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of S B WAA L FTHslel ASE goluh ol BAMeln A oW siAHelA: ok
Hu, WAzt 2 Ae] wEe A Hae] wiow AYss) 8 golol Ade AdaA el 4 v
= AFe] Qzbshe] B el Y144 Aol Bakshs olnlsh o A soobu Gt

ge] Az
woage] wEw, Jl9 el F Feel Ay 2FE
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2D el kst

A%, B ouy SX ol AW AT A5l 4 Azt ] gol
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AN

1 YA = 28 & dgo] A Ao w2 wEel MalaF uek Az sz
T 32 2 odgo] g Arde wE wEl qksldE uheh Alzay e Azt
= 4ae A4

2 wlel bsbaE whet Alxwye EAxold, & 4be dAE A AsdE ddbe] dn
olmxlo]™ | %= 4ce AFM(atomic force microscope) 2 3z
profile)o]al, & 4d¥ XPS(x-ray photoelectron spectroscopy)s ©]-&3F 23}zZFH Hoe] A4 H](atomic

ratio) &4 Qﬂro]\ﬂr

= bae AEdo] wE dAE] H(as-fabricated), ¥ ©fFst 2=z AA 3 AsldF wube] gyl ~dHE-
(raman spectra)©]il, X 5b+ XRD(x-ray diffraction pattern) Z~#NEZo|m = 5¢cx liberation and
al mode$} A#AH+=

e e]

translation of tetrahedral-octahedra chain¥ in-plane Ga)0s octahedra related opti
A, o} Ag: Ei= B (phonon mode)?] dxg] &xo] W& ¥3 7ZFE(peak intensity)o]il, & 5d& A7 &%
o W& H AAY A7](average crystallite size)o|t}.

T 62 Adde wa 900CE dAste] A 2D wEr AsaF wite] 5E4S veld Ze®, E fat
XPS(x-ray photoelectron spectroscopy) Ho|ElZFE ZAitd el AtsldF vhete] AES UER)al, = 6be
e} AbstzdE ubete] Y EFwYA2 ~FE™ (photoluminescence (PL) spectrum)o]™, = 6C’C_‘ UV-vis
absorption spectroscopy% o] &3te]  FSAg  wg AsAE w3 % AT EF (absorbance
spectrum) o], = 6dE= HWEl A32F vhe] VBM(valence band maximum)S YERAW | % e HE} A3l A H
o] VBM-core delta 9 ¥} oux] W= £ et

% 7av ¥ ¥ (graphene), F=(quartz), Si(100), AlF}e]e](sapphire) 7]olA 474 wgl AtstdE bt
o] 438t dul7 o]ln | (optical microscope image)olil, T 7bi= HIE} AM3aFE whe] W AR (surface
topography) & YEIW, X 7ce WE AstdE ke 3}”& 2# E&] (raman spectra)o|il, =

Z-E 9luko] XRD(x-ray diffraction pattern) A~FEHE YeRATH

=
7}
T

wgg YAl Aok FAF g

=

Boage B4, S4F FHE D AT SFES PTE SAEG AuselAt ojse] G A9 vy
B AAAERRE U gusd golh, B @AM 2 £we] PR AT FRUEE Rl o)A,
AT T 845 FAAEL NS e mAgd BAHHNE FF # FAW WEE ES Su 98
of frelstelol dhth. ma, "AlLY, A2 5o goli shtel FHAXE TE THALEYE T 943
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AslaE wbabe] YA FALS X-ray photoelectron spectroscopy (PHI 5000 VersaProbe, ULVAC PHI) with
monochromatized Al Ka x-ray source® ©o|&38}e] EA3Ict. Wl tsbdF whete] 3E 54 (optical
properties)2 st &nl7 (BX5IM, Olympus), UV-vis absorption spectroscope (Lambda 35, PerkinElmer),
micro-Raman spectroscopy with 532 nm diode-pumped solid-state laser (Omicron) in a back-scattering
geometry, 1]l photoluminescence (PL) spectroscopy with 325 nm He-Cd laser (Kimmon Koha Co.) as an
excitation source® ©]&35to] FA3IATE. WE} A3 AdF vbahe] FA9} ¥W EEZ2 A (surface morphology)
= atomic force microscope (AFM)S o] &3}e] #158 R (tapping mode)E A5l th. wel Absbdi whule]

A% (crystallinity)® X-ray diffraction (XRD, D8 Discover, Bruker) with Cu-Ka radiation® @& 3213}

T dg= Addo] w2 wEl AslE uhuk A zue] xwoli, T Ap= o 3}

] = AFM(atomic force microscope)l 2 ZA3F AlsldH vteto] o Z 9 (height
ile)o]al, % 4d¥ XPS(x-ray photoelectron spectroscopy)E ©]&3F A3lzE whetol Y iH|(atomic
ratio) A ZA3o|t}.

T 4as} o], AYde] w e Atstds wEhe A ZdFol & (squeezing) R DA (thermal
annealing) 59 28AE Ax o}, mE=Ho] ©e F£E5(Ga, In, Sn 5)& F7] FolA Cabrera-Mott
kineticsol] €3 self-limiting oxidation®] 7 ‘i‘j}‘@@‘ﬂr. e, == oo LLoAE F49 #AET) )
T SR AA HEdH, olHg 8AELS At 55

ES W
= H
wE5AEEY] AzE ThseAl & ¢ qdnk. 75T § % o] E(hot plate)ell $1xIg 715 (EHo] HHFH
5

T mge] ZFH A (droplet)S "WAEH & HHI L BTHS 7 &S o] &35te] 4237 oz A ZF
S GFsGlTr. ol £H(slip)o] BAA ReF IS 2 WEgoR AA L F F, ﬂ-a—”-(crack)t’]ur
of 1] Alo] M (aggregation) o] §lo] WewE 2AUde] A% whuto] FAgE Zlo] AAEHJATHE 4b FHx).

FAE °F 3 mE SAHENHE 4c Fx). A ZFLS 20 ~ 50 N9 oz gdstA A=, o ‘?-ﬂﬂoﬂ
2 ~ 3.2 nm FA9 23tZE gete] AEAY. TE, AEZE 99 rms(root mean square)™ 9F 7.7
A, Si0, 71®Y rmse ¢F 7.0 AclEd, ol «F WWE I FAHHE stdE we AT

(roughness)”} &&sl= 712 X oz 93-S Wes AL HoEo, ngabd dEd @ 73S 4F 713e
2 o] &3 A A dE v T FJHE Ao e Aom JgiETt.

ArsbaE dheko] atomic ratio™ x-ray photoelectron spectroscopy (XPS)E o]-&3dto] EASFTHE 4d F+
Z). 0 1s9 Ga 2pys ¥ 39 WA relative sensitivity factorS o]&sle] AxtE ®ahe] stoichiometric
ratiox= Ga : 0 =1 : 0.62% #AZYC}. o]= A A3} (natural oxidation)oll &3l ¥7] FoA A ZH
o] Akslxlo] gallium (I) oxide (Ga0) =2 E¢+d AF3}(incomplete oxidation)ol 2%+ gallium (I) oxide<}
gallium (II1) oxided Z3 A (mixture)?} FAH AHo= AWad 4 o}, AFfHo= (Cabrera-Mott
oxidation® W2 AAMLF3Z} £ (oxidation rate)ol] & &7] FolA M ZAHFL AF HAA FLsta, o
HWH ol Yreug A9 AbsdE ubeks A .

219 Ywng FA9 Atstdg deto 2 By wEl At dE ddhs A7) fste, div] 244 EXHEE Y
skl

T 528 A¥do] w2 dxg H(as-fabricated), ¥ tt%d 2=z I3k A
(raman spectra)©]il, X 5b+ XRD(x-ray diffraction pattern) Z~FEZHo|H

translation of tetrahedral-octahedra chain®} in-plane Ga,0s octahedra related optical mode®} 3T +=

L

5¢c+ liberation and

_9_
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A, oF Ag_ X = XX (phonon mode)®] €Azl %o wE 3|7 ZF=(peak intensity)o]lil, = 5dE AP 2=
w2 Hg A Y 7] (average crystallite size)o]T}.

% bavw €7 H(as-fabricated)9} A 2o wE AstdF vt AFo] 2ot ~FEHS Yehy &Y,
Z}et A& (Raman signal)® W& scattering yield ®iEo] Aoz F7e RIEA dojxth. As-
fabricated®} 500 ~ 650C7kA] A g3t AtsdF vhdol = 529 v|3F ¥i= = (phonon mode)”} #ZE X &
k. SEAIRE, 700C o] dol A EA T AMFolA wEl AFsAES] X R E(phonon mode) 7t #HEFH A=Y, o]
© & thelol ¥ (phase diagram) olA WA AF8H2F (amorphous Ga0:)E B AF8HEE (Ga0) = W

A 7= 29k X, & 5cE s, 7 9 2= A x(intensity)T E5F 800C EAE olF F7)
3t7] AlAFske]l 900CE X g o AMEolA 7HE H2 S 7HA A, 950°C o] de] XA bA] HAss A
7F A

% 5boll Holi= x-ray diffraction pattern (XRD)2] Z3} =3t vk B4 Ao} A3}, 650 C7HA] dA]d
g Sl Feuldh JArh AREH GAARE, 700T o) e} 2= &

(B-Ga0:) 9 IEl¥ Uxet= 3] ¥ T (diffraction peak)Eo] B&EFAL, 2 AAAY AE2F (Ga0s) 0l
#E 3= FEEHA ZUTh. 800T o)A EE dAE 2XdA M FrER gA4E (111) HE Abskz
H(B-Ga0; plane)o]Ri, tt2 W v EHAM(plane reflections)E 3k e Q). o)) gbwta} XRD 23}
T A AFEY S (squeezing) T} 700T o]FelAY & HA T (annealing)el <t =Y AF(single-
phase) 9] ©ARA #E} AFs4E (monoclinic B-Ga0:) ¢l AHNSES BoErh, wg AsladFe] H4 44+
7] (average crystallite size)®= 74 F=#12 (111) %3k 31" 3]=3((111) orientation diffraction pea
k)25 E olzfe] 4le] 2] (Scherrer's equation)S ©]&3to] AAks}A ).

ol R
32

kA
D=t
B cosf8

o]7]14, D = average crystallite size, k = 0.9, A = the wavelength of the x-ray radiation(=1.54056
A), B = the full width at the half maximum in radians, © = the Bragg angle of the considered
diffraction peako]t}.

800CE dA3 WEo FF AAY =7]E= 36.4 nmol A 900C FAE74A 41.3 mz F7FetAek7 1 o] 4de]
Lol A Fradte] 1000C Al F 37.2 mm=E sk Aot AREHAG(E 5d FF). 90T g
B} A3l dEe Hy Z2AY Al BF &8 (spray pyrolysis), 9xH ZZH(electron-beam evaporation),
Z-2A(sol-gel), "2 dlo]#4 ZZ(pulsed laser deposition), =¥ EH (sputtering)S Fa| AZAIZ HEF 4k
stdgol vE] o & Alo]=2E Ztet)h, AUy og e 2% oA= ad-atomic migrationg WAIA7|V] T F
g At FFEHA RSy i e AASIEE Zhe uate] YA HT. 2&7F 700C oo ® &t
W, HHo YARELS TR % duXe W ols=(surface mobility)E AA o] ZAAF(lattice)e AT
“J(reconstruction)o] =, o] FAHolM A Ga-0 E=(bond)d HAoz AAZEI} FAE).
SHAITE 950C o]de] e 2EoA+i= atomic migrationo] W5 w2 wAEA Ha, #lEe] R (regular
bond) 2] A W4l B-Ga0:2] = (bond)7} ~ZE ¥ (splitting) F o] ZA¥(defect)o] FAH7] AlZFeltt, =
5dell Hol= 950°C oldell el st A Y A7]e] 7Hae} 34 a9 FZE(shift)e ol2fgh 23 F43 1
2 23 ~EY ¢l (strain) Aol W& ZAx W& (lattice deformation) o2 Awst = v}, wabd, A4}

o o

dEo2RE] dojx 2D AbstdE whdhe] 2D wiE} AsbAE wieto 2 WEE= HAHo 2&E 900TE ZAHA
=4, o]x 7]&o| UXH ZZ(e-beam evaporation), CVD S22 AAA|7] wE} AlstAFo &x9 v|Z=3t},

2.2 221 WEl Absdg uiee] 54

T 62 Addo] wE 900CE Exglste] FA3 2D WEl AlsdF uebe] EAS UEd Aow | X Gae
XPS(x-ray photoelectron spectroscopy) HIO|ElZ%-E AXtd Hel AsldF vhute] HES Ui, = 6be
el AstdgE whete] ¥ EFujUlAdA AFEY (photoluminescence (PL) spectrum)o]™, = 6¢c UV-vis
absorption spectroscopy®s °l&3te]  FAHg  wgt AbstdE 9o 3% I E™ (absorbance
spectrum)o] i, &= 6dE WEF 234E vhehe] VBM(valence band maximum)S YEFW, T 6e= WEl 234 H

o
.

=

o
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o] VBM-core delta 993} oix W= F+x= Yepdc.
% 6a9] XPS ©lo]¥(data)ZH-E Astd wE AstdgE dhebe] A4 242 A8t 4E(Ga0;) 9] stoichiometric

ratio?} A3 Ga : 0 =1 @ 1.672 TAHJEY, o]= AX F7(dry air) EY7]dlA 900Ce] Ao ¢
3t AbstaE vbte] 9w AlEE btk T3 0 1s core level® XPS ¥AE A8 & ¢ & 43 oy
A (binding energy)ollAl #ZHS=dl, o= F7FHQ Abstol 9g Aka FF FX(oxygen vacancy (Vo)

concentration)® #AE HoF

r_.\(g

% 6bx 325 nm @ o)A E o] 7)Y (excitation source) Q.2 o] &3lo] AFLo|x =A3) wE} AlsladE wtute] ¥ E
Fold s 23 E7] (photoluminescence (PL) spectrum)S WERATE. o7]A], 4373 527 nmE 54l (center )l
T oA (emission) & ZHzF Z4F A& FFH A(gallium-oxygen vacancy pairs) (Vea-Vo)& 59 & 1+

) . 0 } N .
(neutral oxygen interstitials) (0; )oll &3t AA-AF AZZ(electron-hole recombination)?] Z}o]t},
% 6¢cx UV-vis absorption spectroscopys ©|&3le] A

(absorbance spectrum)& YERATE. 213 W= Z(direct band
(B2 o592 4& o] &3l S5 (absorption edge) o 2 5-F

o
)
r>~
oty
(M
ol
=
2
I= {0
]
ot
k
[>
N
(m
o

ahv = C(hv — E;) /2

o]7]A, a = the absorption coefficient, huv = the photon energy, ¢ = constant®]t}. = 6c9 A
(inset)¥ o] B¢ ZF(Tauc plot)oZFE E2% 2D wgl Aslz2Fo 332 W= M(optical band gap)
= °F 5.34 eVE WA(bulk) HIEF AFSEFES W= H(4.7-4.9 eV)el wlE o 2 @e zten. o
(squeezing) "ol ©J3|A P == 2D wlEl AbstaE BFete] F7A= 9F 2-3 m= el 4Ast2Ee AAE B
o] W74 (exciton Bohr radius)?l 3.29 nm Bt} Z7] wjio] Az = o] ol 73 AdAb A3 (quantum
confinement) FEI}o] o3t J&goz HAwgd 4 Q. ¥yl ol 2D WEl AkeldFo] W= 2 diga wkx
oI Al (van der Waals epitaxy)E ©|&3F F7132 wet 23tadEF9 A, odued X A(epitaxial
growth) & 7FsalAl g}, = 33 Zo] ¢at7 dXeE B¢ 3 WA HE Ast2E5SS FA4stn A, 1 9
of Ze FAHE WHEste] WE ASEESTS FUHH R AT 5 Avk. 2 nm FAO HE ASEET Sl
3.2 nm9 F7} HE 2 AEES FA9 Tl B, 9F 5.18 eVZ A AlH(quantum confinement) & 7}9]

25} = e 7avt AEEAY. watbA 7)1E9 MDY =% (black phosphorus) el 72 Wiy =
EAAH &5 wal W2 @A o AYAIE o] &ete] Ut FAU ME S 2HIY o] &F
ATk, oz wiEl atsldEe] shAAe WA (valence band maximum, VBM)2 = 6d9} o] XPSE F3
at energy distribution® VB®] leading edge®] A& ¥ ¥ (linear fitting)= E3 AL TE. AXE VBM
ok 4.85 eVE, 2D H|E} AzbAEol A ¥hx=A n B (intrinsic n- type) EANS WolFEy, L3 T 6y ~
6dZ -8 Axtwl 2D HEl 23 2E ] VBM-core delta G937 oyx] M= F2E T 6edll 29F5% ).

A2 ol%k FskA u
Ea 4 &

fo = -y nZ oY

2.3 vFg 71del o] 22kl wE AbsbdgE vt A

T 7a%™ 1 ¥ (graphene), FZ=(quartz), Si(100), Abd}o]of(sapphire) 7]olA d-de wel 2bstzag whvt
o] 43} &u|7 olm A (optical microscope image)olil, % 7b WlEl A3AF wae] W AR (surface
topography) & YEIW, %= 7ce= HWE AstdE ke E‘r”& 2#EH (raman spectra)e]il, & 7dE

25 9bto] XRD(x-ray diffraction pattern) ~FEHS vtepbditt,

EE 7]go|q el AstAES vy 2AY99 void-free full coverageE EA L, rms= 22 0.76, 1.5,
2.2, 293 14 oAt AE v wEr AstAE Bhete] A& 7] (roughness) 7 7 8.4 93] 4T
S et A ‘?ﬂaﬂ S84y % 7o A7lelth. 1A (Graphene), FHZ=(quartz), Si, Apzto]o]
(sapphire) 712 rmse= 27 0.67, 1.5, 0.86, 9.9 nm R=dl, ol HIEl A3dF 9ol rms9} F-AFSHE).
SHAIRE Si V)] A9 v)Ee] We rmsoll = B eta v 12 ARV|E Zted], ol AW 2 (interface
tension)2] dgozw Ay 4 3] A} dEe W dxe =2 ¥W oYX (surface energy)E ZrA| 4wk
Cabrera-Mott oxidation®] ZAI}= 53,* = 39 g (surface oxide) 9 @& oz 44 (hydrophilic) 7]Fol
el %S ZASA (wettability) S zHeth, wabA Siolu W olUA7F B Pt 7|Fol A% S AW Ao
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o3k HASA (dewetting)S ZETHE 7b FE). W/LE, A Zd=vh(oxygen plasma), A+ ol #(acid
etching) ¥ #2 Wyoz FW oyxE Zdsla, olF T3] 2S4S Ao 4= ).

X 7cet 7dE A7) |9 (graphene), F|=(quartz), Si, 18] Alto]of(sapphire) ¢lollA] 2d43t e} Aks)
259 gvtat XRD AHEAS UEldt., BRE Vg4 HE Astdge EA3L E‘r‘j} 39} 34 947 A&

HATH. A AF e o] &3 whate] AL Uy W E Wk Floz Hatd AsdFESe 4bgle] ¢
E£3&17] wjio) a5 71we] AAF A<4=(lattice constant)ol] 3Fo] Qlo] vhokst 7]\_01]/\1 W e} Absl4-E3 2]

9% A B9 ol BF o8 TE(heteroustructure) & 0|88kl FU/1, Folw 58 TEe o
52 74 Jlwate) Bdol Alsd Aow cawzau} Sish Astele] el dhoh tisiEEe 5

F #EHS Y, MY (stralned) W El Aksd-Fol F83 4 AUA|7F 33 Lyt AsdFo g A W3
7F Al 5= 9lEd), wE AEtEE Ui ZYs iEEﬂ‘ﬂ(straln)o Y52 ol 9 A (internal energy)g e

3
NA AR 747 (twin boundary) 25 S04 7| (hexagonal) FENQ] F=9HA (metastable)dr a Aozo] 4 W
o1s B3 2EdUUS 3 (relaxation) ATHE 7e Fx). wEhd 7w #W EEZZ A (surface
morphology)tt ™ olufA] ztelel o) ofr|=&= AFstadgEEel 2EH o aet B Aol 4121 o4
2Fsh b (heterophase Ga:0:)¢] B4E F Utk oleldh #A 43t AsAFS B Ao Histe] o He W=
e zt7] wliEol ultra-high breakdown transistort} deep UV opto-electronics at sub-240 nm wavelength<]
TR EARA Filo] ol AL U,

ol B e Aol AAdE Eate] AAE MwWalgor), o] B whye oz Mwsly] 93 7
o, B Wy old] FYEA fom, ¥ wyel seA A WelA ¥ okl Bl AXE 717 Aol o
3l 1 WMo} Aol shgte] et

e i
4

BL'

oL

-4

oL

o

2

Lo

ol

1
g

k1
N
[y

7|2k ol He Z2E A —~—S100
AT 2D Lot ES B ~—S200

P ASZES WY [—S300
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