
L | ]
5675 |- .
o r(b)ee e @ ® ® ®
o > Bulk Gan* ]
5665 | 1 ! L 1 1 3
0 50 100 150 200

Fig. 4.6 Cross-sectional Raman scattering spectra in a function of the
distance from the interface. (a) sample A;
HT-GaN/MT-GaN/LT-GaN/Sapphire substrate, and (b) sample B;
HT-GaN/CPL. The arrow indicates the starting position (d=0) for each

sample.
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Fig. 4.7 CL images show that (a) sample A;
HT-GaN/MT-GaN/LT-GaN /Sapphire substrate and (b) sample B;
HT-GaN/CPL, and (c) the data of selected regions in CL images.
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Fig. 4.8 FWHM of XRC for GaN (0002) and (10-12) reflections from a
250 pm-thick FS-GaN.
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Table 4.1 Structural properties of fabricated FS-GaN by various

techniques.
Buffer or FWHM of XRC
Thick-
GaN (arcsec) T.D. EPD
Method ) ) ness Ref.
template (/em®)  (/cm’)
(0002)  (10-12) (m)
(MOCVD)
20pm
Polishin .
LEO-GaN <10 100 [11]
& MO.
Si sub. AIN-sputter
. >1000 350 [12]
etching (200pm)
Laser
137 275 [13]
Lift-off
GaAs
sub.  LEO (HVPE) 106 <2x10°  5x10° 500  [14]
etching
MO. GaN 6
VAS 60 5x10 300 [15]
(300 pm)
MO. GaN (3
FACLE um) +MO. .
187 5x10 100 [16]
@) LEO-GaN (10
um)
P This
DBL DBL-GaN 67 76 6x10 250
work

65



432 333 54

Y 49¢ DBL 725 839 A FS-GaN (250 um-thick)e] &
82 545 gsty] 9t AR (12 K)ellAl 54§ PL 2" Egolt}

2 g ze ApEAoE F2 % FS-GaN9 near band edge 999 PL
A3z H, AL PL 2~HEYLS 3469 eVe donor bound exciton
emission (DOX)O] FA5tH, free A exciton emission (FXa)© DXol| %
o1 peakZ LAFITE FX, ELorentzian fittingS AF&-3}e] 3.476
eVoll 1A3s RIS 28BEE Z AT AAg HHes A%
H FS-GaNe PL =4 ZyzHyY FgHozELE w1EFAS GaN 7|H9|
AZ=EASS A & 7 Aok F 412 Odgk Po = Azd 2L

Aoz HE ¥ GaN<9 PL peak A& 293t Aol

66



| ._’(_’J‘.nLT [12K] DUX 3469 eV o Rnaw data
He-Cd (325 nm) DX
-~ I 5 " EE o FX
= —— Fitted data
3 o t
% - ;o FX, 3476eV
S /
oL
3
=
i
o
345 3.46 3.47 3.48 3.49 350

Photon Energy (eV)

Fig. 4.9 Low-temperature PL spectrum of self-separated 250 pm-thick
GaN at 12 K magnified near band edge emission.
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Table 4.2 Positions of free and bound exiton peaks in various samples.

DX ) Measurement
FEA (eV) Thickness Ref.
(eV) temperature
Bulk GaN .
3.4712 3.4772 22 mm (size) 1.7 K [17]
(Na-Ga melt)
Homo-epitaxial
GaN (MBE) 0.4 pm/A
(Bulk GaN : 3.4718 3.4785 few mm’ 45 K (18]
High N (size)
pressure)
Free-standing
GaN 3.4726 3.4792 250 pm 2K [19]
(HVPE+LLO)
GaN/sapphire 34727 3.4799 400 uym 15 K [20]
This
self-separated
3.469 3.476 250 um 12 K wor
FS-GaN (DBL) B
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s Ay W71H 5ol S Rl 1HEE B ATl 4%
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Table 4.3 Hall measurement of various samples.

) o B Carrier
Thickness  Resistivity . Mobility
concentration 2 Ref.
(um) (Scm) 3 (cm™/VS)
(em™)
Bulk-GaN 400 <10x10” >1x10" >80 [21]
self-separated 3 18 This
250 9.6x10 4.3x10 150
FS-GaN (DBL) work
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