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Introduction

Outline

— Avalanche test: Unclamped Inductive Switching (UIS) test

— Open guestion: Avalanche capability in GaN-based power devices
Avalanche test of 600/650 V lateral HEMTs

— UIS tests under different temperatures
— Failure analysis

Avalanche test of 1200 V vertical GaN PN diode
— Device static characterization
— UIS tests under different temperatures

« Summary & Future Work
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CIS’ES Outline

* Introduction
— Avalanche test: Unclamped Inductive Switching (UIS) test
— Open guestion: Avalanche capability in GaN-based power devices
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motor drives, etc.

Vps

Unclamped Inductive Switching (UIS): Avalanche Test

Device surge-energy ruggedness is desired in many power applications : electric vehicle,

°
M

Surge-energy capability typically characterized by unclamped inductive switching (UIS) test

DUT on, inductor charged by VDD

O ver

Inductor current reaches desired value, DUT off

Energy stores in L goes through off-state DUT

Si/ SIC power MOSFETSs:
June 16 2020 Blacksburg, VA

Surge energy Is dissipated by avalanching in DUT
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CPES The Avalanche Phenomenon
Si/SIC MOSFET

Source » Oxide Source

» Impact ionization + positive feedback
Multiplied electron-hole pairs at junction

Depletion Region

collision
3 particles
(2 new)

@
!
0
v,

A
)

<€
Electric Field

» Built-in safety mechanism

Accommodate high current at BV, |
Recoverable within certain energy SOA
E Al Key metric for robustness

Key to avalanche:
PN junction connected
to electrodes

» Breakdown voltage increases with temperature
(Evidence for avalanche mechanism in practice for GaN & 4H-SIC)
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CPES Lateral GaN v.s. Vertical GaN

‘Anode Cathode

B Passivation .

o AlGaN buics

s /
GaN Current fI:)w\\ PN ~ Y Current flow
junction

- v
Transition Layers n-GaN

Si Substrate nt GaN substrate

A 4

2DEG: Induced by piezoelectric effect: no doping
No PN junction connected to electrodes

Commercialized from 15 V to 650 V (-> 900 V)

No PN junction connected to electrodes
Currently under extensive study for potential
medium-voltage, robust power applications
Open Questions |
How does GaN HEMT withstand/dissipate surge energy? ° IS there robustavalanche in GaN
: . . vertical PN diode?
What determines the withstand capability?

Is the avalanche energy comparable
 What is the failure/degradation mechanism? to Si/ SiC MOSFETs?
June 16 2020 Blacksburg, VA
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Outline

Avalanche test of 600/650 V lateral HEMTs

— UIS tests under different temperatures
— Failure analysis
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L |

Single-event UIS Test: DUTs
Company A: Gate Injection Transistor (GIT) Company B: Schottky p-gate HEMT (SP-HEMT)
Device rating: 600V, 31 A Device Rating: 650 V, 30 A.
Vgs(on) is clamped at 3.0~3.4V
(same as GaN PN diode V) Vgs(on) can safely goup to 7V
contact \ Metal ecessed Gate x’_ﬁ \ Motal
Sourc P-GaN P-GaN brain P-GaN /
Metal AlGaN ‘Metal Sourc - Drain
Metal AlGaN Metal
2DEG
GaN GaN 2DEG
Transition Layers ..
Transition Layers
Silicon Substrate .
Silicon Substrate
June 16 2020 Blacksburg, VA CPES Proprietary
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CPES Temperature Adjustable UIS Test Setup

Presented in PMC review, Dec. 2019 New board & setup enabling high-T tests

i
il

G

Ves C Vi,
pulse | Re DUT I D oV
T [¥F "'|

Mother Board: Power loops

Daughter Card: Gate Driving Loop + DUT
A TO-220 power resistor was used to heat up the DUT

V=30V
Vision)= 2 V (clamped to 3.0~3.4 V on GIT)
V =5V High temperature FR-4 was used for the PCB
GS(OFF)
CPES Proprietary I-9
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=z UIS Test Result — Safe Withstanding

Withstanding process:

* | Device on, inductor charging.

* |l: Device turn-off.

4
13 * |ll: Resonance between inductor & device C_,
- little energy dissipation in this stage.
2 ~
i =2
1w * IV:Device 39 quadrant conduction, resistive
1o > energy dissipation via device, inductor is dis-
1 ) charged by the power supply.
| <
1 _ n .
-8 GaN HEMTs withstand surge energy by LC
-3 resonance, with minimal resistive energy
4 dissipation in the resonant withstand process
: 1.7 R. Zhang et al., “surge energy and overvoltage ruggedness of p-gate
t (us) GaN HEMTs”, TPEL, early access online, 2020.
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‘%?;_S UIS Test Result — Failure Waveforms
10
[ Vs

Company A: GIT
6
1200 f~— —
1200 f
4
45 ;
__800 2 2 800 | 3
> 8 o~ >G
vg l = \>.¢ —
— ) 40 O
> 400 00 >7400 } =
! < ~
oy, ‘:8 \2
0 of T
~ Wp=12pH! {4 .
2.3 2.4 2.5 4.0
t (us)
All terminals show short, gate control lost

Gate is still functional after the failure
R. Zhang et al., “surge energy and overvoltage ruggedness of p-gate
- 11

GaN HEMTs”, TPEL, early access online, 2020.
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CPES UIS Test Result — Failure Determinist

Company B: SP-HEMT

L a) aV/dt ~ 2V, /(e TCqee)

b)T:V,.>V 1300 120 1600 120
( ) DS rating - GaN GIT GaN SP HEMT
T ~1200} 8 .| 25 e g B
O ETNTA D Leg aeer L, b s
. 4 D T A i .
B - et o 28 ' 2
! — =S =
600 ¢ lvs = A Jeoa 7 1200} -7 {600
=~ whd — Q c o* Q
i (7] X ¢’ \. o* Q N o
< 400} 105" g 0% ) g % ey S
= lag o | T o U o —— ©
>500 o2 & = {s0%3 E1000F . r 1203
2%, B2 oe00p - e V_ S © g * Va 2
L 4-3 ™ 8 F.o R T ‘,3) g np S = XTT) T ‘,3,
O pomgivimn/ 15 H 4 o o
; , ) \ . 800 1 . 1 . 1 . 1 0 800 1 2 1 N 1 N 1 0
14 15 16 17 0 10 20 30 g L L =
t (ks) L (uH) L (pH)

V,, leads to device failure shows little dependence on surge voltage duration within tens of nanoseconds.

GaN HEMT surge energy capability is almost solely limited by overvoltage capability
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C‘%ES High temperature UIS: Safe withstanding waveforms
Company A: GIT Company B: SP-HEMT
1000 P——————————————— 1.5 e L B S . — 2
—925°C . 1200 | ——25°C
— 750 - oy ——75°C |
800 | 75°C 41.0 I -
——125°C. 1000 ——125°C | 4
0 ' , —— 175 °C
600 | 175°¢05 800 | |
> 100E > 600} 0%
g400 = [ Q I <2
> | = 400}
200 i 4-1
_ L=100 uH Il 4.5 200 L=100 uH
ok Charging time= 8 us | . 0 _ Charging time= 10 us %
1 \ 1 \ A \ 1 . | _15 1 N 1 A 1 A 1 " 1 _2
4.0 4.1 4.2 4.3 4.4 5.0 5.1 5.2 5.3 5.4
t (us) t (us)

Withstand waveform shows little dependence on temperature
GaN HEMTs C,¢ changes little with temperature
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= High Temperature (175 °C) UIS: Failure Waveforms

CPES
Company A: GIT Company B: SP-HEMT
—— 3 . ; .
1200 F - ) T=175 °C 1500 | 15
1 _ L=100 pH i 10
= 1200 |
0 - 900 | 2
] 2 - >
> > 0 =
1.6 2600 | °
-2 ~ > <
l S -5 —=,
-3__‘3 300 f -~
4 -10
1 0
N 1 N | A 1 N 1 N 1 A _5 _15
56 57 58 59 6.0 6.1 6.2 6.8 71

t (us)

DUTs failed at high temperature show same failure waveforms.
It is believed the failure locations and mechanisms don’t change.
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= High Temperature UIS: Critical Vpg

Company A: GIT Company B: SP-HEMT
1300 —r— 1600 . . ' — : :
AV 1500 | AV .
1200F 4 m _ m
A 3 - 1400 | -
-~ 3 A — - ~
= 1100F * 2 > 4 2
SF 51300 F -
1000 1=100 uH 7 1200 L 1=100 uH l
900 1 N 1 N 1 " 1 1100 1 . 1 . 1 . 1
25 75 125 175 25 75 125 175
T (°C) T (°C)

V. leads to failure see little change in high temperature UIS test.
Failure in UIS test is not related to temperature and is a E-field induced failure
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& Failure Analysis: GIT — |-V Characterization

CPES
Gate remains functional
25| Partial Failure
Brand New

0 1 2 3 4
Vgs (V)

Failure between drain & substrate

-3
1.0x10 I
— g

rain_Sub

ource_Sub

I Drain_Source
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Failure Analysis & Mixed-mode Simulation: GIT

= Q
n
55 U)

E-field
MV
(—/5.?)

Drain Metal

2

0

Ry

FIB (focused ion-beam) & TCAD simulation:
Failure & Peak E-field @ drain

June 16t 2020 Blacksburg, VA CPES Proprietary - 17



E-field (M
3.5 M M

il 24
||||‘||| 0 : peak E-field in GaN

« Burning (in metal) & cracks (in GaN) found at drain. TCAD Simulation: Peak E-field @ drain and
« Cracks found at gate field plate but no failure floating gate field plate.
shown in GaN layer in the gate region Initial failure may locate at drain
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C'IS’ES Outline

 Avalanche test of 1200 V vertical GaN PN diode
— Device static characterization
— UIS tests under different temperatures
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S5 Devices under Test

» Vertical GaN PN diode
e 1.2 kV > 100 A (pulsed)

NXG2D7
2456

iCurrent flow [€==—- Enree
'>€'
n- GaN i

n* GaN substrate \ \ !

> Compare with commercial 1.2 kV
SiC Devices:

Properties GaN-on-Si  GaN-on-GaN
Lattice mismatch (%) 17 0

CTE * mismatch (%) 54 0
Dislocation density (cm?) 108-10° 10°-10°
Max. epi-layer thickness (um) ~5 =40
Thermal resistance (°C-mm/W) [5] ~30 ~4

*CTE: Coefficient of thermal expansion.

Epitaxy growth & device fabrication by NexGen Power Systems
in NexGen’s 100-mm GaN-on-GaN facility in New York

Source: IEEE Trans. Power Electron., vol. 34, no. 6, pp. 5012-5018, 2019.

— Merged PN Schottky (MPS) diode yps  infineon 1DHO5G120C5

— Schottky barrier diode (SBD)

— PN diode (i.e. body diode of
MOSFET)

SBD Rohm SCS205KG
PN Cree C2M0160120D

Device | Vendor | Part # Nominal
Tech. Current

5A@161 °C
5A @150 °C

Current
@25 °C

19.1A

25A

TO-220
TO-220
TO-247

I- 20
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CPES Characterization: Forward |-V

100 —mm™——m————————————— — 60 —m™——m—m——————————
——GaN PN T=25°C —25°C DUT: GaN PN
80 L _SIC MPS 50 i _100 °C
SiC SBD 175 °C
~ a < 40
5 30
5 40 S
& O 20t
20----- 8 8 8 N N N 3 B |
10 Ve =34V Ron gift = ~90 mQ)
O — e e O . . . ] _ \ 1 . . . L . . .
0 2 4 6 8 10 0 2 4 6 8
Forward Voltage (V) Forward Voltage (V)
 Loss @ nominal current level (20 A):
SiC SBD < SIC MPS < GaN PN = SiC PN * Forward characteristics of GaN PN
* Loss @ surge current level (60 A): varies little with temperature

GaN PN close to SIC PN & MPS, << SiIC SBD

June 16t 2020 Blacksburg, VA CPES Proprietary I- 21



£ Characterization: C-V

=
CPES
3 Vi
10 ' ! ' ! ] DUT Total charge (nC)
— o I . — C V dV
T=257C | [~ GaNPN | B o -
— G _
— . ) GaN PN 17.82
i SiC SBD _
P ——SiC PN | SIC MPS 18.40
£ 102 SiC SBD 24.28
3 [ :
5 : SiC PN 62.99
8 I
Q.
S : DUT Capacitance Vi
I stored energy(uJ)) P IC(V)VdV
ol | ~12 pF JI (Vg = 800 V) 0
' ' ' GaN PN 4.89
0 200 400 600 800 1000 .
Reverse Voltage (V) =l lFs 0
N SiC SBD 7.36
. reverse recover
O TEVEISE Tecovety SiC PN 20.21

e C&Q:&E::
GaN PN < SiC MPS < SiC SBD < SiC PN
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CPES Characterization: Reverse |-V

10_3!. T T T T T e T T T T T TN TR T g T T TR 103! ; ; ; ; I ; ; ; ; I ; ; }
[[——GaNPN || T=25°C |: / fffffffff | DUT: GaN PN
:|—SiC MPS :
107 f|——SiC SBD| 107
< ||——SiC PN
5 107} 107 |
S [, [
O {

s

10 oMb
0 500 1000 1500 0 500 1000 1500
Reverse Voltage (V) Reverse Voltage (V)
« Breakdown voltage > 1200 V « Leakage increases with temperature
« Leakage current @ 1200 V- * BV increases with temperature
GaN PN = SiC PN < SiC MPS = SiC SBD -> Avalanche nature
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UIS Test

» Unclamped inductive
switching (UIS) circuit
- S1=1.7kV SIC
MOSFET

Ve <+> C S1 JE EKDUTE

e Test condition

— 6 iInductors:
920 nH to 81 mH

— 3 temperatures:

DUT Avalanc:he}I

t (100 ns/dlv)

V;, (400 V/div)

25 °C, 100 °C, 175 °C
1-24
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| > Robust avalanche capability

. _under elevated temperatures | = | BVau positive temp. coeff. -
S — > 1800
i [ U L B B B ! ' b g
] = ' ' : z ) O
-L=300uH .- BVya@175°C > 1700 |
ID Jpeak ~ =12 A [ < ® @) @) Q :
_ 2 0l O @) O 25°C |
» 100 °C |
> 175 °C|
<1500 a PR T T M PR T N | T —T—T 1T
107 10° 10 10%
Current (A)
- Electric Breakdown field e \' ]
> Failure mode: i DuT EC““CaéJA/V&Z) i
ner cm
'Thermally induced destruction ! H . Thermal
----------------------------------------- GaN PN 26 Ene:‘g/)(;ap conductivity
(W/em-K)
» Critical E,, roughly consistent  SiC MPS 5.0
with thermal conductivity: SiC SBD 2.0 _—
GaN (1.3 ~ 2) < 4H-SiC (3.7) SiC PN 6.7 e "1 ey

June 16t 2020 Blacksburg, VA CPES Proprietary I- 25



Outline

« Summary & Future Work
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CPES Summary — Avalanche Ruggedness of GaN Devices

N
Fourt‘1 p-GaN / Drain
Metai‘ AlGaN |Meta|
I Y]
GaN
l Current flow
Transition Layers n GaN l
Silicon Substrate +
n* GaN substrate
Reverse RN

£
= Y BV v tava
é § VD Il.(lAVA) h EAVA — f V-Idt
3 3 Vi 3
é’: —1 ~ 0 _ LIyaBV aya
> GaN HEMTSs “avalanche capability” limited by lo = A 2(BVava — Vpp)
transient breakdown voltage, the failure is induced Large-area 1.2 kV vertical GaN PN diodes with
by high E-field. | | current up to 100 A, manufactured by NexGen
> Different failure locations were found in > Vertical GaN-on-GaN PN diode demonstrated
commercial GITs and SP-HEMTSs robust avalanche
» Failure mechanisms, boundaries, and failure > Failure mode: thermally induced
locations are not influenced by temperature. > GaN can avalanche!
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7 Next Steps

l' Current flow
Transition Layers n- GaN l

Silicon Substrate

n* GaN substrate

DUT «ON-»«OFF~» ﬁeg’)‘f\jse G athode: i

£ DUT «—— OFF
S §1 «ON-++— OFF—»
° Y tava
< § Vo I (1ava) i Eava = f V-Idt
g % ] me 20
£ T 5o - 0 __ LlavaBVava
v e 2(BVava — Vpp)

* Repetitive UIS tests for lateral GaN HEMTs and vertical GaN PN diodes.
 Design and develop GaN HEMT surge ruggedness under converter mission profiles.

« Surge ruggedness of GaN transistors.
Thank you!
Contacts: Ruizhe Zhang (rzzhang@vt.edu), Jingcun Liu (jcliu@vt.edu), Yuhao Zhang (yhzhang@vt.edu)
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