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ABSTRACT

Spontaneous phase separation of In-doped B-GaxOs
thin films grown by Radio Frequency Powder

Sputtering

Su-Yeon Cha
Advisor : Prof. Hyon-Chol Kang, Ph.D
Dep. of Advanced Materials Engineering

Graduate School of Chosun University

B-Gax03 is the only stable oxide of the main group element gallium. It is a
stoichiometric compound and a wide band gap of 4.9eV, n-type semiconductor
with applications as a luminescent phosphor, as an oxygen sensor. We
investigated the surface structure of In-doped B-Ga20; thin films deposited
on sapphire substrate using radio frequency powder sputtering. The evolution
of surface morphology with increasing the film thickness was investigated.
The initial thin film is non-stoichiometric gallium oxide (GaxOs-,) that is in
an oxygen deficient state due to the oxygen deficient atmosphere during
sputter growth. Then, GasOs-x is transformed into a stoichiometric Ga:Os by
receiving oxygen from In,Os. Some of In:O3 are transformed spontaneously
into a self-assembled In cluster as the film thickness increases. Consequently,
a spontaneous phase separation from In-doped Ga03-x to Ga:03 and In
occurred at an intermediate stage. The metallic In cluster acts as liquid
seeds, providing nucleation sites for the growth of nanowire on surface island

structure via a self-catalytic VLS mechanism.

- VIl -

Collection @ chosun



ABSTRACT

B F3s 2% 298y Py 93 338

In-doped B-Ga203 ¥r=re] ity 4 &

Su-Yeon Cha
Advisor : Prof. Hyon-Chol Kang, Ph.D
Dep. of Advanced Materials Engineering

Graduate School of Chosun University

B-GaxOsi= Gax039] o2l 7HA & A FollA 71 hge Edolnh. &3 3}
stFEA FetEoln 49eVel Yl band gapS 7HAIH, W FFA, A AA
24 &8 7153 n-type semiconductore]tl E =Fo| X+ Radio Frequency
Powder Sputtering WH & ©]83o] In-doped B-Ga0O3 =S A Zslal 19
wE A A e dis) Askanh 7] w2 E Ao A AREg
Ar gas®2 A3 4tA 5 B297] fFEHo ka2 AE 2 non-stoichiometric
GaxOs 2 AFSTE I F GaOs = InpOs2H-E 2FAE ®ho}l stoichiometric
Ga:Os&2 WEhETh InOzo] d-= vl FA7E S7Hghe] wep pgra o=
self-assembled In cluster2 W AT} ZA3}H 02 In-doped B-GazOsx ©lA
Gax03 2 Ino =9 A A 87 ¢

2 283} self-catalytic VLS mechanism< &3l island structureol] u}i=<}o]

of A< AT 3 A AolES ATk

—_

2] o) who}. metallic In clusters liquid seed
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AlAZAAE

GasOs+= transparent semiconducting oxide (TSQO) AL 3= EZ=Z
field effect transistor®} gas sensor® FE& Wi 9low[12] 49eVe Y&
band gapl.® <3 UV g AoA optoelectronics HA = AF-go] F}H3-5].
GasO3 HPeFe Ao Bt o7 <l3] Band-edge H¢ Shallow level ol A
a7 A4 ¥ o]l band gapel W3kE ThPA2u6-8l =S okl Gax0s9]
band gaps WAZ = low[9-11], 54 7F= A Ga0; WS =2
<r® dAdste] band gaps WIHAIZ 5 AUH12,13] =3 XS F8
Al n-typed] WEAS wHE F At SAS AL ATHTS14] Gax058] ol
A& band gaps ZAAAE 83 942 deld Jdom[15], Cu, Ti, W 59

d

gapS 4.2eVol A 523eV7HA] vHE 4= I tH9-13].

.

E #Astd o, 70d o= AR 97] e RiFteithe As wAste] AR AlA

S Holu 9t B Afo| A= Radio Frequency Powder
Sputtering }HS o] &3] Gax039} In-doped B-GaxOs Y-S A F&A T
SputteringS targetoll A &0 9J3F AL ER o] FojA = FRWHOR V|E
At targetS T2 A& TE A w Algby
target®] -5 AxHAo] HEpsiw FHo] gar spAo] miAn g FASHE
F7goll A plasmaol €8k Lol FHefsirl= whio] Stk B AelA= A"
Alebel targeto] @S K $kebal = &olstA k7] 913 powder target=
AHEEF A TE[16,17] ¥hete]l A AE AEE wE7] fdE RESVIAIE Ar gasE
A28 A . In-doped B-GaxO; W42 FAE W4E slo] ¥HYAde] wWslE
et e FEkskE AdE A el il deolEkom,  GayOset
In-doped B-GaxOs vtuh-s A A g sto] WSt WsE #E3stA T In-doped B
~Gax03 B2 At A3 A E?l non-stoichiometric GaxOs 2 A3 &3tttk

nOs25H AAE FF

v
)

9] sputtering targets A

ﬂE

o} stoichiometric Ga:0s= A &3HA E o} Ga:030 A

AAZE okl InsOs= InOs-«7F ¥ 3L surface diffusion¥t surface migrationg
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%3] In clusters FAdA b o OEFE GaOs 2 39 Aas AR
F EEE BRI, FERAIZEe] FIHEl et In clustere seed® #8510
self-catalytic VLS mechanism< &3 vi=fojoje] S 9jgh 3 A4 Alo]
EZ Ay, vute] EARAS 98] Scanning Electron Microscope (SEM),
Energy Dispersive X-ray Spectroscope(EDS), Atomic Force Microscope
(AFM), X-ray diffraction (XRD), UV-VIS-NIR spectrophotometerS =43}
th o] AS wieo R Bhuto]l uW A wslel ARFFxE glsta, A g
Gax03 vFere] %o wE band gap®] W3t} In-doped B-Gax03 vF+e] )8t
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Al 2 o2 M7
A 1A B-GaOs 72 L EA

GaxO3 = a, B, ¥, §, €9 57HA v A& FATL = Jom[1819], dAIA QI
k-Gax0O3 GEAE HaHAuH20]. 1 F B-GaOs7F 71 bt & o] a1[20],
e BE vddAle = kel dem 7507900TC ol A B-Gax0sE
H 3l H21]. Monoclinic crystal structure®] B-Ga:Os= 1725T 2] melting point
7FA W, ME= 588g/cm’o] I, space groups C2/mo|th. Fig. 1< B-Gax032
unit cell2 ZAATHoT FE53A FL  tetrahedral geometry Ga(l )3}
octahedral geometry Ga(Il) 2719l Ga positione *33t) AL AR+= ZAA S
Koz o2 379 positions zZrow, ZHZF O(1), O(I), O(IM= #xA| 3+t
o714 2709 Aa9tE atztom v E ™, Um A shube] AR GRtE AFE A
2 wYEd. =3 Unit cell®] lattice parameter= a=12.21, b=3.04, ¢=5.80, B
=103.8" o] t}[22,23]. B-GaxOs= 2 d9] oA wiitol] 274 Wakel] wet M=
0E dAdEEE Holy, tE wEAE v&] dxr=de] FA4 &tk B-GaOs
= UV, Blue, Green 3719] oA whgo] o]Fojzxt} UV 9L AF2 A<}
self-trapped hole®] Ao o3 w33kcH24,25]. Blue 992 donore] #x}e}b
acceptor®] hole AZAg 9o& WHAdY, donorZ Voot GaZb 7ledta,
acceptor® V.9t Vo-Ve. 35E0] 7Hs3teH26]. A4 vacancy© Blued & ol A

Ll

o] wtS o] Zoj =], o] AL B-Ga037F n-types YA ¥t} Green 9 9]
T3 54 948 53 & Ag o]Fofxn M 584 =8 YAE Be, L,

Ge, Sne|tH27-29]. B-Ga:Osi= 4.9eVel W2 band gap wWi&el F2e]m, UV-C
FAHA Fert. w9 HL g Aol = Ga0s7F FH A band gape 7H
gx HaEAr[30-32] B-Ga0Os valence band®] AH+= O 2p orbital,
conduction band®] &= Ga 4s electron® 2 T =W, 30K Al 4.726eV <]
direct gap Eo& Z¥+=t}. 3 Defect donor band(DB)= 7} =& defect donor
Vo' ¢ Ga; 49k olye} 4FA vacancy level Vo& TA T o] 7|4 Ga vacancy
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of 2a] WA accepter bande} Z3gste] 2.390eVe 714 A& band gap EmS
FA o714 Yetv= 2E band gap Eps, Ewi, Ewz, Ews, Eps, Epg™, Epg,
Epi, Eo, Eo’+ Fig. 201 EAEHATH33] B-Ga0s3 laser(UV region), w33 &4,
gas sensor So Eo] $&Hl HZTolx AW T4 (Core-shell-gold-Gax03)

of = o] g¥ W I 9ok W& A3y} AP
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Fig. 1 Unit cell of GasOs. It possesses two inequivalent Ga site: Ga(l),
Ga(Il) and three inequivalent O sites: O( 1), O(II), O(I).[34]
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B-—Gﬂzo;;

Gads Conduction band

I'c

v()

Eps Eps

Epi

2 ® =] e ()'L Iy

F

L~22Znm Valence band 0.252 eV
Va-Vo pair clusters

T=30K, E,/=4978¢eV Ey,=2.555¢V
E¢=4.726 ¢V Ey;=2.615 ¢V
Ep=4.232 eV  Ew;=2.715 eV
Epp=3.411 eV E;;=3.002 ¢V
Epp=3.362 eV  Epy=2.390 eV

Fig. 2 Representative band-structure scheme of the gap-state and near-

band-edge transitions in B-Gax0s.[33]
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Al 2 A Spontaneous phase separation

=] NAGARAJAN &AM =[35] A2 AFAaE wjstol Gadt 09 Hl&
o] 0.45:0.55¢1 WA A 2] non-stoichiometric Ga;O3 ¥9hS A28t th o] vhube
in-situ XRDE =&A3g o A28 E 573K7A]+= amorphous phase® peak”}
Bolx ¢Fal, 623KH-H AAs7F A AEHA B-Gax03 peak’t WEFRLTHFIg. 3).
2o W o conductivity® Z=A3gom urete % 7)o conductivity7b 107
Sem! o& A7} A9 m2A &= insulatordl A ARSI Ao wEp F
A3 443t 673K A conductivity:= 10° Sem ' © & conductor?] EA< i}
Bhuiar, 100% 2437 A3 Holes Wl conductivity7b #HAdF i tH(Fig. 4).
crystalline Ga;Osi= 4.9eVe] band gaps %Y+ insulator® conductivityol] <3S
= F 9t o WelE dod)E AL crystalline GaxOsol Al At E wjokA Ak

7F g2 R =7 ¥4 49 non-stoichiometric Ga:O32 metal?] 545 e

iz &

H, 27| insulator®© HrEFo] metalZ phase transition®] oy insulator-
metal transition®] FPETE oA S T3 FHo] M HFE crystalline GaxOs
o] F7}skal, A2 amorphous phase®] H|Fo] £ EHA metal 54 0]
AbeEA conductivity 7b Eol=+w As AW ¢ At e AAAE IR wiok
o} %7]°| non-stoichiometric gallium oxide® A &3t v 2o ululo] &7}
7 el wel Fwe] AAE widtel A A9 stoichiometric gallium oxideZ
Jgo] HaEa, olwf AkAE vl wiokzl amorphous non-stoichiometric
gallium oxide®} crystalline stoichiometric gallium oxide® &7} dojy+=1d
olFE AEAH A i sk, AA A EEld 93] metal-insulator

transition®] WA gch ApukA A} BEE7 dojy= BAS A ()2 YERATH

Gao450055 (Amorphous) — Gaoss-200055-30 (Amorphous)
+ b - B-Ga03 (Crystalline) (1)
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Fig. 3 Structure of gallium oxide films, Ga0.4500.55, prepared by PLD in
argon atmosphere.[35]
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Fig. 4 Electrical conductivity of gallium oxide films prepare by PLD.[35]
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A3 AEEH

Al 1 A Ga0O3 d9t9te] &

Ga203 Hate] =22 Radio Frequency Powder Sputtering FH| S AF-&3}¢]
333}l Sputtering®] 7] U] = targetoll A FEo 93 YxHER o] Fof

Az ZAdHor BAo AAF AFAUART 2 SEAUAR T2 H$
A9 o8] a9 Ax 3 odAsL Be 9AR WA Ho| FuLEol ¥
3} =

At Fzhol ®uh ZF chamber Stoll Ar gas®t #S ESA7|AE Y
cathode®l] (=) A¥S 7161 cathodeZH-E WEH HAxEo] &
FTE3IY] BEZAV|AE o]23F Al7|Al Hth

Ar + e (primary) — Ar + e (primary) + e (secondary) 2)

Are]l AolHwA HAaEd FAld duAE WEsA He=d old glow
discharge”’} @Asle] o] &3} A7} FES= HelbA o plasmas FA 3T Ar
o] &8 HAxle] o&) 7}&E o] targete] WY FEEA Ha FA9 target

Axpso] FHojupel 7]dhol] whuhs FASHA drh whube] §-FHo] Fal, target
o] Yowmg A% u Aol 7153, reactive sputteringol] s 3FgtE Hh
ue o L7t gtk wde] gtk o1 A
& Hehst7] 9]8] Magnetron sputtering W< ol&stal o, dAAe] H5
% sputteringe] 2 F AEE RF sputtering WH o2 Akt

Magnetron sputteringe target®] S Wel gFAAoly HAAA S madddo=
M cathodeZF-E] W& & AAFe] 27]40] target 2o Z JAHE S =

RAog Hol Aryt FEE ZZAA sputtering yieldE ZoFth. RF
sputtering & @& ¢t# sl A% plasma’t Fx2 F dom F& 1356MHzY

nFEs AAL Mg
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Gax03; powderZ Cu moldell ¥ Sputtering targete &1L, target?] &3}
BEES AAG 7] 93] Pre-sputteringS 7 &8t th. Pre-Sputtering 2 5x107°
Torr &84 RF powerE 50 WellA 100 W7hA] 10 WA S7FA171H 2+2z; 1
min® #FX3FA . sapphire(0001) 7] XS 3AMH7]E o] &34 acetone
(CH5COCHs3), methanol (CHs0H), deionized water (DI water)ol Al 5 min® Al
Hatith AbAaAg FHE 57 98 vHE7IAE Ar gasE AFESER oM, 20

. FAerE e 5%10° Torr, RF power:= 100 Wolm o 4]

A5l &

scems TYS

o}
30 min &3t 71#3 target Abel9] A g+ 40 mmeo] o
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A 2 A In-doped Gax03 82 F&

In-doped Gaz0s3 ¥}9e] F2& Radio Frequency Powder Sputtering FH] =
AF-&3Fe] 33 th GaO3 powder®t InoOs powderE 99:1 Wt/o-/] H &= &%
o] Cu moldol ¥o] Sputtering targets 7511, targete] FEI} E4ES A
Ast7] 918 Pre-sputteringS 7 #3319 Tt Pre-Sputtering< 5x10° Torr ¢+
o] A1 RF powerZ 50 WolA 100 W74 10 WA =747 Z+zF 1 min®

A8} t}. sapphire (0001) 7]1¥& 25342 7] 5 o] &3} acetone(CH3COCH3)
methanol (CH;0H), deionized water (DI water)ol 4] 5 min® A &3}t Ak
23 AEHE wE7] A8 S IAZ Ar gasE AFEstH o, 20 sceme T

s FAgEL 54107 Torrel®, RF power:= 100 W, sapphire 7] %9 &%
600 CollA 2ttt 7183 target AFol2]l Al 40 mmelth. F7o w
2 WHsls #Fsr] 98 SFAE 24590, SFAE 5, 10, 20, 30, 40,
60, 100, 120, 180 mino]™, o] wW& F7+= 0.25, 0.38, 1.05 1.8, 2.6, 9.3, 13.6
me] Tk,

H E

O

3

rr
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Al 3 A Post-annealing process

blutbo] 22 ¥ 71398 RTA(Rapid thermal annealing)Z =3 <= 2] &9l th
= B =

AA dAEE AdstH, A W

S
o]7] 918l Au coating®] ¥ o]t} HE3F thermal couple®] 713 ofg] $]% &}e]
5o gk o3E =d 4 Atk 7]£9] K-type connectorE AM&3F thermal

couple®] 4% chromel/alumel® THEo A 2Fst2 A%k F-2o] HlAysH A4
9 0

connectorg Ab&3stH ow, Abstol] Aral AbAE$17]

non-stoichiometric amorphous GazOz°ll A=

ur
Wy 98 dAes AT hy] 27149 BEIA 1A AAHgon, &
Fel

=+ 400 C, 500 C, 600 Ceo]t}. In-doped B-Ga0so1 A= Hy7F 4%
gasE 330 scem THEY T4 FLHS FI dAHEE 30

Y FAULHE 10 Torr, 5=+ 600 Co]t}.
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Fig. 5 RF magnetron sputtering system used in this study
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Fig. 6 Photograph illustrates the sequence to produce the GaxOs powder
target.
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Fig. 7 Stabilization of the target
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Fig. 8 RTA equipment used in this study
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A4 28 2 1%
Al 1 A Non-stoichiometric amorphous Gaz03

1. Scanning Electron Microscope (SEM) 4

Sputtering WH o2 F23F amorphous GaxO3 ¥HeHe W33 o
Z}zF 400°C, 5007C, 600CoAA dA 2 star, 1o e zHwstE glst7] 9
3 SEM 4% AA]ske] Fig. 99 Fig. 1022 YeRY AT Fig. 9= 7] <ol
A dA g g B Fig. 102 JgolA dA2 s weto] Top view images YHEF
W AR BF g2 oA A8 E dSol= B33 surface morphology
of & W3lE Holx &grrh AUH imagers FAWEE FelEr] 93 Cross
A vretel A9 1.1mol A 1.07um, 1.01m, 0.98
m= °F 0.2me] HAAR AE BIAAR FAA A g uiahe] H9 2
Zo gEglo]l 1.1moll A 1.07um= W53 TAsE H )

stet A4S 2lsl7] 98] cross section viewoll A Hhep FES SR o g

A& 8 A9 Fig. 11, Fig. 1322 RoAT] Ga, Al, PtellAl 9]

Intensity= A< st S EHAA T, OolA+= Intensitye] #o]E H St}
oS EUE ZES 281 7P As W, 2o tig Ao vlE e A
7] FolA AA3 vrere] H9 Gax025°%  non-stoichiometric  gallium
oxide ¥r¥to] &7t AFsdto] wel AbAe] o] Frhste] Ga0so] FEAle 2t
= stoichiometric gallium oxide® W3}sti= A2 &A3A HFig. 12). o}X]U
2ol A A g vt A 2 E FoRE & AolE HolA ko,
7P R ZEoll Wk Aol HE el Ay 265 dU)A A THFig. 14).
EDX profileel /1 Al 337} #ZEA=H, o] A2 sapphire 7]32] intensity 7}

249 oz J|gd £ a2 As) 2EH a9 wE At AFo
TR Aoz fuA,
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Fig. 9 SEM image of GaO; thin films by post-annealing in air
atmosphere. (a)As-grown, (b)400C , (¢)500C, (e)600TC
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i 11571'"“4"‘";

Fig. 10 SEM image of Ga;Os; thin films by post-annealing in vacuum.
(a)As—grown, (b)400T , (¢)500TC, (e)600TC
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Fig. 11 EDX analysis of GaxOs thin films by post-annealing in air

atmosphere.
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Fig. 12 The ratio of G to O in GaxOs thin films by post-annealing in air

atmosphere.
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Fig. 13 EDX analysis of Gax0s; thin films by post—-annealing in vacuum.
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Fig. 14 The ratio of G to O in Ga20Os thin films by post—annealing

In vacuum.
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2. X-ray diffraction (XRD) &4

Azt e =dvd Afe #e UEtlE=R o] 3AE x-rayd A=

= = TS 2448 249 TR 2825 4T + Ak Fig.
155 7] FolA EAgs dee] XRD profile2 Fig. 15(a)9] as—grown
profileol] /1= amorphous phaseE YEI= broad$t peakE €<l stlom, X
2 %7t Fsgtel wet peak”b H A sharpdl A= A& geld = AT Fig.
15(a)9] broad?dt peakE Gaussian function® = fitting 3| Fig. 16(a)® }ERW
A 247 9A, 16A, 28A 9] domain sizeE 2zt 3709 amorphous peak”} &Hel
Ak oA AraARe] WstE UEd Aow ATt B Az S5 9
non-stoichiometric amorphous Ga:x03°] 44 vacancy®] %< ¥3sE ERWT
Fig. 16(b)x= thH7] FolA] 400CE LA glst vleto 2 amorphous phase2}
crystalline phase”’} 4 27 %Itk amorphous phasei non-stoichiometric
GasOs% crystalline structure® W 3slA] Estal Fe Aolt}. upz7lA & broaddh
peakE Gaussian function® 2 fitting 3 & A3} 40A 9] domain sizes Zt<
amorphous peak®} shapedt B-Ga0s; (-402) peakES 18 th. T8 2.806A
A BA H a-GaxOs (006) peaks &3l €A #go] M= WA amorphous
phase® non-stoichiometric Ga:037} a-Ga:038} B-Ga:03 2%FF2] crystalline
structure2 W33l S &2ladt) Fig. 15(c)9t (d)i= 500T < 600TCo A &
g gk #a o 2 broad$t amorphous peak”F H.o|X] 23l B-Gax0s (-201), B
-Gaz03 (-402), a-Ga03 (006) peak®¥t =HQlatdet o] AL Eqfx A o= g
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Fig. 15 XRD patterns of GaxOs thin films by post-annealing

In air atmosphere.
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Fig. 16 Gaussian fitting of GaxOs thin films by post—annealing in air

(a) As—grown, (b) 400C.

Collection @ chosun

_25_



3. UV-VIS-NIR spectrophotometer #4]

ru
ol

Ga:0s Hfere] Aol w

st EAE dotrr] #8 UV-VIS-NIR
spectrophotometers 74393, 1 23 E Fig. 172 YeU AT ZF sample]
F3&2 th7] FollA sapphire 719 FaHE& S gkl i) HHd Ho=
el 7] TolA @323 Fig. 17(a)2] “4-%- single side polished sapphire
7138 ARg3lo] Anti-reflectiono] €38l polishingo] ¥ # %o 53l R
A Abgko] Aol As—growns ALl 400C, 500C, 600C sampledl A+ 100%
E 293t FHES BEATH36L HFoA dA e Fig. 17(b)olA+= Double
side polished sapphire 7]#& AFg3slo] jbgho] dojipx] ¢Fol As- grownol A
86%, 400TC oAl 92%, 500TCol Al 96%, 600TolA 96.4%2] F3&S Hol A
=7}

=
K3
=
K3

°| 32 band gapd WsE YERH Zlolth. Fig. 179 profileo Al &z #
oscillations ©]-&3td 2 (A& 3 e FAE =5 F vk 2y 2
E=TolAE A (4)E o834 %Il cross section view imageE T3 FAE =
=3ttt

_ w " (A, +45)
2(n2-sin? 0)"1/2  (A,-4,) (4)

d = Film thickness

w = Number of wave

n = Refractive index of thin film
© = Angle of incidence

A1, A2 = Used wavelength range (nm)

wpute] £ 4B A4 (5L ol8de] FrAFE 2EY + dx, 1 FHAF
g

£ o] &3lo] 4 (6)5 T3 7 sample® band
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(5)

a = Optical absorption coefficient
d = Thickness

T = Ratio of the transmitted intensity

(ahv)?2 = A'(hv - E,) ©)

hv = Photon energy (hv = 1240/\)
a = Optical absorption coefficient

E; = band gap

Fig. 182 2] (6)Z %3] ¥dojx sample?] band gapS YEF profile® 2=
& band gap®l W3S Fig. 1991 debdidle. o7l FolA dA2d Fig.
19(a)9] ¢ band gape As-grownol A 4.14eV, 400ColA 4.46eV, 500T ol A
4.66eV, 600CANA 48V #S 7HAHW %7} F71sto] wel B-Gax032] band
gap 49eVell 7 A= A g3k o2 t7] F9 AT dAE T
of BFute] kA vacancyE A-FHA AFS glel band gapel oW Aow &
GET JAFA FEAElet Fig. 19(b)e] 4% band gaps As-grown©ll A
3.71eV, 400C A 3.96eV, 500TClA] 4.03eV, 600TCoA 4.11eVe k=S vFeER™

L3 7kl et band gap®l S7FE EAAT, AwWE o] f= ol Wyt
oup=A] dopi A K8kt
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Fig. 17 UV-Transmittance spectrum of GaxOs thin films by post—annealing

(a) air atmosphere, (b) vacuum.
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Fig. 18 Linear fit to extract band gap for GaxOs thin films by post-
annealing (a) air atmosphere, (b) Vacuum.

_29_

Collection @ chosun



50—

(a) Air
E 48_ /. ]
> o
o 46+f / )
c
o IS
S 448 ¢ I
S | P |
& < Annealed _
@ 4ot i
[
4.0

0 100 200 300 400 500 600 700
Temperature (°C)

42
| (b) Vacuum

41} ®

L ® Q
40) o |

3.9 |
~ Annealed

——————————————————————————————— -

s-grown

3.8

Bandgap energy (eV)

® A

3.7

0 100 200 300 400 500 600 700
Temperature (°C)

Fig. 19 Variation of optical band gap as a function of the annealing

temperature (a) air atmosphere, (b) vacuum.
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Al 2 A Spontaneous phase separation in In-doped

B-Ga203

1. In-doped B-Ga203 thin films

ol
K

In-doped GazOs; BF9te] X WHFZE &R1317] 98l SEM +4S AA|8ta,
Fig. 2022 YERNATE Ga039F Inp032] Bl&2 9911 wt%olH, Fig. 20(a)<
In-doped GazOs7} 5min <2 ¥ 899 image©]t}. cross section view imageE
g Bt FA= 0.25meolw, AAAOR flatgh W ol obF A2 sized]
islands”7} ## F At} Fig. 20(a) Et} S#FA)7ke] 29 Fig. 20(b)+= 10min
Z23 Zlog wHlo] T+ 0.38ume] Y islands®] diameters= & 2}o] S Ho] X
FIAT Hes= F7kste AE At Fig. 20(c)= 20min 52 &
In-doped Ga,O3; BFeto 2 7= 1.05meo] ™, islands®] diameter’} AsHA =
7betal Bl FEleAl HAAR NESE fadte S &0 vt Fig

20(d)= 40min =#3d Aoz FAE 1.8mol™ Fig. 24(c)9 Hlwsle] WESFE=
3}

—

Z AolE Holzl &AW islands?] diameters Z7}etE AL Fest ). Fig.
20(@)-(d)E ol g3ste] 2zt FA o3t islands®] diameterE &A st 1 WIS

Fig. 212 YEY A 1:} 0.25um, 0.38mol A islands®] diameter= 2k 150nm ©] 9,
1.05mmol M= 645nm, 1.8umoll A+ S00nm= ko] F77F F7Fste] wh} islands
9] diameter®= Z7}slE AL 2lstAtt. 1.8ume] sampled ©|&3fe] vletol F

Hs @Astetrl 9l AFMS S48Slth sample®] 42 Fol7] 3
semi—contact mode® =A™, =AFE imagerx Fig. 222 YEeERN AL}
AFM2 ¢F2> &3S Alsxded 2HAA vl= A3 B7i= P oaf §3lol
Fold W o)A Fas T3l v vAly = o g ukubo] S st
t}. Fig. 22 &3 SEM image®l #o] B¢ 3H o] islands® ©]F
AL gelsgon Moz FAE QoM Ao ®WHe| cross section line
profileg Fig. 232 & vEFHATE islands® F=ol= ¢F 20nmo]™, image$te]

islands®] EolE EF ZA3stY Fig. 242 el i, IS Gaussian function
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o2 fittingS 3te] center #& TFAUY 1727nm7F E=F°] At SEM
image AolA S 7L g Axd 2D islands’} AFM imageES %3l
diameter= ¢ 800nm, ol ¢F 20nme] o}F ¢FS disk FEHZE e & F
91t} Fig. 25 Gas0s; drete] XRD profile® 1.33, 2.65, 3.99, 4.35, 5.30A ‘|
Al B-GaOs crystal plane (-201), (-402), (-603), (-204), (-804)¢} < =|3}<]
epitaxial ®rEto 2 AAst= AS EASATE (-201), (-603) peake] 7§
atomic form factor’} 9FallAl peak? intensity”} <FstAl ¢kth. XRDY 7
islands®} "9 gHiEste]l EA5H7] o Y7l wjEol islands®t BFEF Zb7be] %
S F937] 98 EDX #4& &) islandset ¥Heke] EDX profiled Fig. 26
¢} Fig. 2722 Yeh L profiles ¥Blulste] HY ZH9] intensityw HIS=gh #
LEFRAI R 2EA 9] intensityw A d xfolE E At islands®] A #AFH
29 H]= 21322 stoichiometric Gax0s%2 2 43te] s} o=z Qg3
E A8t AT (table. 1), ¥Fe] A ZAFH} AR H[7F 1H1E non-
stoichiometric Gax03x= A 3st= S &Aststhtable. 2). Fig. 282 EDX
mapping images ‘&3l islandse} Htehe] AtA F= AolE FIleHA P
otk vlekre Ar FQj7]o A FZ ¥ o] non-stoichiometric Ga:0sx2 Aol =
A Ak A FE2lo] 23 In cluster®} stoichiometric Ga:Os7F &E3stE o
B2 Adgste] 99 22 AdE g A A dee A 58 A
B2 Z2 ¥ non-stoichiometric GaxOs« BF9to] shstFE A o= )= 7] £
& oA A4S wjoko}l stoichiometric GaxOs7F 4L, o] 7|14 AbAE wjokzl
AL Iny0s01th. Ga cluster 2! self-assembled In clusterS dA3sl= 3lo]
gatr, 23402 InOsZFH GaOs 2 &7 ¥ Athve Ad A 28E 2

g 3}o] stoichiometric Ga:0s32} In cluster A HH37].

o

o

= e

o
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(b) 0.38 pm

Fig. 20 SEM image of In-doped Gaz0;3 thin films.
(a)0.25um, (h)0.38um, (c)1.05um, (e)1.8um
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Fig. 21 Number of clusters by diameter.
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Fig. 22 AFM image of 1.8um thickness In-doped Ga»Os thin films.
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Fig. 23 Cross sectional line profile of 1.8um thickness In-doped GaxOs thin

films.
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Fig. 24 Number of clusters by height.
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Fig. 25 XRD patterns of In-doped Ga;Os thin films.
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Fig. 26 EDS analysis of In-doped Ga»Os thin film. (Thin film)

Table. 1 EDS element Ga, O, In atomic and weight %. (Thin film)

Element Weight % Atomic %
O K 18.73 50.28
In L 1.43 0.54
Ga K 79.84 49.18
Total 100 100
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Fig. 27 EDX line profile of In-doped Ga:Os thin film. (Islands)

Table. 2 EDX element Ga, O, In atomic and weight %. (Islands)

Element Weight % Atomic %
O K 24.18 58.3
In L 1.18 0.4
Ga K 74.64 41.3
Total 100 100
- 39 -
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Fig. 28 EDX mapping image of In-doped Ga:Os thin film.
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2. In-doped B-Ga203 nanowires

SputteringS &3¢ In-doped GaxOs; HrHe] F2A|7ko] ZAojxd Hruke] &
A7F S7bskar ek 9ol Gax03 di=okelol7t A st Al "t In-doped GaxOs
Yieto]ole] SEM imageE Fig. 299 YEMNAT Fig. 29(a)= 1A13F S23t
sample®] imageZ diameter’} 1mm<l islands Y& A cluster®d vixo}o]o 7}
A mgS #0131 o1 cross section viewE Ed A3 FAE oF 2.6um
olt}. Fig. 29(b)¢} (c)+= 2A17F 3A1ZF 523 sample?] image® T4+ 717+
9.3um, 13.6pmel™, wruke] FA7E F7hekel whel clusterst vi=otolol 7t wobA]
A islandsE 9o islands= 2T 4 gt XRDE =439 profiles Fig.
3002 Yehlon Atd o R clusteret ti=gbolol7t A2 Fig. 30(a)ol A&
1.33, 2.65, 3.99, 4.35, 530A el Al (-201), (-402), (-603), (-204), (-804)$} Q=
St B-Gas0s crystal planes 1315 9™ Iny0s2] peaks WAHA Eohth
cluster®} Yi=9}o]o7} islandsE FH 2 Fig. 30(b)<}t (c)2] 4% (-201), (-402),
(-603), (-204)¢] B-Gax03 crystal plane ©]¢|ol%= ®E peakEo] EOH,
248, 2.60, 316 A Tl A (400), (420), (134)9] In.Os crystal planeS 2HQ138F%lt).
o] 714 Yx9tolojE= self-catalytic VLS mechanismS £3] A &stA ¥4,
VLS mechanism® 4% vxolo]ojE XM AA|7]17] Ao metallic catalystE T+

FE= @AV 23A T self-catalytic VLS mechanism< 222 metallic
catalyst& wrEol I AAS AHE F Aok ALA A BEHE ES
stoichiometric Ga:039} In cluster2 Yo]x Hhato] Al In cluster’} metallic
catalyst® ZF-&3to] seed & 3 vi=otolo] AFES AF YA ES A
338hal vapor FEIQl ZAFEH AFATE to® Fol9 ymstolojrt st Al Enh
o] 7|4 yimgoloj= whutel A A AstA] KSlal islands AR st EE
S HAE=H, oA islandsol AFAE wjst7l In.Os7} stoichiometric GaxO3
islands Stell Al In cluster FE|Z EA3F7] wfiEo] vi=efo]o}i= islands ¢l Al
v ek Ao w dAdE

Ll
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Fig. 29 SEM image of In-doped Ga;Os nanowires.

(e)13.6 um
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(a)2.6um, (b)9.3um, (c)13.6um
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Fig. 30 XRD patterns of In-doped GaxO; nanowires.
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3. Growth mechanism of B-Ga203 nanowires

Ga:03 Yi=2to]o] ¢} In-doped Gas0O3 Hi=$}olol= B % self-catalytic VLS
mechanism< E3 A4 ®o} Fig. 31(0)9 (d)E Gax0; Hi=9tolojol A Ga
7} 09 EDX mapping image® stem< Ga¥ OZ TAHIA T tipe Gal =
T49 As Gt Ga0s3 Hi=etoloj= Z7]e Ar #9714 A7) il
Sk7l  non-stoichiometric GaxOs BF#o] crystal®® ZZbo] #Ht} 18t}
crystal Skl A 2FAE 37] 7}A = stoichiometric Ga:O37F A4 o] ¥ +=d|, o]uj
Gax03x2F GaxO3= 55 crystal structureo]t}. S2to] x| WA ks 4 B
25 S 2AE wok?l non-stoichiometric GaxOs = 7FAAL & AAE
EoojH g Gawt @A ¥ i, surface migration¥} surface diffusions %3
Ga clusters #AstA @t 252 600CoAA Gae HA| HeHl= EA 3511,
oz AEfel Ga cluster’} metallic catalyst?} o] o] AS seed® Ato} 1 4
o] 2+ Ga vapor®} O vapor”} self-catalytic VLS mechanism< %38 1x9}o]
o® AAITH38L A7 ymstelold tipew A& EHAS Gaolw, GaxOs
tieotolo] g oAl dojuks ApdA A 2o #AAS A(NE UERY

A

i
2

Gax03-«x (Crystalline) — Ga (Liquid) + B-Gax0s; (Crystalline) (7)

Fig. 32(b), (¢), (¥ In-doped Ga0O; Yx=¢oloje] In, Ga, 09 EDX
mapping image® In< F=2 tipd FHFH+E HHA, Gagt O yi=glololg
stemoll #HaA EAEE AS sttt In-doped GaxO3 th=spoloje 7H2
mechanism= &3l Wi=¢foloj7p gttt 7] Ar 91714 AFA7E wist
71 non— stoichiometric GasOs-x BHoll In:0s7F =3 = o] crystale® Zzo] F
o} 28t} crystal etollA AFAE 37 7FA= stoichiometric GasOs7F A4 o] I
H, A¥E AAE AeE S InOsolth olw InpO039 GaOs«, Gax03e EF
crystal structureo]th. F#o] ZaPLHA zka A BolE 5 2FAE wjoky]
O3 7HA AL Q= AFAE AH dojFHA Intt @A ¥ 31, surface migration

5

3 In clusters @AsHA @t Gadt w72 S3

tlo

3} surface diffusion
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252 600CoA Ine AA Hef= &A1Y, AA Aefel In cluster’} metallic
catalyst”} o] o]AE seedZ Ao} 1 FHo| ¢lE Ga vapor®t O vapor, In
vapor’}  self-catalytic VLS mechanism= %3] ywxofolojz AlAslic).
In-doped Gax03 i=¢foloje] A9 tipoez 83 EZ2 Inolw, In-doped
Gax03 W=stolo] A dgoA dojup= 2 4 &89 #AA4SE AR
= Ui Ak

In:O3 (Crystalline) + Ga03-x (Crystalline)
— In (Liquid) + B-Gaz0s; (Crystalline) (8)

Gas03; Yx9tolojot In-doped GaxO3 Yi¢tolo]=  self-catalytic VLS
mechanism< %3] Z& Wy oz AAstA 9 metallic catalyst® 283 &

Qo] 747k Gast Inoleh el el 9L
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Fig. 31 (a) High-resolution TEM image taken near the tip of a NW. Insets
llustrate the high-magnification TEM image of the core and its FFT patterns,
respectively. (b) STEM image of a single NW. (c), (d) EDX maps of Ga and O
for the image in (b).[39]
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Fig. 32 (a) STEM image of a single NW and corresponding EDX mapping
images of (b) In L, (¢) Ga L, and (d) O K characteristic emission.[37]
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Al 3 A Hydrogen reduction process

1. Iny,O3 nanowires

Ga03 powder?} In.Os powder7bF 99:1 wt%el H|E&= AW sputtering
targetS o] 83t =23 1.8um FAY In-doped GasO3 IS 4 SHAH S
o] gste] Al SEAUATE T4 FUHL HE o€ Ga0s2 InxOzell A 4t
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ATl A (222), (411), (440), (743)2] InyOs crystal planes 18} th. 9folo] 9
stem¥} tipe] 3}stERAS dolrr] 3] EDXE =AY o™ 1 profiled Fig,
36, Fig. 372 YeRH AT F profileg v]uste] By In9 intensitye] -5 H]
523k S UEIAITE Gadl intensity: £ AolE HAth stemollAd GaZt Ine
3.18 atomic%, 7.98 atomic%Z In9 H|E&o| =kA|THtable. 3), tipdllAli 6.64
atomic%, 4.38 atomic%=Z Ga<] Hl&°] H =A YERS T (table. 4). 3FARF o] A
= T Gadt In T oW EHeo] $oloj9 tipe® AEstAeA ¢V ofHoh
dA 2 E T3 MEA e 553 structure= XRD profiles 53 In:0s=

A&l InoO39F A HEF references 2HolH gk},
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Fig. 33 SEM images of In-doped (1wt%) Ga:Os thin film by post-annealing in

hydrogen reduction process.
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Fig. 34 SEM images of In-doped 2wt%) GaOs; thin film by post-annealing in

hydrogen reduction process.
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Fig. 35 XRD patterns of In—doped (2wt%) Ga:Os thin film by post-annealing in

hydrogen reduction process.
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Fig. 36 EDX analysis of In-doped (2wt%) Ga:O; by post-annealing in hydrogen

reduction process. (stem)

Table. 3 EDX element Ga, O, In atomic and weight %. (stem)

Element Weight % Atomic %
O K 55.54 88.84
In L 35.80 7.98
Ga K 8.66 3.18
Total 100 100
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Fig. 37 EDX analysis of In-doped (2wt%) Ga:0O; by post-annealing in hydrogen

reduction process. (tip)

Table. 4 EDX element Ga, O, In atomic and weight 9. (tip)

Element Weight % Atomic %
O K 59.59 88.98
In L 21.04 438
Ga K 19.37 6.64
Total 100 100
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2. Nano necklace

Fig. 38% #o] 8WAI7E ZA AW Hdolef e HYS 2= InOs
structure® nano necklacegtil 3tl nano necklace® crystal shape< 871
11DHWEE 7|dte g BAHAgA dd ¥ (1000Hez FAd5e] dom(Fig. 40),
o] A& cubo octahedron©]2}il 2w nano necklacex cubo octahedron©| #<
Mo AAFE FZo|th metal droplet®] E3FEE} Iny0s9] THEET LT
W nanowire®} nanorod®} #2 7hEi 31 Fxo I o] o] FoX A nl
ZZ 27} FH3 =4 &S u catalyst droplet ¢toll A In.Oz9] &9, &
of Fa&EE= AolstH, o] AR AAFY Y FE2E J4S =

AR
3 nano necklace, nano tower2} 72 X ko] 5o X tH40](Fig. 39).
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Fig. 38 SEM images of necklace-like InoOs nanowires. (a) necklace-like In.Os
nanowires[41], (b) necklace-like nano structures, (c) tower-like nano structures,

(d) stepped surface rod-like nano structures.[40]
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Fig. 39 Schematic presentation of the growth steps for 1D nano structures in
the VLS process depending on growth temperature.[40]

(@)

[100]

Fig. 40 Schematic illustrations of two types of necklace-like InOs nanowires.

[41]
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