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ABSTRACT

Studies on the performance of photodetectors based on
non-stoichiometric amorphous and B-Ga;Osy thin films grown

by radio-frequency sputtering and on Au/Ga,O; thin films

Jihun Jo
Advisor : Prof. Hyun Chol Kang, Ph.D.
Dep. of Advanced Materials Engineering

Graduate School of Chosun University

We report the performance of solar blind photodetectors based on amorphous and
crystalline B-phase Ga,O; (B-Ga,0;) thin films deposited using powder sputtering
method. Metal-semiconductor-metal (MSM) type photodetectors were fabricated an
d the photo-excited optical properties under ultraviolet exposure of 254 nm wavel
ength were studied. At a growth temperature of 25 C, the Ga,O; film grew as a
n amorphous phase, whereas at 490 and 640 C, it was epitaxial to the c-plane s
apphire substrate. As the growth temperature increases, the root-mean-square surfa
ce roughness increases from 7.86 to 17.02 A. Hard X-ray photo-electron spectrosc
opy results revealed that the chemical composition of the thin films was non-stoi
chiometric due to oxygen deficiency, and the non-stoichiometry of the amorphous
thin films is higher than the crystalline thin films. This is because the incorporati
on of oxygen into the thin films at high temperatures is greatly improved. In par
ticular, we found that the photo-excited electronic transport properties of the amor
phous phase Ga,O; thin films are superior to those of the crystalline B-Ga,O; thi
n films. The photo-to-dark current ratios of the samples grown at 25, 490, and 6

- X -
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40 C are estimated to be 1.23 x 10% 1.84 x 10% and 3.06 x 107, respectively.
Detectivity at the applied voltage of 10 V is also calculated to be 2.87 x 10%,
4.14 x 10", and 1.24 x 10" Jones, respectively. Our results supported that amor
phous Ga,0; thin films could be suitable for the fabrication of solar blind photod
etectors and that very low dark current was a key parameter determining the perf
ormance of Ga,O;-based solar blind photodetectors.

Second, we repot on the dewetting of Au deposited by thermal evaporation on
Ga,0; thin films fabricated by powder sputtering, respectively. Au was deposited
at 4 nm and 10nm, and dewetting of Au by temperature was stuided by rapid th
ermal annealing (RTA). At a growth temperature of 505 C, Ga,Os thin films we
re epitaxially grown on c-plane sapphire substrates. Out-of-plane and in-plane XR
D results show that a- and B-phases coexist. As a result of Azimuthal scan (6-sc
an) with sapphire [0006], a- and B-phases are well aligned on the sapphire substr
ate and have 6-fold in-plane symmetry separated by 60°. We found that conventi
onal dewetting of Au particles was observed at annealing temperature of 700 C
and 900 C, but embedded of Au particles from the surface at 1000 C. As a r
esult of azimuthal scan, the Au(200) plane is epitaxially aligned to the sapphire
[1126] and [1010] direction and has 12-fold rotational symmetry separated by 3
0°. it also has grown 17° twin damain in the [1010] direction. As a result of off
-specular XRD, the lattice constants of Au(200) in the Sapphire [1010] direction
were 3.507 and 5.057 nm in the a- and c-axes, respectively; Au(200) in the Sapp
hire [1120] direction is 3.528 and 4.996 nm, respectively. The lattice constant of

the Au (200) twin domain decreased in the a-axis and increased in the c-axis.

- xXi -
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Fig. 2 Unit cell of B-Ga,Os.
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Fig. 3 The energy band gap of shallow donor and deep donor according to the

oxygen vacancy state in [-Ga0s.
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B8] gt A Addoln 8 Mvieme] ¥ I A<ty 321419 H&
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1) Dark currenti= ©]v$t C,’JA]-JSLO] A= Ao 3 AZT) o EA e &
2o AFE vttt £ 459 Photodetectors= EAMA 07 w9 k2

Dark current #k= 7]-X]U5| Dark current®] T]St Photocurrent®] =2 H] &S
LeRA T}, Bulk photodetectori= A 714 2] Mechanism®| 2]l Dark current”}
EA%. A WA ZE o o] Driftel o) A Hojh 9 o)
A7} IZFA™ ohmdA =& ZhRA == v Aol wA Al o8 F
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A50o7 o]Fdth ohmd=2 st Aol 55 WaliskA 7] u
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Metal-Semiconductor interface®] §F> WS Fil AU/l ES Dark
currents 7FA Al © ok F 7149 Tunneling mechanism©] $1°o™ 3 WA=
Band to Band Tunneling®]th. Metal %=9] Valance bandol &3}
Electron®] ®rtl% Metal =r2] Counduction band® Tunneling®] #t}. F
WA == Trap-assisted Tunneling®]Th. Metal =2 Conduction band?]
Electron®] Semiconductor®] Trap®] =& %ol Tunneling®] H T} Al HA|
2= EHP2 Generation®} Re-combination®]th. AFFo] Q&= Ale]oA] 2]

HFE A 2] Thermal fluctuations®. 2 <13 EHP7} HHF oA FZg=2 A
e

4
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3) Detectivity= 7=l Hl3l] drpht kst Al7]2] 4%
= 7ol 2 (2)0l ekl

D= \/&R )
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4) Response time YA & Fo] wWE detector?] &3 ko] Wat=d Zg
= ARPE gk wiziR ol A 3)el LrER ST
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a, Te & 48 A 247 S o] HM Fig 40 YERSIH dRbA o=
Fast response time= Thin films® 274 Fdo] uz} dEAY FF=

Carrier generation 2]l Recombination®l| 3|33}, WHH  Slow response

=
8
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o
;9

time<> Defects®]l ¢ 9} Carrier trapping 2 Releasing®l| 3l 3t}
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S uFs 2 A= Fig 59 Fig. 691 Schematics eI £ 4
Jold= MSM TxE F HE719 dss ST MSM T2+ v
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Fig. 4 Response time factors of [-Ga,O; based photodetecotor
irradiated with 254nm UV light source.
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( a) Photoconductor

(b) p-n diode

(c) p-i-n diode

Schottky
(d) photodiode
( e) MsSM
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®
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Fig. 5 Various device geometries for [3-Ga,O; based photodetectors[1].
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Fig. 6 Device structure diagrams for Metal Organic Semiconductor Field Effect
Transistors. (a-e¢) Field Plate-MOSFETs, (f) Heterojunction-FET, (g) lateral
MOSFET, and (h, I) vertical MOSFETs[7].
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Al 3 A Noble metal embedded into dielectric

6244 =2 Yol Embedded =& Buried U T%A9 AZEL A3
e Feke] HkSEEE Uehdth ol 434 EdY EE U ASEHe

T

Localized Plasmon Surface Resonance(LSPR)& #}¢1o] H 1 HJATHE]. &5 WF
A BAE PR A DHEE T4 AAA Gao) S A} 9 A

sk 4= Itk A=Y Nanoparticle size”} QA= 3¢
Ae AgRe BEoR A8 B4 wdel Af AR

4 EP“EE} 2

So] AEsA @rhFig. 7). oleld AFow Qs F& dx] ¥ T, F
Abdk, o] AR S AT S5 vx C{jx}q a7, e Sof w
2t ¥ Tt e EE vekdt o] WS o] gsto] &gH ol

Fig. 82 Augleto 2 FRFE Si(001) 7]¥o] GaNi-Z-S Thermal evaporation
o dHEE T T Ga0; Ui 949]°] Embedded Au®l FE-SEM
image©]™ SPREA S 2 WHE A5°] &% Photoluminescence spectrum®]T}.
1219 e A 52 ymgholol gAY 34 W Embedded Au =<4
< A7 9 BRausHo Rt B AdAE AvE ZHE 2348 Ga0; thin
filmsoll €*2]E &3t Embedded Au nano particleE 344 8}t
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Fig. 7 Schematic diagram of Surface Plasmon Resonance(SP
R) effect of noble metal nanostructures embedded in dielectr
ics[9].
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(d)

Ga,0; NW

Au

200 nm 200 nm

Au

100 nm

Fig. 8 FE-SEM image of Ga203 nanowire embedded Au synthesized by
annealing of GaN powder on Si(001) substrate coated with Au thin films

[8].
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o eFol&=2] Charging®] dojutil A= Plasma AFo]e] 712 H3o] 7
A o]l dojubA] Al Ak o] & #lAdsk] fld = das dAs

T2 v o] ol&Eo] 5 EWe| Charging®] dojubx] XahA gt
Radio frequency 992l 13.65 MHz T3+E AF&stttal 3o RF glow
discharge} 1l str}.

Magnetron sputtering= & =¢! Target J e gt JFAA S F-2sho]
247174 0 2 Plasmas Target 3ol HsA7]= WHo
A A= AR o sk AF7]1e| ]3] Lorentz forces WOl U S

m £
oL
e
R
2
-
rlo
©

- 18 -

Collection @ chosun



st 7F5SHAl vk Target A9 Axp= A7 AelA HlojuA] Jahre
Plasma W] AA Uie S7FepAl ¥l A= Ard o B8 $58& 9427
B2 Sputtering yield?} T2 271 S7Fg

2 23 oA RF magnetron sputtering= 53l Ga,O; thin filmsS Z+2F 25 C,
490 C, 640 CoA S =34t} Substrates= c-cut sapphire (0006)S AME-3}31
11 Acetone, Methanol, Deionized water®l| Z}Z} 58X %53} A27]|E F3 A
ATtk A& 2 inch® Cu mold°l Ga,0; powders 2o Targets A 33}k
St Target®] Ev&EY 2= AAMNT7] 98l Shutters €2 A= RF
powerE 100 WollA] 10 < Pre-sputtering= 35 th A7 A &
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Fig. 9 Schematic diagram of RF-magnetron

principle used in this study.
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Al 2 2 Produced Ti/Au MSM electrode

2 3 HA AT A= Photodetector®] 2] F7F 2] Device geometries %°l
A MSM TF+ZE ©]83F] B-Gay0; thin filmsol T+ Photodetectord] A5 =
S A3t Evaporators ©]8-3ko] MSM A= Patterns 5 2FakSith

= Pattern<> Fig. 10°] YEFF2ATE Au®l B-Ga,0; thin films A}o] 2]
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Fig. 10 MSM pattern of Au/Ti electrode on B-Ga,O; thin films.
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A 3 2 Fabricate Au/Ga,O; thin films and progress rapid

thermal annealing

RF powder sputterings ©]€3}% Ga)O; thin filmse S &8glom 7|
Sapphire(0001)2 AF2-3}31 31 Acetone, Methanol, Deionized watere]l Z+Z} 584
3% AFR7IE S8 AFMFATG. AF 2 inch® Cu moldell B-Ga,0;
powderE Y] Targets A8} TE Targetd] & s AANT7] 9
3l ShutterE B> A= RF powerE 100 WolA 103 &<t Pre-sputterings %1
Bl Th AharE AgE 9171 FollA F&st7] S8 Ar gasit ARE-EFo] 20
sceme THFRIL T2 AZEE 2ol FF L= 505 ColA F2ERad

. 523k Ga,0s thin films $] ¢ Thermal evaporatorS ©]83}%] Au 4 nm &
10 nmE T3 tgol RTAE o]gsko] 3 2917 SelM700 C, 900 C,

1000 CollA 20% F<F A8 E W33t
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Thermal evaporator
" i

RF sputtering Rapid thermal annealing

Cu mold Ga,0; powder Target

Fig. 11 Experimental equipment of rf sputtering, thermal evaporator, and rapid the

rmal annealing in order, respectively.
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A47F A uF
A 1 2 Non-stoichiometric amorphous B-Ga,0;

1. X-Ray Reflectometry (XRR) 4]

Thickness, Surface roughness, Mass density, Electron densityE —-3}7] $|3l
X-Ray Reflectometry (XRR)W-41S Z133F3ATE XRR 42> Grazing angle®l| 4]
gpgo] ARl XAdo] AE wwel YAMETH AlFExHA Specularly reflected
wave, Diffuse reflected wave 12|11 Refracted wave®] HHA} 4 =&o] HhAys
UhFig. 11). XAdeo] AtH = A =49 245 (H)S 180 ok #vh o
A XA AREALS] Critical angle (0c)XE.TF 242 Grazing angle® YA} H &=
Ag-ol= ANkabzE dojubAl "ok o] e gt W AlHeA ] RARE AE
THE Thin films] A2 ThE Ax} UE zpolof o&) ATt titie] 4
9] Critical angle<> 0.3°v]7to]™ E2 ¢ W= Critical angleol &3 A%
t}. XAlo] Critical angle ©]49] ZtEoA A= Aol AW HEAL

WS Ao TS wEoU FUTH 19 Fue A F

o

rl

1o

"

A,
719}

Z+E Films®] T8 1wl A= o] ¢ty XRR datas profiles &
8 A 7hs3t JE = Figl2 o YERTH12]. F2(4)= &4 Thin films
o] FAE Axtd 4 9tk
2
t=2Q @

n=1-6+i3 (5)
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o714 §9 P ZHa B E5 A5
uh 2 F35E e el
e’n, oA’

5= A= . n, 6
2e,m (27c)’ o ©)

o17]4 1p= Bohr atomic radius, A= X/A1°] Wavelength, n.= Total electron
densityE 2] "] Stt}. Total electron density:= =2 W F AALe] 745 9v]
3t n,=Zemn,,, o% ToJXE o714 Z= Number of electrons per atoms
ojulstr §o Hry sl xdAS flEl 2= dWrFoE B3SE Atom form
factor= T Al| = o] X1 T},

B =g e 0 nelsh Aol AWHAT LA XRRE 5ol
He BAS S dgel feldoat. $et 2719 e 249 Aui
of ;]2 WEAtel tfall e afof sk X’dol Critical angle®t} 242 ZFe= ¢
AbElol It ANAbrE dold Zloltk B=0(7), Snell’s low(7)9} Small angle
approximation(8)= #]-8-3}% Critical angle (0c)< Tk 21(9)C.% YERd 5 S

t}.
n=1-—68=cosf, (7
02
cosl,= 1—7 (8)

o= 126 )

219)2] 65 2 (6)°ll Y3 Total electron densitys T 4 AT}
Sputtering= &3 25 C, 490 C, 640 ColA F2sk B-Ga,O; thin films©]
XRR #4& AAISFA I Fig. 13°] YEFA ST Fig. 132 (a), (b), () © 27
25 C, 490 C, 640 C2] XRR #¥AE F3 dojx Datao|th H> A
q

>

Distorted wave Born approximatione ©]-83}°] XRR curvesE Fittingd} 3}

=
Aoz HAISH Ft2 Critical angle (8c)°l™ WAL doji}i= Angled =
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ol u] gt}
XRR EA413 A3 25 C, 490 C, 640 ColA ZZ3 MZo FA= 7+
75 nm, 66 nm, 50 nm= SFHUTE SR 7R 2L7F S whek

ma

FAZE agE #le 5 Utk ol Sputteringell ol V]de] =g
Adatom©] =2 Tz EoA 7| @] Aol #FoJA] & Re-evaporationd el
o3 FAE FAEAGY FFETE Critical angle (B0)2 ZHZ; 73.391°,
70.484°, 67.799° o|t}. kAl ATt AAE2A(6, 9= &3l AlAtE Total electron
density (n)= 22 9.05x10%, 9.81x10%, 1.06x10**]Tt}. XRR curves= Distorted

-

wave Born approximations &3l Fittingslo] -3+ Mass density= ZH7Z} 5.02
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o A 2Tt Fheel wEt Frhekgith ol Atavt Afd w917] Sl
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Refracted wave

Fig. 12 Reflections and refraction that occur when irradiation X-rays.
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Fig. 13 Information provided by the X-ray reflectivity profile[12].
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L . L 1 L 1 L 1
0.02 0.04 0.06 0.08 0.10
Fig. 14 XRR profiles of [B-Ga203 thin films deposited by RF magnetron
sputtering at (a) room temperature, (b) 490C, (¢) 640C, respectively. The red

line shows the fitting using a Distorted Wave Born approximation. The dash

represents the critical angle (6¢).
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2. Scanning Electron Microscope (FE-SEM) 2 Atomic Forc
Microscope (AFM)

B-Ga,Os; thin films®] XA} AAVIE F437] $138] FE-SEM¥} AFMS ©]
g3t BAS FYsFTh FE-SEM<2 Electron fieldol] o3l 7F&E oz Axp
7b AApFel A Hojukel ME st FulE dAEHE 23} MAHE Detector
7F 5743t Image® WERI 5™ Surface morphologyg 228 4 9t}

FE-SEM Imagei= Fig. 149 YEFUSII (a), (b), (c) & 247 25 C, 490 C,
640 C¢] A1E&9] Top-view FE-SEMO|TF. AFM<- Cantilever E—‘_oﬂ gEHUE 7
Ask Tipdt ME ¥l Van der waals 913 WAY3Sl= Cantilever?] 7!
&+ Laser7b 574 38F0] Image® WElolFH HE9 AAVIE #4F + 3
T}, AFM Imaget Fig. 14°] YERIAI (d), (e), () © 27+ 25 C, 490 C,
640 TS AE°] AFM Z o]t} FE-SEM +4 A} Surface morphology®]

st 27t /g gAe] a7 ARSI ARM 4 A3 A
e27b S7betel wel 3l AAZIZF A2 786 A, 854 A, 17.02 Ao w
S g F k. e AR LA Zge] =2t Gadt 02 YAk
w2 Migration energys 7FA|7] wlitol & Aol 7]oistA] Ksta, &
A= e 7olstrz JAre] Ar7F Av A 2527t S
HAAE0] =2 Migration energys 7FTH 1822 A AL o]F

4 o] FA|zto] Frhsto] A el Z]ojsk= ARk FUF Frheke] o

A717F A o2 Z Island cluster’} A &tch.
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Fig. 15 (a), (b), (c) Top-view FE-SEM of B-Ga203 thin films deposited at 25
C, 490 Cand 640 C, respectively. (d), (¢), (f) AFM 3D image of (-Ga203 thi
n films deposited at 25 C, 490 Cand 640 C, respectively.
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3. X-Ray Diffraction (XRD) #2]

2R FFS B-GayO; thin films®] 274 32 & #487] $18] XRD +
e SRAYT. XRD BHE A2} a2l A4 A B, C -2 B o)
Hol Q= A 37 A E M E Xrays YA 02 2AEA Xerayo
Arfoll o8 BE WEFoF Abgto] dojdrt A Xerayo] A EZ2kE AS|
YAF Xeray 3Fe] Al Xerays= (M @ dtell oal ezt ol 3Ad
Agolerar st} A o] dASE A U3 22 Bragg’s law 20

RS of St

.h

n\ = 2dsiné (10)

AE YA Xeraye] w1, de AR A, 6= iAol A9 AR B

XRDOA = ZAA "ol FA9Z wjdEo] Qlo] B A Wo] A9

X-ray®] YAHS A% E.EE A 7] H A 3]d Xeray®] Intensitys =74 84
MEZo ARA, =

=

=49 T, A T72E 4T F AdTHIs)
Fig. 15 } 25 C, 490 T, 640 Cellx] FZst B-GaO; thin films®]
XRD profile®] ™ #-20 scan W2 2 733t} Fig. 15(a)i 25 CollA F3
sk AME2] XRD profile Ga0; T A 2] Peak= HEH A 23O Sapphire
71%E] Peak¥t HEHASS st ol= 25 TelA F3st WES
Crystalline Ga,O; thin films7} ©F'd Amorphous B-Ga,O; thin films®] A4S o
Ebdith Fig. 159 0)¢F ()= 490 Te} 640 Colx =23 MZ9 XRD
profile®] t}. 1.328 A, 2.651 A", 2.899 A, 3.99 A", 5302 A'o| A peak”’} &
A=At Z+7+] PeakE Gaussian function® 2 fittingdt A3} k2 B(201), B
(402), B(603), B(804) peaks FEFHTHICPDS CARD No. 41-1103). ©]i 490
T2} 640 CollA Crystalline B-Ga,O; thin films®] &% 5= ow| o)

Fig. 16 490 C¢} 640 ColA 23t vlolof A o] B(201) O-rocking curves
=743k Adolth. Mosaic 7% 3| whall A4 7Fsebr 2 e
Domain®] 33t Specular spectrum®} 2 A ™ ¥ ] l+= Domain®l] 33+ Diffuse
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spectrum©. 2 Ao At ZF7F] Spectrum®] Full Width at Half Maximum
(FWHM)2] gto]l Zrofof Z]e] s & AHHN= A=E & + AUtk
490 Curutol A 2] Specular?} Diffuse spectrum® FWHM-< 72} 0.01364°,
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spectrum®] FWHM #te] Hlst2 2 F ME 25 & JE5 o3& Domain
71l sl 2 AdHo a5 &vlsk Diffuse spectrum®] FWHM 4t A}
o7} YE= 640 CTolM T3 wiufo] 490 CToll A T2 vepr oy 7]k
sl EoA4 AS5S AT 5 Stk Gaussian fittings &3l A =% )
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Fig. 16 (a), (b), (c) XRD profile for deposited Ga,O; thin films at 25 C, 700 °C, 9
00 °C using RF-sputtering, respectively. (a) indicates that the Ga,Os thin films deposi
ted at 25 C grew amorphous.
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Fig. 17 O-rocking curve of deposited Ga,O; thin films at 700 °C, 900 °C.
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4. Hard X-ray Photoelectron spectroscopy (HAXPES) 4]

HAXPESE= =4 #EHe] XA& Akt &4 mde o7|AA wad 3
Az AquAE A =4 WO ZHE O A& 54 eyt
EAxH 382 A 9 Ad oyA o] tfa Ao 75Utk Fig 17
2 YoM HE Z#E)ZE Valence band, O 1s, Ga 2p°ll thste] FHg3t
HAXPES data®]t}. Valence band maximum© Z5-E ©F 4 eV Bandgap energys
FAT F Utk 0 1s5 AT 2Pz AeluA 5325 eV <A Y
Ga,0; emission peak®} 534 eV *]29] Ga-sub-oxide (Ga,O) emission peaks
Astglom 4% 257t S71E4 S Ga-sub-oxide emission peak”7} 7FArSHCY
o]= 25 TollA+= Non-stoichiometric Ga,0;, B0 2 A 43923 2m sy
t}.
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Valence band (VB) Fig. 18 These are the results of

T —5=7 | Hard X-ray photoelectron spectros
Emo ;% E copy measured for the emisstion
5 peaks of the valence band, O Is,
2 Ga 2p, respectively, from the top.
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Al 2 2 Measure properties for photodetector

1. Measure I-V curve under solar blind UV illumination

<582 S2ek B-Gay05 thin films®] 714 54 9 Photodetector & &
< f8l -V 54 curveE S35 Fig 180 A3 FxE 7heketAl vEr
Wlth GaOs thin filmsel AwTi (90 nm/10 nm)E HAFo 7 =319 om
254 nm3Ee] UVE ZARSESIA -10 VellAl 10 VZ7FA] Currents 578 3Flth.
Fig. 19°] 7 A& A3E Yebhdidlth H& A& 254 nm 37429 UVellA
AL AL oust AT FASHA] &2 A A S48 Currento]t. &%
M2 Sz B-GayOs thin films®] Dark®l UV current ¥ PDCR-S Z}7} 25 C
oA 1.12x10* nA/em’, 1.39x10° nA/em’, 1.23x10%¢]™ 490 TCellA] 2.11x10°
nA/em’, 3.89x10° nA/em’, 184.33 123l 640 CellA] 6.85x10° nA/em’, 2.1x10°
nA/cm’, 306.16°]t}.

25 CollA F23stk B-Gay0; thin films®] 7d-9-oi= Amorphous® “J73}S1
Oxygen vacancy®] 7} 373] @Wrl. = Conduction bandel 7|13 4= 3l
Azt 7 WS ou sttt A9 Dark current”} 1.12x10* nA/cm’S.E
$ 92 Ftoltk o= Oxygen vacancy®l|l oJ& AW A7} Amorphous’y
°] Deep level defectsoll Trapping™©] Deep donor® 2}-€3}%] Dark current®]]
719845 Fvka AdEnh vbde] UV currenti= 1.39x10° nA/em’O %
PDCR®] 1.23x10%]t}. o] UV Fde] 98] F5<% EHPS HA}$} Trapping
Hojzl dAFEo] uvell &l EnergyE %ol Conduction band® Excitation¥] ]
UV currentel] 7101t Ao = ke

490 CollA FT&st MEel= 25 Colla] S AERT 52 254 F
2+akgl7]el  Crystalline thin films S 2 AJ73}31 3L Oxygen vacancy®] &% 5
sk ZFAstth. 12} Shallow level defectsoll Trapping® A=< Shallow
donor Eo] = 2 Electric fieldoll 23] Dark currenteol] 7]o13t= Ao 47}
WS Zlolgta dddnh UV current= UV Feel 98 431 EHPE] dAks}
Excitation®] ©1 21 TrapZ A7} Conduction band®l] 7]oIsF= 2 7} & Currentdt

A
as

=

2 2 0
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= 7kt

640 CollA St A g-of= TS AEeo v]d] High quality Crystalline thin
films © = 47433 7] ol Oxygen vacancy®] 47} vwl-9- A3l Lattice FAFe] 4
T Bol 25 CrRuye= =A% 490 CRU= W2 Dark currentgb= 71T UV
currenti= Oxygen vacancy®l|] &3t Conduction band®l| 7]oJ3t= A=A+ 47} o
S AMES Aol vls Ao A @ UV currentgbs 7HITH

Fig. 202 0 V bias 3}°llA 254 nm UVE 43t IV curveolth. A%
2 747 0.08, 0.6, 0.03 nA7F S7g0] QAR 490 TellA T3k HE]
current’} -5t #S YERAT o]+ 422 Shallow oxygen vacancy®] Ak
AZF7F 254 nm UVl o8] of7]E o] ojust JF-AY glo] AFE BA
thal Azl Self-powered solar blind UVC photodetector=A &2 <
t}.

o
S

2o

32

- 40 -

Collection @ chosun



CHOSUN UNIVERSITY

MSM structure

Fig. 19 Schematic illustration of a method for measuring photodetector performan

ce.
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Fig. 20 I-V characteristic curve of p-Ga,Os thin films deposited via RF powder s

puttering.

Table. 1 Parameter measurement of deposited B-Ga,O; by temperature for photode

tector performance.

25°C 490 °C 640 °C
Responsivity (A/W) 38.55 107.48 5.81
Specific detectivity (Jones) 2.87 x 10> 4.14x 10  1.24 x 1013
PDCR at 10V 1.23x10*  1.84x10% 3.06x 102
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Fig. 21 Sensing properties measurement at 0 V. Self powered without external vo
ltage bias. Photocurrent at 0 V is approximately 0.08 nA, 0.6 nA, 0.03 nA, respe

ctively.
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2. Measured response time

Photodetector®] Response time JAFE F o] wWsleof wpe} upr) wha] 3
Sk Al YER= 5239k oMol th Response time®] =74 WAl Fig.
21 JERATE 10 V bias dFolM 2 202& F 1 AlZkelm 30% F<k 254
nm UVE YAAAFTAOH o]F 50x% st LS AANSAL T 3WS
=48t o =4 A= Fig. 229 Table. 20 YERQITE =4 4
(3)= ©]&3to] Fitting 3Tk 25 2 AME 9] Response time 71zt
25 CeollA 1401 0.746 s, 107} 28.168 s, 11°] 1.029 s, 17} 15.197 s, 640 Co]
AE 1] 0454 s, 1o’ 947 s, 1a©l 0.705 s, 17} 12.014 s©]1L 640 CeolA
= 11°] 0234 s, 107} 9.063 s, 1] 0.435 s, o/} 11.449 so|th.

25 CollAl F23 MZ 9] Response time= 7H =¥ HH-$-&5EE eI
25 CollA F23k MEL3 Non-stoichiometric amorphous Ga,0;., thin films &2
=25 2tk Oxygen vacancy®] F%7F tfE 2718 MEHT wo] EAjgith
18P 2 Oxygen vacancy®ll 9J3] 2§71 Extra electron®] % ZA|T Deep
level defects®ll ]3] Trapping®©] Deep donor® Zr-&3h7 Ht} oju UV Fd
= ZAeHA =™ Fdel ola EHP7F B o)l 1o E UERA fth
11+ Thin films® A Ze| wel AsiA+=d 25 CTolA = Amorphous®] 7]l
Al Z70] AE FolA 7HE =" ¥EES YERdYh 1= UV Fdel g8
Deep level defects®l] Trap® o] Ql&l A A=9©] Excitation] %Eﬂ Deep levelo] 2.2
Response time®| A 2719 MZ FolA 7P =& v-gS YebdY Uv %
A5 AANTFHIES e vz E Fded ot EHPel A7 12 W

sy
% 7Fg =9 ¥kg-o]H Excitation electron®]| defects® HoF7 b= 14,8 HE&

N' OPHJ

o=
25k A1 Z- 9] Response time> 25 Coll S&st AW Zof njs m}
2 W8 55 vEhdt 129 oA F&E o] Crystallinedt Al T2 3
S Oxygen vacancy® &%+ ZAasth 274 Wl Defects”t Shallow level
defect= 2}-8-3}o Oxygen vacancy®] Extra electron< Shallow donor= Z}-& 3%+

o} 12122 Deep level defectsol] H]3] WS WHS £S5 vjERAITE
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640 CollA F2sh AEL Al 2702 HE FollA 718 mE vk £%
Ueb=d 7P 229 A SESES 7]el High quality crystalline thin
©] High quality crystalline®] =% 1,2}

ME oA 7HE e RESS HQITE Oxygen
vacancy®] T+ A 8] O PR Defectsol] Trapping U= AR 4 &
o st w19

)
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Fig. 22 Schematic illustration of a method for measuring tim

e dependent photoresponse.
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Fig. 23 Time-dependent photoresponse of [-Ga,O; photodetector under 254 nm U
V illumination and applied of bias 10 V.

Table. 2 Photoresponse time measurement of 3-Ga,O; thin films by temperature.

Tr1 Tr2 Td1 Tdz
RT 0.746 28.168 1.029 15.197
490 °C 0.454 9.47 0.705 12.014
640 °C 0.234 9.063 0.435 11.449
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Table. 3 Comparison of key parameters of Ga,Os; based on photodetectors

Phase Structure Dark PDCR @10V Responsivity Response time[s] Ref
Current [nA] [AW-1]
B-Ga,O, Thin film 14x1073 3.566 x 103 96.13 7,=0.032 [17]
B-GayO4 Thin film 1.9 504 0.06 7,=0.47/2.45 [18]
7,=0.28/2.69
Amorphous Thin film <103 > 104 0.19 [19]
GaOX
Amorphous Ultra thin film 0.2 10 4511 7,=2.97 x 107 [20]
GaOy (3~50 nm)
B-GayO4 Thin film 1.2 3.083 x 103 0.037 [21]
B-Ga,O, Thin film 0.01 0.21 7,=0.062/0.3797,= [22]
0.058/0.663
Amorphous Thin film 5.08 1.23 x 10* 38.55 7,=0.414/28.168 This
Gay0O5 (50~70 nm) 7,=0.966/13.1 work
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2. Charge carrier transport mechanism

Fig. 23] B-Ga,O; thin films MSM contact®l| 4] ¢] Electron carrier transport 3}
e IHCE eIt Al 7FA] 2318 AlEe] 3ol ARl UV Fd s
AVshAl HH UV el 9%k EHP generation, excitation of trapped electrons 2}
UV 3o AAel 3t EHP recombination, Releasing of excited electrons 3
kel H3dsk 345 F3 photocurrento]] 7]of$t}. ©]#3F Oxygen vacancy$}
#H ¥ Donor leveldl FHoI = AAFe] Carrier 8} ol s AAF % 5
4, 53] Uv Fde 93 =55 AP

Fig. 24 a)v 252 FZ3%F B-Ga,0; thin films MSM structure®| 4] 10 V
bias 3FellA] Oxygen vacancy electron®] ©]§<S 18 % eIt} 25 Cel
A F2eE AMEo] o= Fermi energy level $] Deep level®ll Trapping %] ¢
Dark currente]] 7]0{3t#] Z38h= Wb 490 Co} 640 CTollA S3sk MEe] 7
o= Conduction band ©}2 Shallow level®l Trap¥ ©] Dark current®l] 7]¢13}
A Ao agEE 25 TolA F23 AlEe] & oA F3st AERt
7bd St Dark current #& Z7FAIAl "tk 490 CelA FEeE Af-ole
Oxygen vacancy®] &%7F @o} =& Dark current #t-& 7FAI™ 640 ColA =
zZhet A folle w271 Ao W2 Dark current k= 7FA[ A Hrh

b)= 10 V bias 3tellA] 254nm UV condition®] A1 2] Oxygen vacancy electron
o] ol 1¥o® Yehlth AN UV Fel o8& A4 ¥l EHP(Fig.
23)2} Defectol]l Trap® o] % Electron®] Excitation®.% <13 Currentol] 7]33}A
drk uv Fde o&] A E EHPY Response time 640 CollA F2kstk A
Zo] 7Hg w=A yepdh g a2ox FEREgl7 A e Fdo] Al
A 48l7] wZolt) 25 TolA 23k MEZ2 A% Deep level defectoll A
Electron®] Excitation®] YJUE=Z 490 T2} 640 CTol w3 =W H-S £ =
YAl ®oh B3 Oxygen vacancy®] 5%7F Al 2719 AE oA A
Fol »d Whg £S5 & HolXgk UV Fdel 93t Charge carrier®] &% WSt
S7VetAl Hol 71 %S PDCR#k-S WHERATE

o UV FdS A ASSS vl Oxygen vacancy electrons®] ©]&S& YERY

o

N
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Fig. 24 Illustration of charge carrier transport mechanism by photo-exited under
UV in MSM structure for 3-Ga,O; based photodetector
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b)

25°C

Ev

Fig. 25 Transport mechanism of electron carriers by oxygen vacancy in thin films
deposited at 25 C, 490 °C, 640 °C in the red region of Fig. 23.

Collection @ chosun

- 52 -



Al 3 2 Measure properties of Au/Ga,O; thin films
1. XRD ¥ FE-SEM #4

Fig. 259 ()¢} (b)©= Au 4 nm%} 10 nmE F ¥ St B-Ga,O; thin filmse] XRD
profile®] ™ (c)¢} ()= 22 ()9 (b)) Q=2.5~3.2 A7k A S XRD profile
o]t} As-grownolA = 4 nm%t 10 nm F5F B(201), P(402), B(603), P(804) peak
7} EH3E0 0 27 Bragg 32 4 nmol A Q=1.332, 2.651, 3.996, 5.313 A
To]ar 10 nmellA Q=1.332 2.657, 4.000, 5.323 A'o]t}(JCPDS CARD No.
41-1103). As-grownol| Al &= B-Ga,0; thin films S 2 A A S &Qlgk 4= Q).
700 C2} 900 CollA AAEe 4 nme} 10 nmA = A+= a-phase Ga,03 (a
-Ga,03)2] (0006)Peak(Q=2.807 A7} =74 %] 2 (JCPDS CARD No. 06-0503),
4 nm X 10 nm?] AZo|A e Aol 1 $AScE 1000 ColA E= 23
4 nm® 10nmA% =)A= a-phase®} B-phase peak”} =7 E A %l Au(111),
Au(200), Au(220), Au(31l), Au222)7} A= e™ 7}7 Q=2.671 , 3.087,
4368, 5.117, 5.342 A'o]t}(JCPDS CARD No. 04-0784). (b)) (d)olX &
T7F S7HE S B(402)9] Peak shifts #Qlsk 4= Qlt}. o] B-Gay0,9 Fwt
3 & Au®] Re-shaping®] dojykso = FAtkd

Fig. 269 (a), (b), (c)= ZZ}F 700 C, 900 C, 1000 Celx] RTAS %33
Au 4 nm* & 2] FE-SEM morphology image©]™ (e), (), (g) Au 10 nm* = 9]
image©|t}. (a)2} (b)ollA = Aud UWEA Q] Dewettings &0 4= 313 Au ¢
A A7)= 22 E3t 19.483 nm, 22.745 nmo]th (e)olA = Aull AxbA <l
Dewetting®] ¥ZE 0T Aud] IR A7]= HF 47287 nmolth (HolA = Au
2} Ga®l Reactions Q1% o Qt}. A WHE (27 S7HEaS WEyE s 2
2 d2Re] <Fol Frkslkr] wiEel Au (Z=79)7F Ga (z=31)Eut T WAl e
t} 1000 ColA D2 4 nmSt 10 nm AE BF ¥& Fio] =4y}

(WA EA ),
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Fig. 26 (a) and (c¢) are XRD profiles of samples obtained by performing RTA at
as-grown, 700 °C, 900 °C, 1000 °C, for Au 4 nm and 10 nm, respectively. (b) a
nd (d) are XRD profiles in Q=2.5~3.2 A" region of (a) and (c), respectively, and
the red line shows the peak shift of B(ZO2) to Au(111).
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Fig. 27 (a), (b) and (c) are FE-SEM images of samples obtained by performing
RTA at as-grown, 700 °C, 900 °C, 1000 °C, for Au 4 nm. (d), (¢) and (f) are F
E-SEM images of samples obtained by performing RTA at as-grown, 700 °C, 90
0 °C, 1000 °C, for Au 10 nm. The areas marked with red dashed rectangle in
(c) and (f) mean that Au has a higher atomic number than Ga, so it is measured

brightly.
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2. Embedded Au into B-Ga;O; thin films

Fig. 272 1000 ColA] RTAE Z &3 Au 10 nmA =2 ¥ FiE3 o] &3
3o A1 9] Energy Dispersive X-ray spectroscopy (EDX) spectrum®]th. Ga
L-emission®} Au M-emission Peaki= Z}7Z} 1.096, 2.123 keVo|T}. (a)¢] EDX
spectrum< FE-SEM image®|A] 32 FA& (b)) o7 I9S +43 A3
ojt}, ¥ JAoA = Au peak® Intensity’} 7kl S ¥E WHH Ga peak®)
Intensity= "I-%- &FhAl S EHUTE ol ¥ FAolA = Aull DewettingS

gAe 4 At o F FGAME Aust Ga peak & TUF IntensityZ} vl-¢- oF
SHAl S EATE. T3 Charging effects 3llAst7] $18] F® S Pt(2.048 keV)
7F 54" Aolth. e EAI5E Aui Dewetting®=] o] A A3 7F A
Ga203 thin films S HH ok HekE o)

FE-SEMell A 71 ASto] S7hars Al Ax e Fihu s Zlolm 1]
g3kl Z7bhtl. Fig. 28 (a)= 7F% #sto]l 15 kvE Ao (b=
kVZ 54 ¥ SEM image©]t}. (a)ollA & 2 F9A Au/l #ZEHAIRE (b)oll
M oudt o BEEHA it 5 1 kvEH 73 o7t 2

o
N4 Au AA7F ERORRE A% HuEelst deE FAT & AUrk

o 4
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Fig. 28 Energy dispersive x-ray spectroscopy profiles for Au/Ga,0; thin films ann
ealing 1000 °C. EDX profile showing the bright areas and the dark areas on the

thin films surface.
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500nm

Fig. 29 FE-SEM image by acceleration voltage. (a) FE-SEM image measured at
15 kV and (b) measured at 1 kV. Bright areas observed in (a) but not in (b).
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3. Coexistence of - and o- phase Ga,0O;

Fig. 292 PQR1DI} a(1126)2] Offsspecular XRD profile®]™ (a)2} (b)=
Out-of-plane (Q )W Z (¢)2 (d)= In-plane (Qx)FIFOoZE =A 3 T}H16].
=74 ¥ PeakZ Gaussian function® 2 Fittingd} S 1L (a)9] P(211) bragg peaki=
Q=13006 AoJA ZHH0°oM ()= P(020) half peakQ! P(010)2] Qx=2.1137
Aol A ZAF AT (1) o(1126) bragg peak= Q,=2.8075 A 'ollA] Broads}#|
SAER0™ (@Mt oWE Peak® FHHA gl pRINAIWLS
In-plane, Out-of-plane®. 2 A3 43+ 11 o(1126)2 4 H -2 Out-of-plane . Z 7+ A3 7+
A

Fig. 302 In-plane®] th3t Azimuthal angle scan(¢p-scan)S LFEFITE B(211)2
a(1126)2 Surface-normal direction sapphire [0006]°] ™3] 60°% o] 6-fold
in-plane rotational symmetryE Z}ITh HESF -9} B-Ga,0; Sapphire 7] ¥l
Epitaxish Al 2 7 d = o] JlTH[13].
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Fig. 30 Off-specular out-of-plane and in-plane XRD profiles of B(211) and a(112
6) bragg peaks.
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Fig. 31 Azimuthal scan for B(211) and o(1126) bragg peaks. Multi domains wer
¢ measured 6-fold symmetry separated by 60°. B(El 1) and o(1126) were offset b
y 30°.
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Fig. 32 Schematic diagram of off-specular XRD method for B(Ell) and o(1126)
bragg peaks. B(El 1) bragg peak measured at Qx ,Qy ,Q2(2.07,0,1.34) and O((11§6)
bragg peak measured at Qx ,Qy ,Qz (0,0.252,2.82).
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4. Off-specular XRD reflection in plane Au(200)

Fig. 32 Au(200)d | th3t Azimuthal scan profile?] YT}, Sapphiret= [1120]
7} [1010]0] 30°22E 6-fold symmetryE YERHUTE 20014 Au(200)H 3kl
Sapphire [1126]¢] FL3sAl SF YT o] —182°, -122°, -62°, 2°, 62°, 122°
ol Z49E Au200)> Sapphire [1120]%8F&}31 A H ol o —152°, -92°,
=320, 32°, 92°, 152°914 =A% Au(200)2 Sapphire [1010]&F&la A %] gy
t}. Fig. 33> Au(200)H o] th3st Azimuthal scan®] Reciprocal schematic diagram
o7 300 ¥ 12-fold symmetrys YEFHAU T Aul A7) Sapphire 7]l
Epitaxial &S RHoJF5UYrTh Fig. 34 Rotational symmetry schematic
diagram$] U t}. (a)= Sapphire [1120] *3Fe] A& E o] &= Au200)Ho] 1L (b)
= Sapphire [1010]0] HH ¥ 1 3)= Au(200)™ ] Ut} Sapphire (1010) 73 A ol A
Au(200)> Mirror symmetrys RO+ 8.5°H o] Twin domainss 2] 7|3y
}.

Fig. 35} 362 Au(200)2] Off-specular XRD profiled UT}. Sapphire [1120]3}
01013 &= A= Au200)H ol thet Out-of-plane¥} In-plane™y & O =
Akt AL AAL 22804 =43 O Sapphire [1120]3F0 F,
AL 2371200014 7938+ 1 Sapphire [1010]3 0.2 A & E o)t}
Out-of-plane™ &F o A Au(lll)l/} Au(200)9] Bragg peaksi= ZHZ} 2.28°0f A
Q,=0.88564 A, 1.77874 A", 23.712°0 4= 0.84949 A", 1.75701 Alo|x =4
el In—planemﬁkoﬂ/ﬂ Au(200)2] Bragg peak:= Z}Z} 2.28°0]| A 251843 A
253325 Ao A] S HT} | Bragg’s law 2(10)2 o]&3le] AAAFES -3
W Z}Z} In-plane™3F-2 12.2881 nm, 7.0648 nm, 4.9898 nm, Out-of-plane'd 3F-=>
12.8109 nm, 7.1521 nm, 4.9606 nm® ZAAAFFE 74T AR FE QU

ozt T/l Qi gorE tastinh

Yo e =

rlo oL

O;

- 62 -

Collection @ chosun



. : . : .
— phiat Au(200)
—— phi at sapphire(1126)| |

J
U

-200  -150  -100 -50 0 50 100 150

¢ (degree)

-
o
=)
T

Intensity (arb. units)

—
e
N

Fig. 33 Azimuthal scans for Au(200) and sapphire(1126) peaks. Au(200) domains
were observed 12-fold symmetry. At the —182°, -122°, -62°, 2°, 62°, 122° positio
n, the observed domains were aligned with the sapphire [1120] direction. At the
—152°, -92°, -32°, 32°, 92° 152° position, the observed domains were aligned wit

h the sapphire [1010] direction and grew twin domain.
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Fig. 34 Schematic diagram of azimuthal scan for Au

(200) in-plane rotational symmetry.
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Fig. 35 Schematic diagram of Au(200) rotational symmetry aligned on sapphire.
(a) Au(200)//sapphire[1120], (b) Au(200)//sapphire[1010].
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Fig. 36 Off-specular in-plane XRD profile of Au(111) and Au(200) plane at Qx=
2.52 A", The diffraction measured at 2.28° is Au domain aligned to sapphire[112
6] and measured at 23.712° is Au domain aligned to sapphire[1010]. Schematic s
howing the scan out-of-plane direction at the Au(111), Au(200) bragg peaks.
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Fig. 37 Off-specular out-of-plane XRD profile of Au(200) plane at Q=1.8 A T
he diffration measured at 2.28° is Au domain aligned to sapphire[1126] and meas
ured at 23.712° is Au domain aligned to sapphire[1010]. Schematic showing the
scan in-plane direction at the Au(200) bragg peak.

Table. 4 Comparison of lattice constant of Au depending on direction.

Lattice constant(nm) d(1-11yAU Az2000AU Oy 200/AU
Au(200)//sapphire[11-20] (2.28°) 12.2881 7.0648 4.9898
Au(200)//sapphire[10-10] (23.712°)  12.8109 7.1521 4.9606
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