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Growth of GaN and Tungsten carbide buffer layer on Si
substrate for the realization of GaN on Si technology

SungKuk Cho1

Department of Applied Science

Graduate School of Korea Maritime University

Abstract

GaN 1s a material of great interest for a lot of potential in
applications such as  high-temperature operation, high-voltage,
short-wavelength light devices. Recently, —the interest in the
development of GaN on Si technology 1is 1incresing as in order to
increasing efficiency and lower cost, in accordance with the trend of
large diameter substrate.

However, in GaN on Si technology, satisfactory growth result has not
obtained because of the melt-back etching of Si due to Ga and
crystallographic problems. To solve these problems, I propose tungsten
carbide as a buffer layer and confirmed the possibility of the growth of
GaN on Tungsten carbide on Si substrate. I confirmed that it is possible
to grow a single crystal GaN on the tungsten carbide using GS-MBE.

In the first chapter, [ describe the basic physical properties of GaN,
GaN on Si technology and tungsten carbide for as a buffer to GaN growth.

In Chapter 2, introduce growth methods: sputtering system for tungsten
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carbide, gas source molecular beam epitaxy, and described the
characteristic analysis techniques.

In Chapter 3, I described growth results of tungsten carbide buffer
layers on Si substrate and analyzed those physical properties

In Chapter 4, GaN growth mechanism depend on growing conditions in the
GS-MBE with a complex growth dynamics was discussed as a basic research

In Chapter 5, [ described low-temperature GaN buffer and defect
reduction technologies for GaN growth on tungsten carbide/Si, the
physical properties of the grown GaN films were described.

In Chapter 6, The summarizes the results obtained in this study
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Ae M=EH 245 53 oluiA k4ol 1.9 eVInN) oA 6.2 eV(AIN)
7MA] FRELAEHA 2HE 7 = W WME=7H(Wide Bandgap) < 7FA AL
Q7] W&o =AWHIE E3] Gads, P 59 71E IFFE HMEAZE
E7s Y A dol A THAg YA dFskE it §80] s

sttt [21[5] =g 71E9 33E wEAe v =2 dAEER, 52 9

Table 1.1 Basic properties of wide band-gap semiconductors

Semiconductor Materials
Properties
Si GaAs GaP h-GaN 3C-SiC 6H-SiC
Bandgap(eV) at 11 14 o 3.39 2.2 2.9
RT
Band transition . . . . . .
e Indirect Direct Indirect Direct Indirect Indirect
Crystal Structure Diamond Zinc-Blende | Zinc-Blende Wurtzite Zinc-Blende | Hexagonal
Lattice parameters a=3.189 a=3.08
=5.4310 =5.6533 =5.450 =4,
%) a a ams.0> c-5.185 a=4.359% -15.12
Melting point 1420 1240 1470 - 2830 -
Density (g/cm?) 2.32002 5.3176 4.138 6.10 3.166 3.211
Thermal expansion
Aala=h. Aala=4.2
coefficient Aafa=3.59 A ala=6 Aala=5.5 A Zizg ‘;’3 Aala=2.77 A ://Ca=4 63
10°%/K) ) )
Thermal
conductivity 15 0.5 0.8 1.3 49 5
(W/cmK)
2
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1.1.1 GaNe¢] &3 &4

GaN, AIN, InN¢} 22 M-V sgE BeAe A7z 19 11
I o] 33 AL T Y3 Wurtzite, Zinc blende, Rock salt 2] A
7FA Y] FHE VA AeE dElA o Wurtzite 72+ hexagonal
unit &2 ael co AR A+E JFA|3L space group symmetrye=
P63mc(C46v)e] a2, point group symmetry+= C6V(6mm)o]tH11]l. 7)ol F
70 €] hexagonal closed packed F+%¢] sub-latticege] CHo 2 5/87HF9]
AR F FHRY dAEc]l Z¥E FHolth. Zinc blende TEE
cubic unit& 7FA 31, 47019 MF YA} 4719 A4 AAE 8351 9
= TZolH F43m(Td2)e] space group= 7}%It}. Rocksalt =%+ cubic
unitS 7FA a1, ZF ¥AE 6719 nearest neighborE 71Al= Fxolth
Rock salt +x¢] space group Fm3M(Ohb)oltH12]. GaN, AIN, InN<
ddkx © 2 cubic¥ hexagonal +ZE o|FH MIZFF VE 94 A

o
5
)\A [e) x']_o]g O]SH .?_H:]}E]q_‘

oM.

O[Ni
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Fig. 1.1 The crystal structure of GaN

(a) zinc blende GaN (b) wurtzite GaN and (c) rock salt GaN
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(nitrogen vacancy)S. & I3+ A AdHnative defects)= <laf thF&E n
g WEAE EAT L Adsta ok weka pd whEA Bb
el B o E-ES =38 Hedl, R B2 S =35 A
A #eol HY] A¢E2g2 HA w&27F w2 GaN Hhet HAo] d st
kA GaNe| PE =37]<=9

7 al
1, 25E 8 del py wheke db HE AYE olelgol Jor &
3

N

Jedo] Fa3k A7 B4l

1.14 GaNe] 383 54

GaN&E AHA HFrAEA ] 7heA witol Fa Edo # A
7F ol o]FoiHth GaNrlF -V FFE WA uvs 1 3=9
W3 Aaz7E H= ol A Heoly W= JH(direct band gap) < 71A 7]
HZold, I-VF 3E H=Ae] A9 v Yo Exsts 23EE
of o] E+Y3g straing fFEEHA EHEH wmeks ool F EA &
FFe HXE Aor A Yrh 1Y GaNe| AS 1= AA
A3H-10"cm® o] dhat Yol Ao s BFsty F

FA g Aoz d#A Ut [25]
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Fig. 1.3 Bandgap energy of lll-nitride semiconductor
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1.2 GaN-on-Si 7|&
1.2.1 GaN-on-Si 7]1<9] 1 &

dstE BherdA gagel Abgtolo] Z1gke] A AAZA T AL A
A TiteE ol o] &XHa o}, Ay] HAAZ Atgtolo] 7| Aol
A AatE 9 AA S o] 83 Azl £3AY AF FYFERIY
F7] wiEol &zke] A= Fxrt BReAs EAE sidstA Esta
, 53] AMES 37 4 A HEEE A diFA S S5k
2 Qste] A 71#e daAel Frbstar okt sl 7
P71 oRE S 7@l FE AFHAL =, GaNeo| tiE A ALk
Z A8t Si 7lde 83 GaN 47i€ Mol o #Alol
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oA LED F <&F4H& FHlFolty. F= Lattice power A= A

dell AAAIZl 159 Z3t Z2F5A(GaN) LEDS] d4bs A% AFYS Al

il
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1.2.2 GaN-on-Si 7|& 7& A A4

iz 959 gEo] o7 AFolA GaNE Si Aol Aol 3=
ANE7F XgEAeY dstes ARAAS 45 F S O olfe EE
GaN<e} Si Alol9] o8] 71#] RAS, &= A7 BAE (hetero valency)
AAR-A% (lattice mismatch ; f = -16.9 %, aGaN = 0.318 nm, aSi =
0.384 nm), EW A AFHAF (¢ GaN = 559 x 10° K oSi = 3.77 X
10° K & & & JAT § 2 743%E 7/ JdE Akgold
71 el g A Fe] Jksdr wEe ARl Jhed A
Hlwg w Si 7]3de] GaN Aol zte= 7HE $83% ZAHC=EE

Gaoll ¢J3F Sie] melt-back etching &4to] A = ojof 3t} [26].

ol#g ZAE sHAstrl flsted Si Aol GaN A2 v W
o= HAIHA o S 7jEged AlN= A7 F GaNT< A, o8

Zo] AlGaNe ¥4 F GaN A4, AlIn,GagyN o =A< HAA A
A% GaN< A 3= W3 SN, SiC, HIN, Ge 59 3 =& o
Aol thEA S W o2 o TE o T}

ofo
o

by
rl
s
S
D)
Hu

2(Bridgelu)Ab= 8%1% 79 Si &3¢ 7the=s
E4% M FE o] &3ty 8AA AAFe #E glEe GaN-on-Si 71&S

e A AsiAe AT By S Ad

1
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1.3 Tungsten carbide W3 =¢2] A<t

=

(metal carbide)& transition metal 3 ©-4& At [V-

2% =42, ®d yehd uiel o

1l
¥ ¥
i
ot
il

sy

A=t obF FEL B HEA

—_—

T EE AAHNE VA Ye EHol7] wEd HF o npzt
FE Foll FE AEHI Atk 52 53 B E ) a&5E

of & AFolA Ga 3 Si Bkg& Alsr] AT WYY FH Az

Phase ==2°C) 7%= (kg/mm2)
TiC 2940 2900
ZrCo.97 3420 2600
HfCo.99 3820 2700
VCo o7 2648 2900
NbCo.99 3600 2400
TaCo g9 3983 2500
Cr3C. 1810 1300
MosC 2600 1500
WC 2870 2100
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1.3.2 & 2E7njol =

B ATl M= Sidk GaN Abele] 3tehz wigo AAE & A= A=
& HHZ=L "a7 31 Tungsten carbide (WC, €38 ~d)=S A <+3t
t}. WCE hexagonal®] 2% F%Z 7MW, AxAA4E a = 0.2906 nm,

= 0.2837 nm, §3-& 2785 C, A=+ (18 ~ 22 GPa, at 300K), €%
AsE ~ 55 x 10° K [28] 5&

tlo
PN
rlr
il
i
fu
—|o

S5 A)AH, A7)

o
D;gj
e
B
e
)
o
2
N
4z
o
mgj
e
o
ki
rlo
2
Y
%)
=i

®,
o
[ab)

(@)

)
o
o
N
i
ot

Table 1.4 B 28l Fpulo]E9] Egj& EA

Material WwC Si GaN
a 2.906 3.189
Lattice constant [A] 5.431688
€ 5.674 5.185
coefficient of thermal
) 55 2.6 5.4-7.2
expansion [ppm/K]
Structure Hexagonal Hexagonal Hexagonal
13
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>|'E

AT A

2 AFA= GaN on Si 7<= 7<= 3l M E Tungsten carbide
W T3 GS-MBEZ A3} Tungsten cabide Aol k& o] GaNw=het

B eA AT AL A B,

(—

o)
kl

g DC 2=HE ¥ Alz="x 722 2~-MBE 7} WC 2 GaN A &<
3l AFE-H AT
Si 7|3 “dol Tungsten carbide A=} GaN AA7}A| o|oAA = 7]&
o AFAM o] AFstrw B A7 FExE A 3FlA Si 713 WC
o] Aute] el AFstH Sio Aol WC etz gH, Ga-Si vH-&9 A
oA, AetdE WC =42 &<l

Al 4ol = WC/SE Aol GaN A&-& 913 GS-MBE A= 2 A
A9sts zASHH LT-GaN, HT-GaN A%=4, 8 AZvAYUSZd o

L
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o

O

2.1 N5 AZHY

B Ao AE GaN on Si V1€ THEL Y5l A2 g AEHFlb}o)
T WS Aot GaN dAs Atsiitt. B 2r7kntol= duks 9
3] DC magnetron sputtering system ©] A& 3t °m™, GaN A% 715
A 8] Hst Thaas BEAA o m el A(Gas source-molecular
beam epitaxy)E A& 3FH T

2.1.1 2~HE P A|x=H

2 AT A AtE B2E Jhato]l =& Austr] fa|lA A2HEE A
S AL839 T AHEE A28 AA 93] 7}4E Ar+ ions 9
Z=°l 93l film source €25 Wiy "ojd U Edo] wafer?lo

fai o =igol e BAE 47 A9 sbssha CVD, VPE
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2 HE O3 22 82 FAFEY Y. FF chamberdjol] Ar
I 2o EZA7|AE €3 cathodeo] AL 7}t cathode=ZH-E] w

=H HAEo] Ar 7|HLAeE FESHA, Arg o] 23 AT
Ar + e-(primary) = Ar+ + e-(primary) + e-(secondary)

Aro] excites A ZHAE =3 glow discharge7} 2 ste] o] 23}
A7} FESHE BHebdle] plasmazt B[ Ar+ o] 2L Z AL
olef target o g 7I&EHM 7l&EH o] o] Wl F& JUAE JHA L
sl FESIA Hi FEFHY QASAA AU|ATE dEdn
ol MEHE= U7l HAE o] AFHEG A1 dAE T dHEIL
R-2 A Ut Hed o] e ZdE"olz} &, FAUT
=°] = Wi AR T]BA| ol Fsle] FAHEE = Zlo]

HE ol

N

Ea

i)
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substrate

oo
io

Fig. 2. 1 schematic illustration of sputtering method
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Vacuum chamber

substrate
plasma
shutter
tarQEt i Cathode
— shield
Gun
Pu$|/LJing
D.C. power
suppty

Gas system

Fig. 2. 2 Diagram of DC sputtering system
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Gas source molecular beam epitaxy(GS-MBE)
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2.1.2 7} EA o 98] A|(Gas source Molecular Beam Epitaxy)
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MBEol A ZE=£7e /Mo Fste Bade B 58 440 4

A (growing chambenW #+5F 7}

[»
lo
of
o
o
M
N
&2
rlr
L
do
=
=2
30
2

Beame] &4 =& Ad A o3 dxxdol disf Lo duk

Aoz wut Yo 3 AT BHE WSE el FF/bae gYo

H 71—

X

2 ®A%H, 1.33 x107 ~ 1.33 x 107 Pa(10™ ~ 107 torr) AtolS L
F(HV : high vacuum)©.2, 1.33 X 107Pa(10” torro]Ah) o]&te] ¢y

rlo

Z3F-F(UHV : ultra high vacuum)o. 2 E 73ty dnkz oz 7px9] qf

@)L ol 71Ae] FE WA s
(4 2.1)

2 EAFM Re 7]A444%0.0821 atom/moleK) o]tk A3+ 9 x] ol A
1A B2ke] %% n(number of molecules/unit vol.)-& <¢+# P(torr) ¢ &

= TK) 9 342 the3 o] AP
(2] 2.2)

A714 k & B9 A4(1.38 x 102°%J/K)olth. 3 o)A A &%

2S5 Ag3te] 71A o] B A3 Z(mean free path, L& 314

L= ———— i, (2 2.3
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olth. d £ B4 wgold ne 714 B4 otk
9 % Aozny FF A P LD, YPE), EAWAD o

Sz gew go] AW

L:3.11><10*24—T2 ............................... (4 2.4)
Pd
dubH <l MBE ®heZollA Zgat FA4H 79 Folel Az

Fol7l oA BAME B AF BF BAA B QT 7]
@ EW Apole] Aejnrt Aok,

< wEsof At of7A Lbe BAME FF A4 Bolu

AR 777 A EFAE gAGTy et HE A

A

7
L= VI 1+ () 1 26)
b
d +d
ba o 5 q) ............................... A 2.7

A= BAAT T Jhx BA] WM, Vst Vo= BANT 3F 7

T &Eolth AMHOR V, K Vol B, 9| AL
, = ﬂﬂnbdg—l—wngdg ............................... (2] 2.8)
o RAHT WA JF 7120 BE n,e e 2ol mAH:
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—V2 T™na)

= g9 AYA MBE oA 9 gSe ew ok
ky7= 300K, = 1.381 X 102 J/K
Ly = 0.2m, dg = 3.74x10"° m

o714 de= 273K 3718 HAE=E SAsIY At MBE & 2313¥F
Z719 4 Kundsen effusion cellZ2FE EAHE @HRAA AT} o]
o 7)ol AAE SAE gel FACt 240 ddAHS &
T A Y7k T Abo] o] 7]8kshA Aol o] &3kt WA
beam flux & Az B o] vt S+ ol dAd &4 2=
v g Qv I" 2. 3 ol Aek o] Fiwe] FAE wf T4 AZ A

9] beam flux & [Ag} 3lH 6 WEFE WojR A B o429 beam flux +

X
rx
0%
o

[B=IACOS4 € ..ooveeeeeeeeeeeeee A 2.1D
oly, 71&#3} ¢ TF 7] o

TA=TACOS @ v (2] 2.12)
[B=IA L:cos 0 COS(O+ @) oo, (2] 2.13)
Tp

olth. AZIAM 13} 1= 7B A HolM EAA 7|9k Ao
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o
a9 2. 4 olAsk ol A P olA @AY GsEdel B
Al 4 Ny thest 2tk

e

N, =1, () cosBeos (0 + B)COSE wovverrreeeieeeeeeeeiieeeeans (2.14)

ZaEAE FASE NE o 9 g 9 52 FAdD
gl At @9 dAo] 23w | 2o AFe

i

mp ) =m N = 0 2.15)

ol mye 159 3 Bzl Aoty FH=E A4=(Sticking coefficient,

S)E lol=k 7Hdstal 4% &=(growth rate)E Frshd

ol Wl o7} cell o] AW lie cell ¥ 7]H Abo]9] Z} ¢ o= 9
3. Layer FAY EdLAS H7Es] sl FA Ll AT

(thickness homogeneity coefficient) y = A2sla ofefe} 2}

k Mol o2 o] 8= ) A P oA 1% *=(concentration) Q=

k
Q.(p.3) BTN (B (2.18)
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gl 24 YA g(composition homegeneity coefficient) » = T

_ Qz’(max) - Qi(max)

X100 e 2.19)
C21‘(max)

e
2
2
i3
o
N
~
D
—h
—h
ot
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Substrate
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Fig. 2. 3 Molecular flux distribution across a substrate in the MBE
chamber axially (a) and non-axially (b) with respect to the effusion cell

orifice
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Effusion cell

Substrate

Fig. 2. 4 Schematic illustration of the geometry of the
substrate-effusion cell system indicating the polar coordinates of an

arbitrary substrate surface point P
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molecular beam
generation zone

crystallization
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effusion cell '
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Fig. 2. 5 Schematic illustration of MBE System
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MBE: % ARRH BAss 97 9 Agdth agn w9

-

stES 9 g8 =E FA7F 7Fesdtal, MOCVD ¢ 22 AZdES A%
& Atk 27 258 EAAAE ol &5t A ASk= MBE systems H o
F3 9t} effusion cell WH<2] crucible o AR A2~ EFLS
PID(proportional integral derivative) SE& % 7 Z&(Thermocouple)
of o 2%7F Ao =HH, 7tEdH 429 YA+ beam o FEHE
effusion cell ZFE 7| WFo = WE%1 beam & AE o 23] Ao
Hoh 7o s WakE Ao A e 7 263 Zo] xHAA AT
3l & ZH(adsortion), ©]&(migration), ©-=H(desorption) ¢ FEHo|A Q]

IS T3l Aol olFof I [3l
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Fig. 2. 6 Growth from molecular beam
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2.2 S B71H

2.2.1 47 \tete) F4 3t
2 AFolA A" vhetel AA A2 XRD(X-ray diffraction), 333+

=
E4

rlo

PL(Photoluminescence), #7]% EA& Hall =% % 4-point
probe, ZAA F=x% EALS EBSD(Electron backscatter diffraction),
Raman A o2 H7}3t3 o

XAl 3" (X-ray diffraction ; XRD)

XA 3] "(X-Ray Diffraction, XRD)& &4 o] & mAF+2E2 83| =
g o F&3 ol XA(X-Rays)e] WA= 7] Ao oju] Hlo] 314
(Diffraction)& & <&lA ddom, T AAo] JdAQGI AR 13
Al g 3 AR Hol Qlar, ®E XMool AU dA Atele] A
oF A9 Ml S 7 HAgEH, XY AA osiA I4d =
Aolgta FAH3H L, olAles APFeE AFdd AL 1912d =LY
van Laue ° 9aiA ot 22 3l g=<9 W.H Bragges °l& ©& 7+
T2 s4ste] Lauert AHERE FAHET B S A3k F4 07 34
e% =18 19 2. 79 o] Bragg's law(2dsind = n\)Z YERJ A S
™, o] XA 3HAYS o] &t 74T EHY AA FxE Wil=d A
ST 7 7N oY uE Abolo] M= 9AAbel7E 1 dwe] W
2 Ao gEo] AR AR, S Zpol7) 3%

o A BF AL WE AFo] F WE HojM AV o =24 9

ol

==

pocs
flo
R=)
rir
.
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o} 18 2. 7 oA AolA B7ERIS Agle dSing 7} 1, o]= Bel|A C
77} A] 2] A = zo webA, AB= BC=daud ©]H,
2deiwd =uh = TSSHE XS FHdo] FHo FeA yebdt [4].

I

o] XA IHFEE ol &3 XA Fd FAAWMLS 7] vlwF d<e

of 24 &4 Ko A= dA=e] eI FEAAgd B A4
, sEeEd adga e aAEY =93 ddes B8sil ol
st B Eue FAT £, dY AEVF ojud AL FAH
of A=A =EE, o AR XAS ZAMAAA HEUE 3H ddHe
olml &i = AlBAM Lo AR M2 Blusty O AEe

Yopd = vt Fig. 2. 8 9 Zo] By WAL ®Fste XML A
sHA "ok ojw tbekd XAdo] A& o] A wjdel wel BAFZHA o)
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oltt. &4 AMEe w5, ¥, e 44 #E, 77 Ad=, £
W, Al AzE Aol glem, £, A, vy 5 AR FHEel 4

Bglol ZHo] shesith B4 Bdo A4Tze S Hs} 2w X
A sAvde] Gt AEa e Be2el Holy A gz
|4 (JCPDS card) E4d& #EE % Joh. XRD= Z2A9 | 114 d

|\
o
ot

= The spacing between the planes of the lattice)E A= 3}A -
qoem, 25 g ¢ dew Az A4E e 7+ = ok
w3k AFAY T UEE A ot d 5 lom AP wigd #

A4 yre WME 5= 24 ¢ 5 Ak

35

Collection @ kmou



n\ = 2dsint

n = Integer determined by the order given

d = The spacing between the planes of the lattice

A= Wavelength # = Scattering angle

Fig. 2. 7 Bragg’s law
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Gaoniometer Cne point, one channal - \‘%%%7

Fig. 2. 8 Diagram of x-ray diffraction
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3 w33 (Photoluminescence; PL)

WA ] B AES AFSt7] Hs Bel AHREHI e Ve F
sly7F PL(Photoluminescence) o|t}. wga4lel AAd @33 HgE9
7|22A, PLE ol&3ste EHY AdUyAd Fx2U BEEo] dA A,
Azt ot wFoz AL S dolry] 3 ATHIT Ao
PLE #lojA o] mofA]e] TAlFo] FAo| YA E o] &3 g FH 0]
o W=7y ool duXA] W& ZARIH T Adste HA F
o 3

=
AEHE o47]E A7 A AZFS A duAE 9 FH=

dF3-(luminescence)ol &, WAL, 2, dEZ 2 A A o] < F-o A

ekl oz 1 24 ye] nad AAH el Hold oa) F
3]

i

},
4,
2
4
N
i
NE,
odtt
flu’
il
o
T
p‘L
(g
2o
o
[
Ao,
ot
o d
oy
fuf
it
i
K3
N
)
rr
i

UA el o3 Adgd oAyA e EFEAY HAE 7HAAHANA A=
2 EofsHA Ha o]F 7|zt FEG oy or] A HAUE 3 QA
gt w 3AHphoton)7} ¥AYsl=H] ©|Z-S photoluminescence €}al 3ok
[5].

ZEN B L bAoA LA 7R o] A G S 7EA AL, 0.04 ~ 0.75
pme RS zk= AR A FAY] g etk Ae)Ade 0.01 ~ 0.40

Aol 0.75 ~ 1000 xme] AU HAE etk 82 FASA s
UAZ TAE o] FEE 7HA Ao AHAEE 2= dAEA

A3 Fo5E 4 HEA ) BAE T Ao

rr

%)

o B, = ST
=

Ut

~

6,71.
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AE:}ZV:%, Alpm]=—=——[eV] (2.20)

A7|H, AEE ZAANUA, A= 3, vE T35, he F93 A
& (6.62 x 10 JS), c&E AuedAe F&= (3.0 x 10° m/fs), 282
AE FT ot

FAE REEACA o7 7HA BHeE F4 2 5 ded, BFAE
FHAYY AR} FEIA, AATE TPAAHAA ARt =

o7 A4

Ao2A A-FAAZE o dojAH Ut 3t E(hole)o]

aagakg e ezt A 2% (band-to-band recombination), A= AE
3} (exciton recomdination), ™% EEEZF Fo] (band to impurity
transition), =19-2141 &l A A gH(donor-accepter pair recombination)s 47}
2 HFAHo g2 UE 4 Utk Fig 2. 9 oAl Zo] oz wi=s] o] 24
ok A REoE YEWRYH (e A=t dxtet 7tHAe] A
F3o] AAT duf Yojite wFAA o R oA WIEHo U S
WEstM UV emissiono] dojdth. o] wje] W& oy & Wi=7] oy
A dutzlos A0 g oly AA A Sl s & YEhA
wom wf =g AT YERdT. (b= exitonel o3 HAF
Fow A} AFe] AHVH Fs AL, 5 E%5 F(coulomb force)
2 48 Ao FUAE Ly, = Z2A Yo ol EAI EEo
AT, o] EeEe WE WA L a7 A FHE e B
F FAE A Bd O A=dR o7’ "R 7EAAY S
A+ acceptor =99 HEFHY AAREgES ovlstH [8,9] (d+= donor
9ol SHtE AR JHRAY e AEae] Adge R =0 [10,11]
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1831 (e)= DAP (donor-acceptor pair: DAP)S. 2 donor <]

—

Ao} acceptor Yol &utel AFao] AAFoE <3 WG
2 U9 gA4H 7o) 5 Qge] AEdth (D Al 29
AR W AANA FH FFE GAVE 7] HATDIE G E
Hol & w Yosl: W @aolnh

=

.
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o0 o

[ ) Conduction band

e
ON

FElectron-hole
Pair created
by excitation

Y A

O (5 6 v Valence band

Fig. 2. 9 Recombination processes of photoluminescence spectra
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e
bo 30~100 Hz o F948 AAEE E3A72 &

S

=
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£ ol&
b 5

(Chopper)

o #A]
A ool AUy Hde 2ARSHH of7]" oA 7t

o

°]-&

o

=
=

34k (Monochromater)

A
ol

o
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) Chopper controller

Monhochromater e o
Computer ||

—|—» Lock in amplifier

Fig. 2. 10 Schematic diagram of the photoluminescence.
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022 EW 2 AW AE B4

dhuto]l ¥ 2 AW e BEAS fste] AAFAEA A (SEM),
FHAAA R H(TEM), 428 @nd(AFM), &334, 4-prove method, 3

(

&2t 24715 o gatdth

d

AFM(Atomic Force Microscope)

lr

AFM oAM= B 2Elo = t4loll Micro-machinee 2 A z%
AL g (Cantilever)Ztal =2 22 HdE 2o ALdH= Aol7t
100 ¢m, & 10 pm, 57 1 gm=A ofF Zof wAgk Fo osir=
otz HA FAAESE HSoliT. I AL 2 Fol
gk vhso] 29 glow, o] vt £& STM & EXAH dA 2 )

[‘lﬂ

lr
rl

rr
=

—

Azo =72 v Hesith o] FIL AR = 2
Zo] Ao} AlgmHe AAF Atoldl AR A uwet Told )AL
(¢918) ¥X= 3(HH)o] FL3th AFM o =A m o= Contact =&

¢} Noncontact =7} it}

Aol A 71

o

X

18

Contact mode A= AH#HS Ab&st=d 1 ¢ =7]= 1-10 nN A
T2 ofF mAEAIR AL A ol RetE=® 11 gl o5 F
AXA At o] MEHWIL olAR F= AS FASH7] st # o
A FAs Addo] vFa AgEy SIHdA vALE FAe AxE
FEETo] 2 E(Photodiode)E AH&3t] SAZH ol#@Al & Hbs
0.01 nm HE2 vAstA F2ol= A7MA SAHME 4+ AT vbs

SAYS FE7) AB(feedback)ste] AFM ¢ A7 LA

o

i

m
L

)
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Non-contact mode oA+ UAtAtolo] I¥ S ARgst=d]l 1 39 A
71 0.1- 0.01 nN HAEE A5 <QI7}st= & o] contact mode © B3|
R Zrol EAE7] AL FEgE ARE SAst=Y et ARzt
Jgel Z77F YU ol gyt fl= 458 A3 A 7 7] o
ol non-contact mode YA+ WHHAHE ALFIEF F2oAA 71AH
o2 AF ANt AsxE¥ol trirtda Azt <l
F7F WA Hol &3 944l WMyt AZin O wstE A% 9

i

IV )Y
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Fig. 2.11 Diagram of AFM
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Laser Bemm

i—

P3 FPhoto Diode

Jomeiyy  Z-deflection

Semsor

l

T Aecdback

Control

ScEn Gemersionr

DISFLAY

Fig. 2.12 Composition of AFM
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RHEED (Reflection High Energy Electron Diffraction)

RHEED (Reflection High Energy Electron Diffraction)+ 10 ~ 50 KeV
AEol HAA (electron beam)S 125 AEQ ZIEZ A|EXH| YA
NA Az A JdE AALS B E PFadoe] FIANA 2FEH
o FHE ZAste WRoltt. AR AAAETE A7) wEol HAT 2
NERHOERE 4 A2 5 8o IFeA X3t EKetA A4l
- wizksich. A (hkDoll 2 A9 HAAAdo]l dYAME A5 AR AA
o Al ggd4kgt (elastic scattering)= o] 2 D3t 22 Bragg 34
TSk A4 09 WEFeRE A,

A

mlo

2dsin® =nA ... (212.21)
714 JAsE AR 34 (M= 7FEASWe 2 2 (2.3-2)
I} o] Ht

_ 1225

M= CFELD O ceeereeneenns (2.22)

wetA 10 KeVolA 332 01240122 Ao o dAF FARG
10818 = ZHe Zrolth. AAldHincident wave)E HHA s explikrl2 3hH
wave vector k& AR} o M-S YEH 1 27| S 2o

S, (2.23)
9 A4 =12 Ewald 9 9 AA (resiprocal lattice)E  ©]-8-3H
HE s Fe =2 FIAY & Aot abcE AZAA (real lattice)o] 718 B

# E (translation vector)z} st & A} ¥WE =
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- 52 —— 20
a= LNt b= ELE ot c= STANE i (2.24)

2 do. FCCo dAAe} AR A= 19 2. 13 3 2. FCCY
o AAE BCColx, BCCE) o A= FCC7t Bt

MBE A% substratee] FWo] 38tz R0 o3t AZHE 7
G- EHolA el 2dFo] 100A olstetd AARRE AAHL2 19 2. 149
Lo| pitS F3sle] RHEED &% 2= 34 patterng UelA =

m\l

+

a9 2. 15 o o]9} 22 HHAAY o A9} 314 patterns EMY
Atk o]AL FCC type crystale] (011) ¥E=Hol 10 keVe Hx4S [110]
Wako g JAAZ Aeoltt @+ o AAet EwaldT9te| #AE e
W o= L0 L2A 4 94X el A Ewald 71 $343tA =9
23 3do] AZIAl "k olekzkol st Ao 3 pattern (D)}
22 spotd e g "o olAe FHAeldt FET ¢ Figo 2. 15@%
Zo| substrateo] ¥A+ZF stepel F3 EAE 749 o] stepe] FAEES
Lolgt st R o AA+= (Dol AZ vpe} o] o & e A
°o|E gH|2] rod2 Ht} wetA stepoll FAWFO R AR JAAIZ
7d-¢- Ewald 7-¢k9] 52 streakeo] HTh.

=3 substrate 7} Fig. 2.15(a) ¢} Zo] YAF FFo2 Hesitd 1
o Az (S 2ol AAH™ £33 A& At wetbA HAA rod
o} Ewald toleo] w2 Ho=z H3 3Fdurd-e 02, 13 Lauering <
of A "o wEA olE HEe B4
epitaxial layere] el & in-situ #&S = JA Hoh FH AAo] &
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AZ=N JALo| we} ¥4 ~3 o W RHEED patterne] AW WA

52 A4 == epitaxial layere]

)
flo
o)
oy
N
N
™
ot
filo
ol
ol
X
i)
rlr
jn
o
™

g =
Al digt ARE 4 ¥, 1822 RHEED+= MBE9A

z
HFEA] Qlojok & &4 Fulojth. B AFolME AWy 9 ngd%
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Fig. 2.13 Reciprocal lattice of FCC structure
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Incident beam 10-100A Diffracted beam

-

/\

Crystal surface

Fig. 2.14 Electron diffraction of rough surface
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o(

(b) RHEED pattern

Fig. 2.15 Reciprocal lattice and RHEED pattern of rough surface
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XPS(X-ray Photoelectron Spectroscopy)

gH 2 Ao

o} i

B

A of] A

D43 oA o] XHFDHE

Az HH™ Fig. 2.16 3 o] A2 FE 337 zHphotoelectron)Eo] =

it

o] &% <uA

2}
o 4 A (binding energy)E & = ATh (&) 2.25)

(2 2.25)

Ey =hw. =KE =ud

2ojE Blo) oA,

hy &
O A el A9

oA A,

Fzel s A,

oy 7t

=13
=1

A

o] W, Exe

—

o

CRRS

o]
oR

Boll olE g

7FA17] o

=
=

Arjth 249 oy

mj

H e o] FoA e Ao o
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Photoejected elctron

Fig. 2.16 The X-ray photon transfers its energy to a core-level

electron.

AE %

rr

S UAE 4w Bdol ofd 338 x4 2w 9

4 Qth. 1A YolAl 7FAAK(valence electron)= 3-8+ A3 (chemical

xo

bonding)ell ¥FS Fof. WZtH A (core electron)= YAFol] SHbE o]
of 3}stzl Aol FofstA] HITh AT WA SHM|A= F
9 S 9o ®Wstol] W2 FdFe ek o|EHW, WY W & ¥
el AA Fx, olxdt:s AR Wi 5 dAe] spAdHvalence
charge)®] ®Wste] FFS Fot. 7Fd3sKvalence charge)e] Wsh= WzbA
ZHcore electron)e} WA Alolo] HFE A Lo FIFES F

T
Wzt &Lubadeo] 9ge Frh o] wjEo] =A™ YZEF2(core

55

Collection @ kmou



leveD9] <1l x| (binding energy)ZH¥ A7|2, 383z, Fx32 AR
5 ds F o
BAR BFHoA =2 EEEX(depth profiling)g 7] a4

o}
o T A PEe o8 4 Utk AME, FAAY WE A=
E

-

o] F 7IA E5F FHA2] &ZE Zo|(escape depth)E ©]83 1

FRAY BF Qo= FAATE AAE S50

C

JA ol whe} W,
YA BAE B olztA ATSAR, AN B o3| YA
BRAAE BA vS WS e AW ol & vk FAAI EW
o WA BA7e 2457 A oy BAL AX WEAE,

7220l EF Yelx IFHLRE olFsie ¢ EFH=2E %

I 7FAA-AA G EE FOE Q) APt oyuAE FoHE ] W&
olth, olH3 HAAH FTL AUAE LoHEls AS HEA 4 a3
(inelastic scattering)etal sh=d], oA =29 FFH A FHsta

Eul

FAA] 7 A7 Z(mean free path, A)eol] ¥ vt WE=H 3
2

Ao LFAUALG 1 BRARAZY BAL 1Y 2 17 I Vet
gk 5, Al LFAUA ALGE FFARAEL AL o]t
H e xolA BAAT} Hol Ue & i HEo] 1w AATE A
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< out. v &4 Atadte] o8 FHAIE dUAE Bel &8 A
- 3t} peako.ZA yEYA] 3 w74 &3 (background) 2 A UERY
A Hed 9" A HE3F WH(integrated background method)oll 2] 3}

AxrE T
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natic]  Spectrum

\alence Band

| core
Levels

—|—#N(E)

EEWMI Cora Levels
*=N(E)

Fig. 2.17 Universal curve for electron mean free path
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AAFAAAEw 7 (Filed-emission scanning electron microscopy

FE-SEM)

AAFAAAEAFE-SEM S AAZ A& da49e Ao
2 NRERE BEHE oA AsE olgdtd AW
wRge e BFSAY, uete] T 2%, zAFARM, wutze)

Aol HEe A

BEAT &4, ¥EH= 54 XS EDASE ol &, A
o

Zlo] ofyzgl 3ol & Bt
7bE A (electron beam)s Al &R FAFSEY @A gl oH]
TES €279 Fig 2. 18@%} Zo] o2 ARE 713 A5r HEd
A 7 Aol HFHW 1A AAs =do] HHEA mH 23
A(secondary electron)o] ¥FAYSE=H o] HA-H=E7|(detecton)ol 2|3
THEG. 23 AA= Al BHEH MR F 50 eVolste oAU E
Zh= Zo2 23 A WA &Y AgE o ¥l Fig. 2.18()sF 2
o] N#o ==l wet A%k 234 Ao HAY F&o] BEN FETHAE

g = F= Pt

o

=i
=

[0
o>

Fig. 2.192 FE-SEM¢| &2 g+ & Yyehdth
Z Al Field Emission Gung o] &3st=d o= &£
S SIS W WAE = AR S ol&FoZH F Ul 1 B

ol T 31 JAFS "a2 st 23 A=A+ (Secondary electro)=

N
|

o]z} AAAZ7] (Secondary electron detector: SE detector)+= ©]-&3&}+=

W A% ouAe dArl ABEDS el BAHE FAr) FEUBO

2 #9100 ~ 10° A=l AA Y We uREoR s 23 A
B OSAE AAE A4F bsdth Ame E9e #3ss Ay
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Auger Electron Incident Beam
(AES, AEM) ?Bascél)scattered Electron
Secondary Electron
) (SE)
Cathode Luminescence
v«.,._\_.\ e X-Ray
T, g = (EPMA WDS,

oy~ EDS)

Diffraction Electron

+

Transmitted Beam
(TEM, STEM)

Energy Loss Electron

Fig. 2.18 Description of (a) injected electron-beam interaction in solid

and (b) Secondary electron analysis.
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Electron source

Fig. 2.19 Schematic diagram of SEM
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F3} A=} Anvl7 (Transmision Electron Microscopy ; TEM)

£33 AR AuATEMS PlAlF2 &40 AHEEHE 3o E,
s AR 0.05 A9 2 IAAo= niolzx9 HAE
o] Jheske, AR dxuiE A ~ 2 A7kA] BEE F e

_]

o

2
A & F e I BY 715, Fig 2. 21(b)A A 34

e, Ao P4 242 e /5S A Yok

o
o
o
e
i}
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Electron source

Condenser Lens [X] () [X]

Objectlenses [X][ \ )X

Projective Lens X[__:E

Screen /— 4

Image

Fig. 2.20 Schematic diagram of TEM
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Fig. 2.24 TEM of (a) diffraction pattern and (b) high resolution

image
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wtalo]l A7)|A EAHS BAsly] 9] @o] AMREHI YE Ao, &
2345 o] &3 & &3 FHolth & &= Fig 2. 25904 YERA A
Zol AF7E 22 WA gto] Ar|gE 2 A7) el et
w2 el 2Rz o3 FAF WFom Aoy, =AY FF
ARt A7l o] HA AR A= A E ol &3 Aotk
T Gde A 226 & o] &t AL + AT
Ry=-Lxny (4] 2.26)
BI

)71, Ry, B, |, AV = 22 Hall A%, 4437 %, A5 183 2
NAL ek e wek sbelA 2gke mlel @elRol. ol d, T &
o o8 MAY, AL olEE, oJ5Est BE MM HrE BF T &

dom, =4 Wy o2 Van der Pauws ©] &3+ th

A\
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/LOl'entz force B\
F=—qgvxB

\Y

N LA
|
— i S

I » d
e

Fig. 2.25 Description of Hall effect measurement
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£ =4 AH]+= Ecopia HMS-50002.2, 0.55T¢] A7 A4S o] 831
F RyS 3871 934+ Fig. 2.289] Van der Pauw
AYE o] &3l AArsIATE Van der Pauw WA o5 F 7He] R,
RvE S8 o Utk Fig. 2267 o] F /19 AFS &7 faiA 19
2ol AFE S5, 39 49 ALAE Fetal, e o9k Wit 29} 3
| AFE E8 19 49 AAAE ol &3t 4 (2273 o] Ruot Res

AN

ol
QL
32
£
5|
(i
2
ook

2

R, = <S\Rp = — (2] 2.27)

exp(— R4/ Rg) + exp(—aRy/ Rs) =1 (2 2.28)

T2 Rpy& Rge Van der Pauw HAS E3) £5% 2 (2280 o] &
3te] Re 32 ALkt =A- " Reob 21(2.29)
o} gl FEm)E T3

:\_l‘
S
W
e
il
of 4
ol
o
offt
i
=

o Q| VH| o 1 :
H="RBI ~ qn.R, (%229
BI
= (2] 2.30)
" g Vil
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e |

=
|

—
B "
e
Py
~d

Ry = V4! Iz

Fig. 2.26 Van der Pauw configuration
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4-FA =4 (Four-probe measurement)

Hlukol AT &5 =A31r] 934 Napson® resistance measuring
system< ©]83le 4 @A SAHES AT 492 SHWHLS Fig. 2.27%
2ol 4719 @A} Eo] YA tHo R "ol dEE HHH e,

92 13 20] HNFE FHFz, dA 29 34bol9] AL ZATh

0| =1 =
Ae o] xHHM g9 4 o] &ske] ANE & A
= L0 Fpl Ll L 2]
R_'OWT T P (2] 2.3D
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V

: 1mm=L 1mm ; Imm V p

A R——

Fig. 2.27 Description of four-probe measurement.
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A3% Si 71+l Tungsten carbide A2 7)<

31 FHe A7 %

il
ﬁ_'
B
=

B 2el7lblo)l s F48315 22 hexagonale] AA =
A 4= a=0.2906 nm, ¢=0.2837 nm, - 2785 °C, A== (18-22
GPa, at 300K), @3 ZA ¢+ ~55x10°K Y, [1] 5& z2te 4=, &
ﬂﬂﬁ A714, FgHA EA4ES VAL Q7] "WEd 5%

2 FE2 AT HAH st dAr FAS g3, 49
A

,HU

=
}op
_]EI
[o

B3 943}, 124 Si melt-backe] WA, As}E AHAHLES 9T
dAE WY AF T MY a3t JdEHER 2 AFERE ol9Y
AR BHAAY FrhA] 3% 7 5 Stk B 2d Fulol &
At AHE| 2= Stainless steel 7] WC A= Ni 7]#eo] WC AH, Si
71 WC et AbellZb ot [2~4] olgdt dAFolAes =7 Hxd
Feje] WC AAc=2 F=2 M IHEo|u AsdA o J&stax
ATolm ofAA AHzlE HIEA ARAAES 9T H¥ HHoE
21gE WC o izt A+ A= gith

B a7 A% % 2

o,
N
il
i
iy
o
fr
re
-
to i o
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Hh-g-oll 23k melt-back A&} Hete) Qb S FRlstal Wy Fo =z
ol el zAstAH. Aod WC whehe w1, AAAd, 1714 54,
®H oHYA & AR, ol st A2 FstAn| A3 FE-SEM
(Field Emission Scanning Electron Microscopy), XRD (X-ray diffraction),

A&7 247 52 A8

3.3 Tungsten carbided =& 93¢+ Si 71 AAY =7

SiZ]1& Aol WCHME DC-2HEE o] g3 A ST
7S A 718 AE S %W o] load-lock MW E H3}o
A% A dHAL, 7
9= 50~100 Watt, Ar 7}~ =Y =L 10 sccm, AA = 73%’—5% 2~5
X 10™ Torr & A A& Aug H2E 3t 1 A3 57 ~100
nm AEe FEgL A¥ FEHY FHS e

s ¢ F AT (Fig 3.1@). 2HY dF Al5A Fig. 3.1l
Aukel o]l HMAZ(peeling) &gdo] #AZF HAT. ol AL Si
713 o] Ad gbgidte] FHE 1oz FAGEte] Si r|Ee {UAH
T EAHPE ol&3t A AlA S-S EASIE skt
dHtdog A 7|dole AA4sHo] FAHO dom, ol
AelZ 71#2 HF A& g3 7183y AseS AAL 4 vk HF

g3goll 7l FHAA  AAH Ao Ao FAaUATL

FA93, olol weh FaZel WA ol AAHH F AR
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water o ¢AHE 22 3023 §1= A S 33 Ao (HF-dip
process) [5]. o] o] A Si 7| Ao 4kset A|A AH= MBE
Aol Az2kd" RHEED(reflection high energy electron diffraction)&
o] §stod Felstautt.

Fig. 3.10¢ (@ o Yehd nie} 2ol HF-dip 348& AAA &2
78S HAZ"d BHY Abstgo]l  EAEE AAERE HiElo]
AZEHAA G, HF-dip 38 AX 713 oA+ BX3) Aud si"o]
Aol 9 Aol AAHIASS & F dok ojw FAZ Sid1D
FHoA #HFEHE (TX7) Auwid sjigdo] #FHZA & olfF+,

A= ARE 13F Aol FUZ & HEo 7|3 FHY EA
378 glo] @A RHEED ##o] 753 % (500C) 7kA 713 &
4 AA RHEEDE ##317] wj&oletal A&

o] Ay=H¥Y JE= S 7|#Se WCE 2¥H

¢
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(a) WC/Si(111)

- 100 WY wo s |
BEM MAG: 5 00 b et BE o
B_esS0PT S Dsiidy) 6RO8Y

(b) WC/Si(111)

S LD
L C]
A_nsSOPIR_ NS | Dilsteely) 0RO0E

NERLY TRICAN

L]

(¢) Si(111)
HF treated

(d) Si(111) «
Without HF treatment

Fig. 3.1 Surface SEM image of (a) WC/Si, (b) peeled WC/Si. REHEED

pattern of Si(111) (c) without HF treatment, and (d) with HF treatment.
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34 Si 71®el 2~¥E]E o]-&7 Tungsten carbide 4=}

WC wrebe Si(111) 713 2ol DC-Sputter& o83t AdAstA T
4% A S 7IEe ofAE, WEks, Dl-waterolA  ZZ 10&%F
AFstdor, Mx & 23y A= 800C 74A 7]# 7Fdo] 7Hs3shH,
ANgm 23S 3 Load-lock MW E 71x11 Y= ZIZAF  sputter
e ARgsHAT. 29EH B2 AN (99.99%)¢] WC BEA=
AHESEATE A F ol=E(An 72+ 10 scem FUsERA oW, oluf
A AWME 2x10°Torr =9 AFEE FAAGS. Zetxzvr e
100 W = =d3atda, ojdf 982 200 nm/h A== &A= At

Fig. 32 & 71# &&7F & F 7kA 2dolA 2=3E g WC/SI(11D
Age] XRD #j&lolt}.  Fig. 3.2(a) & A2oA ~HE3I AR, Fig.
3.2 71¥ &% 700ColA 2=HEZ Ao Aioln J|# 2=
oj£]o] 2¥E AL EF sdsHA A4, Figo 322%E F
AR EF 24 wee] FaHNee & ¢ e, Fig 3.2)9]
A5 (11D, (2000 A=yt 25 ddde=z 73 A= t]
Hlal, 13 2(b)9 A% (2000 3HI =T} o3 HEE Hols o=
gl H}A. ol A Al dts AHA (2000 ¥ =7}
At Ae YedH, O dRJoe=ZE SidlD7|#Hs ARES Hol
Zrgshs Zlos AlRdET

Jﬂ

Ho

i
r[—r

e

=
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O O Tungsten Carbide
& Silicon (222)

(111) (200)
O @

Intensity (a.u)

2theta(deg.)

Fig. 3.2 XRD patterns of sputtered WC/Si layers
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Fig. 3.3 & Z7 Fig 3.2, (b) A1%5¢ TEM 3 FFT 3jgl9
Aot Aol AWE T WCEHEE = hexagonal A% Fx9 33

Heo] B|AHAAR, A 2FEI} ARERREHs S99d
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(b) @RT

Fig. 3.3 XRD patterns of sputtered WC/Si layers
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3.5 Tungsten carbide 59 94 AE

2HE 3 WC/SI(11D ¥akg o] &8t WC W# o] GaN-on-Si 7]< 9]
g a3 EAFEQ Sie] melt-back @S WA & £ JA=AE
gels] ®okth Fig. 34@E FedM 2¥E® WC/SI 7%, Fig
34(b)= Si11D 71#E o] &3 Aot F A7 EF Gas EFFVZE
& 5, N, 29171, 850TC oA, 308 g F A5 gHs AF3
SEM Apolth. 18 3= el Gadt WC T3 Si 7|#o] g%
AAWE FAE YA,  Fig. 34DNAE Si 7]Fo] melt-back
Aol sl A E3"E AAHE BHols AS FAF & Q. o

2 A8

ARZRE WC7} Si melt-back A4S HAst= By =0

(&

T 3
WC= 500C o] el 4Fsizb A&Ha, Ao s &4 (HD)H
A4 (HNOy o &3t &l s A vtk 2jzko] 7hsstn, &3 2870C
2 52 30w AT =doltt. mekA S melt-backs A o=
P25ty sIAE Gaold S B st A fa =
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(b) Ga/WC/S1

Fig. 3.4 SEM images of reacted Ga/Si and GaWC/Si at 850C
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3.6 Si Aol A=tE Tungsten carbided] &4

AARARY 7€ #HAA BEH S 7|#S o GaNE& A ste W2
A DR LF B ol&d UH 7] F O3 ol " Aol
7bedt WHoE AA & F Ao 8l ol WHDS A EAY

2 WHQ@ vis) BA4E SHAA =gt wepA #
AN Akt WC ¥ 5o EHAUAZE AUAA HpH 3 4
3 SOyt AgHoE o]§ Jted AL YH|stRE I FE&A 0]
Aty & = Ao @OHgA B AddAAe HEHA SAHIE
o] g&3st WC/SI A& W AUAE A3ttt 13 4= cH
Abatolo], (b)= SiO, AFA4RE e, (O« WC/SI11D) A5 HEFEZ 54
Aoty 247 A E EHAVA y = (@) yALO; = 82.7 dyne/cm, (b)
ySi0; = 44.9 dyne/cm , () y WC = 82.4 dyne/cm T}

o] Ait= WC HRA AWy AY 7l & 83 GaN
Aol 7hsds & YEh Atk S AFgo|oj o ARG EHAUAE
Zt= ZAeZRyY AGE o, GaN e A ZHdA4 AH
Aast7lds xHAUAZE AR A2 HE 83 2d A TleS

Hg3HA GaN A3o] 7bsd Zoleke dgol 7hssiA st Avtolth
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(a) c-Al,O4

-

(b) SIiO,

o= =

(c) WC/Si

nnilllPeuns

Fig. 3.5 Surface energy measurement results
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3742 &

GaN-on-Si7]| &< 93 A= W3 24 Tungsten carbideE A|<slar

O 754 Btk DC-23E 2 WCE Aush] Astel sivlw =
WA WRHE BANQL, 2WHY 2AE 2AE] WA
°f

Al
Go] WAHA =AY 2AL FPSAT A4E WCE o8
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A4 7kEax EAALAANAGAE o] &3 GaN BAR7|e HE

41 FY9| A7 4%

B oI B A] (molecular beam epitaxy, MBE)o| A 2] M-N 3&}3H&E
Ao EAdHd 4 (active-nitrogen)E A7) $18ke] gas-source, plasma,
ECR, RF 59 o 7}A] o] ALEHI AT [1-5] ©] FollA 7pxza
2 BA og"lAl (gas source-MBE)E=  MOCVD  (metal-organic
chemical vapor deposition) ¢} H]S=3 AAE&S AL 4 A, 1oy A
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BA & AstEE BAGA A BRI FE8 UmAE 5o olge

o] EATTH

42 B A7 At 2 EF

Ao e WC 4o @24 GaN A#e] 7153 GS-MBE 3

I

Hlste} AR A4 wAYUSF ol AAA] A7 A3t
Huxo]l A ot A&l ofEwol dddEt. wEkd AR El
=% A VI FHx=, A= #AdS Tl =748%

A 2 epitaxial =9 AF=RAS FYsy, HAA} 1HS

43 7t2as AN NI YA E o83 GaNe| A2 J43=7

H Ao Gas source MBE oA 9] GaN ¢ A& wWAHAYZS 2
z7147% S fsted cd ARgo]lof(ALO;) 7IEE EAET F

Aslste] VI ratio W3l o3 ALuwde wWIHE B3

AAslate] neqAd MAE e BREAT

Rl

431 BARFLE
GaN weh2 cHl Apgpolo] (ALOy) 71#2 o83t ARl
o] FHFS FEAKnudsen-cel)S o]83A, dRUL JtxE

=3
A A2 ARESEAT. WA GaN A< fa 713 29 A E
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2Pt dxglEs 870 ColA RHEEDES #23la] specular spot ©]
BEeA #AFE= AFAA AP &, FAH] H3ME st 900 C
oA drYolsE Fste] 0%t 71HS =EA1F o RHEED specular
spot ¢ ZAE=wWslE Fig. 4.1 I o] Yehgom 900 C  o]Ae
2EoA T4 Zdastal, el AZZ7E SR o7 A=

e mW Aa dAse o wre s&s gow st
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Fig. 4.1 Variation of RHEED intensity under different temperature
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Fig. 4.2 Variation of XRD FWHM and growth rate of LT-GaN under

different temperature
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4.3.2 V[ ratio

GaN AWy P w247 wrebd ¢ Abgtolo] (ALOy)7|#dl
GS-MBEE ©|&3toq AAstnt. 4% A Atgtolo] 7j#2 ofAlE,
W gte, Dl-waterolAl Z+zh 1083 AlH3%3, MBE AW <QFolA

1= 950T oA 1083F A g E ¥ s €48 F, 7|HL=

As FES YAHE LFEUCKNH) 72 ol&stduch Aew

QAo HAELE 650 C oM FAE 20 nm A=7} H52 AA A

AR FFF W] BE HLL5=Y WS VIS AYSAL
@A N e 2R ZAGA A%E Ao o ZEe

S7FREAAGS 7 x 107 Torr 2 3ASY, Yol 7} F2F 0.8

dstr] 9lsle] AAzte 2 RHEED (Reflection High

T
=
@
=
0Q
<
3!
@
A
Q
=
@)
=

Diffraction) sj&<S #&st A& A& W 3 AHAL2 FE-SEM
(Field  emission  scanning  electron  microscopy), Z}7HRaman
spectroscopy), XAl & (X-ray diffraction)& ©]-&3sle] #7131

O" 43 & AZ 98 dusdaH 2ddA 43E GaN A= 3 ¢
ol st W3 Aol 124% gk GaN utut o] FE-SEM 3 A4 Al9]
RHEED s &1(JF-A=R) o]t} Fig. 4.3(a)2] sample-A+= V/II ratio > 1 2]
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z7 A 449 GaN AL #A SEM o|H A& thh AZ FHo
#& HJow, Yy 1 A 7A RHEED®| €1 © 2 poly-, cubic-
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(3) Pg= 6 X 10* Torr (V/I >1) () Pg, =8 X 108 Torr (VI =1) (€) Pgy =1 X 107 Torr (V/II < 1)

. - § K/[11-20]

Fig. 4.3 Surface of the LT buffer layers
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A2 %011 12474 % FHES Fig 4
4(a), (b= Z+z+ VI >1, B= VI =1, ¢ =yo}
|21 7 *oPOﬂ y244d" EHS Yehd Ao
AAzA0A 1.2 um FAZE AR GaNe] FH A3 RHEEDH E
Uehfa 9tk Fig. 4. 4(a) sample-Cx= tiwrs] A wHo] #FEn,
AA o] RHEED 3#HIAHE AX *%
EAoA AHFAZ el LAy YFS GRSt oldd EHE
Ak Aol Z1dskH, ol d Ak AE A2ume IAFH
cubic GaN o &3 &a3g Hddct v Fig 4
o dwo] pit o] AFHAN, AAAHoE HErd
Qgom, A7 Feo] RHEED HHAAM% He3 wd =
HZA= = streaky $ #j®Ho] #F HIG. FHI=E oA A7
F9ol Ga droplet o] @A E Alg9] ZSole (oA vlm AETol
Ak VI < 19 A9$) RHEED®# Ay 1 A7 Az 23 HE
352 veid+= $3@ing dEo] #AFHAoH, AR et
=

19 4. 59+ ZF GaN ¥tuhe] X-ray rocking curve A3E YERS]
oo VI > 1, VT = 1 & A3 ol a47d vhahe] wkx) &2 2zf
7} 1260, 641 arcsec® V/I = 1 ¢ AW H Ao 2445 GaN =het
o] AAAe] 7} o, 2 TS vln g FEskd o
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on LT-GaN(V/III >1) on LT-GaN (V/III = 1)

Q120 *

K/i[11-20]

Fig. 4.4 GaN epitaxial layers grown on different LT buffer layers
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Okamura %Sl <Jstd [13] MBEE AF&3 GaN A A @2
HALTT0C o3h) oA cubicd GaN (c-GaN)7} A&=Ew, =

ARALENAE VI F5H 59 B4 = wet cubic ¥ hexagonal
AR Aol EAstE 9% Zﬁaqﬂlﬁlﬁiﬁl.oﬁﬁléﬁ%
olu] & &R nlke} o] cubic X9 hexagonal TF =
LA o] HA EA 2 F e FOoEHE ol#dE 4 Utk [14]
kA B AFAAME @2 AR VI vl Xolrl HFZ:ATH

YA FAsE 4Rl Q9o /ﬂi $EAEE el VI < 1

rr

24449 F=° o ABHY 3 AAZE (rotational boundary)
Al15] =7l WEeE HAWd = Utk mEpA Awy A Al

2
HsAge Aol Z dAE A5 wo] Fdeol 32 GaN AR
=
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10 | GaN (002) omega scan

GaN on LT-GaM W/l=1) =
GaN on LT-GaM W/l 1)

oa L il
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i
<
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Fig. 4.5 XRD FWHM and RMS of grown GaN epitaxial layers
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Fig. 462 V/I < 1< VI = 1 AWy Raman 2HEH
Ay}olt}. Sample-AE Hexagonal-GaN (h-GaN)e] E19 E2(TO)¢] 3 =7}
e, cubic-GaN (c-GaN) LO phonon peak (555 cm-1)7} A &%
At [16,17]. ¥+ sample-B & 745 cm-19lA4 h-GaN El18]a 571
cm-19] E2(TO)¥ =7} #& Yoy, c-GaN ##H peak & #H=H A
Ut 9 A= oA AHF AR dAEHE Ao, V< 1
AW 3 & hexagonald}t cubic’de] EAE HOoRRHYH AHAFZAG]

A=E 4 3, sample-B ol A& hexagonal’d GaN o]
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LT-GaN ' Sapphire(0001) Hex E.l[TD:I
$570m @RT 245
=5
(] Hex E(TO)
571
2
a
= Cubic LO
E upic
= 555
N (a) Sample A
(b) Sample B
1 ; --. 1 " 1 " L M L
200 530 600 650 T00 750

Raman shift (cm ™)

Fig. 4.6 Raman spectrum of the LT-GaN buffer layers
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Fig. 4.7 & 2479 ZHdA AAZdE Aw¥e (11-2DH 2
(10-100" ¢ EBSD =A% (pole figure) AZ3Z el Zo|th o 7] A
T AFdAE= A2oA AT GaN HeS EBSD FAZE 53

uERE AFAATE AL glof, B Ao AAE nFsry] #ste] XRD
SAEE T &S AFAAE Fasio. VI H > 1 9o =36 A
AxE sample-A + 13 Fig. 4.7(a) 9 Rl npe} o] 12-wj9 9]
3| -u 371 AFFJGT. T dA2 oA nEE vie} o] HZ AT
ot Aoz Ats HWM[18,19], Fig. 4.7(0¢] (10-100 4% A=
L3 AHE AT = AUk

HkA | sample-Be] EBSD ZA Eo|AE Fig. 4.7 (11-21) ZAxte}
Zol 6-M9 ¥y BF HPon, Fg 47 ° 10-10) A=
Ao A= /RS Fzvke] FAFFHJG. ol#H3 A= k4 Raman
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A9 EAAo]  (mixed phase-GaN; m-GaN)7} EA HH,
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10-10

- i
-
(a) Sample-A
11-21 10-10
- B
=
(b) Sample-B

Fig. 4.7 EBSD pole-figures of LT-GaN buffer layers
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Fig. 48& Z4e ds5dFw ZdoA GaN A2HHAE A £
Lo AR GaN HF (sample-Ce} sample-D)2 4294 KOH
J3t W FE-SEM ARzlolt).  Fig. 4.8(a)<}
Zo] sample-CE 41412 & of 0L wl¢ AF b3y F2=
Hol= 4ol YEelgton, Fig. 4.8 Yeld A3} o] sample-De=
Rogle UL HYt. =3 sample-D7} sample-C ol Hls] 27z}t
£=7F 139 A= mE Aoz w3 FHth

(

ofo
2
(o
i
w
S
Az
)
)%
1>
=2

S A7 AFNA[20] KOH &S o] &3k GaN HFete] 524142

A, wrerel 2] el A2 B2 ZRgge BF 993 B §3

AT & N-ZA GaNe ol A% 42 £WE wolu Ga-F4 GaNol
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{a Saﬁf Ié-Eéichedf
(@) Sample-C
- . -

(b) Sample-D etched

Fig. 4.8 FE—SEM images of KOH etched HT—GaN surfaces
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(a) (b)

B
. B
o
- B
- A
- B ) 3
B
A
A
' Hexgaonal
- B GaN
A
Sapphire
substrate

Fig. 4.9 Schematic drawing of the atomic arrangement of GaN layers

grown on sapphire surface; (a) Ga—pola GaN and (b) N—polar GaN
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oAz AdPAFoNME 71del A3 oy Ay A7 =3
mEt FAo] GEiAE dAol R HIAoh Mikroulise]  AH23]0
= oA e GaN e AL Zwe) 23 2= wef
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Ho] HAFA Zom Ga-=4 GaNr/l AFdATy Hista Qo o]
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Fig. 4.10. Variation of XRD FWHM and growth rate of HT-GaN under

different temperature
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4.4.2 VI ratio

GaN 12 o33 AZA ZF #Y 2103 drYol Y =4& &
A3t {8t ZEFY S7HEAA]E (BEP ; Beam equivalent pressure)<
1x10-7 ~ 1.1x10° Torr2 W3A7|H 7|BFH ZASIATH olw

FmUol FFFL LA Fole Solee] 4d FFF] Llo| o

Fig. 4118 42 Yol 35S 5 sccm¥ 20 sccmo.2 1A sk 2
TEEe WEATIH dojxl GaNe ARES] WsE uvehd Aol
A19) =A(@)ek 5= 422l 5 scem3t 20 scem®] Ry of
A A ZAF S7HEAALS 4%107 Torr oA 1x10° Torr 7}
statle Wel AFES vUednh ¢EYot 5 scem oAM= ZAF
x107 Torrzg]a grxyol 20 scemolAE= ZF 1x10° Torrx 3 5
s stE|Qlom, 7]&e HA25] o= ZFH dAie FE 1]

23 E Aoz I4HA U

il

g L
O

T
(L I'N»b
AL

\]

v

o]

e

=
=
cER2

o,

4 5ol

111

D)

112

Collection @ kmou



GaN / sapphire (0001)
800 - T:-'G'--"-'-‘-: 920°C NH,-rich | Ga-rich
B C
o O
= NH_ -ri i B T Series-I
= 1 E—I’ll:h | Ga-rich o
et o0 .7 (NH,: 20sccm)
© 600 Series-I : ’EI
E (NH,: 5scem) O
= i e vl L
E \ :‘; " @ =i (NH_: 5 scem)
e O 4' ' | Decrease of A o (NH.: 10 scem)
5 400 - Se;’i_e_S-IHGTO“—th rate B 3 (lﬂ-[s.' 20 scem)
0 WS4 (NH: 30 scem)
C | L | L 1 L | L ]
4 6 8 10 12

Ga BEP (x10" Torr)

Fig. 4.11 Growth rate of GaN under different V/II ratio.
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Fig. 4.12 XRD rocking curve and RHEED patterns of GaN under
different V/III ratio.
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Fig. 4.13 Growth rate of GaN grown under NH;—rich condition
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Fig. 4.14 Diagram of reactions in transition layer on GaN growth surface
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Fig. 4.15 RHEED patterns of GaN grown under NH3-rich condition.
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S1. NHj: 5sccm S2. NH;: 10 scem

RMS: 1.60 nm RMS: 3.62nm

S3. NH;: 20 sccm S4. NH;: 30 sccm

RMS: 3.82 nm

Fig. 4.16 AFM images of the grown GaN.
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Fig. 4.17 PL spectra of the GaN grown under NHs-rich condition.
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Fig. 5.1. XRD 2theta—omega scan of GaN grown on WC/Si(111)
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Fig. 5.2 Raman result of GaN grown on WC/Si(111)
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Fig. 5.3 FE-SEM images of GaN grown on WC/Si(111)
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Fig. 5.4 2Theta-omega scan by using defect reduction techniques
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Fig. 5.5 XRD FWHM and intensity by using defect reduction techniques
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Fig. 5.6 PL results by using defect reduction technique
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Fig. 5.7 Temperature defendant LT- PL results of GaN on WC/Si
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Fig. 5.8 LT- PL results of GaN on WC/Si
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Table 5.1 ¥ &

T Akasaki group 2 A7
ulalo] Z) 3.5 ~ 4.5 um 1.2 ~ 1.5 um
Edge dislocation 7x10° cm?, 7x10° cm?  (dum: 7x10° cm™®)
density
Screw dislocation 3% 10° cm™ 3%x10% cm™ (4um: 3x10° cm™

density

Carrier ¥ &=

107 ~ 10" c¢m?®

4.39%x10"® cm™

Mobility

50 cm?/Vs

19.4 cm?/Vs
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Fig. 5.9 Dislocation density of GaN depend on thickness of film
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