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ABSTRACT

Synthesis and characterization of GasO3 nano-burrs fabricated

by radio-frequency magnetron sputtering

Sin—-Young Park
Advisor : Prof. Hyon-Chol Kang Ph. D.
Department of Advanced Materials Engineering

Graduate School of Chosun University

Recently, Indium-Tin-Oxide(ITO) has been utilized by electronics industry due to
transparency and conductivity such as a light emitting diode and a solar cell.
Especially, photoelectron device is very important to have high photo penetration
ratio and high conductivity at visible region for improvement. New transparent
electrode material have been studied as a replacement to ITO. In this paper,
Gallium oxide(GasO3) thin films were deposited on Sapphire(0006) and SisNy
substrate by RF magnetron sputtering with a powder target. The depositions were
carried out at 628°C and 5X10° torr leading to a growth rate of 64 nm/min.
During th growth, the argon gas flow rate and the input RF power of the
maintained at 20 sccm and 100w. GazOs; grew with the B-(201), a—-(0006), B-(603, a
—-(00012) preferred orientation along the surface normal direction. Initially, the
smooth layered structure was grown on the sapphire(0006) substrate. As the film
thickness reached a critical thickness, the nano-burr was nucleated on top of the
plannar structure. With increasing the growth time, the number of GaO3; nano-burr
1s increased. Then, all surface is covered by nano-burr completely. A Ga20s

nano-burr composed of many nano-wires. The nanowire tip with diameters of

- XII -



about 50~100nm were several tens to hundreds of micron long. The morphology,
structure and optical properties of products were analyzed by scanning electron
microscopy(SEM), energy-dispersive X-ray spectroscopy(EDAX), transmission
electron microscopy(TEM), X-ray diffaction(XRD) and photoluescence(PL). These
results showed that multiple nucleation and growth of Ga20s nano-burr structure.
the growth process of GaxO3 nano-burr structure may be doated by
Vapor-liquid-solid(VLS) mechanism. Photonic devices application is expected to
change of the band gap by the increased density of the nano-burr. It is expected

that the antireflection effect will encourage solar-cell efficiency.
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Fig. 1. Unit cell of Ga:Os. It possesses two inequivalent Ga sites: Ga(I), Ga(Il) and
three inequivalent O-sites: O(I), O(II) and OUI) [31].
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Fig. 3. Standard VLS growth nonwetting case.l)

1) V.G.Dubrovskill(Russia) "New mode of vapor-liquid-solid nanowire growth" nano
letters(2011)



(a) (b) ()

Fig. 4. VLS growth in the wetting case.?)

2) V.G.Dubrovskill(Russia) "New mode of vapor-liquid-solid nanowire growth" nano
letters(2011)
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Fig. 5. Basic modes of thin film growth.
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unit?} 54 FasE 23 X7 dastth o] WS targetF ol A=l £ & A
ol (+) charge$} (=) chargeg o83 AH He o] o] &S o] &g WHolr}, &

m

So] Ao (-)7} 7t A S wl, Ar %ol o] A F(target)S 3] 7EEoo] 7] AFF
sk}, wkeF DC sputter o FEAQ] S53EHLS Yol =z fidEe Wi, o

o]l o] sl7t dojuA] Fgr. 12y RF sputters ThETE o]0 =53 W
ERE o, O ¥ A4S A (D2 vgA FastA {9, A5 5o
=2 Wy us ol daided S F ok A52(+), Fol=(H)o|nE
o] 2tgeto] Fol2EL AFHEHOZNEH plasmaF o2 FAA sty dct. ol g
Fgol  1356MHze] £ v w27 wbEEwXx olso]l A5 e 45

E3=E gt ol dolo] SxH FHHA W plasmaohe] d7]H ©A
WAgste] o Qe F2o] WMFo M= dAe] dojur] wEelt. A=

< target®] M=ol (-)E ubHHA A H=07 dolst
E3lo] sputtering < % Ity ze]al olu] sputteringS Yo 7)= do|2E5L HA

s °é01 43 HAAY dFo] (NZ WHWMA dFomNE ta

{ru

| 1}
RF sputter®] 52E-2 DC sputterdl] H]s] S&Eo] vt} oldd =¥l FHES 43}
7] 918l target THO HA}e} o] FAES FTAM TE& ol&ste] FAHE AUH

Yol A L5 =s FEAZY. B AFo A= magnetic W olyzl powder
sputtering S ©] 834 71E9] RF sputterd e @4 /MAS 918 2839l
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///

Gas inlet

Fig. 6. Typical RF sputtering system.
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A 3% A9 BH

D

A 3.1 A Ga03 gt F =
Gax03 powder(€ ¥ 1% 31skAL =% 99.999%)E Cu mold(molde] #7742 50
mm)°ll 2o RF magnetron sputtering@H]ES %3] presputterings 23§ A| A1}
Presputtering& Gax0; o] & F£EI BEFES Qo] & 5x107°, 1x107
2x107% 3x10° torre] ¢EelA 71ste]l glo] 77} RF powert 50 WellAd 5 minzt
plasma 99 ¥# ¥ <t} Sapphire”’] &2 Al 22 trichloroethylene(CHCI=CCI2),
acetone(CH3COCH3), methanol(CH30H), deionized(DI) waterE ©]83to] %S 31} 3
715 ol galA 24 5 A MASIE T 71 targetTFe] Aol A= 43 mmeolH, T
22T = 628 °CollA S stk 2Elal olu ¥kS-7]AlE= Ar gas 20 sceme ¥
L EFRAS ZHZE 10, 20 , 40 , 90 ol™, FA +¥ 5x107° torrl Al F3 3Fth
RF input power: 100 Woltlh, &4 %2 = 64 nm/E #ASH oAtk 259 W3l o}
2 Yxwdolrt Azx HEAE dolrry] 9dl sapphireZ] #H9lel 72 Room
Temperature(RT), 323 °C, 447 °C, 547 °C, 628 °CollA] ==t} o]Lo= & A H
2ES S8 SNy 719 o 2wy vA] FERAIA EUATE SipNy 7] 3o AlH S dry
AHE et olglst A U2 BtaES A4 Fxe 24 HHAE 9
al XRDAFS AAslen, JFF3H=E A7l Sl UV-VIS FHEFAF
(Carryb00scan, Varian)AF-g& stttk oju #$de & thd S 200~1000 nmo|th. 1}
= WEolo ¥AS H7] 98] SEM3} High-resolution transmission electron
microscopy(HRTEM)& AR&ste] &gt =5 wtee] FAE 457 98
SEM¢] 7% E}W‘ﬂ cross-sections o] &3sle] vl FAE SAHeAh 18
ol AAEMS 98] EDAXZ =4t Ga0Oy B2 =9} Ga0O3 Hie

H
=
Hhgolo] Ml 9 740]% ol ® 7] 98] Raman scattering® &= #2a}¢] o).

o

Hm
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RF Gun

Fig. 7. RF magnetron sputtering system used in this study.
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Fig.8. Photograph illustrates the sequence to produce the GaxOs powder target.
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4% A% g 1@

A 41 A #2373 4 £X4(SEM)

Ga03 Hi=efoloje] AARFxE EAs7] fste] 5743 SEM(Scanning Electron
Microscopy) °©]HAE Fig. 72 YeERITH dorx oz SEM #&HE top-viewst
cross-section view”7} St} Fig. 7(a)= Ga03 ¥Fte] 10 &< 523gk sample ™2
2 10 o|F FM A w2 oA SK A% #2402 uHpy] o] nucleation®] A= &
T2 Eow uiere]l £ = Fig. 7(b)olA vebdl whel o] 645 nm= YERRTR
Fig. 7(0)= Ga03 ¥4s 20 st S#3F sample WO 2 Fig. 7(a)ol At 7ol
nucleatione] A2} F7F ¥l A& B W] F7= Fig. 7(dolA vebd vkt
o] 1087 nm & Fel3ttt. Fig. 7(e)x= 40 <23k sample o TWHE HolFE= 1
HO® nucleation ©] 2k AAEA HFolo] FHE 5= A Ho] £ 40 F
o} =23 sample?] cross—sectione Fig. 7(f)oll A BHoFE= AAH vhate] F
3000 nm ©o|H, W= YrtFzAEo] RogA wtEojx HEolo &GS 3ol
t}. Fig. 7(g)= 90 S 3 sample?] ¥H S HolFE= THOZMN 40 oA dojyar
A ¥ nucleation® @ QI3 WEolo] UL ZAE H
EHS 7S "ozt A4S & 4 gt Fig. 7 90 %3 sample ¢ FAE ®

T AHo®2A ok 5000 nmell 7 AE ¢ 5 Ao Fig. 8% S&AIte] S}
3o wel number of nano burr/area(mm HEE Ho] Itk 1 pmollA 1549 mm *¢]
#elm, 3 umel A= 69495 mm °¢] #telch wX o 5 ymolAE 99214 mm ¢
#Eol e, ol A2 Agte] Hak FrF dF ywikdele dxrt AR St
3= AS & 4 Auk Fig. 9 & YxdEolje yotolojo] s HoFE 19 o]
t}. Fig. 9(a) ()= 22 1 ym, 3 um, 5 pm F7ol A9 vx=gfolo]e EFolth RE
sampleo| Al tipf-ito] PR FOE HPAQ VLSS SA4S HAo dnkzro
(1000 o2 AHsti= VLS growth[34] ¢+ 24 WadAdo] gloes AS & 5 9l
th Fig. 9(dolA & & dxol 52 F77F S7Hg el wel yYiestolofe] ko] F7tst
= S B ¢ k. T3 Fig. 9(e) EelA ®He upel ol F2RFA7E 1
70 nm, 3 umel 4] 100 nm, 5 um°ﬂ/\1 120 nm = Z7}stt}. ol 9F Zol =547}

3

Z7 e wel WEol 5ol AAE AL, wEol9 density’t £7FE S & 4 ATk w3

o
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ko] U9 ¢fojojo] 43 diameter’t 7S & T AU SFHAIY WS 9
o= & HaEsE 25d Aoz AZEAAAH o]2EE WFE P& o wHFHolvt A
A=A E dolR At Y Fig. 10(a)© 7139 &% 5 RT(room temperature) ©l| 4

& AAHSE weol ouAR 7| HAA &5EFI EFH island Abelel grain
boundary 7} A4 ® Zeo] Rlth oA GaOs9AE72e] A e 2 FiEA n
HYygoz Ad AAHE Aol Fig. 10(b)= 719 ==& 323 °CollA A H
o] RFolt} Fig. 10(a)l A GaOs¥ A& Atole] Adted e 4 v 33
| A grain boundary®} &5 EES EFol HIW RToIAY xH¥ v HE
UTH RT°1]/\1‘C FHO FHE0] layers ol F i Aot 323 CollA= A4
layerE o]F 1 U™ island”} layerd] FEejE Hoy= R2ZFJo] HlY. Fig. 10(c)+=
7| F2% 447 °Col A A3 sample?] XS HolF= olu|X ot} RTe} 323°C =
LolA SEM ol Ao A Hold layerd B7F vhA] 2 &3 = o] FEj= npyEA o
AN ZEAI7F o= AAT efolojrt A sk gholoje] & FES HW tipol
o] =], o tipellAl VLSl s A== AF o] Hol= Aoz Q3 self-VLSW
Holl ozl st o=z Bl Fig. 10(dddlA Hole ¢folold el M7t F7tst
Aol Holul ofojojo] PA ko] randomdt Zlo] HATE HEg ofolojE A 3
= FEd A 8 gt obd S5 BolA v EEE B shA R o] 2
S5 BolAd e T tipd AR AF o] Kol S & 4 vk Fig. 10(e)= 713
2% 628 °ColAl 4443 sample®] REFS HoFTh Fig. 10(d)dA Holdd 9folols
of Aol7k Aojxl AS & & AUk 1YY diameters ZFobxl Zlo] BRIt o] go]o]
£ 9 random¥ Wakol| o) WEolEo]l A As & 4 vk o] 3 SEM images
] 10 ¥ 20 ¥ £ island
A 2F = ofolojr} At A
b ghgol7t HiE EHS B4 Ut 2o AAAS dolry] S 7S npHE A
2@ Hokth Fig. 11(a)e SisNg71#9lel RTeIAS] A 4eh samplesi¥eolt), o] 19
< HWY island”} layerst 22 FEE o] FHA g3 HFo] Koy, AFH IS
BW layerd Bl & ol FiL YA Z}7Z+9] grain boundary”t 9,\51134, o] grain boundary
2 ¢lefA islandite] AFEo] BES & & Avh E3 islandE AA ] A EE o
islandol| A %= grain size7} & AS & 5 Ak o]F o2 QA island o A &
2zb Age o] &2} grain boundary’}t RYS & 4 2t} Fig. 11(b)E SisNy7|# 9
o 323 °CollA] A &3 sample?] EWolt}. Fig. 11(a)o] A9 H.ol: island®] layero] &

o

i

rlo
o
S
ofN
S
_?1_[
s

o
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o] Kol olEH island® grainE°] Hl¥E AR Hol thE FEXA L AFo]
dojupr a sle BEFoR HAu Fig. 11(c)e SisNgZ|o 9l 447 °ColA A3t
sample®] FWoltl Fig. 11(b)olA Loyt AAY o] ofolojE A3y 9|3
wAdoeR Ho AW islande] EFZAAR Aol dojyh= Al okl island & Aol
A d dojus AS ¢ g A FRE a"s B ofolo] AAo] o © EF9 tip
off A <kolA A A R} o] Self-VLS7F dojip= AS & 4 o} Fig. 11(d)
= SisNg 71 F9jel 547 °Coll A A A3 sampled] TWHS HFE= 1Folt} Fig. 11(c)
oA e] efolo] Aol Y& F7F WA island A Aoz 9fo]o] A o] Ao A
HEo] FEHE olF = As & g vk HAFE 2¥S B9 Self-VLSWH Ol o3 A
Fat7] o ¢tolojE o] AHAEE 9} diameter’t tHETE Fig. 11(e)E SisNy 7] 3] o
628 °CollAl 743t sample®] EWS HolFE 1ol AA Ao R ofolojgo] 7
gk Aol Bol 2w gto]o] o A WrEFo] randomdtr] witel WhEo] Apo]Afolef Hl

s3o] AAE = Aom HlH
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1087hm

Fig. 9. SEM image of Ga:O3; nano-burr grown.
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Fig. 10. Thickness increase of number of nano-burr/area(mm?).
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Fig. 11. Thickness increase of nano-burr (d) number of wire and(e) tip diameter.
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Fig. 12. Dependence of the temperature of Ga:Os/Sapphire.
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Fig. 13. Dependence of the temperature of Gax03/SisNy,
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A 4.2 A Ga03 XRD #4]

Fig. 12.(a)& 645 nm F79 ¥4-S Qz direction® % diffraction profiledt 13 9]
t}. Qz direction®] A2 crystal structure®} crystalline orientations €& <+
main peaki= Qz#tol 1.3, 2.7, 40, 5.3 A el A Bl A3 ok 13e]4 = B-(201)°]
Hola, 279014+ a-(0006)°] Holm, 400X+ B-(603) peake] Hltk, 12]al 539
= a-(00012)2] peak”’} H Itk o]E peaki= (201) orientation®l <]3] vERLH,
sapphire c-plane$] 9] A dapujde] o3 veR ol W} [35]. 27, 53 A oA «
-phase’} H.o|=d|, ©]Z 2 low temperature®|*] a-phase transition®] 2|34 peak”}
AAE 7] wiEolt} [3536,37,38]. 2.7 A 91X elA Gaussian fitel ©]3] domain size®}

lattice constantE T+ & U

domain Size: ZTE/FWHM ........................................................................................................... (1)
lattice constant d(0006): 2TE/XC .............................................................................................. (2)

Gaussian fitel]l 93] Full Width Half Maximum(FWHM)& 0.0174¢], Xce| zk<
26501 A 'olth. 9le] (DAel FWHM %2 Yol domain sizeE 739 3611 Aol
. () Xco #HE YUsHH lattice constant® 2.36832 Ao = YElAT} Fig.
12.(b)= 27 A 912 o149 theta rocking curve peak?] shapeE Ho]F= ago=
A, 27141 7329l peak7l §A A A o] 7 peako]l A E W, degree’t 00l A 9] 42 o
2 ¥ peake] Hol=d, o]AL 645 nm FAL oA 9 islandEol ¢34 YEFY
o] z Aoltk, F9 9| broadstAl H.o]& peak: island 99 backgroundol] <3
Ebdt}h. Fig. 13.(a)E 27 A1 949 theta rocking curved A1l a-phase9} B
—-phase?] peakE HolF+= 1Ho|t}. o] peak positiono] A= a—(0006)¢ B-(201)e] B
oltt. ¥l o] peak positiono] A= a—(0006)2} B-(402)7F dooF A9 Fig. 13.(a)9l
Al Bole 9 o] B-(402)H ¢ peak7t obd B-(201)9]38 peak”} H.o]= A o]t
o] peakoll A islandE 9 AAHL a-(0006)°]H islandTH ¢ background= B-(201)¢]
AAHES 7T Fig. 13(b)& 5.3 $1 Aol A419] theta rocking curveol 42| a-phase<}
B-phase?] peakEsS HoFE= 2ot} o] peak positiond A a-(00012)¢F B-(804)7}

oF atA| Yk Fig. 13.(b)oll Al Hol= 2983 o] B-(804)H <] peak’t o} b-(603)
& peak’} Hol= A o]t} o] peakolA 2l island AL a-(00012)¢]™, island

_26_



F99 backgroundEo AFHE B-(603)e.&F Heltl Fig. 14% sapphire(0006)al] A
sapphire(113)3} a—phase®] epitaxial relationship®] Z#Ho|t}. Qz direction®] ¢ HH
S 7] $18l off-specular directionol| /] 4] A= epitaxial relationshipe] Z 8.3}7] uf
ol sapphire(0006)°ll /] sapphire(113)3}2] epitaxial relationshipg  &o}lH Lk}
Sapphire(113)3 a-(113) peake] H.ol:=t], o] peake -30 ° 30 ° 90 °5 9 9 X ol A
I b= HFo] Btk o]zlo = QA Sapphire(113)9 ol 60 ° titlex o] a-(113)
o] AAatA ¥ AL & 4 vl Fig. 15& Fig. 14014 Holx a-(113)0] 29 th&
How Add AAHENRY epitaxial relationshipS Kol 1go|th o] 1¥S ®WH
sapphire(113)3#} a-(104) peak”} -60° 0 °, 60 °%5 ¢ XA AX 3}= H5o] HQ
t} o]A o7 elaA sapphire(113)9]el a—(104) AAHo] 60 ° titleo] oJsiA A F o
AE A & 9 4 9vh Fig. 149 Fig. 1562 2alA Ga0O3 HFeho] hetroepitaxy
growth 3455 & 4 9t} Fig. 162 645 nm$ 5 ym 579 powder diffraction®]
t}. 645 nmT A9 diffraction peak= XM B-(201), a-(0006), B-(603), a-(00012)7} A
Ak 5 yumF719] diffraction peakE X 3-(201), a-(0006), B-(603), a-(00012)2] -
A wiEkd o] eFall A Al B-(400), B-(002), B-(204) 5 TS wWake] Aol A st=
AT

==

P

0o
&

KoN
=
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Fig. 14. XRD patterns of initial growth(a) and peak shape a-Gaz03(0006)(b).
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ig. 15. Two peak position shape a-Ga:03(0006)(a) and a-Ga203(00012)(b).
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Fig. 16. Epitaxial relationship of sapphire(113) and a-Ga:203(113).
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Fig. 17. Epitaxial relationship of sapphire(113) and a-Gax03(104).
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Fig. 18. Powder diffraction of 645nm and bSum.
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A 4.3 A Gaz03 nano-burr A%

Fig. 17(a)< islandE RoF+= R v island= 92 719 grain® = o] §of
A Q= Ego] Holw, o] grainAloldl+= ZAgH o] @} interface’t A7 = Aol Hl
t}. Fig. 17(b)E= islandoll Al £}oloj7F st Rgo] HAtl o] islandoll A £Fo]o] 7}
AAstE Bgol dojus Aoz A8 islandW el Gaol seed 9GS 3 Zlojt}. Fig.
17(c)= stolol7h s Ego] Holw, e Rk olyet island®] 29k *
ANA AFsteE Egol ERWXIY. o] IR oR QIsjA  ofolole Ao
randoma}lthi= Zlo] HRITth o3 Gaol &l liquidd el 7t HHaA 47

_

o%
o

3
Aoy g 7] wjiEoltl Adur# o7 growth directione vapor phase°l| 3] A HX]EH]
dE E° Au catalystel] Ge vapor7t E°]7HAl WAl Geol <lolo]2 AE EHHA
growth direction®] #A3f*| = Holt}. dAWF Ga liquidel Ga vapor7} Eo7FAl & of
A Eol Hojof d=dl, Gadl liquid BHE o] FiL &’JL *?7?0] °F 2000 °C ©]7] Wi

o growth direction®] A3fA A L=}l Fig. 17(d)-(H) = $toloje A Ao 2ty #
7‘]% ol Helth Fig. 17(g)% island & Al ol A 9}0101*01 d7stA HrgolE o

FA H9lt} Fig. 17(h)+ Fig. 17(g)ol A AdAste wéo] uHF-< 9}0101*01 I=EE
*“Po}” Aol HAth Fig. 18(a)= W&ol F-¢ gtolofe A ¢ EDAX mapping=
HolFE 9ol o] IdAA tips EW Ga¥Alzl OYA By we e Folg
ook E=d 0YAre] YA = tipFEe 9 Zo Po] wjxEE AL Hlt) Fig.
18(b)+= ¢}olo] tipoll A el EDAXoelt} Fig. 17(c)= tipol 717hS Xl A 2] EDAXO]
th Fig. 18(d)+= tipoll A 2] "ozl Ao A 2] EDAXO|t}. table. 12 EDAXel ¢
] =A% atomic percent®]t}. tipol 41 2] EDAXE GaiAbel O¥A}e] atomic percent
= 27} 93:77°o]tt.(point 1) Tipel 7H7h% fAolA 9] EDAXE GaAlet 0¥ A9
atomic percent= ZH7} 72:28°]th.(point 2) FFA| RO = tipo| A He] "ozl 9 X of A 9
EDAX+= Ga¥#h 62 %9 O¥Al 38 %= H.elth.(point 3)
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Fig. 19. SEM image of nano-burr growth.
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Intensity(a.u)

Fig. 20. EDAX image of nano-burr grown (a)mapping, (b)tip.
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Fig. 21. EDAX image of nano-burr grown at near by tip(c) and a way tip(d).
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A 448 B 54 B4

1)Photoluescence(PL)

Fig. 19% He-Cd laser(325nm) source® =43t Ga0O3 2% sample?] AF-2ol A
photoluescence(PL)°] t}. 446nm(blue®d &), 535nm(green<d &)oll A @3t A& =
Atk o714 bluedHolA e 2342 Binet and Gourierell 28t gallium vacancy,
gallium-oxygen vacancy®l| ¢l&] A= 4 S+ accepte] hole?} oxygen vacancye®ll
o3l A== donore] HARel ofgh AjAg el ofsf FAdHTL AFstATE[39] Green
Ao e g AA] defectol]l 2]3F emission®]th. o] G Ho A WFo UdubH o g
lattice distortion¥} deep-gap-statesoll ] charge carrier®] <+3lol &) doji}= A+
of o] doftrt[40]

4 T

2)UV-VIS &3

Fig. 202 A|7te] W glo] w& azog/Sapphire‘ﬂ‘“Lfﬂ UV-VISZF34 = F4& e
A Folth, e AlHS AE] T3 Aol wel Fadse] YA e o] #Ey
Atk B4 FEH(TE 645 nmAlE2 9F 125%9] FH=E 7HAH, 1 yimAES 9
130%°] F#H=E 7Hxn mpAte = 3 ym AIEL oF 90%° 7Hhe FHEE
t} 645 nm, 1 ym, 3 tMmAZ9 S5 24254 nm, 282 nm, 302 nmo] . 645 nm,
I um, 3 umFANA S FAEE BA W 100%7F 23 e 23S B e, o
AL anti-reflectionol] ¢JajA] olz]gh #FEo] veEbd Zolth. anti-reflection®] ¢ 3}
A By s dEo] AR Ryt w1 o]yt WE-LS sapphireo] 9%k jbgro g Q|
A FHRErt g oz =4 YEeElYA #Y (411 645 nm, 1 um, 3 pym9 peakEs X
W 243 "3 oscillation©] H. 1t} o] oscillationo] A4 wrEre] F=AE th39

N
o s BEF 5 9

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

6=Angle of incidence As,Ai= Used wavelength range(nm)

(3)A ste] AxetdE, 10 o F7A= 640 nm=z AlAF Hol X, 20 o T/ 1075
nm=z A4 fh vk o g 40 ¢ F7E= 3000 nmE AAME Rt o] ES SEM
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o] 7IH S syl Cross section view=Z 23] SAHFHAX = #HEF LA e
th. o] gtoll Ao d(FADAE AL SFATE T+ 5 A o] AL ool Ay
Fags

R 0 B a3 R T (4)

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

olMel FHAS aF olfdte] MENS T 4 ik WEAL Fae AL ohdg
ot
(ahv)p=(hV*Eg) ..................................................................... (5)

hv= energy a=optical absorption coefficient
Eg=band gap

p=electronic transition direct(2) or indirect(1/2)

Fig. 21(a)-(c)= 27} 645 nm, 1 um, 3 ym A ZS 9o 2oz QsiA T3 &S
Yeld band gap L#fZo|t} o] ZfEE HW 645 nmS °F 47 eV S JHAH,
1 tm< 9F 42 eV 2 7HAY miAHo g 3 ume 9F 39 eVY S LERIL 9]
gt M=o WatE vbetde ol i 2474 AEEY FAVE Ge A FAT

of gEol A7l wEolth
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Fig. 22. Room temperature PL spectra of Ga2Os.

_40_



140 F————

120 -

100 -

80 -

60

Transmission(%)

40+

20 —— 645nm
- —— 1000nm 1
0H 3000nm-

500 1000 1500 2000 2500 3000
Wavelength(nm)

Fig. 23. UV-Vis transmission spectrum of 645nm, 1pym, and 3pm.
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24. Linear fit to extract band gap for Ga>Os nano-burr at 645nm, luym and 3n
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Al 4.5 A Raman spectroscopy

Fig. 22+ Ga:03 powdero] ™3+ Raman spectrum©]t}. ©] peakE2 bulk B-Ga:0s&
A3 Dohy et al.[42]oA] H.ol= peak®t TL3HA YEHTE}. Fig. 22 sapphireol
3 peakolth. Fig. 22& Ga:03 645 nmF71¢] sampleo] 3 Raman spectrume©]t}.
o] peakolthall Y2 = peakES sapphireo] U2 peaket T L&A Helt}l Fig. 22
= Ga03 1 ymF A2 sample® 645 nmol 4 #23 raman spectrum™} & Y3k peak
So] #AH oz} Fig. 22¢ Ga03 3 pmF74¢ sample® 645 nm, 1 ym¥}= &
+21do]l Helth Dohy 9& AF=olZ bulk B-Gax039] peake} H] W3] RS uf
|3toll #3F peaksol woll HA §lolAaL bulk B-Ga:039] peakEo]l HEHES &
9lth Fig. 23%= 3 pim ¢ 5 umSF Aol A 2] raman spectrumol peakE 24 FA47F 7}
el whel 3umoll A §lE peakEol A7+ AS B F ATk ©] peaksE= A g A
bulk B-Ga032} U3 peakE=E Hlth B-Gax039 active mode: 37HA &2 EH 4
oz} [42].

N

D high frequency stretching and bending of GaOs tetrahedra
@ mid-frequency deformation of GasOg octahedra

@ low-frequency libration and translation of tetrahedra-octahedra chains

Fig. 23= 3 um, 5 um 77429 sample2 B-Ga032| active mode?] groupl. & Y& 1L
Fo)t}, Group AE 200 ecm ! (Ag), 167 cm ' (Ag), and 147 cm ' (Bg)Z @wd] 3
Z3l= active mode®]th. Group BE 346 cm ' (Ag), 417cm ' (Ag), and 471 cm !
(Ag)Z @o°] 333l active mode®]th. Group CE 626 cm (Ag), 652 cm '(Ag), and
762 cm ((Ag)Z Do s F3= active mode©] T}

ol
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Fig. 25. Raman spectrum of powder, 645nm, 1ym and 3um.
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Fig. 26. Raman spectrum of 3um and 5um.
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A 5% A&

Sapphire 7]#&$¢ o] RF magnetron sputtering®i#ol 23] Ga0O3 Y= WEolE A=
sttt SEMelH A& Fote] HhEole AHS & F AU 271 GaxO3 vt
layer by layer(F-M growth mode)3EHl2 A sIIAT, F32 A|7ko] ZojxH
layer + island(S-K growth mode)= 47 WHo] v#A St 71 % o] island WY
EH JE GaOsEol F-E4 v HFo] HUA Gaol seed GTES 3HHA gfojolE
A AAWT. L 5 Spolo] 5ol WrFolm AAFEHE Al Bl WEolm AEE ¢
ojojo] AAHREA S flal EDAXE 74 ot 7|4 He = data® ¢t tipd} tipl
7V7bE efolo] 1E]al tipellA HeEl "Wolxl gfojojoA e elementE 9 atomic
percent® 18kl Ga%st 0%7F & & &Qlato] gtololo] Ga%7t A4 7 sk

rlo

>

M

A BTk ol o <ldhe] Self-VLS Wiel o8] s Ak FAHUch ol
o Pod 54% }

5} 22387 98] UV-VisE A4S Al F5FF=7 100%E 27936
= AS B Sk o] @42 anti-reflectione] ¢J&] YEly= d4dolt. FFAHEE
7} & 42 = line fitell ¢ 3F bandoll Al sample?] FAo 98] dElAE= AS

<
i

2

olgfgt FEA 93] GaO; Hx=wtFole] FAd BE FAT Fokel &8 7
Aoz Holm anti-reflection®] 54-& ©o]&3F solar-celld| A &&o] 7lsd o=
Ht}
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