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1. Introduction



What is gallium oxide (Ga,04)?? NCIET)

Material properties of Ga,0, Unit cell of B-Ga,O,
* Polymorphs (a, B, Y, 0, €)

» Most stable polymorph is $-Ga,0,
B3-Ga,05: monoclinic B-gallia structure
« Extremely large bandgap

© O

@ Ga

Lattice constant:

 Controllable n-type conductivity a=1.22nm
(n=10'5-10" cm3, p =103~ 102 Q-cm) S e

* No report on p-type doping and effective hole conductivity B= 104

* Poor thermal conductivity [1] y= 90°

(0.27 W/cmK along [010], 0.11 W/cmK along [100])

[1] Z. Guo et al., Appl. Phys. Lett. 106, 111909 (2015)



Comparisons of physical properties
between major semiconductors and 3-Ga,O,

NCI§7?

Si 4H-SiC GaN B-Ga,O,
Band gap (eV) 1.1 3.3 3.4 4.5
Relative dielectric constant 11.8 9.7 9.0 10.2-124
Electron mobility (cm?/Vs) 1,400 1,000 1,200 200
Breakdown electric field
(MV/cm) 0.3 2.5 3.3 >7
Saturation electron velocity
(% 107 cmls) 1.0 2.0 2.5 1.0-1.5
Thermal conductivity
(Wiem-K) 1.5 2.7 2.1 0.27 [010]
Baliga’s FOM (epE_3) 1 340 870 1,570 — 1,900
Johnson’s FOM (E_2V__?) 1 280 760 540 — 1,200




On-resistance (R,,) vs breakdown voltage (V,,) ' /VC/ET)
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Ga,0; would be superior to SiC and GaN for power device applications



n-type, p-type Ga,0O,

» Shallow donors (Si, Sn, Ge) e ~N
— o . . E
> 100% activation at RT E, oG
« Reasonable electron effective mass (m,: 0.3m;)
< 50 meV
« Room-temperature electron mobility: 200 cm?/Vs
_______________ Ei
p-Ga203 E, O g OO
- Deep acceptors (Mg, Zn, Be, N etc.) IM
=> Activation energy: >1 eV E,
« Extremely large hole effective mass Band diagram of

n-Ga,0, and p-Ga,O
* Localization of free holes due to lattice distortion - 273 273 J

\ 4

Effective hole conduction is almost impossible;
however, it is possible to make an energy barrier by forming p-n junctions




Ga,O4 bulk melt growth methods * NCIET;

B-Ga,0, wafers can be produced from bulk single crystals
synthesized by melt growth methods

Floating zone Czochralski EFG Bridgman

Source




World-wide research activity of Ga,O; initiated by the MESFET report NCIET)

Web of Science (July 1st, 2024)
Search criteria: Keyword “Ga,0;" in “Title”

1000
e,
() I
® 800+
= _
> 1st report on Ga,O, FET
o - . . s
® 600} [M. Higashiwaki et al., Ga,0; has become a key
S ' APL 100, 013504 (2012)] material among compound
S 200l semiconductors in the past
HE - ten years!!
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2. History of R&D on our Ga,0; device technology
(2010 — present)
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History of R&D on Ga,0O, power and high-frequency devices @ NICT / )
(2010 — present) NCIET

(" Y4 . \( . A
D-mode Ga,0; MOSFET Ga,0; field-plated SBD High-frequency

(Si-ion implantation doping) (World’s first V,>1 kV) Ga,0; MOSFET (f,,, = 27 GHz)

350

£ 80 30
PlasmaALD 5 — 300
AlL,O; 20 nm E 60 § 50
= < 20
R&D Of S & D|/si= wom®| & ; HVEEgrown o 2 150 Pl Siimplanted n-Ga,0; channel BRI
i=5x10"cm 3 40 Si-doped n-Ga,0, (001) drift layer 3 i-implant i-implanted n-Ga,0; channel [EERN=8
o 150-nm-deep ™ (7-pm thick) 2 100 n"-Ga,0, 70 nm 1G04
- Si-implanted boxprofi s 5 Vo= 1076V
Ga,O; devices mGa0, 00nm | (PxProfe | 5
2 3 — — Si=3x107cm3| & Sn-doped n*-Ga,0;, (001) substrate & ok
' Fe-dopedisemizinsulating ) g 5 Fo-doped B-Ga,0; (010) substrate
Sta rt H k 3,05 (010) substrate O %16 20 w0 4 50 Cathode (Ti/Au) R i T % 00

1 10
Voltage (V) ) \ Frequency (GHz) J

Drain voltage (V) ) \

2010 2011 / 2012 2013 2014 201 2016 2017 2019

2020  (Year)

( \(

; N( : )
Ga,0; MESFET Ga,0, field-plated MOSFET Vertical Ga,0; MOSFET
(World’s first single-crystal (V,>750 V) (N-ion implantation doping)
Ga,04 transistor) I = =
_ . Ly=4um Ly, = %so Lop=25um o1s va Sitimplanted 1-Ga;0, channal .;,_3 .
=1 o] @ ¢ E—
n-Ga,Oz 300 nm % & Si*-implanted g 40 =55V HVFESi::;:::;;;,?COr;grinlayer 4.2 um
Mg-doped Ga,Oj; sub. : / L Undop:d’GaZO, buffer [ ’ ; e Sn-doped m-Ga,0, 001) substate -
) RN Fe-doped B-Ga,0, (010) substrate s il —
k Drain voltage (V) J \ = e Drain voltage (V) ) \ J

NICT and collaborators have been developing milestone technologies for Ga,O; devices
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Ga,0, MESFETs (2011)

M. Higashiwaki et al., Appl. Phys. Lett. 100, 013504 (2012)

20

S G

n-Ga,0; 300 nm

Drain current (mA)

Mg-doped Ga,O5 sub.

(Left) Schematic cross section and
(right) optical micrograph of Ga,O; MESFET structure

Breakthrough
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* First demonstration of Ga,0O; transistor

NCIET

%‘

Masataka
Higashiwaki

12



Depletion-mode Ga,0; MOSFETs (2013)

M. Higashiwaki et al., in Tech. Dig. of the IEEE IEDM, pp. 28.7.1, 2013

fg 80 10° E E
PlasmaALD £ | V, = = R ie
Al,05 20 nm £ ool v £ .
G 2 | 2v| = 1 :
D[/ Si=5x10"cm3 § 40 2V g 10-6;: rrrrr 4 e>10" | ‘
S0 Si-implanted 150-nm-deep = ov| £ 10
: box profile 5 o :
n-Ga,0; 300 nm d = L ovr -
— ; ﬁSi=3X1O17cm'3 3 20} 10V o ] 1
Fe-doped semi-insulating pu : s Oﬂg __________________________ ——-%
Ga,0; (010) substrate o | =14y o - ,
8 o 18\ Lk Toveliteieasiome ety (]
0 10 20 30 40 50 30 25 -20 <15 .10 -5 0 5 10
Schematic cross section of SRR Ve e S Gate voltage (V)
D-mode Ga,0; MOSFET structure (Left) I~V and (right) transfer characteristics
Breakthrough

« Si-ion implantation doping

« Good (normal) I~V characteristics
 Large I, on/off ratio of > 10°

« V,,>400V

NCIET
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Depletion-mode Ga,O, field-plated MOSFETs (2015)

M. H. Wong, M. H. et al., IEEE Electron Device Lett. 37, 212 (2016)

| 100 |
FP [ Lo=2um, We =200 um Man Hoi Wong
b Log=5um, L, =15pum
80._Lppo=2-5um V= +4V~-40V
—_ AV =4V
sio, | G | sio, E 60
s g 1
Si*-implanted T 40} =
Ga,0, channel ot = [ Vos =05V
Undoped Ga,0, buffer 20
X V_ =755V
Fe-doped p-Ga,0; (010) substrate Y A "
0 10 20 30 40 700 750 800
(Left) Schematic cross section and Vos V)
(right) optical micrograph of Ga,O; FP-MOSFET structure DC /-V characteristics

Breakthrough
* V,,> 750 V by field-plate effect
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Vertical Ga,0O, field-plated Schottky barrier diodes (2016)

K. Konishi, M. H. et al., Appl. Phys. Lett. 110, 103506 (2017)

—
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Si-doped n~-Ga,0, (001) drift layer

Sn-doped n*-Ga,0, (001) substrate

Cathode (Ti/Au)

Schematic cross section of
vertical Ga,0O; FP-SBD structure

Breakthrough

« HVPE growth technology
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* First demonstration of V. > 1,000 V for Ga,O; devices
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Nitrogen (N)-ion implantation doping (2017) NCIET;

M. H. Wong, M. H. et al., Appl. Phys. Lett. 113, 102103 (2018) 3 "
102 _ 10 - -
- ; §I gz_si:napr:gﬁta;jng @ 1100°C 10 Ir_ %mplanted CBL %//////////%’i%////////% Man HOI Wong
w0 < 10} e
i < I L
10"} TE’ 10° f
1016 _‘ A .,-‘-l"\',-\.x\“ .\_‘ !_;.'o.; !".;"' % . N**-implanted CBL | HVPE Si-::ze:x:;gaé%adrift layer <+>
10' 10°
I SR ST ol .. B

oo 05 10 15 20 25 3.0 10% 102 102 10" | 10 10" 102
Depth (um) Voltage (V)
SIMS depth profiles of N atoms (Left) J~V characteristics, (right) cross section of
test structure to characterize electrical properties of
N-implanted current blocking layer
Breakthrough

* N-ion implantation doping to form deep-acceptor p-type Ga,O, 5



Device structure of Ga,O, field-plated SBDs
with nitrogen-implanted guard ring (2018)

C.-H. Lin, M. H. et al., IEEE Electron Device Lett. 40, 1487 (2019)

Chia-Hung Lin
300 10%
. : r
Sio, A"ﬁ%mf’“”’ Sio, & 250t 102 b
(0.3 um) (0.3 um) £ £
N-doped GR N-doped GR < 200f < ]
1x10' cm3 1% 10" cm3 > i > 10*
(0.5~0.6 um) (0.5~0.6 pm) ?:—g 150 L g r
HVPE-grown = g e
Si-doped n-Ga,0, (001) drift layer = L a— r
(7.4-pm thick) 5 100 o i
Sn-doped n*-Ga, 0 (001) substrate [ i
0 [ 10710 A T
Cathode (Ti/Au) 0 1 2 3 4 1500 -1000 -500 0
Anode voltage (V) Anode voltage (V)
Schematic cross section of Forward J-V characteristics Reverse J-V characteristics
vertical field-plated SBD with
nitrogen-implanted guard ring « On-resistance: R,, = 4.7 mQ-cm?

* Breakdown voltage: V,,=1,430V
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Vertical depletion- and enhancement-mode Ga,O; MOSFETs (2018—-2019)

M. H. Wong, M. H. et al., IEEE Electron Device Lett. 40, 431 (2019): D-mode
M. H. Wong, M. H. et al., IEEE Electron Device Lett. 41, 296 (2020): E-mode
0.5 ]
I s [P | < Vy= Man Hoi Wong
ate 5 +5V
i 5.0um L, Al,O, gate dielectric L., 5.0 um | Source 1 0.05ym iOA : GV
0_15yml_ﬁm"iﬁ‘;",’;ﬁ?@%_ﬁ““"ﬂ e | N Z sl A5V
t 5 o2t 25V
HVPE Si-doped n-Ga,0, drift layer ~4.2 ym 5
n=25x10" cm?3 O
£ 01
S|1-dopad"'m:-g-i:1‘2100‘-11 }t‘:::; Lsubstrate ~600 pym g 35V
Drain % 5 10 15 20 2

Drain voltage (V)
Schematic cross section of

vertical D-mode Ga,05 CAVET structure DC /-V characteristics

Breakthrough

* N-ion implantation doping to form current blocking layer

 Manufacturable all-ion-implanted process
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Trench staircase field-plated Ga,O; Schottky barrier diodes (2021)

NP TA

Ref. S. Kumar, M. H. et al. (NICT), Appl. Phys. Express 15, 054001 (2022)

Conventional Staircase field-plated Trench staircase

field-plated SBD SBD field-plated SBD
(CFP-SBD) (SFP-SBD) (TSFP-SBD)
i 50 m 80 ym
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“200pm 200 pm 15 me 200 pm 29 HM 50 pm
8.5um n-Ga,0, drift layer n-Ga,0, drift layer n-Ga,0, drift layer

Nyg— N, =2 x 10" cm™

n*-Ga,0; (001) substrate n*-Ga,0; (001) substrate n*-Ga,05 (001) substrate
Ti/Au Ti/lAu Ti/Au
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Electric field distributions @ V., = 2 kV
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| Si0, ¢
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o
o
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Forward J-V characteristics Reverse J-V characteristics
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Zhenwei Wang Shota Sato Kura Nakaoka Shoki Taniguchi Kohki Eguchi
(NICT) (OMU) (OMU) (OMU) (OMU)

3. Nitrogen radical irradiation to recover Ga,0O, surface damage

Ref. Z. Wang, M. H. et al., EMC 2023
S. Sato, M. H. et al., GOX 2023
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Background

NCI§7?

Question
* What is the origin of unstable Schottky barrier height on Ga,0,?

* Is there any technique to recover Ga,0, surface damage?

Higashiwaki et al., APL 2016

Anode (PH/Ti/Au)

HVPE-grown
Si-doped n-Ga,0; drift layer

7 um

Cathode (Ti/Au)

V, =12V

This work

»

Konishi et al., APL 2017

—

Lo

Anode (PYTi/Au)| SiO,
$200, 400 um | (300 nm)

HVPE-grown
Si-doped n-Ga,0,(001) drift layer
(7-pum thick)

Sn-doped n*-Ga,0, (001) substrate

Cathode (Ti/Au)

V.,,=15V

»

Lin et al., IEEE EDL 2019

| Anode |

. —
Si0, (PHTIi/Au) L

:WG": ) Ag - IGR Dggr
Si-doped n-Ga,0, drift layer
(mr=1.0-1.2 10" em3 ;

t=T7.4 pm)

Sn-doped n*-Ga;0, substrate
(t =600 ym)

Cathode (TilAu)

V., =1.5-1.8V

»

Kumar et al., APEX 2022

50 um
0.55 um . 250m o
0.25 LLIm P/Ti/Au 2SI,
2 il 200 pm

n-Ga,0, drift layer
Ny—N,=2x10® cm3

n*-Ga,0, (001) substrate
Ti/Au

V., =1.9-21V

Investigation on effects of N radical treatment on Ga,O, Schottky properties



Fabrication process of Ga,O; (010) and (100) SBDs

Process flow of Ga,0, (010) and (100) SBDs

n-Ga,0, (010)

/ n-Ga,0,(010)
Surface

defects \

Lapping and CMP

As-received Ga 0, of bottom surface

(010) substrate ad 7-Ga,0;(010) & (100)

f?+'GaQO:;

0-66203 (1 00)

Si-ion implantation
+ Activation annealing

As-received Ga,0, ‘

(100) substrate

N radical

EEREEEER PUTIAY

n-Ga,0, (010) & (100) [N /-Ga,O, (010) & (100) [MEMENY 1-Ga,0, (010) & (100)

Ohmic metallization
+ Annealing

N radical treatment Schottky metallization

N radical irradiation in MBE chamber

Si carrier
wafer

Ga,0,
(010)

-
-
e
—"—
-
-
-
.
-
-
-
-

(100)

-
=~
‘!g.._!

RF plasma: 500 W

N, flow rate: 0.6 sccm

Substrate temp: 700°C (pyrometer)
Duration: 120 min
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Comparison of -V characteristics of Ga,O5 (100) SBDs (1) NCIET;

No surface treatment O, RIE
103 103
101 101
£ £
G 107 o 107
= A05V =
2103 2103
[72] [72]
C C
g 10_5 g 10—5
5 5
£ 107 £ 107
- -
© 9 © 9
10 TR AN AT 10° 3 ey Attty
%\(m&, Lower measurement limit : Lower measurement limit
10—11|||||-|l|||i|||||l|||||||||||| 10—11II:IIIIlll:llllllllllllllllllll
0.0 0.5 1.0 1.5 2.0 25 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0
Voltage (V) Voltage (V)

Effects of O, RIE
* Increase in distribution of V_

« Kinks in J-V curve for some devices mp
Distribution of different Schottky barrier heights under an anode electrode
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Comparison of J-V characteristics of Ga,0O, (100) SBDs (2) NCIET;

N radical irradiation O, RIE + N radical irradiation
103 103
10° 10°
i= i=
o 107 o 107
< <
2103 2103
2 2
g 105 von ~ 0-3 V g 105 von ~ 0-3 V
5 5
-t 10—7 = 10_7
- -
O O
107° o) Bl Attty 10° 0 ettt A
Lower measurement limit Lower measurement limit
10—11IIIIIIlII|IlII|IlII|IlII|IlII 10—11IIIIIIlII|IlII|IlII|IlII|IlII
0.0 0.5 1.0 1.5 2.0 25 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0
Voltage (V) Voltage (V)

Effects of N radical irradiation

« ConstantV, :03V

Smaller Schottky barrier height than those of samples without N radical irradiation
 No kinks
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Zhenwei Wang
(NICT)

3. Ga,0, (010) FinFETs fabricated with N radical irradiation

Ref. Z. Wang, M. H. et al., submitted to Appl. Phys. Lett.
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Ga,0; (010) FinFETs processed with N radical irradiation

NCI§7?

Multi-fin FET

Repeating structure Nitridated
(for multi-fin FET) surface

Single-fin FET

(Pitch =10 pm)

0.3-2.0 um TiAu - -
(Source) Orientation Ga,0, (010) substrate
: Drift layer :
SiO = 15 cm-3
2 Ny-N,, Si=45%x10" cm
TINI cross- Drift layer
. . 12.7 uym
W  Section thickness
. J . (Gate) Fin height 1.5 um
drift layer
12.7 ym (n~4.5x 105 cm3) Fin width 0.3-20pum
Source = -
TiA pad S 1s Fin type Single- and Multi-fin
iAu i <
(Drain) K_/ g S Fin sidewall On-axis (100) plane
o

Schematic structure Details of FinFET Structure

Optical micrographs

+ Ga,0; (010) epitaxial layers were grown by MOVPE at Kumagai lab at Tokyo University of Agriculture and Technology
» Nitridation treatment was performed at Higashiwaki lab at Osaka Metropolitan University

 FinFET fabrication was performed at NICT
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Ga,0; (010) single FinFETs processed with and without
N radical irradiation (W}, = 200 nm)

NCI§7?

15 W, =200 Single-fi 10(1) E W, =200 Single-fi 2.0
L W, = nm ingle-fin 107" £ W, = nm ingle-fin Vi, (V)
on-niigation 1822 _ Vp =1V  Non-nitridation 06‘%9 06%0 07910 Stg (mV/decade)
L Vg 5t01V, 104 — b 115 %r 1
1.0 -1V per step 10°F - -/g 0.81 054 048
= 10 = 68 66 66
.y = . < 107k 0.66
w/o nitridation £ = 108 110E 67 X
o ~ 10 bss- o 06(%6 07%0
0.5 10 £
_ 19-11 [66 mVidecade los 013 X Non-nitridated
-12 £ 0.54V : i .
10 075 o068 [FIinFETs:
1071k 69 67 |V,=065+0.25V
: 1074 | 00 SS =68+ 3 mV/decade
00— 1 v 1 1078 Bl L 8 1 100
0 1 2 3 4 -50 -25 00 25 50
Vp (V) Vs (V)
15 , _ 10° ¢ 2.0
L W;, =200 nm  Single-fin 10~" E Ws, =200 nm  Single-fin 150 1.26 Vir (V)
- Nitridation 102 FVy=1V Nitridation 78 74 X | 8S (mV/decade)
- 1072 F 1.45  1.43
L Vgi5to2V, 104 — b 11.5 77 79
1.0 - 107°F -~ 1.34  1.40
.y . I < 107 & ) 1.30  1.46
w/ nitridation & [r,- < 0k -~ {10E 76 79
= - 21.2 mQem? 107° SS = -0 17277 171%0
05 10_1? 78 mV/decade! Vy = 135 1.26
- 107 F 10.5
10712 | 134V 1.19  1.20 |Nitridated FinFETs:
1072 ¢ 149 % [v,=135%015V
- 107 Vi 74 SS = 76+ 3 mV/decade
00 i I I B 1015....|....|../.|....0_0
0 1 2 3 4 -50 -25 00 25 5.0
Vp (V) Vs (V)
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Ga,0; (010) multi FinFETs processed with and without
N radical irradiation (W}, = 200 nm)

Drain current (mA)

NCI§7?

I—Vp I—Vg Reverse breakdown
— 10° 2.0 10 ¢
- Wsn =200 nm Multi-FinFET W, = 200 nm Multi-FinFET | | Wi =200nm Multi-FinFET
i Nitridation 102 F v,=1V Nitridation | <z 0 Fyv,=o0v Nitridation
N V= = 10+ 152 *GEJ 1078 3
SV = E E 9 [
| I 5 10
- R = & 107 £ O 3
B Ron = 4V = 10 9 _|C|_.! 10_10 - 1273V
| 13.8 mQcm? 3 108 SS = ' § S :
£ 76 mV/dec - T 10 [
3V S ] § ©
0 10 050 £ 107
10712 a 1013
2V _
. . 10, 1.V, 10-14 , L . . lgo o
0 1 2 3 -4 -2 0 2 4 0 500 1000 1500
Drain voltage (V) Gate voltage (V) Drain voltage (V)
W;, =200 nm cf. W;,=300nm
 R,,=13.8 mQcm? * R,,=9.5mQcm?
« SS =76 mV/decade « SS =73 mV/decade
e V,,=1273V « V,,=1213V
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4. Conclusion
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Summary and future prospect NCIET;

Fifteen years have passed since | conceived the idea to develop Ga,O,
transistors and diodes in 2009

Developments in Ga,O; technology have progressed significantly over the
past decade, and Ga,0; has established a solid position in compound
semiconductor community

The next decade will be a critical one for Ga,0,, as it will either become a
popular short-lived material, or be industrialized and become one of the
fundamental semiconductors like Si, SiC, GaAs, and GaN
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