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Study on the P-type Gallium Oxide Epitaxial
Films and the Applications in Power Diodes
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This study addressed the difficulty in fabricating p-type gallium oxide (Ga,0;). Using
phosphorus ion implantation, this research successfully developed P-type Ga,0, and applied
it to the fabrication of homogeneous PN diodes. Experimental results showed that after high-
temperature annealing and activation, the P-doped Ga,0O; exhibited a positive Hall voltage,
confirming its P-type semiconductor properties. The resistivity was reduced to 1.01 Q-cm,
approximately nine orders of magnitude lower than that of the undoped Ga,0;. A homogeneous
PN Ga,0, diode was fabricated using P-doped P-type Ga,O, and silicon-doped N-type Ga,O;.
To avoid the high leakage caused by silicon diffusion during the high-temperature phosphorus
activation process in the P-side-up structure, this study employed an N-side-up structure and re-
growth technology to effectively suppress silicon diffusion, significantly improving rectification
characteristics and increasing the breakdown voltage to 979 V. Furthermore, this study fabricated
a nickel oxide/gallium oxide heterojunction PN diode. Comparisons with the homogeneous diode
revealed that the homogeneous diode exhibited superior reliability and stability. This research
result not only confirms the feasibility of P-type phosphorus-doped gallium oxide, but also lays the
foundation for the future development of high-efficiency gallium oxide power devices.
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Ga,0; #ifE FtE R HERS (ultra-wide bandgap, UWB) 1Kl » -Ga,0, HIREFREZE 4.6—5 eV
@D K G ST (critical electric field, Ec) I3 8 MV/em™ @ » [Hh4h » f-Ga,0, TCLETA]
DU FHERFG RS & (drift region) » HETT B-Ga,O, TCIFEHBKAIFIREESH (on-resistance) il
REVRIEAE - (8B Gm CELE M- E e R theg - fEMHRIRZETERE T - B-Ga,0; U EARIE
IBRREEEDH ; fEAHIFIBIRETEI © B-Ga,0, TLIF B A B SRR E B - A1 1 - e -
B- Ga,0, HIFRZHE T 8K (electron mobility, un) 5 300 cm® /V-s7 » H B 558 1B 3
(saturation electron velocity, V,,, = 2X 10" cm/s)® » DA_E L EEEFVEERAH B-Ga, 0, TCH AT LA
TEREL  RIFRZToH: » & N —1ATRPE RO B IR o TEDRITiFE - i
F Baliga figure of merit (BFOM = gu, EQ) FFETE T 88K - f-Ga,0, ) BEOM FE1E (H
By Si [ 3444 £5® > B GaN B SiC 2 4 {581 10 (%Y 41 10 R/ Ga,0, WETERIIEIT
-
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Si GaAs 4H-SiC GaN Diamond S-Ga,0;,
E (eV) 1.1 1.4 33 3.4 5.5 4.9
# (em’/V-s) 1400 8000 1000 1200 2000 300
E. (MV/cm) 0.3 0.4 2.5 3.3 10 8
ErpL 11.8 12.9 9.7 9 5.5 10
Vur (107 cr/s) 1.0 12 2.0 2.5 1.0 1.1
A (W/mK) 150 50 370 130 2000 10, 30
BFOM (ucE ) 1 15 340 870 24661 3444
JEOM (VgurE) 1 2 17 28 33 29
HMFOM (E. ) 1 3 7 10 40 12
HCAFOM (E uE.") 1 5 48 85 619 279
HTFOM (e 'E. ") 1 0.23 0.36 0.10 0.86 0.01
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HER p-Ga,0y FITERIIER T HE » (EAEL GaN ~ GaAs » InP % 1I-V (L&Y 54 -
f-Ga,0; BB REIE - HI f-Ga,0; TLIHFMITIHLHE NS - Kt -Ga,0, ToHH IR
1 GHz DAY= -

RIFEFR 1 FEHIRYF-EREAM R E HLBER © f-Ga,0, MEHR RHYZ5 3 E HEVER (thermal
conductivity) * FxmfEH 30 WimK » ¥75 Si (9F0 2 —® o ShERTTIHE KRB ERER G &4
RERVE - HEREEEREE - FESUTERETE - @EN - h—&o Rl LS A
PRRCHE ~ BB - REE SR E SRR AR E R -

HETC A% Ga,0; &aBrHRARISE - AT LURE Ga,0, HiE - HE5
T % (molecular beam epitaxy, MBE)"'” Ik {& &5 5 7){ & (pulsed laser deposition, PLD)"® ~
SALYIRAEE fi% (hydride vapor phase epitaxy, HVPE)"? + ({22 R A HTFE (mist chemical
vapor deposition, Mist-CVD)*" + 4 @ (LE2 R FE1% (metal-organic chemical vapor
deposition, MOCVD)"? » SR fEAALER 2 I FE i A BBk P RUMHRLE b M i B
1§ » BERE P A Ga,O, BIMFFE ARSI E A < P AU Ga,O, 15 B iR am_ A DU N (B R A |
Ena bR - EEERAN S ESE - HIRAERREZ S 220 (Oxygen vacancy) B2 F#H{ER -
1S AR EIRYEE RS » W H Ga,0, FIERT HimIEFESFH - RCEEREEA - EHER
EERIE - BIHRE  EEREESESEENE P A Ga,0, Mam LEDIEE - 4 P I Ga,0,
REEH IR FEtE e e T Z BIPR G - SIS ARSI 5E 38 i o ARIF5E Ry AR b —
*d o B R R RREE T TE A BT - BFEE A MOCVD &R 2 Ga,0, I - M DU AR
IRK B DUEA BB+ - A EFE IS DB ETIS P 8 Ga,0; » MFEIDAELE PN Ga,0; —
s - FHLARES P AU Ga,0, Z R 171 -

— R AE
2.1 BEFIHIESBIESE

Ga,0; K I-VI [RALEY) » & AR IULNENE - gEEER 25k P A Ga,0,
AHFFE LB T TE 5208 P 51 A B-Ga,0, » EJEFIH SRIM MEEHESFEE AR ERE T P &
TR Ga,0, HYIRE i - FERAE 2(a) A @ IRES M 2HEHT /1 (Gaussian
distribution) * i FEZEFE AGERIGIN - FEAEEREZ 80 - miEMEFRERE T » M ATTENET
EK - THA R -

(@) gx10% (b) o
— 10 keV .
8x10" F P-implant Ga,0, T ookev ] P-implant Ga,O;
& 10" cm2 30 keV ~ 20
i 7X10"® K Does: 10 cm ¢ 10 Sample P-3
iEJ/ 6X10" H ggtgx EJ/ w0
c 10 keV  75keV - 10" Sample P-2
= 5X10" ——100 keV S
£ 4x10" 150 kev £ 10" Sample P-1
[O]
£ 3x10" S 107}
O 9x10" O ——Sample P-3
o A o 406 ~—— Sample P-2
1x10® b T 200 keV F —— Sample P-1
= > ‘T»,\\“-, A 1015 1 " "
0 50 100 150 200 250 300 0 50 100 150 200
Depth (nm) Depth (nm)
2.(a) P & T HAHLA T R H AL 2 T 09 SRIM ##t 4 RE (b) P % R #F M Mk s 2 SRIM

RELERE -
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FEERZ BN A= Y 100 nm A58 5E - SR TR T = R A
ERE 10 B2 S 2 EEIRRGE R FR 2 - H SRIM s RZLIE 2(b) -

R 2.P ZOREETHAHL S AT HESEK -

Energy (keV)

100 1.6X10"

Sample P-1 2 50 1.0x10"

3 40 2.5%10"

. 1 100 1.6x10"

Pén;féim Sample P-2 2 50 10X 102
3 40 2.5%X10

1 100 1.6X10"

Sample P-3 2 50 1.0x10"

3 40 2.5x10"

AT IR DL B2 8 - (FH R RTA 5% P BEFMfER S - WERRRIEET
LA 1000 °C 1 388 TRKIE(L » X ST (X-ray diffractometer, XRD) 20 &= iHIF5HEEEE
Atk XRD W e ARG K ~ I&{EAIE (peak position) FHELY UID B-Ga,0; H
W B B A - BEOR SRS 2 B HAE A RYBE (2 FARIFE AL E (interstitial site) @ 515 SEH IR
(d-spacing) ¥E1 5 B K AT EEIERFE o P BFERE fulk K m Ry m] DUBHE 2 K B2 5
(UID B-Ga,05) HI7K¥E » [lE(E AL EAHER UID B-Ga,0O, fiEA R HIEFE A EiR N BB A ER
ALEEY > Al R T2 NA Ga > 3EEY d-spacing R -

Bt TLASE 1000 °C 1 28R K2 % A VYEEET - SHEHETERE
% > UID B-Ga,0, Z FrEFEKT 6.65X10" Q/o : P B85 -Ga,0, ekt » FrE&fEMHELRL UID
,B-Ga203 KIEREE 7 HEERZE 1.57X10° Q/o » 3 PIEH B ETER f-Ga,0, Z RSB -

—FHIF SIMS JETTHERESHT - EMFERET - 1£E (P-1) ~ §1 (P-2) » /& (P-3) =f#{Z
%&?EJEB@ PEEERE R 210"~ 210"~ 2107 em™ » A1 3 - B[ 2(b) SRIM fEHEHE HE

FRECER - fE39 5B RIS E PR S P IR @EBE’%ZF (channeling effect) °
B P ohfEEREET ORENRF - ZFEM (Hall measurement) JE—FEgaEH P AURf

‘l‘éE : EF' B EBRHEC N EFEFEER - ENEES R 3.3X10"7 ecm™ B 6.4x10"

» HETEILER 1.65% B 0.32% ° f-Ga,0, HIREFSAT Ry 4.9 eV » ERYNEEE T-RERE (ultraviolet
photoelectron spectroscopy, UPS) RET7 711562 % (Materials Today Advanced 20 (2023) 100436)
D [ 6(a)(b)(c)  IEFIEBH BN EF-EV & 3.82 eV » EREMIE—4 » 18 n A
A EE B2 EF-EV 2508 1.99 » 1.84 eV » /NATZ 2 —RERR - By P AU
B-Ga,0, » HHEFEHFEREYE -

22 P Bt FHIENEEEZSHEL
FHEHEHT P BETTE B-Ga,0, » H » mHIEBHE RN EFEELRER 1.65% 1 0.32%
HOIRSE » R ER AR ME B LR KBS ~ B K IR RETER P BT (i AE R = -
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Resistivity (Q-cm)

1 023

Sample P-1 (w/annealing)
Sample P-2 (w/annealing)
Sample P-3 (w/annealing)

1 022

1021
Sample P-3

Sample P-2

P Concentration (cm™)

Sample P-1

bhot i

0 100 200 300
Depth (nm)

B 3. =8k P %4 SIMS B

1B KRR BB ERHE BN (P-2) 12 800 °C—1200 °C 10 s REHGE K%
XRD 20 EHI#ERER - FOREETMfE% > (201) BIEERE R 18.899° AR
18.801° » TIAR S B ELE K R IG(E L B XA EE - 377 d-spacing B FEE R KRN
TR + ARTTIEEE 1150 °C » Al #EBE f-Ga,0, & » I B f-Ga,0, 2D » (58 HE
P Bt - 400 4(a) B » #6588 UPS 9347 > UID f-Ga,O, 19 EF-EV 5% 3.51 eV » Kix
532 —RERE - R N L ;5 1000 °C ~ 1100 °C B KERALHY EF-EV 3508 1.93 » 1.15 eV » /N
5z —HRERR » Ry P AU < i1 1200 °C RKERGLHY EF-EV £ 2.85 eV » R EF IFF AT
Intrinsic fermi level (Ei) » FTLAFFE(EIER S © 1100 °C B/ KIESLEY EF-EV R{K - FRHE
TR i FTDAH B RN » R B -

2. B RIFRI 28 ¢ K P BET-{ftE - Ga203 Bih (P-2) FEARERE NLL 1100 °C HETAN G
IR R K R EE - SRR 3Bs 2~ 510~ 1530~ 60 9 © EEI XRD 20 & HIFEF » 5BK
FREfR BRG] DA HLS L 1 Wﬁ%ﬂéﬁ% {HABHE 10 s % Al SR - 201) P A Eigiy
[ElFF HEMHRERE 1 Q-cm KHEZE 300 Q-cm F#f - WIE 4(b) s » FFELAE 5Bk 10
s By RomRER -

10° (b)101° (© 107
10k Sample P-2 10°F - Sample P-2 10°F * Annealing
10"k - Annealing time: 10s 108 f Annealing temperature: 1100 °C temperature: 1100 °C
10° = € 107 f € 10°F time:10s
r . 0 6 O
10% g 10 g 10k
10 .
10§ . Lowest Z L F Lowest 2 10°F
3 = 107k =
10° . @ 10%F o 102k
2 [%] %]
10 F - ] 2 . . O .
. xr 10°F © 10'f
10°F . . 10" ) e n
10° k . 10° : LM 10" ¢ = =
10~ L L L L L 10~ B L 1 1 " 1 L 107 Lo L L L 1 ) L L
800 900 1000 1100 1200 0 10 20 30 40 50 60 P-4 P-5 P-6 P-7 P-8 P-9 P-10P-11
Annealing temperature (°C) Annealing time (s) Sample Increase dose

4. Sample P-2 (a) 7~ Fl B KB (b) A~ Rl & KEFH B FEZ BAZE (c) 7~ F P a T+
F & ¥ 5 P& < B 1% B (Sample P-4 £P-11) °
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Hall mobility (cm?/V-s)

3. BEEE R R 2% Sample P-4 2 P-11 FYEIE 535k Sample P-1 B9 1~ 5
HR R R FERR K 28 8 [ERE AL EFLL 1100 °C 10 F5
TR KT - BT RIS B (A 0T B e B B = B g i 5 AR KR
FIEE (P-8 & P-11) VS BHERAA -
sEhn - BEISEEFHE TR - (BRI EEERFEE R G BT WIE 4(c) A - 1K
W FEETEARIENIN (P-6 & P-11) » #EEHU (impurity scattering) i
IEAEES Ve
s AkE 5(a) FrR o S50 - AR$EE 5(b)

AR > HIE(ERERs 67.3 meV » 415 3 Aivn » AR H i Z S EBHEY) 2 (LAE

40‘80‘

@ {Hi=

BRI

[ P Ay
MIE R -

RN

w 1% * ¥f Sample P-6 T

100 ~ 200 35 - fRIZRTIMLS

=18 % >

Rt - FEEE AR =R

~ 10~ 20>

FERREUR
EeR(EN=3is
EHRENE
VR RERAN - SBEY

B H15 P B -Ga,0, ZBRLEEETE 2 cm’/V

= B TR R & (P-10 ~ P-11) > AJRERI
BHEAL P [ FHIFEBEREAR - RIHAR KA S M E e 2 P T
R P EFAE IR O FINLE - (HIGE T IBE R
TS » Sample P-6 ~ P-7 E{LER T2

RIE P R ELEE

HHEEH 1 Q-cm °

TEMREEIHE N - e ElTE (Arrhenius plot) » A& 5(c)

» HEORIE =

2 Si > Ge HifS25EY) - (HE(EH N » Fe » Mg F25EY) - R PIERE G R f-Ga,0, %
A2 DY) -

Impurity
scattering

P6 P-7 P-8 P9 P-10 P-11
Sample Increase dose

—
(=)
-

Hall concentration (cm™)

5. 1R P #THALKE M (a) 3

%3%@G%%

13.6
8x10" 1
] ﬂ-GaZO3:P
7X10" F 13.4}
6x10"
13.2
18 —~
5X107r Deactivation | &
4%10'8} < 13.0
axiof ] i 12.8 N
18 E, =67.3 meV
2X10°
126
1X10" . ®

P-6 P-7 P8 P-9 P-10 P-11
Sample Increase dose

2.2 2.A4 2.‘6 2:8 3.l0 3?2 3T4
1000/T (K™

BAAE S (b) KT RAEZHEE (c) PB4 -Ga,0; TR

Hi ] e

B ah oy BRI K& o

A
I

Si-doped Ga,0,
Ge-doped Ga,0,
N-doped Ga,0,
Fe-doped Ga,0,
Mg-doped Ga,0,
P-doped Ga,0;
(this work)

15—31 N-type
18—29 N-type
355 P-type
750—820 semi-insulator
860 semi-insulator
67.3 P-type

(12)
(12)
(13)
(14)
(15)
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2.3 TERIBELE PN FIE = 1H82 HHELLE
FIF P BEFATE P B B-Ga,04 B Si 25 N T B-Ga,0, BE/KEHE i - 1653715

{E T P-side up ; B "N-side up , FIFE[EE PN Mg HETTEE MEEIA L4 -

1. BF27 52 © P-side up (Sample Diode-1) Sk N AU Si 24¢fE - FifF P 15 A _LJgHY UID
Ga,0; LA 1100 °C 3B/KiEL 3 N-side up (Sample Diode-2) HIZt5EHk P & B-Ga,0, ffifEEL
EEVEAL - B MOCVD EH6 i E Re-growth N B Ga,0, » tR & i fERERER P B T-{fitE
R TE{LISERE Si RAL > FSTEATE 6(a) K& 7(a) -

2. BEFFPELLE © Sample Diode-1 /£ £2 V &S 24.7 MIBHRILL - HiEERE VF & 0.702 V
H¥{m -8.6 V AER MR ; i1 SIMS MR RIEE Si fEAUREREE 4.7 X107
e+ SETR P - AT 6(c) - MRE RIS A A R - (7T (R M B AR 2
TS o HRABAHRA Si BHE Ga,0, STHK - HIR KR 950 °C - MUEEEE Si HEEIHR
G0 {HIREE 2.2 BTZAER - DL 1000 °C DU REERUE(L P 2H#EY) - BILFEZEE N PN
ZHREEHIAERE - Sample Diode-2 HIFH# Sample Diode-1 FHEZBREE » HX 10V
HH 10 AR (1,1, ~ 4.394 V ESETERE (forward voltage, VF) B2 979 V HY5RIEFERE
(breakdown voltage, VBD) ; AR HIHARAF 5 = 2.136 » BURELEE AV REELHREE
(0.533 Q-cm’) {H7F {81k » P-side up & N-side up Diode FLIKFEANF 4 -

% 4. P-side up ¥ N-side up Diode E M bk -

1,,, (Alem?) (e | LAz | Vi) Vi (V)

Sample Diode-1 ~ 8.612x 10* 3.480x 10°
(P-side up) (@+2v) @2V) 24.7 0.702 2.246 <10
Sample Diode-2  8.434x 10" 8.107x107* A
X
(N-side up) (@+10v) (@-10V) 1.04X10*  4.394 2.136 979

3. MBI ¢ 3EE SIMS SHETTHEZE T » Sample Diode-1 #55 1100 °C SR KB LIBHEY)
% IE Al HEBLE B-Ga,0, ZEEH > N B -Ga,0, BT Si HIEHZE P &Y 5-Ga,0, & -
2iE 6(c) © Sample Diode-2 &t SIMS {55237 Re-growth JTHIFAE Si T4 » AE 7(c)
HEHGRARI BRI T YePrEl - FH XRD #E#E AR 245 R » 55225 (Materials Today Advances 22
(2024) 100499)*? Fig 5.(a) * UID f-Ga,0, * P BET-ffifti 1% - B KL EL Re-growth 7% H:
HEERE R 2.343° ~ 1.683° ~ 2.407° ~ 2.262° » B P BE TR R EA AL - KO A]
RELERHEGER AT G M-SR - AFM RIFER » 55227 (Materials Today Advances 22 (2024)
100499)*? Fig 6.(a)-(d) * UID B-Ga,0; ~ P HET-ill % » 3B KIEH{LI%EL Re-growth IR
FRERE S35 Fy 4.85 > 6.58 ~ 6.89 ~ 10.80 nm - B PGS B R - SEHREE L7t
MMBK IR AT RER Ry FE A & - (E IS ARG FEE RS TRt » Re-growth S 3R[E Ry T (KA FE FH T
RHEBHSZ -Ga0, @ (B &R RAFREE X E— A2 10.80 nm » B4 Re-growth %
FJZEHE SEM » 2522% (Materials Today Advances 22 (2024) 100499)*? Fig 6.(c) » HEHIF
iRy B-Ga,0, FIERIFERE -
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(a)

V|

V|

Ti/Al/ Ni/Au
N" Ga,0; (Si-doped)
N” Ga,0; (Si-doped)

UID Ga,0,

—
O
-
—
o
~

103 23 6
102 f — Sample Diode-2 LR v T T 10
< —Al-  Sample Diode-2 s
5 10173 ¢~ 102 —0~ 110
I 10°F £
~ O 4
2107 | /=107 = 10
2 102} 2 3
c [ = 10
3 107 £
Ni/A -
T 107 @ 10?
P Ga0; (P-doped) £ 10° c
= Q 1
O 107 © 10
Sapphire 1 0—7 L 1 1 in
-1 i 1 ' A 1 100
0 ° 0 ° 0 0 100 200 300 400 500
Voltage (V)
Depth (nm)
[ 6. Sample Diode-1 (a) 448 ~ (b) F ¥ b I-V 4B ~ (c) SIMS 247
®) (©)
10 : 107 p————————r .
10; [ — Sample Diode-1 . %~ Sample Diode-1 Al 1,08
A 107 —9~  (1100°C 105)
10 10*

Ni/Au

P Ga,0; (P-doped)

UID Ga,0,

N* Ga,0; (Si-doped)

Ti/Al/ Ni/Au

UID Ga,0,

Current density (A/lcm?)
2

Concentration (cm™

Sapphire

Voltage (V) Depth (nm)
[8 7. Sample Diode-2 (a) &A% ~ (b) F ¥ Fodh -V 45148 - (c) SIMS 247 -

24 FEBRMBERILER /SLHE PN EE_ W2 51

NiO £y P RUSEFEA L - (2 A ERIENY 52000 NiO R N 2 Si 25 £-Ga,0, » HlIA]SUE

PN SVE TiEds - AR IREE NiO AUSNE NE - FEREIRK - DURF RS E o R
Bt Em N R K R NiO/Ga,O, PN B8 — M BB (45 -

1.

EARBIEST - BAl f-Ga,O, FEFFEL M (Sample Diode-3 » FEfEANIE 8(b)) Kk Z
NiO & ¥ fmimEMmS - BERLLE 1.96 ; TﬁﬁﬁkN@ﬁcmmkmmm.#%mﬁ
8(a)) * HZIHEEFEFESBEINETT N REAT RS [ B E A - BARALLEE 2 22.55 < E—T 3 HITE
moT\m0%~%0T\umﬁcﬁk@mmwmw&&&Tﬁ—iﬁ%W%ﬁ@m’
SEEBARA LS BT 1.39X10° ~ 4.03X10% + 2.69X 10° ~ 2.42 X 10° ; BARNE RS A = H
3.012 V IEHEZE 4,129 V - BURHEIE K S E FER K E(LmiE A S8 S - SRk
k@w@ﬁ@%%%%ﬁ’EMﬁﬁﬁﬁﬁﬁ%mEX&“gﬁﬁﬂﬁ9@’%%Ekﬁ
FERENN - FBIEES e BT R - B N AU B-Ga,0, &1 TLM Z 2 HIFSE A HE S - 20E
%m’I%Tuﬁ@ENﬁwG@%MMEﬁ@’L%mﬁmﬁﬁﬁmﬁ*

BREER ST TR m##%ﬁé%ﬁ 5 R R R R B TT A T DAE P A B S R R
HYREIE o OB T2 AR - E TR EMmEEERS I - SEAN S AR IR - (H2AE
RFERERET » HESH TR 6 ﬁﬁﬁﬁm@m%&ﬁﬁoakvm(ﬁ@mocﬁﬁl
EPEE AT RE AR Z A ZESRE » A 10 wm BERRFEEEEIES > 500 V FHIEERE » 20 um FERAE
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1 1 1 d . | 10
-10 -5 0 5 10 0 100 200 300 400 500 600

10°
102

10°

0

Intensity (c/s)

Intensity (c/s)



(a)

Ron,sp (Q'sz)

10?

10"

10°

107

107

107

107

BRI 1096 V EH 932 V5 [Z > 900 °C B 1000 °C f5 hffE 8 E B P - (HIA] N U
BIHAE LUK SZ KERE » A 20 um BREEE BB ER 250 V ©

3. BT

HEIFE NiO 1Y B-Ga,0, Ffh s

B EZEANK - (AKREEKEEE)ZEZE] NiO B2 - HE—
L Ni fEE KRR E f-Ga,0, B - A1[E 10(a) » KILE 800 °C B2 1000 °C ALY N
B-Ga,0, EESETT XPS 4347 > AIE 10(b) (c) » XPS 34T 8ER » 800 °C fALTH Ni FZE DA NiSi,

(85.5%) 171E

AAE SIMS 43H7H

Ryt —2 T R EETH(E AR KR 900 °C B2 1000 °C BF NREAYIRA » 4R
T sEANENRERLRR KRR - 20 800 °C £ 1000 °C

3

FEEA Ni B Si f54 > 3R N Bl f-Ga,0, WETIEE N - T EIREE

FH 5 1000 °C HEALHILL NiyO5 (64.3%) M<:/8 Ni B =E » NiSi, [LHIBRREZE 6.5% @ iR HE
PH =1 BT IR el T

FEAREI RS LR K& EEL Ni #83L RACRTLUENN UID Ga,0, [BEEEE

M DUBESE Ni fBEE0E N B Ga,0, F7 - B TR -

Ni/Au
NiO
UID Ga,0,

N~ Ga,0; (Si-doped)

N* Ga,0; (Si-doped)

V|

UID Ga,0,

Sapphire

Ti/Al/ Ni/Au

I8 8. (a) NiO/Ga,0; &% PN —taf¥

I-V .
. :::

L ' L
SBD w/o RTA700°C 800°C 900°C 1000°C

Rsheel (Q/ D)

1010

10°

10°

107

10°
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