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[The 46th Paper Award Speech] Vertical 3-Ga203 Schottky Barrier Diodes With Trench
Staircase Field Plate

OSandeep Kumar!', Hisashi Murakami?, Yoshinao Kumagai?, Masataka Higashiwaki3 (1.NICT,
2.Tokyo Univ. of Agriculture and Technology, 3.0saka Metropolitan Univ.)
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TS5 XTEAMBE & LI-E% F—7 p-Ga,0; (010)EHfED
BT

Electrical Properties of Nitrogen-Doped B-Ga203 (010) Thin Films
Grown by Plasma-Assisted Molecular Beam Epitaxy

KERAMKEBEL !, 1EEHME2 CO)FH B, MOhE &' M)&an0 £33
MDFER Z', MOER @', @)X RE', FH €F', K#l E?
EH K2 R EE"?
Osaka Metropolitan Univ.!, NICT? °Yusuke Teramura !, Kura Nakaoka !, Shoki Taniguchi !,
Jin Inajima !, Tomoki Uehara ', Kohki Tsujimoto ', Satoko Honda ', Takumi Ohtsuki,
Takafumi Kamimura?, Masataka Higashiwaki !>

E-mail: stb01096@st.osakafu-u.ac.jp

B-Gax03 1, D 4.5 eV LIEHITRER AR vy TN KT 5 @\ O AEE E R D | i -
BRI ST —F NSAREAPIFRESIN TS R B Ch D, mE XXy LR EIC BV T, K
KHNAFIET D SilC LD HBEEIGRNE E 7> Tnd, ZHiE, Ga,0; FTSildyrvyr—FR
=L 700 T ERE/ERR IS T v AR SIS Z & T, B Ga,Os FET @ R LA
VIV — 70D, ZOMBEORIKD—>2L LT, GaOs T 4 —F T 772 LD
EFEN) OFBER—Y I EEHATSHZ LT, REICHFETIEBE Si R—%2MET5
EWVI FIENRET NS, BAIZINETIZ, HaAD N T UAVIRERMICE D @okERTE,
FHHEME AR -7 FEF . N=25%x107-29%x10*" ecm™ & 4 HTIZPEDIRIAVEED N F—7 Ga,0;3
Wi E 75 X< RS T 4 %2 — (PAMBE) RET 580285 L= [1, 2], AW TiE,
PAMBE Ji{i & L7Z @R E N F—7 Gay0; #EEDOELHEM, $RZ R — iR B2 d8E L=,

ik Fe R —7" Gap03 (010) HAR FIZ, NIREEA 3 x 10", 3 x 10", 4 x 10 em™ JHV D ST,
JEX 200 nm O N R—7" Ga,03 # 5% PAMBE iR L70, W\ T, 56472 N F—7 Ga,05 Tl
12, Si=5x%x10"em?®, EENHEE 150 nm DR v 7 A7 107 7 A )V AFRA 4 HEAT TR
L. 925°C T 20 miEMALT =— v &24T o7, WIZ, BB M EIZ, Fig. LIRS & 9 oM
MEEEE (d) 23 6 — 30 pm @ Circular Transmission Line Model (CTLM) /3% —> % Ti/Au 4 — v 7
B CIER L, 2O OER-BE (V) FrEZ 7l L7, Figure 2(a), (b) (2" T L 912, N=3x
10'%,3 x 10" cm™ O EHI A — 2 v 7 B2 R LT, — . d=6-30pm
N=4x 10" cm> OREHIF TV a v hX—Hptz R L7
[Fig. 2(c)], ZAUiE, N=4x10* cm?iEHZ BV TiE, N &

Si-ion implantation

FEDS ST IR L VK —HIRE WD & THORMERNENES + 150 nm
TR, GaOs IR EIRFUL L2720 B2 65, N-doped Ga,0, layer

AT, BAE ICT BEAENOMERE ey =7 b
(JPMI00316) At =BT S ZABEEIF ORISR - 52
AERE (BTN GHEEMMEEE) ) OFE T N L | Fe-doped B-Ga,0; (010) ‘
LOTH B, substrate
[1] 9 fl, 55 11 BUSHSEES e T — 8RR
EPREE. 149p-1B-21(2024), [2] LJF fh, 25 11 [RS8
PR S N U — B R B TRAE . 151p-1B-22 (2024),

N-doped Ga,0; layer { 50 nm

Fig. 1 Cross-sectional
schematic of CTLM structure.
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Fig. 2 [V characteristics of N-doped Ga;Oj3 thin films: (a) N =3 x 108, (b) 3 x 10", (c) 4 x 10 cm.
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MESEAIZE B Ga0: ~DFRESI F—EVT (1) - #ERFE -
High-Density Si Doping Into Ga203 by Hot Implantation (1)
— Structural Characterization —
BEAFU#E . KIRAKRI? BHEHR’, HERE" CF B, 8 X&',
(M) AKR BEARER2, Fr#f EH# ', B33 36 ', KR HRS, Bd BF ' Zf Em2 ¢
Nissin Ion Equipment’, Osaka Metropolitan Univ.2, Nissin Electric’, NICT* ©Shun Konno!,
Daisuke Matsuo', Kotaro Yagi?, Shinya Takemura!, Kosuke Usui', Yasunori Andoh3,
Kohei Tanaka', Masataka Higashiwaki® 4

E-mail: konno_shun@nissin.co.jp

it 7 U 7 A (Gax0s) 1, RIET Y 22 (SiC) R U U A (GaN) LD HIZKRE N\ R
XY v 7E2ALTEY, KA VB, SiENEGFTE 720, IR RT —F 310 ZHEDY-
BB LTHE SN TWD, —FH, Ga0s T3A A7 a2 AR TIE, MRETA A UE
AR—VE U7 %E T 5 E, AR L DIEEEROELTRRME L 72> TV 5 [1,2], SiC D3
B MBEANE Efi T 5 2 & T, s s S IEE LR EREOND Z EBA AL TN D,
AAFFETIL, GaxOs 12351 2 =i BE Si MEEA DD R A FRFE L 72,

GayO3 FEMIZ n L R— X0 R THD Si &, KEHND 150 nm OIFESFE TR S X 109, 1 x 102,
2 x 102 ecm? @ Box A% i L7z, HEAIRE L, =R, 150°C, 300°C, 450°C & L7z, EA,
925°C, 20 3 DFEMAL T =— V& 4T o 1o, ERL U 7230EHE, 79 7 +— FEFEELDE RBS) %
F v 2V 7o & i S RN 24T - 7=, Figure 1, 2 12, 4% Si B RUEFO RBS A7 [ b,
BLOAXZ ML OELNTRERE K (ymn) ORI FRGAAEZENEIRT, Si=5 x 109
em3 OFEFCIX, 2FARE T =— VB L 0 S MENEIE Lz, —F. Si=1x10%,2 x 102
em? TIE, S|REA L72EECIEIR E A X378 HAvA A3, 150°C LLETIEYEA L7
BHZB W TIHRERMER RIBIZEE L TV D, 2O DORERIT, GaOs ICB W THIMEEAN T vk
ANENIRFEERVELZLEZRLTWND,

AWFFEIL, #BE ICT BASMOMZER3 7 0 Y =7 F(IPMI00316) TR A = BT /31 2
BEELEL A DBHRS - FLREFE B (GREAEEEFIE) ) OXteZ I FEM LD TH D,

[1] K. Sasaki et al., Appl. Phys. Express 6, 086502 (2013). [2] K. R. Gann et al., J. Appl. Phys. 135,
015302 (2024).
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Fig. 1 RBS spectra.
100 - - 100 - - 100
Si: 5x10" ions/cm?® Si : 1 X102 jons/cm? Si : 2x102 jons/cm?
80 - 80 + 80 — RT.

60 F60 £ 60

£40 -+ £40 + £40 -

. > R.T. >

20 ';:LR.T.‘ 150, 300, 450°C 20 -W 20 -;{150, 300, 450°C
] e 0 /&— i L e . 0

50 0 50 100 150 200 250 300 -50 0 50 100 150 200 250 300 50 0 50 100 150 200 250 300
Depth (nm) Depth (nm) Depth (nm)

Fig. 2 Si density dependence of ymin.
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MBEAICL D G0 ~NDEBRESI F—EVY (2) - EXMREE -
High-Density Si Doping Into Ga>Oz by Hot Implantation (2) — Electrical Properties —
KERAKBREL ', BHAAHE2 BHTEHRS HEME' CWM)/N\K BRXE' BE X&#&?
£FF =2 PR K&’ B e TE ERS Bd ¥ R Es
Osaka Metropolitan Univ.}, Nissin lon Equipment?, Nissin Electric®, NICT*
°Kotaro Yagi', Daisuke Matsuo?, Shun Konno?, Shinya Takemura?, Kosuke Usui?, Yasunori Andoh?,
Kohei Tanaka?, Masataka Higashiwaki'*

E-mail: sj24957i@st.omu.ac.jp

AT EANT B AT, MERBENELS . EARIOHBEINARETH D Z &b, FEE~D
i R—v 7 #iliE LTHRZRTED 1 SThHD, Ga0s~D Si A A HEAR—E 72k
WU, REE 5 x 10 em™ T 60% D R — 3 MEMEREDHR I TWDH—JF, 1x 100 cm™ Tl
10%LA F&72 0 Z EMHESNTND [1]. ABFETIE, MBVEAIZE - T, Si>1x 102 cm? &
FEE B Si S T OTEMAL R E 2T,

J v R—7" Gay0s (010) J&AiZ, =R, 150°C, 300°C, 450°C DM T Si A A HEAEIT- T2,
AR Si=5%x10%,1%x10%,2x10%ecm3 D 3 &FL L, FHMNHIES 150nm DR v 7 A7 o
T 7 ANEFER Uz, AR No T AZRPHE T, 925°C T 20 43 iEMAL 7 = — VALER & i L 7=,
Z LT, MEX Y v 7 6-50 um ® TilAu 4 — = v 7 &% {ERL L. Circular Transmission Line
Model (CTLM) £ T, ¥ — MEHL (Ra) BLO =% 7 MEHL (R) A Ml L7,

Figure 1 1%, MER¥ v v IR & fIE L7 IBUE ORISR TH 5, MIERTUEORIE T 4 v T 1
T BHEH L7 R, Re & Table 112779, Si=5x10° cm2 @42 7 /L TlE. Re, Re DIEAIREIZ L
HFEFTNEN, —J, Si=1x10% 2 x 100 ecmB ¥ 7 LTl S|IEEA & ik L COnEE A
£V Ren, Re DRIEIZHHA LTS, ZiubOfERIE, Si R —{FHbFEm LICERT &2 6
N5, LLEORER D Ga0s ~DEHEE Si K — B v 7281 2 IMBEA DA N FERE S iz,

ABFZ2 X, B ICT EAHMOMIZEER7aY=7 » (JIPMI00316) &R iHE = xS o
A BT OBSE - FEREFEE (GF W) (REEEEEEFEZE) ) ORFEEZTERMLIZLDOTH D,

[1] K. Sasaki et al., Appl. Phys. Express 6, 086502 (2013).

B720EAYNEFLEFTAIHRSR BRTRE (2025 RRENAZE FHF vV /IR&AVF1Y)

20
18} * RT ?g * RT. % .
Ciqg. = 300°C Tqgl + 150°C g3
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Fig. | Total resistances between electrodes as a function of gap spacing:

(a) Si=5x10%, (b) 1x10%, (c) 2 x10%° cm?.

Table 1 Rsnhand R for various Si concentrations and implantation temperatures.

© 2025% ISRYEES

Si=5 X 10" cm- Si=1 X100 ¢cm3 Si=2 X 102°¢cm-
Rsh Rc Rsh Rc Rsh Rc
(Q/00) | (X 10°Q-cm?) (Q/1]) (¥ 10°Q-cm?) | (Q/C]) | (X 10°Q-cm?)
R.T. 65 1.7 98 10 84 399
150°C N. A. N. A. 21 2.1 22 2.0
300°C 62 2.9 21 1.4 17 1.0
450°C 56 2.8 49 1.2 20 1.6
11-076 13.7
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REEFEICEHREETFe 1A VEALERLEAD Ga,0; FEOKE
Growth of Ga,0; Thin Films on the Substrates with High Concentration Fe Ion
Implantation near the Surface
BEEE ', KIRQAIARLI? CXME'. R EE 2
NICT', Osaka Metropolitan Univ.?, ©T. Ohtsuki', M. Higashiwaki'-?

E-mail: ohtsuki@nict.go.jp

(IZL®IZ) B-Gar031d. 45eV 2 WS KRERAY R¥ vy T2F->TED., ZOEWVWAR - L2
ZENERC IR D & MRREREE T COMILAEEIRSRAN DI TE 5, Zo BT
THAE, H70.1 um D7 — b RB2FOMAEEK Ga,0; MOSFET OBFEZ D T X 7253 [1].
FLA YEROY =P LIELIEREE > TEz, ZARK LITRT L1, RAHFIFET
3 aFY HKD S BEM/CEREICERBLTY -7 A2 BT 2 e NERRTH S, £
CTCHENE, FEARY/ T EEREICFET S S (FF—) OFERITHEHTIe2HNE LT, iR
KEEFEICFe (72727 X) ZEBEETA A VIFEALRRICHEBERES 2 2 2 2ilA 7,

[3BBR] FEAICIE Fe K — 7 8-Gay03 (010) 2 W, Fe A4 A Y EAZ, HEABEED 1x10%°, 5x10%0,
1x10*' cm™ D3, FAEZZIARTO6m THHT B LI ICHE I NLF —Tfiolz, 2D
DEAMRUZ 950°C T 30 wEEHILT =— 21TV, ZDE. Y VD FRIE X F 2 —1ET Gay0s3
7% 200 nm % 630°C THE L 7=,

ERrER] K212, FABEE 1x10?! cm™ OB L TR/ v ERELE2BHE L -
HAADF-STEM {$% 7R3, SRETOFEATH 35, EELESEEOELIUI R SEFEMEL TV
By holz, SHOEEMNX, JEEMI S — MEFTHIE S 2 W TEHE L 7z, K312, R
HERARE, A A VIEAR. WEHL Y =— 1%, EEREROSEETHIE LR T RS, Fe 4 4
YA LOREHZ B W TIEEERERICEIKRE LB LTWS, — /4T, FEARED 5%10%°
¥ 1x10% ecm™3 DN BV TIE, EERERICHEWT & HEREHAR OED S5 2 R 5k h o
T2 b, REREEL TV SiOFE LI THEHETWE EEZLNS, 2D 23 KD SIMS
I EIToTe A, REEFHICBWT Fe BENSIEEL ERl->TW2 Z e AR TE, 5E
Tol@mBETDFe A A YIEAD R LA YEIRY — 27 OMIFNCIRINTH 2 Z e R X b,
(BEE] AWFILIE. MBE ICT EREMOMIEHIE v Y =27 b JPMI00316) FPRIHARE = x5
ToNA ZBEEM ORISR - EIEEE GEH) GREHHEEEZN) ) OFRErZIFEMLZDHDT
H5,

[1] T. Kamimura, Y. Nakata, and M. Higashiwaki, Appl. Phys. Lett. 117, 253501 (2020).
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Fig 1: Drain current leakage path  Fig 2: HAADF-STEM image Fig 3: Changes in non-contact

through the interface (red arrow).  near the interface. sheet resistance.
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Sn02 ﬁﬂ;’ém L‘T: B —Ga203 ~AD Sn D '/_"f_ I:_ to >7
Laser doping of Sn into B-Ga203 using SnOz thin films

ARV RE, AKFH T+ k> NextGLP?
oMDE —tR', RBIF XX Hh FTZ FIU BX BH AL
ISEE, Kyushu Univ. !, Gigaphoton NEXT GLP, Kyushu Univ. 2,
°Yifan Liu', Misa Beppu!, Yohei Tanaka?, Keita Katayama', Hisato Yabuta'
E-mail: vabuta.hisato.475@m.kyushu-u.ac.jp

[ 5E]1B-Gay0: 1L SIC R GaN 22 E L 0 HIEWW Y R ¥ o 7 L VR IIEE R 2 8-> T\ D720,
WHARDNRT —F g 25 e LTIHEBEZEDTWS, T ZRUERFED TR EM & kR
HDOA—I v 7 ar2 7 bl T 57O FEERRNCH L TERED R—tr 78R HWbR D,
PERD R— 0 ZHEAME AN A A EANERHN SN DD, ZOFEE F—_0 M EfEE LS
LI DICEIRALENNE L 72 D, 2 O IRAER T ETHE MR OIS I L CE T E RN
B ANEMECR D, LY — F—E U ZRIE, BREREIC F— X2 MEER T HERAHERE ST
L—HF—Z T2 2 & CTRKRIC F—SV FEEATLIHITTH D, Flml LTk, b—H—HREIC
Lo TRPFMICERZ M TE 52 &, F— 30 MEA L RIFEHZ R—R0 FOIEMAEDN RIAE R
HI2OERT =— VB EZ AW T DRREMER S H 2 & ThDH, AFETIE, L—Y— K-t
Ea W B-Gay0s ~D R—E o VT FEHTHLAAELTBY ., ARETIZL—F—F—t 0
HEIZ XD B-GarOs ~D Sn R—E > 7' D SIMS Z#T#E Fe<° TEM Bl Ric >\ T35,
[5EBR] R—v > 7 %M L T2\ (unintentionally-doped) B-Gax03(010)” =/~ (/L7 U A X )Ltt
) OREIIEZH 10nm @ SnO, FHERE S H 7 BHIxI L, L—PF—D 7o 2 BEEECME D
WU SERNPS Sn O F—E 7 & 7oz, ERIIZKF =F o~ b —H— (FH 7+ b
VAL GT600KZ, % 248 nm, 7~/VAE 82 ns) Z FHW 7z, HRSFSRMEIE, 0k LA 10, 100
1000, 4000Hz @ 4 55, 7L A 0.1~0.5 J/em® OFPH S 5 56, FRFHRIEL X 10~30000 shots D
HPHCHRAFZ IR L, 5139 &k & Lz, £ D%, SLFBAMER LUV SEM (2 X 0 I K im OBI%2, SIMS

SIHTSe TEM #1583 % 5k L7,

(458 - £22] SIMS 4 OfERA Figl [ORT, 74T % 10 A 1000 12,03 7on? T0om

0.3 Jem? T I & 20 < BRI & 75 o R al :ﬁ%ﬁﬁ?ﬂﬁ

ETHoT, WIT, 7/Ax A 0.4)em? T Sn FEHRN o

= 30nm FRELE L. SR O R EIER N S 1% L— YR §1$:

WX AHEE RSN -, 7T X 05 Jem?> T 2 %%mmmm

R S A < AU Lt B RERRICIE S § 0 [ Y

ORNFH ST, CAHBRAR= I F—RRILY | ] -

SnO, i UM E L TWDH Z ENRBREN D, = . °

COEEMN D, TATL AR BB T & T Sn Ok AT 107 e ",

<¢6:&ﬁ?%éﬁi%ﬁ%hﬁ%@%%%w@ﬁ%% S e

70 4 % B LT B B, F6 2 C LIRS Y 3 bl s

JE R i@%@#ﬁ%é®%@_ow1%%ﬁ¢é N R S —
Depth [nm]

Fig.1. SIMS profiles at 1000 Hz, 0.3 J/cm?, 10shots, 1000 Hz, 0.4 J/cm?, 10shots and 1000 Hz, 0.5 J/cm?, 10shots.
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B720EAYNEFLEFTAIHRSR BRTRE (2025 RRENAZE FHF vV /IR&AVF1Y)

O:; ZAL-ERFEAREIZ & 5 ALD-ALO;/$-Ga:0; (001) MOS FHEFHED R L
Improvement of ALD-ALO3/f-Ga203 (001) MOS interface characteristics
by substrate surface treatment with O;
'RERFEIFH ITUTLIER, *KREAXFREREHESAREZHERN NERER
ORI #HE', kKB R’ BEZ Kz
'Dept. of Materials Engineering, The Univ. of Tokyo, 2Dept. of Advanced Materials Science, The Univ. of Tokyo
°Hiroyasu Maekawa', Takashi Onaya?, and Koji Kita'?

E-mail: hiro@g.ecc.u-tokyo.ac.jp

[FF4235%] f-Gax0: MOS O S etk | T st Bl
RT == VEETRE BT 5, ALOs I35 1 g HE
FEALDVEIC LD sE LT W E WO RSB H 5 —
77, Si02/f-Gax0sMOS 1% ALOs Fb_ TR & 72 (R84
N RET7E'Y NERAT DLW FLRICINZT,
BN R OZEEN R CTE 51,2, LML,
Mokxl & U CE H-RAREEBIC X D Sior FEZ H W
7= 8, MOS S HERL 5 B ORI 1T RSB IR AT
DERT =— IV BMETH>T-2[3,4], T HITRET
FBOMBERBEZRY RS Z ERMETH D ATREMEE
IREY B, FEEE, Galdd DNFRUEN JEE AL hL
B, GaxOs RMEIFHIZIZEE R KENFEL, Tn
Mt DTE RSB EZ T D Z LR EH ST D
[5]e AAHFFETIE, ALOs I IO ALO3/SiO, F& & 5 % #n
L LT, Z ORI IC O TOMR7u ' 2%
BN 2% Z &I X 2 S MENL A L (D) DRI R &
Bt L7z,

(BRG] n Bl 4 % 3 v LIEE(Np~1 X 10'° cm™)
ZHT % B-Gax03 (001) At A SPM 5 L UV HF Tl
%, O3 Z T 20 sr[HEB{LALBE L 7=, £ D%, ALD
15T ALOs 84 IS 20 nm FRIE L 7=, gD =o,
O: [ b7 L oakl, 36 L OWEEZ O FER BT 1X10
2Pa OIEFEZHS T T Si #7857 & LT EB-SiO; X
ZIEE 0.5 nm 7855 LT, Eit & RERIZ Os Fefb
z & ALD-ALOs %l L 72508 S F B L 7= (Fig. 1),
02 FPHAF, 600°C % 721% 1000°C T 5 4y R pklssg
7 =—/V(PDA) % FEjifi L 7=, FHIZ Au, HEHIZ
Ti/Au #7855 L, MOS f v /3 ¥ &2k Lz,

(b)

[EBRER - BE] SO EAFFHA L T2\ ALD-
AbLO3/B-Gax03 D 600°C PDA #RED C-V Kt (Fig. 2)
NG, O35 L B AT U o ARy #/
XL MBI END, 03125 5T Gax0: EHEDOERFE R
HEFPOEBLTBL ZERNZDOHRICHEKT D
MOS REHMEDSFICKRE K FET D Z &R
Ehb, %k Dy % 1 MHz-1kHz @ High-Low ¥
(2L VR L 7= 45 5 % Fig. 3 (2”3, ALD-ALO; i
Z A U725 UBHZ DWW T, AR (Ec) ) B 0.2 eV
DTFRVFX—HENIZEITD Dy B D&, OsRIbL
T2 BIT~1 X 10" em?eV! 3Rk X, RERLEF LV
HH) 1 HTDOUEER BT,

—7J5, EB-SiO:2 &% 0.5 nm ffi A L7230k ClE, Os
el L7234 T 600°C PDA Tl 4372 Di DK
NI BN T273, 1000°C PDA Tlit A7V &
ARA MUy FT T MRS, Ec-02eV DL =
Dir~1 X 10" em2e VI )N EERL &7z, @i T 02 PDA
DN & D S TIE Si02/f-Ga20s MOS DA T
Fe L AT HMHFTH D [3,4], HIED PDA ZFFART
X5 EWVH HTIE, ALO3/B-Gax0s @ S s 3
700°C 2 5 AT 5 &2 BEEOWITE[6] & 1T
KR T D, —JH7, Tk FiZ 1000°C PDA
DUETH 72 2 L 1E Si0:-Gar0s RIHFFA DB G 7
D 7>, EB-SiO> DEVE [ 2 @i PDA BB L S h
HNBIRONIELHERSIMETH D,

[1] K. Sasaki, Appl. Phys. Express 17, 090101 (2024).

[2] F.P.Glasser, J. Phys. Chem. A. 63, 2085 (1959).

[3] K.Kitaetal., ECS Trans. 92, 59 (2019).

[4] ®iME fth, &5 11 BT —388 KB 23 TH 2, [A-24 (2024).

[51 FH fih, 55 84 [EG I BR 2 K T34 <, 23p-B201-1 (2023).
[6] M. Hirose et al., J. Vac. Sci. Technol. A 39, 012401 (2021).

1E+13

(a)
Au 350 350

—— ALO;  w/ O PDA-600°C
—— ALLO;  w/o O3 PDA-600°C
300 | w/ O3 300 | w/o O; I —— Si0y/AL,0sw/ O3, PDA-1000°C
L —_ $i0,/Al1,05w/ O3, PDA-600°C
05 Oxidation 250 250 T =g — 2/Al,03 5
$i0, 0 0r 0.5 nm T 1 kHz T P \‘\o\
E 200 § 200 T e
[T '8 )
£ 150 £ 150 =
[3) [®) [a)
100 1 MHz 100 1E+10
Ll 50 50
Au o o 1E+09
0 0 02 03 0.4 05 06
. . 0o 1 2 3 4 0 2 3 & E-E [eV]
Fig. 1 Schematic of Gate Voltage [V] Gate Voltage [V] ckle

ﬂ-G3203 MOS

capacitor.

Fig. 2 C-V characteristics of ALLO3/f-Ga;O3 MOS (a) w/
and (b) w/o O3 oxidation (600°C PDA).

Fig. 3 Dyt w/ and w/o SiO; film and O;
oxidation at different PDA temperatures.
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Consideration on the effects of surface treatment and dielectric layer formation on chemical
states of #-GaO; in near-surface region estimated from changes in lattice constant
WRARBEH IR WERER A B4, KB 8 BES B
Dept. of Adv. Mater. Sci., The Univ. of Tokyo °Koki Katagiri, Takashi Onaya, and Koji Kita
E-mail: koki-katagiril236@g.ecc.u-tokyo.ac.jp

[FFim] SiO2/f-Ga20s MOS FHIFFVEIZ IZWETRE JARIC BT 5 KIaHE S < P L TV D Z & RIS h
TWA[1], MEERFEICTHRED LBV, Ga3dXPS DB — 7 BKIZHED 5, KiEE =R F—HlD
B — 7 (Ga*)DEIE DT =— W X DAL, f-Gax0s F AT DOFERI 1T 2 s KA OB O Fats
T %, GaOs FERDAHD & & ORMELITEF ORI KL, BRI DEN « BBESUS O PHIZ L > TIRE D
T2DIZ 7 == MREDPMRVNE ED 72 < 72 5 — 75, Si02/Gax0s D Gax03 K ITEE Tld, T H IR THR
[ CD SiO, ~DEFHEDBEN 2 Z BT 20BN H - 72[2], ABFE T, p-GaOs (FHEFHEZEALAEMKIC LY
HRELNDAELD ZEBNER L, 7 =— VIR Si0: DRI X 5 f-GarOs DI KIF~ DA |
BT EBOBANOMSINTT 52 Lk,
[ZEBR] n B = A AT 5 f-Gar03(001) 7 = NAALFEREE LTI, BT ABIEICLY SiO %A ~3 nm
R LTz, ZD%, Ma REMETT ==& | BT o7z, RO OfRFE T T XA~ TR L -
ARELBER L7, 2ok, 2 osEHIx LT XPS KUV XRD HIE#1T-7-, XRD IE, X BREAE
23~150 nm & 72 5 NSt 0.4 °® in-plane HIE 2> 5 (020) R 3T/ % KD, 4T EE b ZHH LT,

[FER K OB 2R Fig.l |ZM8HHIC XRD ICL W IRE LK TE Oy Py IR TIBEIEEORHARY
b, fEHZ XPS 12X D Ga*DEIGE L ST b D TH D, & - . oo sio; |

P, Gaa0s O DEEHwio SOz~ Tt xps <z [ S N
SARRIFSIE L, XRO THHE SR TR TS
R DEMA DD, ZAUE, BRELNEASS LT S[F 84 |rawa
RIS B3] & OWE £ EEOIT KL wosio:TiE B[ B | oxc SN

7 = AR E & RO AR ARSI g
CE OB A | BRIIASEAT D LRSS, Lattice constant 5 ()
—J77C, SiOy & Bl L 7230w/ SiO2)l%. w/o SiOa {2 kb~ Oxygen deficiency

TR DR FEEDOFNZ XPS T S 583 /K87 Fig.1 Relationship between intensity ratio of
%\, XPS 7S XRD LV b REBUE/LZ L AHFEZ DL, Ga* in Ga3d XPS and the lattice constant b.
Z OFEFIE w/o SiO2 & w/ SiO2 1R S~150 nm FE O FEIK CIE R E DR KEMNFEET 528, <2nm
REE D FEAUTIZIRE S 5 & w/SiO DT SRR RRIT L S AFET 2 LR T X 2, ZTHUE XPS DR
M5 Gax03 BN D SiO I~FERFEOBENNE Z 25 LW I IR OELE2]EFE LRV, £, 7=
— )VARALEE D FEH w/o annealing) (2 DWW T, ALFHEFZ O R EICERFE RKBNAELT TNDH Z LA, XRD
B OV XPS W DFER NS RENT WS, [#5#] In-plane XRD THRE L7 f-Gax03 B 1 EH DT =— )L
JLPRR> SiO2 IR, AL ZAUEH 5 DR IEAL I A © Z{KITI3 XPS THERE L 7R RIR DAL LRI 22
AUy FRIC SO BRI - T & < I TAE L DA RO 2 EJE L TR TH 5, 111K Kita
et al, ECS. Trans. 92, 59 (2019). [2] F#ifth, 25 71 RIS AWK FAlT4 2, 25p-52A-4 (2024).[3] L. Dong, et al., Scientific Reports. 7

40160 2017). [B#E] 7T X~ BR{KIE NIMS SN T~ = v M TEMi S hi-,

© 2025%F [CRAYEER 11-081
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B-Ga;0s3 FIinFET [2& /8 —FOM 1.23 GW/cm? DREE
Demonstration of g-Ga20s FinFET with power figure of merit of 1.23 GW/cm?
IRV VRENTY/AP— OFAE X, ¥ Rsh, I B, LH K&,
BA LE ERK AT, AX BA

°D. Wakimoto, C.-H. Lin, K. Ema, Y. Ueda,
H. Miyamoto, K. Sasaki, and A. Kuramata
E-mail: daiki.wakimoto@novelcrystal.co.jp

Novel Crystal Technology

B-Gar03 1TZ D i\ VHERRA I RIRE 2 5, SIC X GaN 28 2 5 EfHL /T —F /31 ZDEBL
DEIFFSNTND, ZHETIZfin X1 ARD T > 7))V FnFET &2 BV TRE 1605 V., A 4T
power figure of merit (PFOM) 0.47 GW/cm?, fin 23MEEAR D~ /L F FInFET fiEIZ360
CIHE 2655 V., A A4K#H1 25.2 mQ-cm2, PFOM 0.28 GW/ecm? 35 S v Cc\n %, B2 AE < L5
FinNFET @47 — K BRI Mg AFFEANCL D EERIIT — N U 7R &3 T, B-Ga03 FET

2B % PFOM D it i mifil 1.23 GW/em? & 2% L 72 D T35,

FRAE L 7o~ /LT FInFET OAfE % Fig.1 (2737, n Bl f-Gap0s bt Lo T A REAHRURIEIC X
D RF—JRE 75X105 em3, FHES5um OFRETTE X XY VEEZEK L, RIA =y F L7
X0 B fin fE A2 % T 72, Mg 2R 343X 10% em2 14 A EA L7Z0H, 1050 F, 30 3D
T = VR AT o 1o, 7 — MR R HERE A 2 JHV T Si02 &2 50 nm IR L7z, 7 1 —b

R 7 L— Mgl 7 2 X~ TEOS-CVD (2T 500 nm JE Tk L7z, #— N&EML Cr, ¥ — A&
fids L OVR LA EmIE TilAu & Ve,

ERLL 72~V F FIinFET @ R LA EIEE- N LA VEIEREE Fig.2 12, A K- E DR
%% Fig.3 |2, MERIEX Y —AEME 7 — MEMRIZ OV, FLA CEMICIEEEZFEML T
1772, Finiig 0.2 um, fin & & 70 um, fin &7 F 5um, fin A% 10 &, #— + & 3.2 um @ FinFET
IZBWT, LEVME+LLV, RKEREE 217 Alem?, FetE4 K51 21.6 mQ-cm?, it/ E 5150 V,
PFOM 1.23 GW/cm? % ZERL L 7=, B-Gax0s /0D i KE IR 1L 3.72 MViem & RFE b7z, 72
B, B E KO A BT Y — A BRI AE (50 um X 60 pm) THA L L7ZETH 5.,

5.5 mQ-cm2,

o
ABIFENE, Wil T 28 b9 5 A RE RN AT FEHEEE S B IPJ004596 DR &2 T2 b D TH
Do
250 Mg ion implantedregion Vg=5v 10%
. | —vgeasv || T
| Source (TV/Au) 7\,8:““ E This work &\\§
Interlayer film il & c Vertical | 0O
(8i0;) e | R Multi-FinFET 1Y &
Vg=3V & 10 é’@‘é
SI0,  Gate Ven 25 mﬁ Vertical l b
5i0, (50 nin)  (Cr) B . ulti-FinFET(2] g o
Pl Vg=2v @ ) [} &
J———p % 10 Vertical o;\\
HVPE n-Ga,0,, 55 pm veew || B Single-FInET1]
3 4 ;
NgeN~T.5 x 1015 ¢m? oo || B & & &
B (<) /
—vg=ov % “ .0,,?’
LRI 0 L 2 3 4 3 %00 1000 10000
Vd:, (V) Breakdown Voltage : V,, (V)

Fig. 1. p-Ga20s FinFET structure.

Fig.2. J-V characteristics.

[1] Z. Hu et al., 2019 31st ISPSD, (2019).
[2] W. Li et al., IEEE IEDM Tech. Dig., p. 270 (2019).

© 2025% ISRYEES

11-082

Fig. 3. Vbr and Ronsp benchmark.
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EEK Ga03 a3y bFR—NYF7HFAF—FEFRALE
24 GHz ¥ 4 ¥ ORMRBNEER L ¥ T [ERakaEt
Design of Rectenna Circuit Using High-Frequency Ga;0Os; Schottky Barrier Diodes for Applications

to 24-GHz Microwave Wireless Power Transmission

KERAMLKRT ', L—F—L R T L 2 (HERE °
OM1) REE HX', (M2) IQ #E4&£ ", (B) Bin &X', & £ ' XBH X2

i Em 13
Osaka Metropolitan Univ.', Laser Systems Inc.”, NICT® °Yudai Suehiro', Kohki Eguchi’,
Yuto Tabata', Takuya Tsutsumi, Yasuo Ohno"?, and Masataka Higashiwakil’3
E-mail: sj24898h@st.omu.ac.jp

T, BRA IR B CORRANIIF SN, ~A 7 0 I ERE R O ZEBI 3 35 F L L T
W5, ~A 7 aikENZELL 7 7 FEIEO RE/DC 2R (n) 1%, FEEEZ#ER TS5 9 v b
F—NUTHA A —F (SBD) OMEREIZIE KT L, n O EIZIF()TREND XA 4 — FEK

[= A BEOBESIEHL (Ron) é:ﬁﬂ%*@’?a (Corr) DFE] /NS THZENEETH D,

RonCorr = ZOE%T (Vour : INKFVINELE, u: EIBEIE, Ec: HGikEEER) €))]
XM D, @V E BT D GaOs #ME T XA 4 — REeL 7 7 FRIBICHND Z Lk -
T, ZEMOMBIELK - BRIENHIFESIND [1], Fexld, ~A 7 v B REIMRE T AT LDO%
BES TR 5 L 7 7 FRIEAEJE Ga0s SBD OEERHE., T/ AV I 21 —H (Sllvaco
ATLAS) Z#HWTI{To7=, #%., SBD K TOH v M ATEMEIX. 7/ — REHBEE () |
SHRIETDHZ EVRHLMNE o7, RFFETIE, TXA AV Ialb—varyTHEr & n*—Ga203
T RAEDFX ¥ U TIRE (Haccess) D3F272 5 Ga03 SBD DT /34 ZREND | AR I 2 L—F
(AWR Microwave Office) Z MW T L7 7 EELEARMEBIFEO n 235 H L7z0 THRET 2,

Figure 1 |2, AWFETHW- L7 7 FRIERKZR~T, &I, @K Ga,0s SBD O&Eii-E+
BLOKFE %f%ﬁ%r 1,2,4,7, 10 pm, faccess =3 % 10", 1 x 10%, 4 x 10200m30)7|<1'ﬁ|3f7‘/\4’}<
Valb—ZERANTKRD, S5 7Ml% SPICE /3T A —X |ZEW LT-, 72k, BFBEEIL 40
cm?/Vs & L7z [2], KIZ, [T A—% % Fig. 1 (IORTEIE EOX A4 — K D, D) IZfRAL, 24
GHz \Z8BJ % g @Pmﬁkﬁ PSR 72 (Fig. 2) o Maccess =3 X 10" em™ DWF, 5 He KAFE I r 2/h &0
FEELRD . r=1pm TIX78.37% (@ Pin=—-7 dBW) L 72572, F72. MHaccess= 1 x 10%°, 4 x 10%°
em™ TlX r=2um Ty IBKRIEZ D | %irL%“irL 80.19% (@Pin=—2 dBW), 80.76% (@Pin =—2 dBW)
Llpole, 2B Naceess=4x 100 em™ TIE, rIZBD LK 80% & @iV n IKEDN RIAEND, Z
T, ZEIBCTHESND Pk LTr z»‘:ﬂfﬂ%j{m“é LIZE o T, A4 — REKRTEV g 2
BoNDHZLERLTVWS, LEDI I 2 b— 3 ViR D, Gax0s SBD 23~ A 7 1 R R

FEEISRICK L TEWRT Vv VBT 5 2 &R S -,

AR, BEE ICT EARMOMIZERRE 71 =27 F (JPMI00316) K HEALE = R BIF R0 2
BRI HAN OBAFE - FLREFFHE (55 M) CREEAEHEFHE) OLFEa T E M L7,
[1] LA il 25 71 BIEFISHYPRS S TRE. 25a-52A-8 (2024).
[2] K. R. Gann et al.: J. Appl. Phys. 135, 015302 (2024).
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g 0 F |‘.'!9.3 ﬁggigﬂﬁég
5 oop b o b
Rectifier circuit 5 i‘ LN ¢
P Open stub Open stub g oo _Q' ﬁ' a” .'. i%
- [ D, ° sof* ‘u_ (N
o — 11 N Constant £ )
1T 17| 3
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a
— voltage circuit 40F .
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Open stub 3 . 3 10 40

D, C, == s0kF e« o & 1pm

0 A 2pm

Pou 100 e o A 4pm
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Fig. 1 Rectenna circuit diagram with constant Fig.2  Pi, dependence of # in the rectenna
voltage load circuit used for simulation. constant voltage load circuit.
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Characteristics of rutile-type GeQ; Schottky barrier diode.
FAKIEEY, KBEF(CS, REEHY HER', £7EXHY
Patentix fX 24t |, IMIFXREL ’, MMH°, AGEXZLBHICARE L 42—
Y. Shimizu'?, T.Oshima’, T.Ibi'*, I. Takahashi', K. Kaneko'*
Patentix Inc.', Col. of Sci. & Eng. Ritsumeikan Univ.Z, NIMS®, RISA.*

E-mail: y.shimizu@patentix.co.jp

ITH, AIN, o, B-GaxO3 72 E D GaN LA LD/ R¥ v v 7 H L OBV N T U A RNV
Ry IR DT —F N ZSHERER S TW5, Z20HTH Y%7 L —
T TN T NEE SO TR L 7 v~ =7 A1-GeO)IZE H LTW5, 1-GeO, (T30 R¥ ¥
v 7H4.68eV TH Y | p M n BOWRENHZRANZ TR STV 572N normally-off
MOSFET 72 EPLH e BN BB F~DICHP MR TE S, T E T r-GeO, & gL A X
(1-Sn0y) & DIRAEHEEIZ L DY g v FF—U T XA F— R(SBD)EMENHE STV DH N
Rl 1-Sn0; & DIEMILTII NV RE¥ X v TOV/NE L7220 | MERIFEER MK T 2 &9 ik
JERS & o T2, ABFFETIE 2 £ THE G EED - 72 1-GeOr HLAREE T SBD BIEIC DV THE
AEF T AT T2 OWET D,

Mt EDER LT & L (r-TiO2)(001)FAR 12, K&JE CVD 5% H T r-GeO, FED#E i ik
EiTol, TOBE nBIR— 10 FTHDH Sb D F—E o 7 BAFEST 552 LY ntr-GeO,
JE & n- r-GeOy JBEIEKE L, VYT 747w A LB FMRE—LAEB)RESEICLY Y 3 v
h—mEE A —I v VEMEEEL., RIA Ty F U 7IEICLD 1-GeO JED= v F 2 7
ATV, BEUERIAE R 0 SBD 12 Rk L=,

X AREHRIE D 2000 2 % ¢ HEN S, AE
L 72 r-Ge Oy WL FEM T d % r-TiO, ITKF L
TOODEEI L THY , =E X F T v g .

1.E+00

ELCWAERHRSN, BR-BECHE 7 160
FEREE L 0. ON/OFF HAsi 7Him s 2 v b 5 Mo

% —HEREA R TR 72, REY N L ONOFF S |

FAH) 10 HiOBTRIESHER ST AL A e 3

DRI RERTAT & BRI ORE R & OF T
HCELRTHTETHD, XFAE ARIM F3 Voltage [V]
(JPMXP1224NM5062) %38 U C. NIMS 744 Fig.1 I-V characteristic of the r-GeO, quasi-
ML=y F&FIH L, vertical SBD.

[17 S. Chae, et al. Appl. Phys. Lett. 114, 102104 (2019).[2] H.Takane, et al. Appl.Phys. Express 17, 011008 (2024).
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Vertical B-Ga203 Schottky Barrier Diodes With Trench Staircase Field Plate
fSEHME !, RRREIKRL?, KRAMKREL®
OV=—IL YoT«—F' HEL H?2 BE BE?2 X E5'"°
NICT!, Tokyo Univ. of Agriculture and Technology?, Osaka Metropolitan Univ.3
°Sandeep Kumar!, Hisashi Murakami?, Yoshinao Kumagai?, Masataka Higashiwaki'?

E-mail: sandeep@agnitsemi.com, mhigashi@nict.go.jp

We are gradually transitioning into the era of artificial intelligence (Al), and since Al systems consume
significant power, extensive adoption will require the use of energy-efficient wide-bandgap and
ultra-wide-bandgap power device technologies as alternatives to traditional Si-based power electronics.

B-Gax03, an ultra-wide bandgap semiconductor, boasts a higher Baliga’s figure of merit compared to
well-established materials like Si, GaN, and SiC, thanks to its wider bandgap [1]. Consequently, the
widespread adoption of Ga,O3; devices holds significant potential for advancing energy-efficient
technologies leading to reduction in greenhouse gas emissions. Additionally, the automotive sector,
particularly electric bikes and cars, is expected to drive substantial demand for energy-efficient power
systems, where Ga,Os devices can play a pivotal role.

Recently, Ga-Os Schottky barrier diodes (SBDs) have been explored to increase a breakdown voltage
(VBr) with keeping a low on-resistance (Ron) by employing various types of edge termination structures.
Previously, we demonstrated SBDs utilizing a N-implanted guard ring as the edge termination region,
achieving an Ron of 4.7 mQ-cm? and a Vpr of 1.4 kV [2]. The performance of the guard ring is influenced
by the dopant concentration and the thickness of the ring. However, the thickness of the N-doped guard
ring was constrained by the ion implantation process, making it challenging to further increase the Vgr
using this approach.

To address this limitation, we investigated an alternative design incorporating deep trenches filled with
SiO: as the edge termination region, combined with a staircase field plate. A key advantage of the
trench-based edge termination is the ability to adjust the trench depth to achieve a specific Vgr.
Furthermore, the use of high-k dielectric materials in the trench region is expected to enhance a Vgr by
reducing the electric field in the trench region. Main challenges in implementing the trench SBDs lie in
deep trench etching and planarization processes. The fabricated devices demonstrated a commendable Ron
of 7.6 mQ-cm? and a Vgr of 1.66 kV, effectively validating the proposed design concept [3]. Moving
forward, trench SBDs with varying trench depths and dielectric materials should be explored to further
enhance device performance.

This work was supported by MIC under a grant entitled “R&D of ICT Priority Technology (grant No.
JPMI00316): Next-Generation Energy-Efficient Semiconductor Development and Demonstration Project
(in collaboration with MOEJ).”

[1] M. Higashiwaki et al., Jpn. J. Appl. Phys. 55, 1202A1 (2016). [2] C.-H. Lin et al, IEEE Electron
Device Lett. 40, 1487 (2019). [3] S. Kumar et al., Appl. Phys. Express 15, 054001 (2022).
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