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ABSTRACT

Synthesis and characterization of Sn-doped

non-stoichiometric GasOs3-x thin films

Haram Lee
Advisor : Prof. Hyon Chol Kang, Ph.D
Dep. of Advanced Materials Engineering

Graduate School of Chosun University

Ga-x03 1s a semiconductor with a wide bandgap of about 4.9 eV and is
applied in various application such as electronic devices and gas sensors.
However, the potential as a dielectric material is also considered, and recently,
metal oxide semiconductor field effect transistors have been studied. In this
study, we reports the heteroepitaxial growth of multidomain Sn-doped Ga-Os
thin films deposited wusing radio frequency powder sputtering onto
sapphire(0001) substrates. Since the Ga:0s3:Sn thin film is deposited tn an Ar
gas atmosphere, it grows into a non-stoichiometric Ga»Os3-x oxXygen vacancy
state. Under the influence of SnO., GaxOs-x fills oxygen deficiency but still
exists in the form of GasOs. The crystalline orientation of the films was
examined using high-resolution synchrotron x-ray diffraction. The Sn—doped
GazO3 thin films were grown with remarkably high crystallinity and negligible
mosaic structure. We found that the corundum a- and monoclinic B-phase of
Ga>x0O3 coexisted in the as—grown samples. We found that both a and B

phases of GaxO3:Sn are epitaxial to the sapphire(0001) substrates. Epitaxial

_Vl_
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relationship can be summarized as B-Ga03[-201]1 // a-Ga0s[0001] //
sapphire[0001] in the out-of-plane direction and B-Gax0s[020] // «
-Gay03[10-10] // sapphire[11-20] in the in-plane direction. Azimunthal angle
scans of the in—plane B-Gax03(020) and a-Gax03(30-30) bragg peaks revealed
that the a-GaO3; and B-Ga0O3 both showed 12-fold in-plane rotational
symmetry and, in particular, that the 30° rotated a-GaO3 domains in the
in-plane direction were tilted *3° to the sapphire[11-20] direction. It is
noteworthy that only 6-fold symmetry has previously been reported for most
a-and B-GasOs thin films. Finally, as the thickness of the thin film increases
or as the SnO, content increases, the optical bandgap gradually decreases,
which is due in part to the increase in the amount of Sn atoms, but the

effect of the defects is greater.

- Vil -
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ABSTRACT

Sng =3 B FFLFE Ga0; e Az € 54 B

Haram Lee
Advisor : Prof. Hyon Chol Kang, Ph.D
Dep. of Advanced Materials Engineering

Graduate School of Chosun University

GaxO3= oF 49 eVe Y2 bandgaps 7FH3 WHEA| 24 Fdx} x|, 7F~ Al
AT B Odd &8 okl A&HEd 2y FHA E2HEA 9
potential =3 ¥ Qlo] w& AhstE WA WA &3 EWA2ETE AT
T o} B =Fo A= sapphire(0001) 7] 3ol iyl B3 A~ EH Y S AFES)
o] ZZ¥ multi-domain Sn¢] =3 ¥ Ga0; =9 heteroepitaxial 4= <
T3}t GaxOs:Sn B2 Ar gas 97|04 52y 7] wfifo] A

A
H 8182 GaxOs x2 A4 eth Sn0x0 T = GaOs = A 2
o

A v
A3 Ga03 .2 FEZ EZA 3l TPV E AIAZER x-A AL AFL3519
ubuto]l AA A w]gFS FAFSITE Sno]l E¥E Ga0; vhate =2 Aol 1wz}

=
olz Fzx2 AAIIFATY. Ga032] corundum a- % monoclinic B- 4]
as—grown AZNA FTETE AS TAET GaOsSn B o BB Aol
sapphire(0001) 7]¥ell  epitaxial #HAet= AS TAETE  epitaxial A=
out-of-plane W&oNA B-Ga03[-201] // a-Ga03[0001] // sapphire[0001]3}
in-plane W&k A B-Ga0s[020] // a—Gas0s[10-10] // sapphire[11-20]1= & 2F3h
. In-plane B-Gax03(020) ¥ a-Ga03(30-30) E &1 daAE59 W9z =71
a-Gax037 B-Gax0O3 &= Ut 12-fold in-plane 3 thFS Yeldy 53
in—plane W&ol A 30° 3] A¥ a-GaO3 domaine Abuto]o][11-20]W&o &2 + 3°

- VI -
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7€ g, 2 Ao 12-fold symmetry 412 oldAFe] tFE a-GaOs
9 B-Ga03 & thdk 6-fold symmetrySt AtE ol Hlg F&E3F whs}
o mg, wtee) A S 2 Sn0, FFol bl wel 3e bandgaps A
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Gas0s+= B phase?! monoclinic %2 % 49 eV¢ a phase?l corundum

Z9o] A% 53 eV W2 bandgaps ZtE WHEAOH a, B, y, §, €9 ©hAl 7F
A AR FEE EATIUI] 2 FolM ddstdor 7 hA A<l phased
space group®] C2/m¢l B-GaOzolth[2] = WA= <Fd A<l phase a-GaOs=
space group< R-3Colth a-GaxOs= B2 11 500CoM %= A3 e
HARE] 48 =30 me} B-GaOs= dAAY n-type WMEAR ALEE
Atk AFsh 2ol A AFAAAITIH AANS HaL, S 3ol AT A=
A& wrt[4] &3 Si, Sn, Ge 5% 22 IV & 949 doping® B-GaxOz3%= HE
A= AFEE g AUTH[G-9] W2 bandgap, AAg F4 A, F8 7l A=
2 deep UV(<300 nm) FH =9 2 Gax039 53 EA wj#ol deep UV W
el FHA A, 7k AA, 545 AbstE REEx 3
A, WA 2] " e vgdt §8 EokellA FuE ARE Z4ge
th[9,10] @A W bandgap BFEAZA Gax039] 540 B2 #AS i 9o
U FAA sdRAe] A =g aeEe] AEa Advh[11-13] o]+
2 breakdown voltage, 108] ©]4¢] =2 ON/OFF drain A& Y&, 12 &
g zhe T4 AbstE wEA] dA 529 EWAAE(MOSFET)7F #H 2ol A+
HATE[14,15] o] & 3 A S
ofEw HAA Ay FA ] Attt GaOs whte] o v HH S Az 9
3 sol-gel W,[16] pulsed laser deposition W,[17] chemical vapor
deposition(CVD) W ,[18] sputtering & 2H[19] o] RIEHATE 2 AFoA=
Radio Frequency Sputtering= ©]83}4] Sn©] doping® Ga0O; &S A %3}
At el sputtering S2HHo| A AFEFFE AHEHE sputter targetS aL-2-of A
24 FAHE AH Ax[20] 53] doping & 4§, dopant A9 TS W
A8t targetS A Z3HF AZA W targetS EF HAo] il dopant YA
of kel Wi =4 WIS A5 M o9 targetol dadttt[21]

15 532 dopings &olat7] falA 2 =iolA RF-powder sputtering
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WS- AFE-3}e] sapphire(0001) 7] Gay05:Sn BHEre] heteroepitaxial A &<
AT, SnO, powderE B-Ga203 powder?t &33le] Gay03:Sn powder
sputtering targeto = AHg3sFTh 4443 w2 SEM, EDX, UV-VIS-IR %
WS ALg3to] EA STt E3], epitaxial BA 9 sapphire(0001) 7] £
AA7E Ga05:Sn ¥HHe] phased XRD =4 93] Z2AHAtt £3% a phase
9} B phase2 sapphire(0001) 713 9ol epitaxial A 7&3sto] urs il =3
energy band gap(E,)-2 vrete] #7417} F7kghe] wel = SnO, ghFe] &7hst

of weh Zashs o WA
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A 2.1 A Azt @& Gax03:Sn #ete] S

GasO5:Sn B¢ =28 Radio Frequency Powder Sputtering < ©] 83+
7132  c-cut  Sapphire(0001)S  acetone(CH;COCH3),  methanol(CH3;OH),
deionized water(DI water) =02 %23 AlZ7|d 7z} 58 FoF A3 v
air gun®. 2 AZ3}h GaoOs; powder(s2 %= 99.999%)¢ SnO, powdeerZ 97 : 3
wt%9 vl &2 £33 Cu moldol] ¥ targets =T target2 RF Powder
Sputtering FH]o] YW o+4 35 3t} o]= powderd UE ELEOIL FES
Slolfl 7] 9ot} kg sl= 50W, 60W, 70W, 80W, 90W, 100W<] RF power®l 4
7Z+7zF 5x107° torre] FE el A Ar gas(20 scem) £97] E<¢F plasmaE 10%7F o
Y EsEoly =S (ldlth Sapphire 7] #g sample holderol] i3 A1Zl & Ar
gas(20 sccm) 97194 L% 600C, REF power 100W, ¢F2l 5x107° torr 3fol
FAERE F23

Collection @ chosun



A 2.2 A SnO, dF & Gay03:Sn *e 3

Gax05:Sn vFeke] Z2+S Radio Frequency Powder Sputtering < ©] &3}
o} 7]¥S c-cut Sapphire(0001)2 acetone(CH3COCH3), methanol(CH;0H),
deionized water(DI water) =02 %23} AlZ 7| 7z} 58 FoF A3 v
Az3. GaOs; powderE Cu moldoll ¥ undoped GayO; targets HFE L
Ga>03 powder®t SnO; powdeerE Z+2; 99 @ 1 wt%, 97 : 3 wt%, 94 : 6 wt%,
90 : 10 wt% 9] vl &2 33t Cu moldd] ¥ Sn-doped Ga:Os targets =
Et}. target5S RF Powder Sputtering #Hlo] Y i <HA3E 3t} o=
powdere] A& ETEOIL FEE glofr] fstolth. A s= 50W, 60W, 70W,
80OW, 90W, 100W¢] RF powerol A Z+z} 5x107° torre] <t&EollA Ar gas(20
scem) 97] B¢ plasmas 1087 g9 E+Eoly 88 gldlt}. Sapphire
7122 sample holdero] A7 5 Ar gas(20 sccm) #9714 &% 600C,
RF power 100W, ¢+2 5x107° torr 3ol 102 E<QF Z3balt},
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A 2.3 A Gay03:Sn o] EA FE A

xHe g watel g AE FAE SAH37] $18+9 Field Emission
Scanning Electron Microscope (FE-SEM)< AF&3}ith. FE-SEM2 FXdst
W FEAHEGAE AdRAu Ao FastdY 24 AEe xW 3 dus
SAT W AVIAEEE FEATI7] Al AlEol Pt Ai¥ S skl Hxke] 7t
HHSE 15 keVolrh A& o] Axp WA dAE A7 FE8H HE
54 XAwhE w2 detectingste] WO oA tiE=E stHe] ‘A=
Energy Dispersive X-ray Analysis (EDX)E AF&3}%ith. EDX+= A= 94
T ® AEFS A fAgtelth. A4S #%s 47] A A= HE A elA
3 S0 Gadt Sn S HuEATE B AHE x4 5S4 54
k7] #18l X-ray diffraction (XRD)E AF&-3tAth. XRD+= 23 7157 A4
°] 5D GIST beam lineolA st AAe] 7hEH2 10 keVolth
Sapphire(0001) peakE 7|52 % 6-20 scan?®} Mosaic X5 247 93|
-rocking A& SASALE FrHH o= 7|93 ubeke] epitaxial #AIE T8 )
71 913} inplanes Z7gskqivh. 2e]a 4 F3= 574 9l Energy bandgap A4t
S 938 UV-vis spectroscopys AH&stth IS 200~800 nme] w2
41 Double side polished Sapphire ol A& Gay03:Sn s =235+ o}
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Fig. 1 RF powder sputtering system used in this study.

)Collection @ chosun



Fig. 2 Photograph illustrates the sequence to produce the GaxO3+SnO, powder
target.
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Fig. 3 Stabilization of the target.
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A3 A R nF

Al 3.1 A Azbel] @& GaOySn et

1. High quality Ga203:Sn thin film

Fig. 4= 14mm 719 Gay03:Sn Hrdtol A Ao ZAyjolt} Fig. 4 (a)+=
out-ofplane XRD profileZ 133 A, 264 A, 291 A 9 Q #& 7MAN+&=
peak”} & h 291 A = sapphire(0006) peaks EFATH JCPDS carde}t H
w3 A7 133 A'Y Q #E 7FAE peakE monoclinic +EE 7HAE B
~Gay0s(-201) W& YeRRIL, 265 A 'S Q & 7FAE peaki= corundum T3
2 7HAE a-Ga03(0006)9F  B-Gax05(-402)H o]  FE3e]  YEhdT
-Gax03(0006) ¢} B-Gay03(-402)7F &3t peak FY = oscillation©] Ho|+=d|

ol wtubol ;o] wig wjiigda ®hutt 7)e] Aol sharpdS WERWITH
ok A7 platdhAl AE o] vk AS &3 4 1t} Thickness fringes

t = 2n/AQ%E Ao o7 t= ¥hate] F/ AQYE interference fringe? +
718 YERdY 20% S238 Ga0sSn Bt FAE 14 mE ALbECH SEbE
Ga05:Sn ko)l A Gaz039] a phase®} B phaseo] &&3ttE Aol FE3 whkg
t}. a phase®t B phase? &£ Fig 9 in-plane 4o o3& =oj=E Aol
Fig. 4 (b)= B-Gay03(-402) peakol X =A% ©O-rockinge]t}. peak:= "%
sharp3}il Gaussian profileg AF83}o] fittingstd FWHME] Fto] 0.0123°°]t}.
o= Wkl wel GaxOs:Sn ¥FHe] Axp 91X 7F FA| Rk Bajola x5 2t
+ sapphire 7]l tief & HH o] )5S YERATE sapphire 7% FWHM
e diEF 0.004°01 ) o] g & HEH Fx+= Fig. 4 (oo yErd mpel 3ho]
- wjiie e EHES BoFErh woll He 1Y 7Exe #EEA Geth oA
< Fig. 4 (a)o veEpF nmie} o] B-Gay03(-402) peak +$1¢] interference
fringe’} YElYE= XRD Z3pe} A gk,

- =
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Intensity (arb. units)
S

=
(o)

Intensity (arb. units)

B-Ga,0,(-402)
o-Ga, 0, (0006)

| SRR B s
sapphire(0006) |

) Measured
—— Gaussian fit 1

-0.025

0.000 0.025

Af (degree)

0.050

500nm

Fig. 4 (a) Out-of-plane XRD profile, (b) 6-rocking curve at the B-Ga:xOs
(-402) peak, (c) top-view SEM image of the 14 nm thick Ga;Os:Sn thin film.
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2. SEM analysis of Ga203:Sn thin films

Fig. 5 (a)~ (M= FA47F 27 185 mm, 280 nm, 850 nm, 1.58 = 73t
GaO3:Sn ¥'%e]  SEM  imageo|th. BFeRe]  FAZE Frhgkel] weEl EW
undulation®] #HzE 1 FHo] ARNAC 158 m FAZE 7} GaOx:Sn =t
oM BE ¥Wo] T Aoz do dt Fig. 5 (o) &Y% image= SEM 7|
M % kel cross section view©] Ut GasOx:Sn ¥He3} sapphire 7] %S 4 &3}
A FEEE = Q) vtete] F7A= cross section view SEM imageZH-E o
2tk 7 @ake]l FAl= Table 1o YERATE Fig. 6 2 850 mn F4& 713l
Ga;03:Sn ¥Heke] EDX profileS H.oj &t} o] ululo] 3}shz A S BAE7)
93] cross section viewE =A% W] GayO3:Sn B9 A Elsle] EDX spectrum
S SA4s9 Y. Ga,, Ox % Snp W& 72H2F 1.105 keV, 0524 keV, 3.456 keVol
A HE¥EH Ga?t Sn WEC A= HlE BluetdH, Sn AR & tiEf 2.85
wt% o2 UEdTh o]E target A9 3 wt%$ SAFeth E3F powder
sputtering W'Ho| Ga03:Sn v Fzbsl=d Agsivts AS YERdY 1~
10 wt% W1 st Sn 9AFE ZE= Ga0s:Sn BHEE vt HolA b
Aot} Sapphire 7| 25 E 9] EDX signale 1501 keVolA Algx W3 peako]
Ho]XZo] =A% EDX profiled] 7143t} 2.07 keVolA 2] peaki= Pty W&l
dlFslm ol SEM £4S 9dl Pt & I®I AozHE Ao

_11_

Collection @ chosun



pphire

Fig. 5 Top-view SEM images of (a) 185 nm, (b) 280 nm, (c¢) 850 nm (An inset
shows cross-sectional SEM image), (d) 1.58 gm thickness.
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Table. 1 Thickness change according to deposition time.

20 sec 14 nm

3 min 185 nm

10 min 280 nm

30 min 850 nm

1 hr 1.58 um
- 13 -
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Fig. 6 EDX profile of 850 nm thick Ga-Os:Sn thin film.
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3. XRD analysis of 850 nm thickness

Ga:03:Sn ¥%e] o phase®t B phase? #+L out-of-plane¥} in-plane
Bragg peaks =A3tozA Fel®th Fig. 7 (@ 80 m F4AZ 7
Gas05:Sn B¥Heke] out-of-plane XRD profile] t}. Fig. 4 (a)ol YEFY 14 nm 57
£ 7 GaxO3:Sn Hrepe]l Aol A A et B-Gax03(-201) % B-Gax03(-402) 2
peak’} #TFHTE Tk B-Ga03(-402) peak™ a-Gas03(0006) peak<} & *] gk},
GaxO3:Sn B9l a phase?t B phase®l &S golull7] 9814, Qx WS w
2t 34 A1~48 A WY o|A in-plane XRD profile& %X st A= Fig. 7
(b)oll YeEFATE B-Gax03(020) % a-Gax03(30-30) peaks 22t 4.035 Al 43 A
ol =A% sapphire[11-20] W33 Ax&}h. F peaks 2+7Z} out-of-plane
9] B-Ga03(-402)2F a-Ga03(0006) peakell “=2Zlolt}. o]= Gax03Sn ol a
phase®} B phase’} &&3tth= Z-& 9n| gt} Fig. 7 ()& a-Ga03(30-30)3 B
-Gax03(020) peakell /] =A% azimuthal angle scan(d-scan) profiles H. o] Ft},
 peak= oldol ®Bid pure GaO3 ¥t fFARSHA 2= 60° A4S 7R
6-fold symmetric®]t} a phase® B phase =5 2714 +92] domain-matching
of o3 HF=¥ar 30° 1+4E 717 12-fold symmetrico|th. Fig. 7 (¢) & HH
30°E 71522 peak’} A ET. T3 60°S V)| C 2 peak? intensity”’} kst
A e+=d o] strain¥ #Hs AW 4 Qlth. on-positione] 7§
sapphire®} ZAAE L X7} Aol straine] H A3 ¥ A intensity’} =4 el
30°-rotation—position®] “d-$-+= sapphire’} a phase®} B phaseES 30° rotation?]
71 7d3o] 7] wiiEel AAELX7E AA straine] oY intensity 7l S
U2t} Fig. 8 € a phase¥®} B phase? 27}A] &9 domain—matchings 7l F
Aoz et Aol st wElH epitaxial # A= out-of-plane WO 2
B-GaxOs[-2011//a-Gax03[0001]//sapphire[0001]e] T}, T3 in-plane W3O = 9]
multi-domain-& on-position 2] Vo B-Gax05[0201//a
~Gay0s[10-101//sapphire[10-10]2} 30°-rotation—position®] 4% B-Gax0s[020]//a
-Gas03[10-10]1//sapphire[11-20] . & Q@ °F&+ gt ol Ga0s:Sn B

o
T
sapphire 7] 3ol epitaxiald S &9 & 4= 9t}

<l
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Fig. 8 schematic diagrams (a) on-position, (b) 30-rotation—position of the

epitaxial relationship between Al,Os; and B-GayOs; and a—GasOs.
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4. UV-VIS-IR spectroscopy analysis

Fig. 9 (a)= 185 nm, 280 nm, 850 nm, 1.58 wm F74E 7}% Ga03:Sn HHete]
UV-VIS-IR spectroscopy profilee]t}. Fig. 9 (a) ¢ =X Hol=
oscillations o] &3stH wtute]l FAE & 4 At 2y B =FodAE SEM
71 & 3]l cross section viewE &3 whube] TS 7] wlol AJekst
th Sn greFel wE BFhe] bandgaps €71 fldiAE AT E ol &slokete

=
0 EASRE vl B F8 7% 5 ok

a = Optical absorption coefficien
d = Thickness
T = Ratio of the transmitted intensity

(ahv)? = A (hv—Eg)

hv = Photon energy = 1240/A
E; = bandgap

_E
3
v
=
o
—m
o
ot
ol
)
=
2

Gax03:Sn ¥k 7RA]3 g9 (A = 400~700 nmo]
o] F717F 185 mmoll Al 158 m=z Z7 e we} Hir FEF3E zho] 99.02% 01 A
90.02% = #FHAI(CFAZE F7Hetl wel Hit FFEIs gl 22 99.02%,
97.82%, 96.67%, 90.02%°]t}.). Hgh vhute] FA 7} Frhskel wel, B F edge
22 Fig. 9 (@) sax= 3A/E ve} Zo] 5902 o]53dle] optical band
gap energy(E,)9 #AE YERATE 185 mm "] FAE 7HA+= 92 UV
S s FFstvlol= Wi ¢kt Fig. 9 (bE uhe] 77 ®igld mE
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band gap®| W3E yEtdth Hrere]l £ 7F 185 mol A 158 m= S 7Fghel w
g} vluko]l bandgape 5.2 eVollA 458 eVE W 3}stH(SnO, 3FeFo] 713t u}
2} vreko] bandgape] 27 5.2 eV, 508 eV, 4.78 eV, 458 eVo|t}.). a phase®t
B phase”’} GaxOs:Sn Htebol] 338l 7] wjio| bandgap < B-Gax03(4.9 eV)<
bulk #3 a-Ga:05(5.3 eV) gk Ateld 4= Utk Fig 9 (a)9] 7177k Wat= A
o2 Hol W9 defect dAo]l = AFolA #FEEHE Ga0sSn  HHEHO
bandgap®el] 9 &&<S 7%t} o= Fig 29 SEM imagedl A= 2z yehdrh =
defect do] dojF+5 bandgap #ol At T3 Sn0,9 bandgapel 3.6
eVolm & bandgap #¢ ZAE Sn0,9 &¥o] 7]l A] vtk defectd] 3ol ¢

Z Aolgta s =
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Fig. 9 (a) UV-VIS-IR spectroscopy results of as-grown samples with

thickness of 185 nm, 280 nm, 850 nm, 1.58 gm, (b) variation of bandgap as a
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function of thin films thickness.
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A 3.2 2 SnO; &#Fel WE Ga0s:Sn o
1. SEM analysis of Gaz03:Sn thin films

Fig. 10 <& SnO, gr&Fo] Z+zF 0 wt%, 1 wt%, 3 wt%, 6 wt%, 10 wt%<Sl
Gax03:Sn HHhe] SEM 719 % 3Fyel top view image°]th. 2 E Ga03Sn B
oA gk 4 nn osize] graingo] #FET A8 size™ out-of-plane
XRD profilel A} 4& 4 2t} Fig. 11 & SEM 7|9 F 3142 cross section
view image©|t. FA7F Z+ZF 415 mm, 375 nm, 353 nm, 335 nm, 327 mm= 43 A3
o Gay0s:Sn ¥4t sapphire 7|3S WA 8T F Utk olg g FA¢
W3S Fig. 12 o Yepddth. SFAES H2 oy Sn 52 th27] dgid
Ga)03:Sn dtehe] T 254 asts 4E4dE Bl Fig. 13 & Sn0; &

o
o] W2 Gay03:Sn ¥ o] EDX profileg HolFt}, o= d#hute] 3hshx A

d

S BA437] 98 cross section viewE A3 Wl Gas03:Sn BES A EEHo]
EDX spectrums S43Ath GaO; "oz Ar 9 7]dA  F2E

non-stoichiometric Gax032 &S FXgth 9ol AF3 vek o] Gay,
Ok ¥ Snp W& 7Z+7F 1105 keV, 0524 keV, 3456 keVolA HAEHoh T3
Alx ¥ Pty WE% Z+ZF 1501 keV, 2.07 keVolA HE=HETE SnO, g M2
GayO3 "o Gad} Sn fa7F 3o we} o]8A o g dniubg 593 E A
AAEeE k& Table 2 & YeER S o] &3t7 EDX SA S vlwstdS wf v
=3 AdE verdnh o] B¢t S8 Aoyt 25 v ol AA 3
ZHAZ dEd 4 9tk A WA= powderg &3 w AlgE T3 A 2ol
Hetv= d49 4 e, T dHAe A2 o plasmas H9-Fd o o
plasmaE A g3l=d Ga¥t Sn 945 ul= effecte] #o]lE YEhlE= dAAY 4=
ATh Ao 2 M HAE 1 wt%et 3 wt%ol A= Sn peak7t & @A &
o 6 wt%ek 10 wt%oll A= Sn peak’} #&=E ¥nk ol sub peak7hA]
ZHE Y, ek EDX spectrum= =4 E W Sn peakol A sub peak7}A| 1173

Intensity W&ol AZ Aoz sAd 4 |
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Fig. 10 Top view SEM images of (a) 0 wt%, (b) 1 wt%, (¢) 3 wt%, (d) 6
wt%, (e) 10 wt% with amount of SnO,
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Fig. 11 Cross-section SEM images of (a) 0 wt%, (b) 1 wt%, (¢) 3 wt%,
(d) 6 wt%, (e) 10 wt% with amount of SnO,.
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Fig. 12 Thickness change of GaOs:Sn thin films with increasing the amount

of SnO,,
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Fig. 13 EDX profiles of Ga,O3:Sn thin films with increasing the amount of
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CHOSUN UNIVERSITY

Table. 2 EDX element Ga, Sn weight %.

SnO:z 0 wt% 100 0

SnO2 1 wt% 99.36 0.64
SnO: 3 wt2% 97.52 248
SnO; 6 wt% 92.06 7.94
SnO; 10 wt% 86.64 13.36

SnO; 0 wt% 100 0

SnO:z 1 wt% 98.94 1.06

SnO; 3 wt% 96.83 3.17

SnO; 6 wt2% 93.67 6.33

SnO; 10 wt% 89.47 10.53
— 26 —
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2. XRD analysis of Gas0O3:Sn thin films

Fig. 14 &= SnO, o] Z+zF 0 wt%, 1 wt%, 3 wt%, 6 wt%, 10 wt%<2l
Ga;03:Sn 2] out-of-plane XRD profilese|t}. Fig. 14 &= 1.33 Al 265 AL,
291 A 9 Q #E& zZt= peak7t BWEECH 291 A ' sapphire(0006) peakS
bl JCPDS card9h Hlasii A3 133 AT Q @& ZHE peakE
monoclinic %5 ZHE B-Gax03(-201) W& Yehfa, 265 A9 Q #s zte=
peaki corundum TEE ZFE a-Ga03(0006) 3 B-Gax03(-402)H o] FE8he]
Bl Tt F peakd FEL in-plane T4 93] =ol=E AHo|tl 265 Al Q
S 2t peak sapphire c—plane®] A YApuf ol ol YEha e 2%
ol 1 a phase Zo]o] 23] peak’} Al EH o] a phasee] H<Slt} HE3F SnO, $hF
o] ZT7IE4E B-Ga05(-201)H 9] peak”’} AFEFA AL a-Gax03(0006) ®o] 32y
peak’} 9ZEo 7 FAol= o] wAlEHA HFEET. o] ANS &Vl fIEA
= peak? $1* A Gaussian profileS AFg3}o] fittingst™ Full Width Half
Maximum(FWHM) ¥ XcE doljir o]E %3] domain size?} d-spacingS
aff fvg gt

domain size = 2nr/FWHM

rr

d-spacing = 2n/Xc

WA peak positione] &A= A4S d-spacinge® AWET F 9tk a
phase?} B phase® d-spacingo] ™3+ 122 3= Fig. 15 o] yeldt}. B phase?
7% d-spacinge] A WA = AS B 5 & HHH a phase d-spacing
of mAsHA S7tek= AS & 4 Stk whEbA a phase®] peak positione] 7 Al
Al A AT Aeedh 3 B-Ga05(-201)H 9] peak7l ARl AAE
domain sizel. 2 AW 4 9t} Fig. 16 & a phase¥® B phase®] FWHMel tj
gt domain size®] I1#|Zojtt, FWHMO.Z domain sizeE BlustS o
phase 11 mollA 4 mZ EoEtt A5 Alg A= @49 WHA a phases 30
m=Z St Aot} tA| FH3| GaOs= a2t B phaseE Wr=+d Sne dopingshd

+ phase T} crystallinity7} #2438k ko] At a phase2 94 & HHH o]

o)A crystallinity7} #43 = intensityo] 93-S 7] XA &= WA B phase
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B AATE o] FolAA G2 Aotk =, SnO; ol =% XRD peak?
7482 B phase’t Azt FWHMO 2 29S u] B phased] 9&F& = 7
2 A= AS & 7 vk old @] 2 olfre dAmdR AW 5+ 3l

7l

t}. Sapphire(%2t3 wl <€)} a phase?] YApuwjdo]l 7] wj&o] SnO.7} &9}
= ddAer 9FS € wo, B phases= AAIE (AR wid)o] EebA B
o] &7 Aedl A7l A4 wES st = SnOy7F oW ¥ HEE
A #h wEbA o phase®t B phase’t T3 ¥ o]+ peake BHEHe] Intensity ¥
37} A9 f1a B phase’t 1E peakt 9] intensity W3} =LA ok

O-rocking> 6& T4 EolFHA dAmde] 2 AdEo A= A Flst
T o2 wkeF & AHE o] Ui peak’t sharpsl| A & FHEH] A &}
il Eo]= ujnit} o] =AE o] peak”’} broadd 2t} peaki= sharpE=

Aol o= AS 9t Fig. 17 2 B-Ga03(-402) peakol 4]
SnOy o] WE Gay03Sn ¥l line profile ©-rocking®©]t}. Line profiles
B sharp component®} broad component?l Two-component’} YHERATE
sharp componenti= well-aligned domain® %% 27| 3}3l broad componenti=
poorly-aligned domain®| 7Z-¢-& ¢v|gty. x7] whepe] Fxkd o r]yko] upup
S FolFo] FA o 2 well-aligned domain©] @AW S22 A 7to] F7}EhH

A 713 3}9] epitaxial #A7F 2kl A poorly-alighed domaine] @olzxlth, & wt

o] HolM= TF Aol HZ7] wiEo| poorly-aligned domain®] H]Z$zd}t
SnO, gt&Fo] 7 4= broad component’} E°1HS & 4 Slth o]#d F
o] FES= AL Fig. 17 o & YeEAth. 6-rocking FWHM<S] 7%
out-of-plane XRD profile®] FWHMX.t} U] sensitived}”] wli-o] FWHMe| =
312 olstdtt. 6-rocking®] FWHM<S crystaled] AEH A% = 7|33
SnO, el WE Ga0; e o7t duitikE EoAddE AE UEE
backgroundol] ™3t AR ZE FHelst 4= ) olo] W3 1 Z= Fig. 18 o e
uglth. Sharp componentoll Al GaussAmp fitting® 2 Sn0O2 3$Fako] o E

FWHM< HlaslS o 2h2b 0.0148°, 0.0148°, 0.0127°, 0.01622°, 0.01622°°] Fk<
7R o= WEel mEl Gax0s3:Sn wHERe] edxp wjd A Ho] AN B

-/

_28_

Collection @ chosun



o= X E Zr sapphire 7|3l dia] F JAH S

a phase®} B phase’} &&3}= peakol]d FWHMe W3}~
phase?] intensityZ} A|7] wj#¥o] B phase’} EJ=+= NS B F7F gt
Gax03:5Sn BM9] o phase®} B phase®] ¥EE& Lolul7] $I8iA, Qx WFS
2} 34 A 1~48 A'Y WA in-plane XRD profiles =A3 Z3}Z Fig. 19
of YErWTE flelA AFd viel 2ol B-Gax03(020)# a-Gax05(30-30) peak+
2478 4035 A, 43 Aol =AEY sapphire[11-20] W&y dA . F
peaki= Z+7Z} out-of-plane®] B-GaxO3(-402)¢F a-Gax03(0006) peakell <% o]t}.
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of Yehdot
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Fig. 14 Out-of-plane XRD profiles of Ga;O3Sn thin films with increasing the

amount of SnO..
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(020) peaks with 1 wt% SnO» and (c) at the a-Ga203 (30-30) (d) at the B-Ga203
(020) peaks with 3 wt% SnO..

_37_

Collection @ chosun



3. UV-VIS-IR Spectroscopy analysis

Fig. 22 (a)& SnO, &=Fo] 0 wt%, 1 wt%, 3 wt%, 6 wt%, 10 wt%<!
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Fig. 22 (a) UV-VIS-IR spectroscopy results of as-grown samples with increasing
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increasing the amount of SnOs.
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