D

E
LICH.

!

=

S

ive

5
MZEXE HAIGHA OF

O N

o
[

2|

M

creat
commons

—

[—

t

[¢]

LICt:

O M
st

)

C
MNERLEAlL A

ZHE Metor

—
=
=

R0 5 A

i 0 <4 15
o) B¢ 53 o0
) E[o} o
) = 7
&3 10 ol 00
< il R
jum] J—

ol 0~ =
il 3 o on
) X Rr
Rr S =

%_ =B s
r o m._ -
o o O
_ Rr RO
% R of
o © o il
—_ jum]

1] N ol =
R iS ol =
= T Uo gwo
) RE] S
1 ° s =
o) K —
= TR mrr
&= o

ol Kl <. KM
80 ol JIJ =
Ee) W = )
©

X ESLICH

I 2t

tOd

ot |

[¢]

H

=

[¢

o]
lection

=

=

Disclaimer
O

5

FAI LEEHLH O OF
E2FH 29

¢}
X

=

]

0l N2 0| =3 & 72 (Legal Code)

HEAH0l [E 0l8Ke als 2o ol o



http://creativecommons.org/licenses/by-nc-sa/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-sa/2.0/kr/

[UCI]1804: 24011- 200000264671

201583 = 2€

HAres e E

B Fvs AvHY o=
A ZH Ga0z Jx=9olojo] Fx3F,
338 54

ZAgsa g
20 A Aol 1 A g 5 3

41 % 4

) IBY



Structural and optical evolution
of Ga:03 Nanowires deposited by
radio frequency magnetron

sputtering

2015 2¢ 254
=R e L

A A A o A =] g9 st

I

Collection @ chosun



AZE Ga03 Yi=9to]o] 9

2014 10¢

Collection @ chosun



o

T
N
L

o

oF

0

o~

r2

-
El
il

E

o

%

N

o

o

%

N

o

2014 114

Collection @ chosun



Llst Of Tables ................................................................................ VH
LlSt Of Figures .............................................................................. Vm
Abstract ................................................................................................ X
;q] 1 Zc;l- }ﬂ == SRR 1
A 2 FF O]ZF A HJ T e 3
A 218 Gag03 T-F = E A v 3
A 2.2 Growth mMeEChaniSm «essesssrsssmmssmsrsssssssssssssssssssnn 7

xﬂ 2217‘% Vapor_liquid SOlld(VLS) .......................................... ’7

xﬂ 2227‘% Vapor_SOhd(VS) ..................................................... 10
Al 2.3- Self Assembly Vapor-liquid Solid(VLS) - 12
Al 2.4 Radio frequency magnetron Sputtering «-: - 14
A 3 A AF HPH s 16
;(1]3_1754_ Ga20s3 _26.73]— ........................................................................ 16
A3.18 In-doped Gaz0s ZF reermeermmssermsssessserinssen 17
A 4 & A D L 29

- V_

Collection @ chosun



Al 41 A GaOs Film EA B A oo
A 41138 Ga03 T-FF EA B2 ceevrrerenniinneinnne,
A 4128 Gas03 XRD HA] woeeeerereresmsrssenenteintiintccnesennne,
A 4.1.34d 38FH EA £4(UV-Transmittance) ==

Al 42 A In-doped GazO3 Film S BA] e
A 42138 In-doped GasOs TF & EA BA weererereinnnnnnas
A 4.2.28 In-doped Gas0O3 XRD HA] weeereeessnssnainnanannnes
A 4234 #33H EA £4 ( UV-Transmittance) ==

Al 4.3 A Growth mechanism

(Ga203 nano burr, In-doped - Ga20s nano burr)

_VI_

Collection @ chosun



List of Tables

Table‘ 1 Experimental Conditions ................................................................................. 18

Table. 2. EDAX element Ga ,0, In atomic and weight % (a)Shell ,(b)Tip
(c)stem-tip (d) stem

- VI -

Collection @ chosun



List of Figures
Fig. 1. Unit cell of GaxOs. It possesses two unequivalent Ga sites: Ga(Il), Ga(Il)
and three unequivalent O-sites: O(I), OII) and O(III) ceeecesrreseeseereeseecesennees 5

Fig. 2. EDAX element Ga ,0, In atomic and weight % (a)Shell ,(b)Tip ,(c)stem-tip
(d) stem.

Fig. 3. Schematic of VLS growth MOde, **eeressessrssnsancantiotiatisteicaisassastantantontonses 8

Fig. 4. Schematic illustration of metal-alloy catalyzed whisker growth depicting the

catalyst droplet formation during the early stages of whisker growth. *=*=o**** 9
Fig. 5. Schematic of VS growth mode, wssesssesssssssssssssssmnsnsassssussssnssssnsssessens 11
Fig. 6. Schematic of Self Assembly Vapor liquid Solid growth mode. =*=*=***** 13
Fig. 7. Typical DC/RF magnetron sputtering SysStemmn. sseeeeseesseesescesercesceseocase 15
Fig. 8. RF magnetron sputtering system used in this study. weoeseeeereemeseeneeeeees 19

Fig. 9. Photograph illustrates the sequence to produce the GaO3; powder target.

.................................................................................................................. 20
Fig. 10. Stabilization of the target, seessssssssessssmsmssmsmsimismsmtinsmssssssisssssessnss 21
Fig. 11. Top-view and cross-sectional SEM images of GaOs thin films.

(a, b) 115nm, (c, d) 610nm, (e, f) 870nm, (g, h) 1350nm, (i, j) 2800nm
..................................................................................................................... 24

Fig. 12. (a)Wide-view and (b)high-magnification SEM image (c) SEM image of a
single NW. (d, e) The EDX mapping image of Ga L-emission and OK-emission.

Fig. 13. XRD patterns of Ga20s thin films with different thicknesses. *=s=s**"** 28

Fig. 14. UV-Transmittance transmission spectrum of 15nm, 115nm, 610nm, 870nm,

S 15T o FRLLL L e e e R R IR EL IR 31
Fig. 15. Linear fit to extract band gap for Ga:O3; nano-burr atlbnm, 115nm, 610nm,
870nm, 1.350IIm), *rreereresessersesessnsirttttttttttttananaiiisissisisisttttttttttttanasasassssesssssses 32
- VIII -

Collection @ chosun



Fig. 16. Variation of optical band gap as a function of the film thickness. *** 33

Fig. 17. Refractive index curves of GaxOs thin films. ceecreeeseesesrosnceseesesocences 33

Fig. 18. Wide-view SEM images of In doped- GasOs thin films. (a, b) Ga:Os :
InoO3 =98 : 2 wt% , (¢, d) GasOs : InoO3 =97 : 3 wt% , (e, ) Ga:03 : In:O3 =95 :

Fig. 19. Top-view and cross—sectional SEM images of In(2wt%)—doped Ga>Os thin
films. (a, b) 80nm, (c, d) 300nm, (e, f) 900nm, (g, h) 1000nm, (i, j) 5000nm.

Fig. 20. (a)Wide-view (b)high-magnification TEM image (c) SEM image of a
single NW. (d, e, ) The EDX mapping image of In L-emission , O K-emission

and Ga L—ermiSSion, eeeeteeseesessesssstactontontostastasenstoctontostossassnssnstostossossssnssnssons 39

Fig. 21. In(2wt%)—doped Ga:Os3 line profile (a) Shell, (b) Tip, (c) stem-tip, (d)

stem.

..................................................................................................................... 40
Fig. 22. XRD patterns of In(2, 3, 5 wt%)—doped Ga»Os3 thin films with different
HICKIIOSSES, *o+eesessessnsssessessessansaesssssessesssssesssessessessassnsssessessessessesasssensessessenes 43

Fig. 23. UV-Transmittance spectrum of 80nm, 240nm, 300nm, 900nm. **=*=*=*** 45

Fig. 24. Linear fit to extract band gap for In-doped Ga;Os; thin film at 80nm,
240nm, SOOnm, OOOMITL, ***es*essessossrssrsassansansatantestassascassassastastossossossassnsansanssoss 46

Fig. 25. Variation of optical band gap as a function of the film thickness. *** 47

Fig. 26. Refractive index curves of In—-doped GazOs; thin films. toeeeeererereceeeeee: 47

Fig. 27. Schematic of Self Assembly Vapor liquid Solid growth mode. (In—doped

_IX_

Collection @ chosun



ABSTRACT

HE Y WHoz2 AZH Ga0; Yi=go]o 9
TEH, BgH 5

aC)
a
fo
N
o
al
P>

o

oot

Advisor : Prof. Hyon-Chol Kang Ph. D.
Department of Materials Science & Engineering

Graduate School of Chosun University

EFrsta AxAo]l 9= v (Indium-Tin-Oxide(ITO)):= panel display, 332 =},
A 5o AAEGel A Bol o] &= vt FHAALRAY] A Y AAEE
=
=

AT B4 F Mg Fa% A ANBHIGAN FRAgo] B, AVAEE
Bus

7b Fotok stH, F E&o] Folop k= A otk A ITO] wAIHSY Ao uzd
I w2 JtAS R Qste] olE A|sty] Y T AT AAe] tist AFUF 1 Fol
A+=Hl, Zn, Sn, In, Ga, Mgs o2 o]Foxl tAA itstE o] B AANS F1

Atk B =R AE Gallium oxide(Gax0O3) =Z& Radio Frequency magnetron
sputtering@ & o]-&ste] Aol (e HAA E42 Glass 71 S T3 st
), 2225 4807500°C, Working pressure 5x10° torroll A 2 A8t 0.1, WkS-7]
Azes EFA7IAY Ar gas 20 sccm (Standard Cubic Centimeters per Minute)<
3, RF input poweri= 100 Wolt}, ghato] s3sld  Fx2 EAlo WHIlE F
71918 Mepme vtepe] ), H7E(n0m)= AEedt. 2719 GaxOs ¥he2 HH
T%2% Layer FElE AEES AN FA 71255 Yegolojrt XA 3l
Ho]l Befol 72 AE wEoxlon, g FAVE S ds 9 g2 &
kol 7k Aol ¥t In-doped Ga,O3 ¥Met H3lk %7]o= HH3 Layer
FRAAT FAZE S7HEEE HYieglo] o] 7t

=
&
a8 a FskAel EALS scanning  electron

o

o 1o qfr
=
T
o

o3

tlo

ol

o2
Lo
41
BN
2
N
~
o
o
QL
30
o
41
BN

N

microscopy(SEM), energy-dispersive x-ray spectroscopy(EDAX), transmission
electron microscopy(TEM), x-ray diffraction(XRD) 283 UV-Transmittance “3H]
= ZAsgnh g AuE B9 24 A3 FHHAA U= FAG AARY G

_X_

Collection @ chosun



kA A, gt 5S40l vil= AS & ¢ den, A2 Self assembly

VLS(Vapor Liquid Solid)el 9&lA AAste 2SS & 4 Jddon, GaO; Bk

In-doped GaxO3 B}9te] Seed 7} tt=2rhe= A 3 & 4 ). gk Hhulo)
HA7HE o] ool uwhepa] mubol Wi i ZH Eo] WSt AS & ¢ AAE
Qlato] FAx} Hofo] S&o] 7ted Aoz Holw [TOY A EZ=EA A}
= 3 HoZ rlt),

_XI_

Collection @ chosun



ABSTRACT

Structural and optical evolution of Ga203 nanowires

deposited by radio frequency magnetron sputtering

Kwang-Hyeon Choi
Advisor : Prof. Hyon-Chol Kang Ph. D.
Department of Materials Science & Engineering

Graduate School of Chosun University

We investigated the structural and optical evolution of GaxOs thin films on glass
substrates deposited using radio frequency magnetron sputtering. Initially,
amorphous GaxOs; thin film is grown, and then, surface humps and nanowire (NW)
bundles are gradually for me das the film thickness increases. The surface humps
are Ga—- rich and provide nucleation sites for NWs through self- catalytic vapor—
liquid—- solid mechanism with self- assembled Ga droplets. Both the surface humps
and the NW induce variation of the optical properties such as the optical band gap
and refractive index by absorbing light in the ultraviolet region.

Gallium oxide (Ga:0O3) has been widely investigated for the optoelectronics
applications due to the wide band gap and the optical transparency. Recently, with
the development of fabrication techniques in one-dimensional semiconductor
structures such as nanowires and nanorods, there have been an increasing number
of reports on the synthesis and characterization of GaxOs nanowires. Doping into
the host Ga;Os3 by Sn, Zn, and In is a critical issue to enhance the optical and
electrical properties. In this study, In-doped GasOs nanowires were prepared using
radio—frequency powder sputtering. The growth mechanism of In-doped Ga20s3

nanowires was investigated using x-ray diffraction, scanning electron microscopy,

- XII -

Collection @ chosun



and transmission electron microscopy analyses. The details of structural and optical

properties will be presented.

Key words: In-doped Ga:O; GaxOs Nano wire, Optical band gap, Refractive index,
RF sputtering.
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Fig. 1. Unit cell of Ga:Os. It possesses two in equivalent Ga sites: Ga(l), Ga(l)
and three in equivalent O-sites: O(I), O(I) and OUII) [37].
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Fig. 2. Representative band-structure scheme of the gap-state and near—-band-edge
transitions in B-Gaz0s3[28].
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Al 2.24 Growth mechanism

2.2.1 Vapor-liquid-Solid (VLS)
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figure.4(b) o,cos(3,) =0, — o, — (r/r,) figure.dc).o,cos(8,) = o,cos(a)— o, — (/7y)
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Fig. 3. Schematic of VLS growth mode.
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Fig. 4. Schematic illustration of metal-alloy catalyzed whisker growth depicting the

catalyst droplet formation during the early stages of whisker growth.
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2.2.2 Vapor solid (VS)
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Fig. 5. Schematic of VS growth mode.
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Al 2.3 Self Assembly Vapor liquid Solid(VLS)
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metallic seede}al sh=t] o]+ Mg FE4Q F2E 7FA I dofA vEEo] A=
o|t}. Fig. 65 &3te] AWE stAH GaOs Al =W & xo GaOs Layer
7F Aol He s & g Ak o] W SRFAE AA F7HE A7 H¥ GaOs«
A AbA Ay Fol AVIA HEd old 4tAh AR Fol A= dlle] HsksAl
X5 7FA AL 7] wiEolth o] AkA AgF Fol A7IA HW monoclinic TR E ] F
B-GaxO37} 3}8F FEAH o= ut7] <HA 2 @A "ot o] Ga surface
diffusion ¥ surface migrations &3te] U5 <t A A7t HH3sty 7HE b A
A T T FH RS 7HAA " olw) Gav AA FEHE gGA Hed o] o
e ] Gav metallic seed 9 &S A k. Ga metallic seed7} ®FE X Fol &=
Vapor M HZ = Ga037} Ga metallic seed ¢toll E0j7FA H i ¢tow Eoi7k
GaxO3v= W3l 713 o= e 7HA do=A vxgtolo7t et . ZnO,
GaNZ3h 22 Wy o2 Zn¥ Ga’l metallic seed® eHS o 24 Lpi=9fo]o] 7} A%
ShA "tk FESE o] W o2 sputterg &ote] THEo] W A2 A Aot} self
catalyst VLS seedE& WA WHso] W $ AAAI7]= WHol ofy”7] wo] 7] &9
VLS WHETE 2k s et dA7F vk shAIRE A Fof catalystE: E &
2 A &7] dZd VLS¢ = o wigE& Ad A% mechanisme] th.

il
Wodle N rlo

o

>
o
o

o
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Gaz03 Layer

Substrate

* +, Ga Meétalic
. catalyst

;

Ga203 NWs

Fig. 6. Schematic of Self Assembly Vapor liquid Solid growth mode.
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Al 2.42 RF Magnetron sputtering

whaks A xEE V)Ee AA Egd wAS o]83=  Physical vapor
deposition(PVD)3} 3}st4 w28 o] 83} Chemical vapor deposition(CVD)® &
2 4 o, PVD+ CVDell Hl&) ZAgdx=xdo] 7ZEstar, xadeolA A3 dolrf #

Z} beam, laser beam H+& plasmag ©] &3] AANEH Y EAE 7|A AEHIE e
7Zl3ol A F2A7)= WAz Aotk PVDHA o7 Al xe ¢ = wugas
%, §as " Eeto] 3 gE, vlaSE AkstE ol AH.CVDe & HdES

b FEHE fo]y TR o] FA|A 7t Hhgo R o
Holt}, Sputtelringg chamber Wol| ¥ 3%+ gas cathodeol] A
FTEZEH AgEY. JF chamberd ol Arzt 22 B34 7] AE ¥ar cathodeol #
= 7tstd cathode—rH I&" dxEe] Ar 71AYdAe} FE31e], Ars o234
. Ar + e-(primary)= Ar + e-(primary) + e—(secondary) Ar®| excite¥ WA A=
=5t AU AZF BEEM old glow dischargeZt A ske] o] 23 HAA7E FEE
BepAol  plasmas  H<QUth plasma W9 Ar+ol2 & AL Al 93|
cathode(target)% 0.2 7} 5 o] targete] W T E3W, FA49 target YAEC] H
ojupel 7)o vbebs FA k= WHolth Ao R o] ARA 9 &SI}
HAEA Bzstar, dAg Aol ThsetH, B As o Aol bty AbsE
, AztE vl Aol Jhesid, dRoEE AUERrE vnes ZddH ol
Magnetron sputtering®.2 X ¢+ 7}538kth. RF sputtering< DC sputtering®] @5 =
welste] AshEoly AAANY A4l sputteringo] HEE AMF Wlolt) of
H2 2% Ar b9 st % plasmaZt A2 F dow, F= 1356MHze 1153}
AAS A3l Magnetron sputtering©] @ target(cathode)®] ol & -2 o]}
AAAS wjdsto 2z A7 F(RF %=+ DC) cathode ZH-E “LZE]“ AAZ target
Hgo g YA = AW S5 o8 Kol Ar Z[A|AAe FE&
Z M sputtering yieldE& =ol= ®Ho|t) o] W AHE sputtering & &8 S},
AApe] o FEEoR HAte] 7l @ o ukdhofl o] FES THAAZL F Ut F, VA=
FeraHrr Ao, AAAe Afole AUEHErt Ave Aolth o]2ld sputtering
o] EA ujio] E =Foix= RF9 Magnetrons &% RF Magnetron sputtering 2
2 A¥s 28 3.

oz oy B o
o
el
fl

2 rUi'i e OlN
)

o

fr o & o2

072

B
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Coating flux
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(ZEAEET, v target
|i i i gun
L
|
Vacuum LBl
ppiems Power
i i supply

Fig. 7. Typical DC/RF magnetron sputtering system.
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A 3G AE WY
Al 3.1 A Ga03 vtee] F3%

B-Gas03 powder (5% 99.999%) & Cu mold( d = 50mm )°] ¥ °] RF magnetron
sputtering ¥ H] & &3l pre-sputtering= 33}t Pre-sputtering< GaxO3 2ol
e FE, BEES sputteringS $dko]l dEnely] 98 5x10° 1x10° 2x10°7,
3x10°% torre] ¢&EolA Z+zt RE power:= 50 WollA 30 sec?t plasma %9 Y& Hu
Zth Glass 7139 AHLS  acetone(CH3COCH3), methanol(CH30H), deionized(DI)
waterg ©l&3ste] ZSHAH7E o] &dte] Zt bmin A A H s 713t targetd}
o] Atole] A= 40 mmeolH, SF2EE 4807500 °ColA F2 skt 1eElar o]
WS-l Al= Ar gas 20 sceme FYPow, A0S 7241, 8, 16, 32, 34, 36,
48 min °1H, 34 =¥ 5x10° torre] 42 RF input power: 100 W2 < 319
b FAel Wstel] wE 5A4S gofstr] fleiA vE e nANMSTE st
ol gt oA y wEe AA FxE Tk 98 XRDA RS Ao
FBEREE FA57] ¢ UV-Transmittances AF-§ st TE olw] Fd s
200~1000 nmeoltt. FZ24 dAS H7] 98 SEMI High-resolution transmission
electron microscopy(HRTEM)S AR-&ste] #zsteich =gk vbulol FAE 43517
A8l SEMO] 7I¥HF 3kl cross-sections o] -g3ste] wkul FAE ZHA4sTE 1E
A GaxOz "9HHe] AA A S EDAXE SA AT Ga03 Wrehe] W= 74 SA46H7]

9 3te] UV-Transmittance® =74 sl th.

_17_
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Al 3.2 A In-doped Ga203 8t9te] =

B-Gax03 powder®} InoO3 powderE 2} 98 : 2,97 : 3,95 : 5 wt%9 H&= A
2 E&3sled Cu mold( d = 50mm )oll ¥°] RF magnetron sputtering@iv]E %3
pre-sputtering S X 339 th Pre-sputteringe  5x107°, 1x107% 2x1072, 3x10° torre)
et o)A Z+z RF powers 50 Well A 30 sec?t plasma =9 Y2 BEu &t} Glass
7139 A A& acetone(CH3COCH3), methanol(CH30H), deionized(DI) waterE o] &3}
of ZFHAH7IE o]&ste] ZF bmin ¥ A H sttt 71#3 target¥o] Alole] A
+ 40 mmolH, F&ALEE 4807500 °ColAl F2 sttt 1Elar o)W ¥ES-7]A| = Ar
gas 20 sccmS FEAoH. AR 42 5 20, 30, 40, 60, min °]™, FA
2 5x10° torr ]2 RF input power:= 100 W2 =< 3t4th. T2 Wl
e EAS Fotelr] feiA e x5S 2HSE SHTh ouf kA =4 T
of 74 NWse| o] £& Z7io] 98 : 2 wt%Z F &3 NWsel 2 & = oA
of MEZER SAste HA¥ES A At oY A Y2 BHEE AR
TXE  ¢7] Sl XRDARS AAgew, JFEAEE FAs] Sl
UV-Transmittances A& atlth. ol Fd9 s8> 200~1000 nmo] k. -3
S| JAes 1Y 93 SEM¥  High-resolution  transmission  electron
microscopy(HRTEM)&  AF&3te] st gk wutel FAE SAs7] 98
SEM®] 7I¥<% &l cross—sections ©l&3dte] Bl FAE SASAC. LEln
Gax03 el A4S EDAX=E SASEAT Ga0z BFe] W= s 5467 9

3lo] UV-TransmittanceE =743} t}.
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In-doped Gaz0;

Target Ga,0;

Gaz03:1n;0;=98wit%: 2wt %

Working pressure 5%10-3 5x%10-
Working Temperature A80~500°C 480~500°C
Gas Ar 20sccm Ar 20sccm
RF input power 100 W 100 W
Substrate Glass Glass
Target-Substrate distance A0mm 40mm

Table. 1 Experimental conditions

_19_
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Fig. 8. RF magnetron sputtering system used in this study.
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Fig.9. Photograph illustrates the sequence to produce the Gax0Os; powder target.
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Fig. 10. Stabilization of the target
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}]] 478— @J—]— m 5(

A 411 & Ga03 &3 &4

1) SEM
Ga03 Filme] ZAAFxE 438171 98t 543 SEM(Scanning Electron
Microscopy) ©lH|A& Fig. 112 Yetidtr., dutdg oz SEMe ##2 top-viewet
cross—section view”7} 2lth. Fig. 11. (a)¥ Ga03; 7} 8Smin =¥ sample®] cross
section & A& Zo2 A o] SEM imageE EW F747F 116nmel A& & & Ao}
A& F3te] A5 "ete] F3 & wj= Layer=4 T He A4S & F
gltt. Fig. 11. (h)¥ Ga03 S 115nm 23 Sample THo|th A Eolx] 9l
W o)X E 28 Sampled LH|EE =43 sampled] THOEH FH #ZHSe
gojgl ez 8 Ao Hu dv S & F dv= ZWoTh Fig. 11(0)F GaOs 7F
32min <2 sample®] cross section & & Ao Z A o] SEM imageEs EW T+
A7F 610nmed AHE & F Atk Fig. 1l(a)Rtt 48] o B2 FA7F %ol ¥+
S ¢ 4 Y Fig. 11(d)+ Ga03 ¥H4Hs 32min 5 2HgF SampleZ4] 610nm 77 9
EWS YERA imageolth Fig. 11(dE W 22 HE°] Hol7] AlFst= o] 22 A
o] HE Gato] XA wt=olz & Nano burrZb 57] Azl Aot} Fig. 11(d)
A= ©] Nano burr®] %3 =77} 2A veu 2 A& o] A= AAHE 1l
o} oy WEo A= HELS Ga 5° &FH Ga metallic catalystE ©]F9] self
assembly VLS Growth RE=7F 7bEst7 sk 925 87 ®dv. ©] Ga metallic
catalystg< Ataeol Aoz st e XA Hrh o]lx 434  Growth
mechanismol| A4l 2FAs] AW stes st Fig. 1l(e)+ Ga0s 7F 34min < 2Hd
] o] SEM imageE X 77} 870nm¢l
A& &4 F 9 Fig. 1l(e)= Fig.(ORY FAZ S7F & e & ¢ ed oy
2mine] F7F AR FA= 140nm7t F7F 3 A o®m Hop S AZHo]
S7F &5 FAY F7hgel H Wol Xt AS ¢ vk Fig. 11(H)+ 34mim
Sample®] #W image°]t}. Fig. 11()S B Fig. 11(d) Bt} A A Y=+
zZAe] A7y F7F 3 AL & ¢ Urh o= B Ga metallic catalystZ} A3
Seed 9&S o= UxmTxA¢ Yotolojrt A He As & 5 v Fig.

oS

i

sample®] cross section & A& Aow X

j=|
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11(g)= GaxO3 7} 36min =2F¥ sample?] cross section & &2 Ao =2 # o] SEM
images EW FA7F 1350nm<] AL & o vt Fig. 11(g)¢} Fig. 11(e)& vl P&
ol SEAIZE] Sk Al zpolrb WA AN FAl= A4EE Be ol AFolvF v
Ae & F Ao ofF Foto AFEC] F45 =olus S & v Fig.
()5 EW Layer 9ol < FHo A= & & de=d ©l3lo] #FE nano burre|th
ojwf o]Z o] Holz olf= FEYo] F7tstel wekA nano burrd] A7) 3§ F7}st
7] Wit} Fig. 11(h)= 1350nm 749 sample®] ¥% imagee]t}. Fig, 11(h)<}
Fig. 11()E ¥ 3t0S w nano burr® =7|¢} ko] FASA F7lsles AS &
Qom Fig. 11(hel AYd ALS BW &243] NanowireZ} A47dgh A 3t
ULE ol FAREE FAVE S S gAY 9ot AV St v
S o 4 vt Fig 11(0)E Ga03 7} 48min 52 sample®] cross section & %
2o 7 M o] SEM imageE ®H F7 7} 2800nme AE ¢ 4 vk Fig. 111)E =
W gt A Fol UHAE A & F e ole AtA A¥E F3he] Ga metallic
catalyst’} THEO]X 3l o]Z &t YmFERAQL Higtolojrt el oA
Gax03-« Layer7} wH5o] %11 71 9o Ga metallic catalystE ©]| &3t nanowire = °|
s A Fo] UHt= AS & 4 k. Fig. 11G)= 574 2800nm<] ¥% image
24 Fig. 11(ek PluE S o FHs] & I3 EEgs HolAl Hed o=
fig. 11(hlA Yetue= U=T2A49 2xé A77F SREAA = T4 T7t= <
atol F438 Frtete] W ARE deowmmn FwWol AR nanowire’lt ¥ Aol
a1 AZte]l mof Xtk o] SEM Imagess &35t F77F 5715 Ga metallic
catalyste] ®Wxet =Z7|7F F7FE Sk o] Ga metallic catalystE® E3}o]  self
assembly VLS Growth A&& 3to] 24 29 =9 579 nanowire?] F747F 57}
st Ae o g dnh BB A AY S T o= AR 7S & FAUE ™
S7FetAl = AL

‘:6‘
Z7Fh= AS & 4 v} T3 nanowire?] tip &

0o
b

i
P

rlo

%

r3l nanowire 59 F77F A8l A
o}
[e]

S E3to] sk Al VLS growth
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Fig. 11.Top-view and cross-sectional SEM images of GazO3 thin films.

(a, b) 115nm, (c, d) 610nm, (e, f) 870nm, (g, h) 1350nm, (i, j) 2800nm
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A 411 & Ga03 &3 &4

2) EDAX
Ga:03 Filme] vi=stolojo] AES #4317 fleiA EDAXE 574 ddth o 54
HE o] &3t Samples ol Fil & Aol FAAMAE & F B E - ofo]o
o] stem¥ tipe] AES Gotd7] A FAHS AASAT Fig. 12(a)= Fig. 11¢]
image°l Al i Ga metallic catalystg &3te] Ad3s yxotolojE FHolA FAH
image©|t}. Fig. 12(b)= 22 XX AA ¢ auj&= FAHES st vi=9to]oj7t of
" FHE el EAE #Z 3 Aot Fig 12(a, bh)E S3to] #2S 39S u
w=ofoloj o] GEj7E shure] "ol Wakdo] flo] B2 kol wi=gtolol7t ‘3}%01
|31, Yi=ololole] tipo] Tt Aoz Hol wakAo] glo] VLS GrowthE &=
o #7F Atk Fig 12(0)v A= o1A A& ywolo] stus wa Holmel &
A3 SEM image©|th. Fig. 12(d)&= Yx=9tolo] 3d}E EDAX mappingES %319
A3 o] 24 Ga-L emissione YEFH L At} o] imageE HW Gaol 37} tip
B stem7bA 115 EX 31 Qe Aoz &4 4 Ar}t Fig. 12(e)= EDAX mapping
23t =43 dolEHEZHA O-K emissionS YEFHIL At} o] imageE ¥ 09
F7F stem $1FE2 WHESAL UL tipe] AAFE Gast A £EE st A= A
o2 & 4 9. EDAX mappingS A3 A3 yiofolol= Gast 09 +X 2 9]
oA Ad&=d Gavt Tipoll JoBZ catalystd &S 3t AS & F Atk 4714 Ga
= AaAdG =0 9t d AR Ga’t AE Fx wF=o]lZ Ga metallic catalyst ©]th.
T3 Ga® o] Foxl tipd FHWel O7F A EEE U= olF= Ga metallic
catalyst= oA HA FEE FolQAl H=d ol HEE7] HAsA WAEAHF
Gax03 7F vbEo] A= Aoz BT B3 o] Fate] Yiegtolo]o] Tip Gaz ©|
"Eroix A steme GaOsE o] FoA de AL & 7t Aduk T v T o F tip
= GaOy7} AAIL AFo = GaZl d=olA AA HdH= EAst=s AS ZolTe

As & 7 ekl

mx

N

ru1

W
] |\t

o

f
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Fig. 12.(a)Wide-view and (b)high-magnification SEM image (c) SEM image of a
single NW. (d, e) The EDX mapping image of Ga L-emission and OK-emission.
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A 4.1.2 4 Ga03 XRD &4

XRD+ x-rat diffractions &3l9] Sampled Z2AT+ZE A= WHo=z da o
go] Ha Qo o] WS Fate FAHES oA HW sampled] A WES & 7t

9lth Fig. 13& &2 =Fo A Ad3 SampleE9 diffraction profileo]th, & =% of A
sample At} GlassolAl 28 Pt on FAE AL ymx AE2 14
W2 skHY o] XRD profiles REA =W 57 15nmolAFH  1350nm7FA] ¢
sample=¢| diffraction profileo| A= &gk peakgts S F7F gidoh 1EA
2800nmFAl©] samples 4% A3 B e peakE B F AUAAUTE o] peak:=
JCPDS cardg &3ste] &4 3o A8 JCPDS card ¢ &= 87-1901¢] Atk
A4S B4 A3 B-Ga0; ©1H B-Gax0O3 + 187442 ¥A#2 7FA™ monoclinic
TZ, AA F4e a=12.21 |, b=3.037 , ¢c=5.798 , B=103.839] S 7FA 1 Jv= AES
2 t}. Fig. 139 7 2800nm F742 de]g <t 87-1901H 2] JCPDS card=
H ol 74 39S o A4 HS 30°F2olA Yes B(400) peak , 31.7°F-<EollA
2+ B002), B(-202) peak, 35.2°F-<tollA Y= B(111), 448 FLolA Yo+
(-601) peak 183l 64.2° F-ZolA Yo B(-204)9] peakES #Z & I At} o]
ol & Eoks W B(400)> F<Slo] & XA et ol 7[HoE AREH Glass9
AR o] FA eobA 20°5-E 307hA el A peak7t BRESHA UEUY] wiol] o] B
(400) peakEs &<lst77F oel& % 7] W] AEetA gele] ¢ HeE Ak
Atk FA7F 2800nmETF ¢FS Y™ A] sampleE 9] 7ol = peak® F %] sharpshA
gl BEREA o=t o= Ga039 ARl A &tk AH FA vF g
o= A wZod peake] kol # YEhUA gFe Folth o] olfr+= AtAAFPFoE A
ol HoA = Ga0s o A WaFAdol glo] AAsts vistololo] e wiwa
peak®] kol sharpstAl U x| &+ Aol Axpyg o2 XRDE S48t B-Ga0328

e
4
N
N
0

2 F3L d9m % A% p-GaOrt FHel © AL % F7b Aow, Glass 7|
@elol 4FE B-GaOs el ARAol A Yrke A EF L 7b Ak e
1w FAL FABEE FAS peake] @ol Wol: AL X & did o i

wsfoloje] ol ZFrhsHAA FHY gEol FPol WA vEhbe AL & F 9
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Fig. 13. XRD patterns of GazO3 thin films with different thicknesses.
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Al 41.3 & Ga03 3%3H EA &4 (UV - Transmittance)

Fig. 14= 57 W¥3lo] w2 Ga0s/glass Bl UV-transmittance 353}
UEbd Zolv. BE AlE2 AlEFe F3 Azt wel ¢ dEe] duA =
A 9] oscillation 4=7F ¥WMatE Aoz Hol T/ dElx= Ao dEE oA}
FEAEE 16 nmAlE2 oF 93%°] FHEE 7HAH, 115 nmAl &2 oF 88%°] F it
= 7FA a2, 610nmet 870nm samples °F 80%° T3} =E eyt mixeto g 135
um ME2 oF 77% 8o Fa== yewt F77F 15nmFH 1.35um7t A Frhe
= F4 o] red shift 3t 2AS & 4 =4 o= band gape WIS el =
olt}. 15nm ,115nm, 610nm, 870nm, 1.35pm ¢ graphs =H EZ43 H|S
oscillation®] H.<lt}, o] oscillation®] <lsjA whate] F=AE thS-9] 2o 2% sampleF

AE =5 5 Ak 28y & =M e ofd s ol&3sty FAE =F sk ¥

it
1
iz

Y
5 e
o 4

-«
H

po)

o

cross sections F3te] FAE =E3HAH
d:W/Z(nz,Sinze)’l/z 5 (AEA2)/(Ag=Ag) w oo rmrrere s e st (1)

d=Film thickness w=Number of wave n=Refractive index of thin film

©=Angle of incidence AgA= Used wavelength range(nm)

a=optical absorption coefficient d=thickness T=ratio of the transmitted intensity

o e Fahel Fa)a

il

FAF 0B olgdte] WE P P A ofeet 2k

ok

(ahv)2=(hV*Eg) ..................................................................... (3)
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hv = Photon energy (hv=1240/\)
a = optical absorption coefficient

Eg = band gap

Fig. 15 (a)—(e)= ZZ} 15 nm, 115nm, 610nm, 870nm, 1.3oum AZS 919 o=
2H a2 S el band gap L@l Zolt} o] I EZE HW 15 nmE oF 5.05.
eV, 115 nmE ¢ 4.89 eV, 610nmT= ¢F 433 eV, 870nmT= ¢F 4.15 eV, 1.35um+
3.86eVe] k= 7Hxint ol g wi= o] WErt Urhbe o= 2o MEEY
A7 GepAHA A7 G T3] gho] @ebA| 7] W&ol Fig. 16 & 7+
Ao wE W= o] W3 s agl=ZE 3 o yeld Folw Iz shg-Aeh
Y ®& Este] U WATH

=
T
=
-

n, = (1+ T,)/ T,
N= ((1+7”L )/2)+2n ((TM_ 1—7,”)/(1—17\11—7,”))
n—[N+ (NQ )1/2]1/2

................................................................................... (4)

Fig. 17 & #19 (4) A& o]&3ste] Ao W& 7} 7} sampled =HES T3 A
aR =2 Yetd so®2 ZdEY Fol 1558H 19 Ax 714 #EXE Yede A
o At olw FAVE SRS FAEY fto] A&
FHe ¥l FE, M 3tstE A FxE 9sle] WS Ga metallic catalyste
4 28l31 Ga rich humps®] ol 9J&iA =4dE<9] ol
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Fig. 14. UV-Transmittance transmission spectrum of 15nm, 115nm, 610nm, 870nm,
1.35um.
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Fig. 15. Linear fit to extract band gap for GaO3; nano-burr at 15nm, 115nm,
610nm, 870nm, 1.35um.
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Fig. 16. Variation of optical band gap as a function of the film thickness.
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Fig. 17. Refractive index curves of GazOs; thin films
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Al 4.2.1 A In-doped Ga03 T+%3 EA

1) SEM

In-doped Ga;03 x4 54 &£413817] #lste] SEM 2d2 13 31t} In-doped
Gax03 7= In 9 %E @¢ ¥ S35 AAskAT GaOs 9Hny03 o ¥l&& 2+ 2
98 : 2 wt%, 97 : 3wt%, 95 : bwt%e] H| &= A2 FFslo] target EHEMN ALES
3t th. Fig. 18(a)= 98 : 2 wtxe 2 E33 targets AFE3FYd 3hr ¢
2+S 3k sample?] image©]t}. Fig. 18(b)¢] imageS ¥z &t A93] W@
efoloj7} S ¥, AAl= g vlo]ARVEA] Yeolo]e] Holrt
t}. Fig. 18(c)¥= 97 : 3wt% o2 33t targetS AF-&31o]
o Z2S 3 sample?] image©]t}. Fig. 18(a)¢} Fig. 18(c)E H]
ol F sample 25 B2 Fo vYgololE: AFE AL U A & T

Fig. 18(d) ¥ 97 : 3wt% © 2 T3 targetS o] &3l =23 & & o7
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S ¢ images YERI St o]E Fig. 18(b)¢t HlAE 3§ —% o 1= ofo]of €]
o7} Awtolat®m WHolA &= s & F UTh o= AwY Fol FUHEl wEkd o
ojojo] Aol oA HE AL & F7 Ak Fig. 18(e)E 95 : Gwtxnoz &3
targetS AF£3le] 3hrel A7Fsot SFS 3 sample® image©lth Fig. 18(e)2]
imageg B9 ti=otolojeta 2lr] ®Wrhe ol o] Yelgl Ay Heled ol Aw
FAfo] = o] ¢Fo] Wola A £Vt =uA il B& 49 <dFeo] AEHo] Cluster

7F AAE A & 7 Atk Fig. 18(H)e 95 : bwtn o2 &3 targeto & S22
samples ¥l &E =43 imageo|t}. Fig. 18H)Z (b, d)o} H IS &HE uf
olojo] o7t woll HA FolAl= AL B F Aed oy B & & ol A
7] Sl o7l Algko] Al 7] ol yimefolojo] o] o Hee e ¢
Ut —f—, 98 : 2wt%, 97 @ 3wt%, 95 : 5wt% GaxOs ¢Hn:03 ¢ Bl &2 &35}
= AFHE W Hestolold F 2%, B2l 5o 7H £ sampled] 272 98 ¢
2wt% 2] H]Ei THAE PSS o QA AS & F A A o] F °ﬂ 218w Al
AMe 98 1 2wt MEE EFS o targetS ol &t TEAS & FAEIZ FAE
EAEMS A3 ¥ Fig. 195 Ga03 9Hn03 ¢ v &S 9 @ 2wtx®E 1L AsHL
THHAN FAE ¥R sto] Zb Zhe AES s SEM imageelth. Fig. 19+
sample?] ¥H AT FAE A7 YA Top-viewet cross section- views
ARtk Fig. 19(a)E 5mins 23k sample?] cross section image©]™, ©] imageZ
FAZF 80nm 91 AS & F dom, layer7t BAE A #1el clusterZol A7]

= 7}Falt} Fig. 19(b)= S5mins et AAAIA THE1 A 80nm F749 sample?
image©|t}. ©] imageE R FTWHY clusterse F7F & AL & 7 9t

Lo

A
Al [e]

RN V.
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ol o}m Jl)«
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Fig. 19(c)+= 20minset AFAA wEZ 300nm F74 2 sample?] cross section
image©|t}. ©] imageE HEW layer’} WHE1A &= 59 FA7F Fig.19(a)et vl dl-S
ol @ol] F7lete AL ¢ F Ak Fig. 19(d)E  20minset A &A1 A 300nm 7 9
sample®] ¥W image¢|™, 97| = B2 %49 clusterES ##o] 7HE3sH ol &
sto] F2A|Fo] S S clusters 9 Yol F7bste Ae ¢ 7 Aok Fig. 19(e)
= 30minEet =L o] 900nm F7A¢ sample®] cross section image©]t}. o]
imageol = layer =% Z2 49| clusterge] A7 layer?t clusters2 2 ¥ oA
Holx= AL B 4 9t} Fig. 19¢f) & 30min=2F 3o 900nm 7419 sample®] ¥4
image©|t}. ©] image+= 300nm F7 9 sample®.t} clustere] &3 =77} F71sk= A
S A4 2 4 v} Fig. 19(g)+= 40mings<t 528 dto] 1000nm F712] sample
9] cross section image©]™ cluster® ¢ Z7|7F E7tsto 2 TWH ARAVIVF =
o= AS & olt}. Fig. 19(h):= 1000nm 7 sample®] image°]th. ©] imageZ
B Ewe] W F3to] ¢S AR e o clusterEo] ¥HE Y e AE &
2t} Fig. 19G)& lhr &9te] &S E35to] w597 5ym 772 sample?] cross
section image©|t}. ©] imageE HW layers3} Li=olojo] Fo & ] ojx A5 o
2 AE & 7 Ak o= clusterE°] seedd &5 dto] yi=stolojrt A= Ao
2 &2 4 9t}h Fig. 19G)= 5um F7419 sample®] %W imageo|t}. o]& B &7}
7‘]335]194 EE AR Y fojojrt Aol HE AL & F Ada yxofelo] o] Tip
A Aoz Hol VLS growthE 3= S & 4 Atk 9714 clusterE2

In metallic catalyste]il A Y A A== layers dFSAOI = layerolH, v <}
oloj&= Tipe] In, stem< Gax05 1 AS & 4 At} o]« Hol U HolHES 3
of T st stttk Ao R FxA FE EAo] JH A veE 244
D 2wt% Hl &R E£3E FA o)W, In-doped GaOs0 A Ine vpi=ofolo] A Ao &
8% catalyst 92 st AE & F7F A tipe] FEHZF YD AR Hol o]
samples E38to] WEO] A= yi=9lolo] T3 self assembly VLS growth =5 &
sto] ypiofoloj7t vkEo] A= RS o FUF drk o= Ho| & TEM data$} Al 4.3
A Growth mechanismoll A 5 3}

X
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Fig. 18. Wide-view SEM images of In doped- GasO3; thin films.
(a, b) Gas0O3 : InsO3 =98 : 2 wt% s (C, d) Gas0O3 : InsO3 =97 © 3 wt% ,
(e, ) Ga03 : InoO3 =95 : 5 wt%
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- ¢

SQ0nm,

Fig. 19. Top-view and cross—sectional SEM images of In(2wt%)—doped GaxOs3
thin films. (a, b) 80nm, (¢, d) 300nm, (e, f) 900nm, (g, h) 1000nm, (i, j) 5000nm
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Al 4.2.2 A In-doped Ga03 T+Z3 EA E4

1) TEM
el A Awg = i ofoloj7t oG A o] HAEAE &7 s Hmetol
o] 7} zFe] BE Tip, Tipg #A1L Y+ shell, stem, tip?} stemo] Thi}s RES
Z}Z}  MappingS 23] 24 3kt Fig. 20(a)= 98 : 2 wt %9 H&=E lhr =32
3 %7 S5um sample®] ZEY image©|t}. Fig 20(b)&= Yi=¢folo] &t wz =33
high-magnification TEM image ©]"]#o]™ Tipe A& Tetrahedral *+%<¢ In<l
Z1Z XRD Datas &34 & 5 Utk ol& o] &ste] tips ol Fi U+ Ind + W&
T3k In(101), In(002)%1 21& & 7} Slvh Fig. 20(c)€ 98 : 2 wt%e] Hl &2 &3
o 7tEo]R Un9to]lo] SEM image©lt}. Fig 20(d)+= EDAX mapping o= 343}
o] yi=slololo] HES ZHI O o] imager In L-emissions LERHIL 9t}

Fig. 20(e)= EDAX mappingl. 2 ZA3 Ao 2 O K-emissions YE 2 ¢l 31, Fig.
|

20(f)= Ga L-emission i< YERH I Tt o] A3E Esto] gH& W Ino] =9}
ojo] S Al717] $1% catalystd &S stal v s & T oM, stemS HES
Abol=7F o] Fa Qe AL & = Arh T3 shellS BA HW Gast O7F #53HA

o S35}

=
F¥ee e & F e ol Inol A-2oA A AEjel7] wjiEd oE K
AaNA GaOs7F shelle] 9&S st AS & 571 Ak 5, GaOs o= F2S 3}
AS Wl Ga’l catalystg @S 33, In-doped GaOsZE T#HS 39S wE Inol

obS Sl Aoz ¢ 4 At o= 434 growth mechanism ZolA AWS
St % sHAlth Fig. 212 yx=9tolo] styE 48722 YFo4 EDAX mapping
dte] 7} 7} line profile® 12 W Zolt}h Fig. 21(a)2 shelle] 4£& a8l Ro
Ine Aol 7Fg Wo] X E 33l O, Ga €08 XS 3l Aoz B 5 gt 9]
= TipFEdE In 7H B3 YA E GaOsZ HsolAdA4 Ing R e 2oz
2 & 9tk Fig. 21(b) & Tipe A%& ZASH o0& Shelld= th2A Gaol %ol
A9 §l= Ae B F ey ot Tips olFv F4EC Ined AES Yehls Fo
t}. Fig. 21(c)¥= Stem-tipe 2 Stem¥ Tipel A A HFEo| thdte] mappingsdt 7 o]
A7 Ind AES A9 HEUA &g Gad ol B2 A
Stem®] FAEol Gast Ga0Os2 olFo] AJvE Aotk Fig. 21(d)+  Stem]
mapping datag UWEFH A S & Fig. 21(c)¢F Hls=3 Y = dEbdth o= Stem
o] FAEo] Gagt GaxOz= o] FolA Uth= AS IRIAIAF= otk Table 2+
Fig. 21¢] 2t B&2E5S Table2 AElete] H7] £A ZAssS 224 O, Ga, In9
A ES weight %, atomic %= YEFA Aot}
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200nm

Fig. 20. (a)high-magnification TEM image (b) SEM image of a single NW. (c, d,

e) The EDX mapping image of In L-emission , O K-emission and Ga L-emission.
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Intensity

i
a
1so |
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o=
B 2

In-doped Ga=0= = hall

1

In-doped Ga=0O=Tip

1800

=2 C  —mamea Gabatege] | ﬁz [——in-== Fed Ga:D-ste =
S S i’lj\ﬂ : S > &J\A -
Fig. 21. In(2wt%)—doped Ga203 line profile (a) Shell, (b) Tip, (c) stem-tip, (d)
stem
Weight Atom:c Weight Atomlc
% %
206
Gal 4.1 5.5 Gal 1.3 2.0
INL 923 739 INL 97.2 88.5
Total 100.0 100.0 Total 100.0 100.0
Weight Atomn:: Weight Atomlc
% %
25.6 27.2
Gal 92.3 74.2 Gal 91.9 72.7
INL 04 0.2 INL 0.2 0.1
Total 100.0 100.0 Total 100.0 100.0
Table. 2 EDAX element Ga ,0, In atomic and weight % (a)Shell ,(b)Tip

,(c)stem—tip (d) stem
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Al 4.2.3 A In-doped Ga:0s XRD #4

Fig. 22 GaxO3 @ InoO39] H]l&o] 2+ 7} 98 © 2 wt%, 97 : 3 wt%, 95 : bwt %2 H|&
2 Z355te] e A targetS o] 83l9] 3hrEot S#3 sampled ©|&3dto] X-ray
diffractions A% 23 el 209 W= 15AFH 807HA SAHS s on,
JCPDS carde= Gas0Osi= 87-1901, InoOs= U X|sk= Fko] In Tetrahedral o] 7] W&
o In Tetrahedral®] JCPDS cardE Al&3tiom™ olufeo] carde= 85-14092 AF&3H%
th In 2wt%<} 3wt% =33 o] S g A9 v Fde peakdhs H Y ow
In 5wt% =33 7 9o peakatel A9 WA gkt o] 20°9) A FE 30774 2
BRE3% peak@ 2 dFode Glass7| & AHE3FH 7] Wi Y2+ peake]th. Fig.
225 HWA In ¥ Gax039 peak’} Yo =d o714 71 23 peake #2 In(101)7:
old] o] In Tetrahedral -3 9] peako|t}h. o] }x=¢}o]o]¢] Tipo] InC & o] Fol A
QA7 Wil 7P g peakE UERAT AAREA o® M F2 2AAE Ga03¢
In:039] Bl&©o] 97 : 3 wt% <1 ZAo|X| ¥k F8tAQl 547t ielstA dAvhd vw ¢
ojojo] Zol7} b AA UE 9B 2 wtke Aol JHE oldAd 24U AL
o Atk Ind = Fo] 3wtktAl= AR o R 5o FolA AN 1 o]t

o] Ztash= A& Fig. 218 2W & F7F Aok A%A4 22 In doped
GaxO3= AASH o2 Ing 3wtk =33 A °] 7?” ?8 E4& 7P7<]7<]‘3}, A
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Fig. 22. XRD patterns of In(2, 3, 5 wt%)-doped Ga»Os thin films.
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Al 4.2.4 A In-doped Ga03 3383 EA
(UV - Transmittance)

Fig. 232 574 ®W3eo] wE In-doped GaxOs/glass ¥eFe] UV-transmittance 353}

a} o BRE A AEY T2 At wEt 5 ©Eo] EEhA
= AL B 5 Jdrh B4 FEAEE 80 nmAZS 9F 80%2 FHEE 7AW, 240
Z&o oF 70%9 FH}EE 7FA a1, 300nm sampled °F 50%¢] FHEE e
A E e 2 900nm AE2 oF 30% 4 =0 FHEE etk F77F 80nmFH 900nm
A 7V E §9 ol red shift b= S & 5 A=l o= band gap® W3t
2 Y= Aotk 80nm ,240nm, 300nm, 900nm graphS EW EZZA3 B3
oscillatione] ®o]71 &} &3 oscillationo] Ho]A| ¢rola o] o FAZ =
Ak =71 17 Wil cross section imageE E3te] FAE =%31St Fig. 24
= Al 4138 A A5 F2 (2), 3) 45 Este] Band gapits SHI 2=
vebd Aotk 80nm ,240nm, 300nm, 900nm 2z} z}e] F7A|H 3l wE W= 7 ke
°F 4.8eV, 458 €V, 44 eV, 3.86 eV #S 7HA+= Ao®E YEgen ojgs M=
o] Wisl= F wo WEket T Wt b we dfler AEE shA "k
Fig. 25 FAlo w& M= e Wsl ghs :LEHEE gk ®o] yebd Aol =
= 7FAIE 9" S ;}01 vel WAt Fig. 26 & Refractive indexZ e Zhol
t}. In-doped Gax03°] Z-¢-ol&= folA AFs 24 DE &3t =4ES 7TA F
o] gro] EA ol FEAZEA Tt o, ke 80nm ,240nm, 300nm, 900nm
of FA e ZF 7} 1.8, 1.9, 3, 7 xS 2d4ES e AoZ YER

o
)=
)
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Fig. 23. UV-Transmittance spectrum of 80nm, 240nm, 300nm, 900nm
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Fig. 24. Linear fit to extract band gap for In-doped GaxO3; thin film at 80nm,
240nm, 300nm, 900nm
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Fig. 25. Variation of optical band gap as a function of the film thickness.
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Al 4. 3 A Growth mechanism

(Ga203 nano burr, In-doped - Gaz0s nano burr)

o] Ao A= Ga03 nano burr, In-doped - Ga203 nano burr®] growth mechanismol
st AWES et=E stk Fig. 62 ol&4 w79 self assembly VLS growth
mode A& &3kl AWS g imageolth o] HdA GaxOs2 oAl & & o]fr= o] Ho]
self assembly VLS growth& 3= &2 o]7] wjFo|t} Fig. 6(a)E KW Z7] udlo]
A7 sk wjo= ek E Al Gay0s7} layer® AFE = AL ¢ 71 A Fie.
(b)E Est] B FAZE S718k7] A&t Gax0s %l Aba A3 Fo] A &
= ol GaOs7F BlgstFE2AA 25 7HA= EZol7] wiEolt} Fig. 6(c)E X
W Ga metallic catalyst7} ¥HEo] A= AS & F7F d=d ol AbA AFdd 9F)
2 dA © Ga’l surface diffusiond} surface migrations %3] 5XA ¥
cluster’} WHEo] # Aolt} Fig. 6(d)E B GaO3 ¢ VaporEe©] metallic catalyst
o8 5o He S & F7F e, o] vaporge| #HEs7F Fo RN Fo] A
AEAA ord 2 WH7HA S FAS 9HESHHA Yxeotelol 7t st A ®r) Fig
6le) & olgt HAE Fsto] e Hi=etolo]E YUERH imageflth. Fig. 6(f)
vapor¢! Ga:O37} tip¢l Ga metallic catalyst £ 02 o] & 3 ojE@ i v}y 9lojo]l &
AAsts AE YER imageolth A¥ A 02 Ga0O3 Yimofolo] = H]gstFE A
5 7HAE Ga037F Gax03x° At A T& WEA Ha o] A4 A9 F& &9t
o] Ga metallic catalyst’} WFEo] 4 seed &S 3O = H self assembly VLSZE Y=
gtolo] 7} A Ast= Aot [42] Fig. 272 In-doped Gax032] growth mechanismeol|
sto] AmWS 3 imageo|t}. Fig. 27(a) ¥ In-doped GaxO; Htete] %7 A% dA=
el = A28 GaOs ¢oF InyO3 7F A2 FEj9] layerzo] WA et A
th Fig. 27(b)= =719 vtolA Bty A4S @Wol 3 F9 vtvtow
H Fol= GaOs + IO« 1 AbA A¥ Fo] whEo] X =4 o= H|g}
5 7HAE GaOs7F 4AbA A AHE7E H AN o] AgH = vhEed
WY AAE + Ine03Y] AFARTE A Hol GaOse BEA AElE vby A o
IOz AbA A BEH Q] IneOs- 7 H Al Ho] Ga037 A3 Wb vhE A 4

|

j=|

KN
=

KN
=

=

In°] surface diffusion, surface migratione E3}o] M= &3 ( Fig. 27(d) cluster®
PAstAl ®et o] W o] clusterE°] self assembly VLS modeE 7}s3dkAl 3t In
metallic catalyst®] &S 374 €rt. Fig. 27(d)+ In metallic catalystE E3lo] =
ofojoj o] A4 | vapor JEIC] In, Ga 9 °lF S YeR L A& image ©| T} Fig.
27(e)x= In metallic catalyst®] H&E& F3to] WhE0]Zl Yicofoloje] HAL oft},
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Fig. 271(H+v ©9Y YxeoloE m=z HAE 3t Ay AEH=Z &= In metallic
catalystoll A vapord Bl ] GaZb ol9Al yHi=glolojm e A= AAHS HEH
image©|th. 7|4 A2 AEje] In clusterd] vapor AEjCl GaZl A &ZFHom Sojzto
ZH Hxsl7t JAeo] Ha Byt Fao] oz FRMEo 7 AZo] FHA @l
o] dojut yefolojrt o] He FEjolvh. AHA 02 In-doped GaxO3 Ui
ofojo] 4L Gax039 WIS FEAQ & Wi e A= IOz« A 2E F
of 4oz Qste] vrEolA = In metallic catalyst® 18] v=gfo]o] 7} whEo] A
A At In-doped Ga:03 9F Gax03¢] growth mechanism- self assembly VLSZ 7+
2 growth mechanism< 7FA A%t metallic catalyst’} Ga®l In o]gki= Zlo] =Fo] <l

Ae & 57t don o 2 AEe Fakel & £/ Uitk
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Fig. 6. Schematic of Self Assembly Vapor liquid Solid growth mode.(GaxO3)
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Fig. 26. Schematic of Self Assembly Vapor liquid Solid growth mode.

(In-doped Gax0s)
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A 5% A&

Glass 7]#H9 ] RF magnetron sputtering el 93] Ga:O3 thin film¥} In-doped
Ga203 Thin filmS #1Z 3t th. SEM imageE %39 GaxO; / In-doped Gax0s32] A
Z s & F AdAg AF 279 layer by layere] FEjg AL dAvk F3
Al 7ro]l ZF7tete] FA7F 7SS layerdt island7F wFEol A= eyt ©9, ¢4
SA7 248 HW wsholol st o B layerZo] wEolA A Hi AL o 47}
ot Gax039F In-doped Ga:039] A% mechanismo] & ThE FHo] gt o=
Gay0s39] Mgt &2 Fx2 Qate] Ak Ay Fo] WEOAA Hi ol&F F3td
Gax0O3 T AAA 7= WA E GaZl seedd S st Al efolols A 714 =
a1l In-doped GaxOsoll A= Gax0s37F "HEojdl= AtA 23 So InOs7F 7413 |
ATF AbA A Tom oles oAl Ho A&V A IY GaOsx o xE AL
In:03 = InyOs« & WA F o= 2 Inol seed &S Al Ho| vi=solo]E 47
Al7lE s & F7F AT TEMS 3t yYieotolold] seed 4ES st F
Tipel A¥o] Z+ Zt Gast In ¢ A& & 71 2o, EDAX mappingS &3}
wefolojo] 7 FEEo] o]F i e ARES & U A o) F &t F

X% self assembly VLS growth ==

O

Hm
o

2

1t
o o O

=

=
=
=

54 A4S 93] UV-transmittances
SAstdon F Ay 25 FAV S 45 0 23

b ek w8 24 E =3 FAC wepA Weke s F o Ao Gax0se
Foll= FAZE S7F s 2HEY el #Aiste s & F Udd=d ol Ga
metallic seed 183 Vx=9folo]Z ¢l FHAE9 zho] A

G
AL & 4 AT WY In-doped GaOs FHES] FAATL op] A%e FH ol

-~

oleldh FEA M GaOs= BT ZokollA &80l 7he & Aew Holv In

3 ste] FyATel WA BARAY ATE Fues Ade] AET Aoz W
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Fig. 27. Variation of optical band gap as a function of the film thickness.

(In-doped Gax0s3 (red) , Gax0s, (blue))
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