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Pathway from Si to wide to ultrawide bandgap semiconductors

Narrow Wide ULTRAs — New class of materials

Bandgap (eV)

Diamond
5.5

GaN

Breakdown Field (MV/cm) . . . 8 10 16 12
» Baliga’s figure of merit (FOM) 3444 9000 9797 1678
Traditiong| Emerging Technology

Emerging technology

* >20% energy savings
Smaller size

Higher voltage rating

more powerful!
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High voltage power electronics: Co-innovation to commerC|aI|zat|on
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Power device technology through supply chain
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Operation frequency (Hz)

High-end
solutions

Middle-end
solutions

Low-end
solutions

() REWIRE

>10kV
" 2015 Technolegy Positioning Forecast #
GalN Junction
MOSFET s .
GaN Sﬁplrn Silicon
MOSEET IGBT “ tunction
T . MOSFET :
oL Silic
Silicon Super '
1GRT,/ lunction IGE
"-ESFH i ke Déuelirpeaew] Saly 2007
200v 600 V +1200V

Co-develop devices and applications
with industry; wide and ultra-wide
bandgap semiconductors

Power electronics is a major
technology sector internationally.



Bk University of 7\ | 58 . DT
BRISTOL D) B o Do Trermop i R 1
Ga,0; of great potential for power electronics

20

AIN Si GaN SiC  Diamond Ga,0;

Eg(eV) 1.1 34 33 5.5 4.9
15 . Aly 9Gag ;N 2
Direct gap M(cm?2/V.s) 1400 | 1200 | 1000 | 2000 300
p E.(MV/cm) 0.3 33 2.5 10 8
€reL 11.8 |9 9.7 5.5 10

Critical field (MV/cm)
=
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SiC (8-inch)
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How do increase breakdown voltage in power devices ?

(OFF duration) (ON duration)

Anode Metal Anode
I
Schottky barrier
Depletion layer

:
>i< Cathode

L—»

Cathode

Most of the electrical field

I:Current does not flow.

generated by the voltage applied

https://toshiba.semicon-storage.com . ..
psi// 9 near surface which limits the
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voltage these device can sustain!

Pt (FIB) Minimize
\[Vaglleld resistance

|

Minimize peak
electric fields /

1.1%um
I

Al,O5 (100 nm)
Ga,05

3D semiconductor structures move the
electric field inside the semiconductor and
increase breakdown voltage
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Bristol fabrication of Ga,0, trench Schottky Barrier Diodes

Schottky metal

[Wen 1um /[ W, 1 um]

etal

JLL

W;, Gap Al,O4
(5-8 um)
Ga,0; layer

Ohmic
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Ga,0; versus SiC device technology

Why Ga,0,? s1.000q  SiC B-Ga,0, B-Ga,0; B-Ga,0, B-Gé

Cost Comparison 5916 1,0, BGa,0, B-Ga,0, f:Ga,0,
$900 - B-Ga,0, B-Ga,0, B-Ga,0, B-Gi
<800 1,0, B-Ga,0, B-Ga,0, B-Ga,0,
 Modelled 6-inch BGH;C:; Buﬁaﬁoéaﬂoﬁaﬁfu&
$700 - 3 a ,0,
wafer costs 5 ¢ A 5 K.Hoshikawa et. al, Journal
comparison for 2 suo- ) ool Couth 2016,
63203 and SiC g; $500 w Phys. D: Appl. Phys.
[Fa]
wafers S
#5400+
« Ga,0; wafers 2
(8

would cost 3x less $300

. '3% ..4% _?% GE;O;

than SiC wafers 200 — — $195
5100 =

S.B. Reese et. al., Joule 2019

S0

SC ' GaO, = Double ' Double ' 50%  Double = GaO,

current initial crucible ingot higher epitaxy final cost
cost cost life length polish rate rate
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In contrast to SiC, Ga,0; has large in-plane anisotropy

Orientation dependence of trench SBDs

[010] [0101 r; [010]
7
1 05 1 === Trench SBD 0° ——
~ ' === Trench SBD 30° e e —_—
E 1 05 r == Trench SBD 45°
© Trench SBD 60° 0° fin orientation  45° fin orientation  90° fin orientation
G 104k Trench SBD 90°
.E. “T L H.S. Kim et al, accepted in IEEE Trans. Electron Dev.
a 1 03 3 AL,O; (100 nm) 15 15
- 1 . Interface charge: 0 e/cm? Interface charge: -2E12 e/cm?
5 102 1 c (a) Electric field [Vicm] Electric field [Vicm]
] O 3 Viumo, defined &~~~ = 210" = 2107
1 3 E 10-5 A i metal 1.5x107 B Ni metal 1.5%107
10 e ; Bl s Rl
10° ~6.2 m!ll-cm2 § 10° 5 05 e =500 | § 05 2 = 5a10°
1 A . 3 10.12 = Ea x106 = | (1]x105
0 V;Ita e %V] > E 10 lnterfacehd‘zrge 1 0 0
on trench sidewal
g (: 1078 from -1 x11012 eh:z:m2
102 , o -6x10™ e/cm” 05 05
0.0 0.5 1.0 1.5 2.0 0 05 1 15 2 25 0 05 1 15 2 25
Anisotropy (e.g. sidewa" traps) Anode VOItage [V] Microns Microns

needs to be considered in Ga,0; device design, though breakdown voltage is not affected
in this case; also Ga,0, exhibits a low thermal conductivity and can not be well p-doped.
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Considerable thoughts into edge termination using field plates

TSBD with field plate Simulated electric field
Anode
| e r - without fielld plate
....... Anode edge Electric field E 121 — with field plate
plate &7 (MV/cm) = Anode edge
plniiet: b Pl g : — 22 = Lo
1 ' o 8
11 qq_;) i FP edge
— ($) {
. E—— P 4 -
UID Ga,05 (12 pm)  S======= - — C
=0 8 A B
SIS (M) () I 0 _Anode voltage: -1000 V |
8 16 24 0 10 50

Cathode Distance, x (um)

Distance (um)

Field plate minimizes the electric field crowding at the edge by distributing the
field between anode edge and field plate edge
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Reliability of Ga,0; trench FETs: More work needs to be done

As fabricated After breakdown

______

» Substrate orientation: (001) out-of-plane
= Breakdown is always observed along [010] direction

Killer defects still need to be identified

CS International 2024 12
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. Nio NiO ...

Si-doped B-Ga,0, (001) 7.7 um

n=1.5x10'% cm
n* Sn-doped 3-Ga,0, (001) substrate

n=1.0x10"'% cm-3
Ti/Au cathode

= 10?
£ 10"'
. <« NiO
This addresses E. L1 open
the lack of §°104 L |1]: Soild prey
. 104 g >
good p-doping SO Vor =
10
of Ga,0.. z _
2= z 10-8 M VG.S a
20 400 800 1200
Drain Voltage V', (V)

B. Li et al., Fundamental Research, 2023 (in
press) - Xidian, CAS, Nanjing.

J. Zhang, et al., Nat Commun. 13, 3900
(2022) — Xidian, Shanghai Jiao Tong, UEST

Corresponding work from University of Florida;
generally up to 8kV devices
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Integrated Ga,0; — diamond device technology

X

1.6x108

=
° 3

2 um (2xW)

)]

A. Mishra et al, IEEE Trans Electron Dev. IEEE

Transactions on Electron Devices, vol. 68, no. 10,

pp. 5055-5061, Oct. 2021
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Breakdown voltage (V)

Use of p-diamond increases breakdown voltage, and

improves heat sinking
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Initial steps for diamond — Ga,O; integration

TVAG
Y

N
SiO, interlayel

'L

p-Diamond
p-Diamond
p-Diamond
p-Diamond
p-Diamond
p-Diamond

Ng= 2x1016 cm-3

Forward IV linear scale 0 Forward IV log scale 0"
10 ym UID Ga, 054 & 60} & : ;
E | E 101 L / ]
O 50 | O 1
E i E. 10 E 103N,_.
Ga,O, Substrate 2 40 £ ol / 0. { §
; G 30 & f n=2.1 {10 @
Ti/Au Q Q 105 -
v 20} t Z 5
On-Off ratio 10® = SiO, interlayer e ® 107} 140t &
S 10 S r ]
protects surface of Ga,0, o | O 10°} 5
0+ :
. . A1 b [ T P I I I I AP P T 0
A. Bhat et al (Bristol-Stanford collaboration), 12108 6 4 20 2 468112 10 ™ s 64 20 246810 V0
submitted to EDL Voltage [V] Voltage [V]
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Conduction mechanisms & breakdown

Tunneling assisted
recombination

A Measured values

g P
o

Ideality factor (n)
o

-

.

()]
————

° = = Fitted plot

1 1 E2, T
—=—(1- +
n 2 3(kT)2 T+
“. Ey = 30meV
S T" = 620K

A‘A

1.4
275 300 325 350 375 400 425 450

Should result into >3-5kV superjunction devices
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Temperature [K]

A breakdown of 875 V, without edge termination!
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Next steps

< 102F 247k
3 1175 kV
© 10%°¢ / /
&'; 1072 r
g 10 :
QO 6 e
o 10 1
- 3
S 108 — Unterminated TSBD
= - — Field Plate TSBD
= 10—10 -
o
10_12- A T B T S
Pt (FIB) —2. 5 —2.0 -1.5 1.0 05 0.0
Ni/Ti/Cr Voltage [kV]
Next step
1.1 pm = =
Al,O; (100 nm)
Ga,0;
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Latest Bristol
fabricated Trench
Schottky Barrier
diode

Edge terminations

p-Diamond

p-Diamond
p-Diamond
p-Diamond

0

Cell width (pitch): 1 um (W) \
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Ability to make next generation materials ...
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Alternative for heat sinking: Growth of Ga,0; on diamond
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TEM: Ga,0; on diamond

Lamella prepared by Zeiss

e Alignment of (20-1)
Ga,0, with (001)
diamond

* Minor tilts show closely
related mis-oriented
grains

A. Nandi et al., Cryst. Growth Des. 23, 8290-8295 (2023)
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B-Ga,0; epitaxy on SiC also possible
High quality B-Ga,0; hetero-epitaxy on SiC substrates:

Bulk Ga,0; @920C/950C
30 min (360 nm)

Ga,O; Nucleation @750C
3 min (30 nm)

4H-SiC

I. Sanyal, submitted to Appl. Phys. Lett.
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Are we chasing Ga,0; power electronics ghosts ?

i 10%  p-Ga,0, limit
3 o'} .'9_3__["‘_'.“__@__.'_'.__'.:.'__.'_'.___.:.;Z"_'i':.___.'
5 2 SiC limit
® = A00F v / ........
5 © 1 GW/cm? _g--n
i = 107} n-
Do
&> 0 102}
E n-H
1073

2012 2014 2016 2018 2020 2022 2024
Year

Ga,0; could already now provide system benefits,
with reduced converter losses.
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22

Jahdi, Kumar, Deacon, Taylor, Kuball, submitted to IEEE Open Journal of Power Electronics
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Conclusions

* Ga,0; power electronics has already exceeded many performance parameters of GaN and SiC power
electronic devices.

* Device prototyping and commercialization pathways (for Ga,0;, SiC, GaN, AlGaN, diamond, BN etc)
within the £11M UK funded Innovation and Knowledge Centre (IKC) REWIRE.

* Huge opportunities for Ga,0,, though challenge of low thermal conductivity and lack of workable p-
type doping need to be addressed; integration of Ga,0; with e.g. nickel oxide or diamond can
overcome some of Ga,0;’s limitations; superjunctions, MOCVD growth on diamond and SiC substrates.

* Good quality Ga,0, Schottky Barrier Diodes (SBD) demonstrated; some failure modes of Ga,0,
devices discussed. Early power systems analysis shows Ga,0, enables reduced converter losses.

* Ga,0; could become a serious competitor to SiC in the high voltage power market.

ROYAL UK Research
E%I%QIEIPEEI%FI\M and Innovation édf) REWIRE

Martin.Kuball@bristol.ac.uk
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