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Power semiconductors as pathways to carbon neutrality

nature reviews electrical engineering electricity generation
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WBG Devices: GaN HEMTs and SiC MOSFETs (>$3 billion market)

Gate
Source 1 Source
1 I

I = 5 1 1
N+ N+
Source ST o
PowerPort Atom PD 1 n-Drift
Substrate (Sapphlre’ Si, SIC...) 16x1.8x15in
n+ Substrate

Drain

< 2DEG: mobility >1500 cm?/Vs
\ easy for IC integration

x large chip size for high-voltage
x thermal and E-field management

x MOS: mobility ~100 cm?/Vs
x Mostly discrete
v high current

\ small chip size for high-voltage
x robustness (avalanche and short-circuit) \ easier thermal management

<] —*— = P SiC
_— o

Si

15V 650 V 1200 V 1700V 3300V
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Stability, reliability, and robustness — framework

Why GaN is special?
short circuit - Dynamic stability
b 4 T : - Dynamic Rgy: conduction loss
Breakdown I stability : _ _
power - voltage : : - Hysteresis Cygg loss: high-frequency
. Switching I I
Rated CyC“ng stress or © I o [AE [ . .
e e e - = - reliability switching loss
current I \\ N *Tq} THTOL I C‘S ! ;
I N I I z ! ; - Overvoltage and surge energy robustness
' Y, SN I = Irobustness ! .
: %y%/é N ! ! ! - No avalanche capability
‘o RN, R — ' o
CSQ W, J ove}\I/oItage - Short circuit robustness
Rated > VD - Gate reliability and robustness
voltage - Must be characterized under inductive

J. Kozak et al., “Stability, reliability, and robustness of GaN SWItChmg conditions

power devices: a review,” IEEE Trans. Power Electron., 2023
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Outline

« Lateral GaN HEMT Reliability
— OQutput capacitance loss
— QOvervoltage robustness and lifetime

— Gate reliability and lifetime

 Bidirectional GaN

» Vertical GaN Devices: Performance and Reliability

— Dynamic Ry, avalanche, short-circuit

— MHz converter application

« Summary

short circuit
|
D4
Breakdown
voltage
povlyer switching J
Rated [ SYS'N9  _ stressor 2
current ~ \\ > THTOL I S
“« & | ©
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Hysteresis C,gg lOSS

* Cpss loss: generated when Cpqg is charged and discharged in OFF-state (an ideal lossless process)

« “Hysteresis Loss” : energy stored in Cygg # energy discharged from Cpogg

o —rChlarginrg Cyl;]e . | P-GaN Cascode
[ Fasssa “ischargi“g CF'E]'E ”:'r"'ﬁT.'L'I'L"‘-iS 12 HEMT GIT GaN HEMT
300 - Energy Loss 4 1 | Episs | Eobiss | Eoiss
;*: Charging ’ s g _ DyRosion 1 DyRos(on 1 DyRosion)
2 200 i »w 91 Loss 4 Loss { Loss
> &
A —
: > |
100 1 _g 6 - -
Discharging | g
ﬂ i 1 1 ‘-='
0 10 20 30 40 8 3 - -
Qppy [nC| I A ]
A potentl_al issue for GqN HEMTS, _espe(_:lally at (very) high RS 4006 400 1006 960, 4000 7
frequencies soft-switching applications, i.e., at MHz level. f (kHz) f (kHz) f (kHz)
G. Zulauf et al., IEEE Trans. on Power Electron., 2018. A. Jafari et al., IEEE Trans. on Power Electron., 2020.
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Coss loss characterization and modeling — discrete GaN

7
Vps (V)

1
O =
(4]

=3
o
Ihs (A) or Vs (V)/ 6

* L,,,4 resonates with
160 ), or
* Minimal turn-off loss
80+
* Cpgg loss extracted
0

from the resonance

23 24 25 26

* Epss dependent on resonance
frequency (dv/dt), voltage

(power law), and current (linear),

SR DUT k a p Y

P-gate 1.45 x 10711 042 0.33 1.86
2 MHz HD-GIT 0.95 x 10716 0.54 0.37 3.42
Direct-drive 412 x 10710 0.03 0.30 1.20

Gate Passivation
P-GaN P-Gate 1.81x 107 036 0.18 1.84

Source AlGaN Layer Drain

6.78 MHz HD-GIT 2.51x 10715 0.29 0.22 3.32
Direct-drive 2.58 x 10711 0.01 0.20 1.69

weak dependence on T

» Related to fast traps, with de-
trapping time constants distinct
from dynamic R,

Q. Song et al., “Output Capacitance Loss of GaN HEMTs in Steady-State Switching,”
IEEE Trans. on Power Electron., 2023.
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Higher Co55 loss in GaN Cacode: two additional origins

(o]

Epss per cycle (uJ)
) »

Sum of three losses
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Q. Song et al., “Origin of Soft-Switching Output Capacitance Loss in Cascode GaN HEMTs at High Frequencies,”

100 200 300 400 500 600

B 100
180
160
140
[ -" 20
S— -. VTH(Ga?I\!) e 0
0.1 0.2 0.3
time (us)
=
= r i
4 DUT 2 N o8 *—DUT 1 7/
C GaN HEMT g 6 |
g l_rJ_ * ‘g ’ )
ﬂ ::I:I-3 " _VDS iloo 4 f‘,.g&‘:::’?’v
. J =2 7 St j
o P
® 0 poli=e |
o 0 200 400 600

IEEE Trans. on Power Electron., 2023.
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Coss 10ss much higher in
GaN cascode devices

#1: Cpgg loss in GaN HEMT
#2: Si avalanche loss

#3: GaN hard turn-on loss
(could be dominant)

#2 and #3 are both due to Si
avalanche in GaN cascode

Solution: increasing Si Cqgg
to make an avalanche-free
cascode -> 75% less loss in
soft switching
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Minimizing intrinsic C,g5 loss in GaN HEMT

| I Il IV v Vi
D—o ) ) o 0 1
| | Cos G I Sub 1—1 nF I
| | | —|E ------ © 1 © )
Field plate S 1—1 nF
6 gate dielectric —_— < - o © °
— ate —
Source Drain
GaN cap —\o® .
Con AlGaN - 600 I — 7 1Vos Coss loss of GaN-on-Si HEMT can
— 20EG GaN channel — S 400l ® vV @ VI +/’” ( = SV bg reduced.by tunmg_ the §ub§trate
AlGaN transition layers >"3’ 200t _ ;xl-’,/*’,’. - ’] 10.25Vos bias (VSUB) N dynamIC SWItChmg
— i — B-8_ : ’ .
P o8 =% 0 Compared to sub-source-shorting,
0 200 y 4(18;) 600 at Vg g = 0.5V, Episs reduced by
> up to 86%, Ep,ss/Eoss ratio
=100 T = ] =—F decreased from 14.6% to 2.2%
s e | £ . .
%; 10;-0-V -@-Vi /T/‘/? 2 ol-e-v -e-v 74 Physics related to depletion front
- o a-8=0= W o—~¢ profile at different Vg5
8 1t ;’%,// E 2 5} 1——"’ +
3 / idy /QT——A/$— — |
S % = - Vi
01— 200 400 600 0 200 400 600 1SIC ()O
VDS(peak) (V) VDS(peak) (V) TECHNOLOGIES
Q. Song et al., “Minimizing Output Capacitance Loss in GaN Power HEMT,” IEEE Trans. on Power Electron., 2024.
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Outline

- Lateral GaN HEMT Reliability

— QOvervoltage robustness and lifetime

 Bidirectional GaN
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Surge-energy robustness: Si/SiC MOSFETs v.s. GaN HEMTs

Si & SiC MOSFET: GaN HEMT:
trp
__ LIGBVy, E = J V-Idt~0
Eava= 2(BV ava —Vpp) Ves 0
Vs
DUT «ON»+«—OFF—
DUT «ON»>+«—OFF—
BVAVA
Vps I, (Iava)
ﬁ/\_ Voo
e 0
e =0 t=tava
Withstand process avalanching LC resonance & reverse conduction
dissipation in device in little/no dissipation in withstand;
Energy path . e .
avalanching dissipation in reverse conduction
Limiting factor avalanche energy overvoltage capability
Failure mechanism thermal run-away E-field induced breakdown

R. Zhang et al., “Surge energy and overvoltage ruggedness of p-gate GaN HEMTs”, IEEE Trans. Power Electron., 2020
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Dynamic breakdown voltage

Transient BV (kV)

Inductive Switching Circuit Quasi-static |-V sweep Physical mechanism
1.6 — —
— 25°C ) )
e — 759°C | 10’ SP-HEMT
| —1125°C | .
14 _ Failure
‘-;— < 103 ~950V
1.2} —— / E
' == i
= b ' 10° ] 2
1.0} —_— .~ V. =-5V |
=== ; °
10°0—200 400 600 800 1000 O EReRlMVch) | um 24
oglL. . . . . . . 3.5 [l WA of \ org pulses
25n 0.5p1 0.15m 5m 20m 50m 200m 2 Vos (V) or static
Pulse Width (s)
= BV converges to ‘static’ BV

= Time-dependent buffer trapping
when PW> 200 ms » |mpact peak E-field

= Dynamic BV > Static BV

= BV reduce with pulse width

R. Zhang et al., “Dynamic breakdown voltage of GaN power HEMTs”, IEDM, 23.3, 2020
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Overvoltage switching at high frequency up to Megahertz

Rc
: Active
L, :]:Clamping
;__.i Circuit
FpuTt
L
'I gout ;RLoad

2000 Stable Vpg eak -
4 N {
1500 } < P
S i
g10(30 i ;
> il
500 i
LU

SP-HEMT (BV drop at higher f,)

v

v

: Va =
= 1036 V i Vi
1188V ~ 1268 V
Vbs top Aal i lhaad
1[200V /div /TR T 11 P—
| iv] .' Ik ‘1 | (v
A i N\ M atnrnd } * A oy - L} LA A A e
—H 1: ' ,;—_-' u".-’l./‘:::‘lv"/‘vw Vos tOp\ v Vps top
) Vi {200V div} 1 [200¥ /div]
[~ Vs bottom | .../ Vps bottomf |~ Vs bottom
100V /div 100V/div iy
£ = [100V/div] fuls [ ] fa = [100Vidiv]
1 MHz 100ns/div] | 500 kHz 100ns/div| | 200 kHz 100ns/div
fo | # | (V) Sow # | Vu(V) || fw # | Vu(V)
1 1036 1 1188 1 1268
1 500 200
MHz 2 1060 kHz 2 1188 kHz 2 1264
3 1040 3 1192 3 1268
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Repetitive UIS @ 75% BV

50} £, = 200 kHz —— Fresh
V=6V Stressed|
40 ——2-Hour
. 1-day
< 30 5-day
- recovery
i
82
10
—H
0 2 4 6 8 10
Vos (V)

R. Zhang et al., “Overvoltage Robustness of p-Gate GaN HEMTs in High
Frequency Switching up to Megahertz”, IEEE Trans. Power Electron., 2023

« Overvoltage switching at high fg
triggers a new failure mechanism:
thermal failure due to significant
dynamic Ry increase

» Qualification method: repetitive UIS

Dynamic Rqy: the true limiter for
overvoltage lifetime?
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Device lifetime under overvoltage switching: limited by dynamic R_,

Voltage rating can be determined by long-term dynamic R increase (e.g., 10% after 10-yr hard-switching)

: - Dynamic R, increase is the major Cannot be captured by

In-situ monitoring of Rqy . e b :

degradation in overvoltage switching off-line measurement
Eurs N DUT: EPC2218 (100 V rated) f,, : 100 kHz 53-0 150V &% <3mQ
: i V.. peak : 120 & 150 V T.:75°C £ 28 ey
B = |on'ver-||:§ 5 o WX T : 32_5 @.’ @o
|V |Sv pur | 4 e T L ] 8
- 318 o 8 o 30 oot keI | ] 24| Fresh Tested | Recovery

2 _ Lot 2 ;“%L;:%“nf::::“:a&ﬁ:m@f?;;ﬁ““’ H
1f ; o AR o Physics-based model for
t o Lot A H 1 i
oL = lifetime projection
10 107 Time (sec.) 10
Tr T T ———— T T — Drain Drain
y N >5 mQ ;
%/ 4 5 o escioninpiee®® o Lotl
oy 45_3 8 8 o o 6838308 ka _
Thermocouple | 3 o Lot3 ]
2 [
102 10° 10

Time (sec.)

r

R. Zhang et al., “In-situ RDS(on) Characterization and Lifetime Projection of GaN HEMTs
Under Repetitive Overvoltage Switching,” IEEE Trans. Power Electron., 2023
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Outline

- Lateral GaN HEMT Reliability

— Gate reliability and lifetime

short circuit
|
D4
Breakdown
power . . VOltage
; switching
Rated liyc_lmg — _ _ _ stressor @
Current ' ~\\ \\\ T\ rHTOL ' c.g
' \\\\ \(6\?\ I '_iu
%) . \‘\0 ] \{(\\‘ \, d | <>'U
] L S, AR ©
TR IAN .
o ’% Sd 1
Qg ~ ove;voltage
> ¥D
Rated
voltage
15
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Small V55 headroom of p-gate GaN HEMT (as low as 1V)

Current cbm Iiance' =100 mA; .
R EECET : Prior methods

] A A
vG,Stress vG,Stress
T=25to 150 °C, 1
AT =25°C
GaN Buffer 1 e
Transition Layers . ,
e 0 5 v, (v) 10 15 1:

Gateto-Source Votage Ve 10tRs ! DC stress Pulse-IV (AC square)
Gate-to-Source Voltage - transient For < 1 s Ves(transient) -20to +10 V

 Not RLC-resonant-like
« Slow turn on (low dV;/dt)
* No power loop switching (i.e., drain-

source grounded)

B. Wang et al. "Gate Robustness and Reliability of P-Gate GaN HEMT Evaluated by a Circuit Method.” IEEE Trans. Power Electron., 2024
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Gate reliability evaluated by circuit method

DUT Spec. Symbol Functionalit Typ. Value
D y y
L L R, , InputDCV. Vpp Va(pow) = Voo 5V
h A i Cf_:—[ 1 « Charge Lg
\ | — Ly, T - Store surge energy
Voo S 2= Gate-loop L; *Modulate overshoot >0nH
DD 1 C S ' S e inductor | idth 120nH
T @H7 ol v pulse w
— . * When ON, L
T ' -G
ﬂ ‘r_,—[ Fast switch S, charged by Von EPC8010
— : * Modulate Vg py, 20ns ~
—S; ON: charge Le S, ON: pull down Vg (< 0), SRl g via surge eneray 100ns
for surge energy mimic OFF-state Iso. DC V. V, * Voo~V 1V
v * When ON, pull down
- VG Fast switch S, Vs (< 0) g EPC8002
I _ » Modulate D (via
! S, ON-time tON,SZ OFF time) S0ns ~ 50ps
* Dissipate power of
: — . . . Power R, DCV. 330
Veipcy) = Vop =95V / resistor » Damp ringing

Vepc-) = ~Vi + Vesa~= -1V

B. Wang et al. "Gate Switching Lifetime of P-Gate GaN HEMT: Circuit Characterization and
Generalized Model.“ IEEE Trans. Power Electron., 2024
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Gate switching lifetime model (arbitrary V; waveform, T, f_,)

= Voltage Acceleration Function: v . fsw
GPK) | - -
T V -
Ystress” = [ [V(t) — Vgrp]°dt x #SCTF GEOO) éWL [t
. fsw Acceleration Function: % Experiment --¢--Model A Predicted for 10-year
( fow =1 MHz fsw = 100 kHz
1 < h» . ..“\
y . (fSW — fTh) 10 Q@ 10-year 108} A
AF'sW =3d - few™  (frn < fsw < fsat) 3 me 125°C| 3
e S WL of SRS
\d fsar  sw > fsar) Bl wi Wy 28°C| 8] TR\
(e=0.6) Shll BT S <t B .
P=i63% gy | [P=63%
= T Acceleration Function: 7). -, i e I &)
6 8 101214 18 6 8 101214 18
Vsooes (V ‘ Ve OV
AFT= exp(_%) (EA ~—0.3 GV) aek) (V) ( aek) (V)
= 10 p=0.1% ——100 kHz --+-1 MHz
=  Full switching model. 20l o : _‘:”'*”ﬁf—v—ﬁ—%—ww 125325
& 8 .-h_'" ;VQ‘Q'—Q;'-Q—’-Q_*Q_—_ o
_ #SCTF _ Const. N S aos .o 0¥ 8=8 25°C
ITF = Fsw  [TVe(®—Vernl26dt x fy x AFISW x ex D) 20 40 60 80 100
ol¥6 GTh sw Pt Pulse Width (ns)

B. Wang et al. "Gate Switching Lifetime of P-Gate GaN HEMT: Circuit Characterization and Generalized Model.“ IEEE Trans. Power Electron., 2024
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Gate robustness improvement by monolithic IC

Vi ; Voo :
o0 ) o Drain (D) At I * |CeGaN: GaN HEMT +
ESDoexvoozls :E Voo camp et Gate oo ki b monolithic gate
s "*e’af;; )Gate: Auxn‘llliyt HEMT (G ﬂ Power|GaN SP-HEMT protection IC
* T ke | Nk
| GIN [ - Y & H
el | R‘éZJ?a_%‘ér i i #JILIIHIL! W JJIJULIL"I' J . G.at.e drive Yoltage
Vs ; loge _ Loge | [.Eg‘hz% i Bt | ilcifclam similar to Si IGBT and
urrent i [l 3‘ Il .
Source Miller — Sense (&S) Hit | SiC MOSFET
Claimp Rcs[] - | | “' itk o
w— Voltage el || ‘3. . '
solin e Limiter g Eoer filu lllf‘ﬁl ':Iif ST lli‘t.‘l , i Fast IC response in
YT 1 - nanosecond voltage
overshoot in the gate
Jg - - N
- . - BD-EE} : :
80 o 80 — 78 V (Fail) @ « Dynamic gate
2 — 76V - ! eGa
s 60 | S0 —7av = ” E E EE breakdown voltage
a0l =0 20 — 78] E ll  sicer 80V reaches 80 V
11| -
%) t (20 ns/ div) — 50V Q -1

> 20l B S eaal 70V 70V * Rate.d gate VOlltag_e for

. 76 | ICeGaN™ ——— continuous switching

75 — : : : : ' SP-HEMT 24V 25V over 30 V

25 50 75100 125 150
T(°C)

B. Wang et al. "Exceptional Gate Overvoltage Robustness in P-Gate GaN HEMT with Integrated Circuit Interface”, APEC 2024 )CAMBR,DGEG p—
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Outline

» Lateral GaN HEMT Reliability

 Bidirectional GaN

» Vertical GaN Devices: Performance and Reliability

— Dynamic Ry, avalanche, short-circuit

— MHz converter application

short circuit
I F 3
P Breakdown
power o voltage
; switching
Ratedt cyeling  _ stressor 2
curren ~ o \{# THTOL ] S
S ! 1.5
| D TSN I3
o 9/)). S l
B ey SN
o ’% Sd 1
% W ~ ove'cvoltage
Rated
voltage
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GaN Bidirectional Switch

Dynamic Ry Evaluation Board for GaN BDS GaN BDS with Breakdown Votlage > 3 kV

Evaluation of industrial bidirectional GaN HEMT « GaN BDS with BV over 3.3 kV in both polarities

with and without substrate bias management . Dual p-GaN JTE, E-mode, R of 5.6 mQ-cm2
’ » T lon,sp .
In-situ dynamic R, and V,, evaluation circuits for

* The highest BV and best FOMs in GaN and SiC MBDS
bidirectional device in hard- and soft-switching

Vius ©

olpgle, e lele  eood Fou
- nASTESG| T s1 S2
. pe ivati By g
Clipper measurement probe S1 ﬂ I Passivation L ﬁ S2 = 200t zs:: :x ho-‘“ —
= | I : E 100}Vgysy: 0-5V .5 -
p-GaN — p-GaN E 0 Step: 1V @/ __
a = —7 & Vosi: 0~5V
GaN »-100 Q,Q.é‘ Step: 1V
SIAN St N\ 3_200-\ .:*"
L PEEEEANSEEE e
[039) Sapphire BCIE o(v)s 10
e+ — et S281
Se N\ pUT \ Vi 210 rSoIid:ISHG Lyre-5 pm
Dash: |,
— e - <103 6 / No JTE \
Rshnm ‘--E-'10 F M
Ill Ls 510-5 .
JT_ 3 10-? (a) L .‘\-‘ - i e N '
DPT measurement circuit © 4 3 2 41 0 1 2 3 4
DPT measurement PCB board n e Vst (kV)
_ Y. Guo et al., “Enhancement-Mode GaN Monolithic Bidirectional
Q. Song et al., APEC 2025, best presentation award Switch With Breakdown Voltage Over 3.3 kV,” EDL 2025
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Vertical GaN FinFET: from concept to commercialization

« 1.2kV Fin-MOSFET with 200nm-wide fins
* V=1V, Rypep= 1 mQ-cm?

« 2-inch GaN-on-GaN wafer process

* Superior Ron(QpsstQ,,) than SiC

source source
gate oxide

Source

n- drift layer

500 nn
!rain

Y. Zhang et al., IEDM 2017

Y. Zhang et al., 40 (1), EDL, 2019
(2019 IEEE EDS George Smith Award)
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NexGen’s 1.2 kV Fin-JFET commercialization
(VT characterization & application)

$100M+ GaN-on-GaN Fab in Syracuse, NY
1470 V BV, , avalanche capability, 0.82
mQ-cm? (4-5x lower than 1.2 kV SiC MOS)

gate gate gate
source source

n- drift layer

drain

J. Liu et al., IEDM, 23.2, 2020;
T-ED, 68, 2025, 2021




GaN devices can be dynamic R, free

gate

+ Vertical GaN JFET are dynamic Ry free under various voltage, current, temperature conditions

» Physics: 1) low dislocation density of GaN-on-GaN; 2) the absence of electric field crowding near the
surface; 3) the minimal charge trapping in the native junction gate.
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X.Yang et al., “Dynamic Rpy Free 1.2 kV Vertical GaN JFET,” IEEE Trans. Electron. Dev., 2023
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GaN devices can achieve breakthrough short-circuit robustness

« 650V GaN JFET: 30.5 ys @ 400 V, 10.6 ys @ 800 V (BV,Aya)

* 1200V GaN JFET: >40 ys @ 800 V
* Physics: device-driver circuit interplay to suppress /Is,r at high temp
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“Breakthrough short circuit robustness demonstrated in vertical GaN fin JFET,” IEEE Trans. Power Electron. 2022
X.Yang et al.,

“Evaluation and MHz Converter Application of 1.2-kV Vertical GaN JFET,” IEEE Trans. Power Electron. 2024
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GaN devices can have strong avalanche with right edge termination

Current
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M. Xiao et al., “Robust avalanche in 1.7 kV vertical GaN diodes with a single-implant bevel edge termination,” EDL, (IEEE George Smith Award 2023)
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GaN power FInFET enables kilovolt, MHz applications

gate
source

n- drift layer

SOU ce

drain

- turn-on loss >> turn-off loss
- zero dynamic Rgy

X. Yang et al., “Evaluation and MHz Converter Application of
1.2-kV Vertical GaN JFET,” T-PEL 2024

University of Hong Kong | Prof. Yuhao Zhang | yuhzhang@hku.hk

1.2kV,70mQ GaN FinFET in DFN package

800V, 1MHz switching with wide D range

1200

[ GaN JFET@800V, 1MHz
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Summary
« GaN reliability has to be evaluated in-situ under switching conditions
- Lateral GaN HEMT ..
— Dynamic Rgy and Cqgg loss h} o
: 1//’7%%\ \:‘:: :II Ilg :L robustness:
- Different trapping origins (time constants); both can be suppressed by device engineering K. e
— Overvoltage and surge-energy ruggedness
« BVis dynamic; dynamic Rgy could be the true limiter for overvoltage lifetime 3J7 %Mflﬁs.: [ |
Dielectric
— Gate reliability and switching lifetime AlGaN
"~ "GaN Buffer Layer __ 2DEG |
. . . . . . . . Transition Layer
* New circuit method + switching lifetime model: arbitrary V5 waveform, T and fg, ﬁ
gate <O gate SHREe gate
fin fin
n- drift layer
drain

dependence
» GaN monolithic bidirectional switch: new mission profiles and reliability issues

+ Vertical GaN JFET
— Dynamic Rgy free, better FOM than SiC MOS, robust avalanche and short-circuit

University of Hong Kong | Prof. Yuhao Zhang | yuhzhang@hku.hk
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