This paper describes obijective technical results and analysis. Any subjective views or opinions that might'be'expressed in SAND2021-12549C

' the paper do not necessaril rereserlt_ thtle vi(lews .f-:he U.S. D_parten ofiEnergygonthegUnited States Government.
240th ECS Meeting i %
5 Fa A
\_LRJ.S. NAVAhJ
ESEARC
LABORATORY

DIGITAL MEETING

QOctober 10-14, 2021

Vertical GaN PN Diodes for Grid arpa-@
SOTAPOCS CHANGING WHAT'S POSSIBLE

Resiliency and Medium-Voltage
October 12, 2021
Power Electronics OFEN

R. Kaplar®, A. Allerman?, M. Crawford?, B. Gunning?, J. Flicker?, The authors gratefully
A. Armstrong?, L. Yates!, J. Dickerson’, A. Binder®, V. Abatel, M. acknowledge the
Smithl, G. Pickrelll, P. Sharps, T. Anderson?, J. Gallagher?, A. G. 4 support of the ARPA-E
Jacobs?, A. Koehler?, M. Tadjer?, K. Hobart?, J. Hitel, M. Ebrish3, OPEN+ Kilovolt Devices
M. Porter?, K. Zeng®, S. Chowdhury?, D. Ji°, O. Aktas’, and J. | T S - c°h°rt,maf'?ged_bym'
Cooper? ey S “----4;- HgE L Isik Kizilyalli

1sandia National Laboratories, Albuquerque, NM, USA

ZNaval Research Laboratory, Washington, DC, USA

3National Research Council, Washington, DC, USA, residing at NRL

“Naval Postgraduate School, Monterey, CA, USA, residing at NRL

5Stanford University, Stanford, CA, USA

®Formerly at Stanford, now at Intel Corp., Santa Clara, CA, USA °EHERGY NS4

EDYNX Inc., Livermore, CA, USA e A e

8Sonrisa Research Inc., Santa Fe, NM, USA L L

— — — LLC, a wholly owned subsidiary of Honeywell

International Inc., for the U.S. Department of
Energy’s National Nuclear Security
Administration under contract DE-NA0003525.
1 Sandia National Laboratories is a multimission laboratory managed and operated by National Technology & Engineering Solutions of Sandia, LLC, a wholly.owned

subsidiary of Honeywell International Inc., for the U.S. Department of Energy's National Nuclear Security Administration/under contract' DE-NA0003525.



2 ‘ Introduction: Lateral vs. Vertical GaN Power Devices

High Electron Mobility Transistor (HEMT)

Source @ Drain
! Barrier !

Current 2DEG channel

Channel/buffer

Lateral Device

Current flow and voltage drop parallel to surface
Availability of heterostructures is an advantage
Electric field management is challenging — voltage
scaling is lateral (consumes more chip area)
Commercial GaN power devices available from
many manufacturers, but generally <650 V

PN Diode

Ohmic metal
p+

n- drift region

Ohmic metal

Vertical Device

Current flow and voltage drop perpendicular to
surface

Architecture is better-suited to high voltage
devices — voltage scaling accomplished by
thickening drift region (dOesmnto consume
more chip area)

But requires native substrates and low doping




s | Protection for the Electric Grid

» Electromagnetic pulses are a

threat to the grid
* Very fast E1 component (< 1 ms)
* Unaddressed by current SOA
technology (LSASs)

) existing protections

a e
1058 wol, T e ¥ 251 kilometers .
k\\‘&\\\pmposed protections

» Transient protection is
needed for MV grid-
connected systems Timescale of EMP pulse

| Instantaneous power
EMP Arrestor

e

ciln) )‘10/‘_" Sandia m J. S. Foster Jr. et al., “Report of the Commission to Assess the Threat to the United States from Electromagnetic Pulse
' -/ 'l" Lamea':lm RESEARCH (EMP) Attack: Critical National Infrastructures,” Defense Technical Information Center (2008).
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4 ‘ A New Capability to Protect Grid Equipment

Cost estimates for grid equipment may be obtained from regional
Independent System Operators (ISOs). For example, from the Midwest ISO:

New substation — 4 positions

(ring / breaker-and-a-half / double-breaker bus)
Scope of work 69kV 115kV 138kV 161kV 230kV 345kV 500kV

Land required (acre) 16/20/ 1.8/23/ 20/25/ 227287 24/30/ 30/38/ 50/6.37/
24 27 3.0 3.3 3.6 45 75

Access road (mile) 17171 17171 1/1/71 17171 1/71/71 1/71/71 17171

Circuit breakers (each) 4/6/8 4/6/8 4/6/8 4/6/8 4/6/8 4/6/8 4/6/8

Disconnect switches| o, 15,46 | 8/12/16 | 8/12/16 | 8/12/16 | 8/12/16 | 8/12/16 | 8/12/16

nnnnnn

» . Estimated costs for 115 kV substation:

ransmission Cost

Estimation Guide e ~S5K /1000 ft on wires

g1 e $84K on circuit breakers

* S49K on disconnect switches
» S80K on PTs (to measure voltage)
* $105K on CTs (to measure current)
e S5K/ MVA on the transformer

WSO A fast arrestor is needed to protect expensive
grid equipment that is currently vulnerable to E1

J. Flicker
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https://cdn.misoenergy.org/Transmission%20Cost%20Estimation%20Guide%20for%20MTEP21337433.pdf




GaN PN Diode Epilayers for >5 kV Devices

Uniformly doped 3-layer drift region

BEETNEEE Motivation for 3-layer

P minus 0.6 pm Mg~2.5e17 cm? P minus 0.6 pm Mg~2.5e17 cm? drift region deS|gn:

8 pm n~2e15 cm? * Do not expect higher
breakdown voltage; potential
for reduced R,

DRIFT REGION
50 um n~2el5cm3

* Growth benefits: Higher No
allows for higher growth rate
(more C thus compensation).

N-layern~1.5e18 cm- N-layer n~1.5e18 cm3

* Prior 5 kV results: Hosei Univ*

Key Attributes:
* 50 um thick drift regions
* Two drift doping designs: Uniform and multi-layer doping levels
* Lowest p-minus doping to date (Mg ~ 2.5e17 cm?3)

Cil IJ\i fh Naona o s * Similar to Ohta et al., Jpn. J Appl Phys 57, 04FG09 (2018) A. Allerman (growth), J. Dickerson (modeling)

P ——r SiELE Laboratories



« | Mask Layout for >5 kV Devices

0.063 mm?2 p-contact area 1 mm? p-contact area
(284 um diameter) (1136 um diameter)

Reference “quick fab” devices: no steps Multi-step ICP Etched JTE

_ d d _
0.063 10 20 30 40 50 75 100

1 20 50 75 100 N-drift

* Devices do not yet have dielectric passivation or thick bond-pads
* Tested in Fluorinert

J. Steinfeldt, M. Crawford



; | Reverse IV for Uniformly Doped Drift Region Device

* Uniformly-doped drift region, 30 um step width

_ _ , 0.063 mm?
* Example of higher-performing device - reverse IV
1E-06 R . —
: 424 VIiAS0S3A | —~ 1E+0 sl |1 mAcn? |
DF 6.1 ] spe VN AB0S3A |
‘IE—U?:{a} % _ (b} P q, OF 6.1
—_ : £ 1E-1 '
< £ | |
= 1E-08- g !
- ] = .
)] 1
% 1 nA I | .
3 1E-09 Tttty - :
= 80% of Vb
Noise floor of 10 kV-$SMU D En D
1E-10 1 = : | _
O | i
BTl oty b sl il
1E-11 . . . . — 1E-4 .
5000 -4000  -3000  -2000 -1000 0 5000 -4000  -3000  -2000  -1000 0
Voltage (V) Voltage (V)

* V, ~4.2 kV; maintains very low current leakage until breakdown

* Difficult to say whether breakdown is limited by drift region or JTE

QrPAC M)Es [l §

?
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s | Forward IV for Uniformly Doped Drift Region Device

* Uniformly-doped drift region, 30 um step width

 Same higher-performing device - forward IV

0.063 mm? I
I
|
|
!

0104 wvrnsosan ! 114 & 1E-02 VNASOS53A /
| ores ' d ] DF6.1 /
0.08 - 112 % 1E-04 1 //
— © —_ X
< ] {10 2 < 1E06;
E 0.06 @ E /
S : 18 & 5 1E-08
© 004/ 0 /
Corrected for ~ {16 © 1E-10 +
' current spreading L /
002+ {a g 1E-12 § /
1 a 3 /
1. @ /
4 — . 12 e 4+ o o
200 225 250 275 300 325 350 375 00 05 10 15 20 25 3.0 35 4.0

Voltage (V) Voltage (V)

sp,on

]

i

e Current spreading assumes 45-degree angle = R =5.1 mQ cm? ‘
L. Yates, M. Smith L

ArPQ-C M [ §
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s | Reverse IV for 3-Layer Drift Region Device

* 3-layer drift region, 100 mm step width

* Lower yield due to larger area 1 mm?2

* Highest performing device shown

1E-6 4 . . . . L 14 : ! .

f . : 5 1 fAlen? . :
WA EEA WA B A [
1ﬁ35239 [

100um step width ot 0e333

|
|
e |
- 100 en- mtmg 100 g =tmpy
s 0 :
1B-7 E X |
— ] = i |
< 5.18 — |
= ] = 0.01 :
D 1E-8 - % ] ‘ :
] T ¥y '
3 : O 0001 | | B0% of breakdown
] - E | viltage
4 E ] 1 L
1E-9 - -5 . : I
~qD‘\_J‘''AJ""""-""-l--l-u-_._._._\h‘. ; S '1E_4E L o — E
] “u, : E | ;
] - ] | ““wr-——»..,
1E-10 1 . 1E-5 ' 1
-6000 -5000 -4000 -3000 -2000 -1000 0 -6000 -5000 -4000 -3000 -2000 -1000 0
Voltage (V) Voltage (V)

* Device not taken to as high compliance, did not suffer permanent degradation
* Also has good breakdown, difficult to say which drift region design is superior

ACRPA-C @ik, ke §
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10 ‘ Forward IV for 3-Layer Drift Region Device

* Pulsed high current forward IV measurement >
* Up to 3.5 A with 500 psec sec pulses and 0.1% duty cycle 1mm
 Data are for same device
400 . 1 . 1 . 1 . . 1 . 1 . 1 . . . . . . .
250 |  vwaossa . (2h e 100 VNAgDsA 1 (B
& ] Tmat’ DG 239 Corrected for 12 E I ] ::;;:fnﬁzsa g
E 200 4 100 um step current spreading . é E M sty
2 ' 1103 T 4.
= 250 1 ] g = ]
@ lg & @
& 200 - 2 5
- le & 2 13 ;
5 150 " c§ z
= O = [
a 100 + 14 E 6 01 _W_l
50 1> 8 : Noise floor of high
1 o _
| ] current|SMU
[} T T T T I T T T T D [}-[}1 T
20 25 3.0 3.5 40 45 5.0 20 25 30 35 40 45 50 55
Voltage (V) Voltage (V)

* Specific on-resistance ~2.4 mQ cm? including current spreading factor (45°)
* Taken up to 350 A/cm? — multiple scans, no degradation

APA-C e b §
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‘ Time Response of Breakdown: GaN vs SiC

Laser Pulse (1 Hz)

FitDatatd:—a-e 7+ ¢

a~1
c~0

QirpQ-e
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Voltage Probe

GaN Vout fit

R

95% confidence interval
Run 1
T =10.286 + 0.0125 ns

Run 2
T=0.386 +0.027 ns

! ! 1 !
0.4 0.8 0.8 1 1.2
Time {ns)

o ome
attenuator e J. Flicker
Scope (50 Q)
s SIC Vout fit
SiC Run 1
e . Fit: ~=1.2654 ns
. SiC O -
"__”_../-,v‘ ---- :::':—5—?5'\\“.
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g T
i A 95% confidence interval
£ A Run 1
o 0.4
= , T=1265+0.127ns
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a 0.5 1 1.5 2 2.5 a

Time (ns)

* Within 95% confidence interval, GaN has a faster breakdown response than

T o

I I Em B



» | Example: Advantages of Vertical GaN for Electric Vehicles

Electric Drivetrain Schematic

Solution Space

94 T T T . T
93 t Example

92 | B & g Design-

Inverter o1 | e X e |

9 | RN B ¥

Motor 89 | i o« B . —

*% %k B?_ o 4 §
' b — c 86 ,Q Cy
23 S 85| X x
_||—;/ E 84 " X x 3
L 83 v
\ ¢ . / 82| = GaN Design ?
— s_ 81| ©O GaN Optimal Design v -
AC Bus l _g il 80F| = SiC Design .
i o sic optimal pesign | 100 KW continuous
10 20 30 40 50 60 70 80
. . . . P ‘
* Inverter and optional boost converter require switch-diode ower Density (KWIL)
pairs (typical for switch-mode power conversion circuits) * System-level genetic optimization indicates
 MOSFET and JBS diode are likely good choices (JBS diode that vertical GaN diodes may out-perform SiC
combines best properties of Schottky and PN diodes) in terms of efficiency and power density

J. Neely, G. Pickrell, J. Flicker, L. Rashkin, and R. Kaplar, “The Case for Vertical Gallium Nitride Devices in Electric Vehicle
Drives,” 2020 IEEE Applied Power Electronics Conference (APEC2020), Industry Session: Vehicle Electrification Il (Virtual).

QPG C ()i o] &
AT'S POSSIBLE BORATURY

Laboratories A

CHANGING WH



3 ‘ GaN may be Advantageous when Scaled to Medium Voltage

QU IC

CHAMGING WHAT

T's

Critical field of GaN ~2.8 MV/cm at N = 1x10'® cm3
and room temperature based on most recent
impaction ionization measurements [1]

Slightly higher than E of SiC at the same temperature
and doping [2]

But higher mobility of GaN ~1200 cm?/Vs [3]
compared to ~950 cm?/Vs for SiC [2] at the same
doping and temperature lead to improvements in
power converter efficiency [4]

But devices are not widely available — a vertical GaN
foundry is needed that monitors yield, reliability, etc.

Efficiency

1.0 ~

0.8

0.2 4

0.0 -

97.3% 97.7%

1200V/10A

B sic viosrer
. Normally-off CAVET

87.8% 90.6%

8kV/10A

[1] D. Ji, B. Ercan, and S. Chowdhury, “Experimental Determination of Impact lonization Coefficients of Electrons and Holes in Gallium Nitride Using Homojunction

Structures,” Appl. Phys. Lett. 115, 073503 (2019).

[2] J. A. Cooper and D. Morisette, “Performance Limits of Vertical Unipolar Power Devices in GaN and 4H-SiC,” Elec. Dev. Lett. 41, 892 (2020).
[3] 1. C. Kizilyalli, A. P. Edwards, O. Aktas, T. Prunty, and D. Bour, “Vertical Power PN Diodes Based on Bulk GaN,” IEEE Trans. Elec. Dev. 62(2), 414 (2015).
[4] D. Ji and S. Chowdhury, “On the Progress Made in GaN Vertical Device Technology — Special Issue on Wide Band Gap Semiconductor Electronics and Devices,”

Int. J. High-Speed Elec. Sys. 28(01n02), 1940010 (2019).
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« | Multiple Lots Processed to Date in NRL Foundry

Lot # of wafers

Experiments

UrpQre

Laboratories

1 2 Edge termination
2 4 Vary Anode thickness
Alignment to dot-core
3 4 Type | (uniform) substrates
4 4 Vary drift layer thickness
5 6 Vary anode doping and other
process variations
6 4 Baseline Process w/
improved epi and high yield
wafers
7 3 Baseline Process w/
improved epi and new mask
8 4 New mask, varying implant
profiles
9 4 Large-area mask, Back side
process demo
i o] 8

* Epitaxial growth done at
Sandia by MOCVD and
wafers delivered to NRL for
characterization and
processing

* 35 wafers delivered to
date, 23 processed through
metals/isolation

* >26,000 devices processed
to date

B. Gunning (growth)



15 ‘ Typical Incoming Wafer Metrology

Raw Data Device F Yield Failure Statistics

nm

[ RMS Too Large
W +14898.99

Emm Bump or Pit Present

y (mm)

Percentage

-14999.99

nm
@ +14999.99

y (mm)

Percentage

-14999.99

* Epitaxial growth done at Sandia, wafers delivered to NRL for characterization and processing

* Top wafer shows typical behavior — very few bumps/pits present

* Slightly more particles in bottom wafer, but still acceptable (first evaluation of different substrate)

* Images are representative of all wafers from a given epi growth campaign (typically several wafers)

QPO C () s
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80 I Percent Fail
Geometry | Area (mm?) Devices
(per 2" wafer)
A 0.105 280 I
20
w00 e [ |
0 A B C D E F C 0.325 150 B
[ RMS Too Large D 0.43(] 150
BN Bump or Pit Present
80 1 WM Percent Fail
E 0.535 150
F 1.05 140
“0 Total 1150
.
0
A B C D E F
i
T. Anderson



s | Foundry Mask Layout

CHAMGING WHAT'S POSSIBLE

(0] o o o )
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Base cell:

0.35 x 0.35 mm? anode ’ §
Larger devices scaled
only in x-direction to
avoid crossing dot-core
(for now) —
Geometr Area Devices
y (mm?) (per 2” wafer)
A 0.105 280
B 0.215 280
C 0.325 150
D 0.430 150
E 0.535 150
F 1.05 140
Total 1150

Features:

* Global alignment
(Type lla wafers)

 P-GaN ohmic CTLM

 P-GaN Hall

* |solation test

* Termination test

* Small diameter
circular diodes

* JTEand GR
termination
designs

* Passivation /
Overlay for
packaging

T. Anderson



17 ‘ Edge Terminations

1750 4 (a) == N =2x 10" et
~ 1500 -
s 1500
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% 1000
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o
g 300 4
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250) ( L
— i
0.00 0.05 010 0.15 0.20
Edge Termination Thickness (@m)
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vipm)

E| (¥fcm) x 10°

od kFE S0 2.3 K0 BT 4% AM 400

[E] (Wiem)

oG e 1} O1LE s

w 10"

T 56 43 4F 44

0.0

0.5
1.0
1.5 E-
1 50 200 250 150 200 250
X (gm) xipm)

e Using implanted (planar) structures

e Various permutations of isolation,
guard rings, and JTEs

* Simulations guide epitaxial structures
and device processing

M. Porter



s | Foundry Electrical Testing and Results E
[

;l_
. Forward IV:
Typical 31  Several amps of
foundry ;E ! current
wafer ! demonstrated for
g 1 mm? devices
- 0 1 2 é 4 2
Voltage
] —INLE_I'IJ“LH_QEIBQ_EEI[: _ Reverse |V:
Wafe r 105 —— NL5 w1l Q2B12_100C| -
under b wxl | ¢ >1.3 kV breakdown
o demonstrated
test ) 00 . ]
- * Positive temperature
) coefficient of breakdown
consistent with avalanche
QrpQ-@ o '

voltage T. Anderson. M. Ebrish !

CHAMGING WHAT'S POSSIBLE



9 ‘ Correlations Between Measured Parameters

Breakdown (V) I (A/cm2) Ron (Q-cm?) Ng(cm3) Breakdown (V) I, (A/cm?) R, (Q-cm2) N, (cm3)

2.65 1.58e+16 2.71
2.76 1.61e+16 2.53
2.64 1.47e+16 2.43
2.63 1.44e+16 2.37
2.20e-04 2.66 1.43e+16 2.36
nan 2.
nan 2.29
7.87e-04 2.75 221
273 213
QZ 2.76 2.19
273 2.18
2.9 2.2
279 2.29 2.51
2.74 2.27 2.44e+16
2.76 2.41 2.42e+16
2.77 A 2.34e+16
279 263
32 28

2.69
2.67
2.58
2.52
4.60e-04 2.63
2.61
1.42e-03 2.55
1.39e-03 2.67

nan 2.72
1.89e-03 2.73
2.25e-03 2.88
2.21e-03 2.83
2.78
2.81
PAIS)
2.81
2.93
3.05

Q3

1.75e-03 23;?11 X
1.64e-03 32 .
2.16e-03 3.07
I 335
s 5
%sée-bs 301
8.12e-04 g-g?
2.96
2%
3.01
3.02
1.23e-03 3.34
1.10e-03 3.84
_ | - E—
upen . 2
e Data from “F” devices (1 mm?)

* In general, higher N (from C-V) results in reduced Vg, and low R,

T. Anderson



20 ‘ Updated Foundry Mask Layout

., Device Count
2" Wafer Unit Cell (per 2” wafer)
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e Square devices, modular layout, and unique
device IDs to facilitate dicing/packaging

* Device placement is symmetric across the
wafer, which improves yield of “F” devices

ArPQAC @) [ s T. Anderson
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. | Reliability and Failure Analysis

Extensive reliability
and FA effort
ongoing

Evaluating pre-
existing diodes and

QirpQ-e

CHANGING WHAT'S POSSIBLE

Sandia
National LS, NAVAL
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Laboratories

board

O. Aktas

Reliability test ovens
and power supplies

High Temperature
Reverse Bias leakage
current data

1000V leakage

== 60 —o—13

40 ——34
—p 55 25
e 54 27
—8— 78 54
== 50 =t 58
b 7] e 7]

38 == 33
—t— 06 91
= 88 75
—¢ 59 66
== 53
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» | Reliability Testing — GaN Diode HTOL Results

HTOL I vs. time at 70°Cand 4 V

IFVF-EXO01-SNeO IFVF-EX01-5N60-post-iHTOL
5 - Ron ~0.15 came | » Ron ~0.16 Q2 )
4 4 B h‘-\_\_\k
5 R N gl 20
~ < - 15
2 1 -. 2 .' 1.0
: Shifted 0s
y " = > 0.0
D1 —toensssetoposssnsosetosstssses o'.. 0 // - time (hrs) R -
; ; ; ; ; ; ; ; ; ; :
V (V) V (V)
1 o I'iz:::l WA Branch 1
* |-V curve walks out during HTOL stressing, IV OV -
resulting in decrease in I with time e e
« May be due to developing non-linearity o] [Eom | s
of p-contact . — B ]

. Y~ 7y SPICE model
‘lil IJI J\io \:5' Hatnurml ”Ess'e“iﬁé" s 0. Aktas Nir;nu::z;:n Nuju:m?nm
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» | Emission Microscopy of HTOL-Failed Devices

Device 1:
V=3V, I.=30mA
Failed HTOL-I,
Localized forward current

CHANGING WHAT'S POSSIBLE laborataries -

Device 1:
V=325V, |, =70 uA
Passed HTOL-I;
Non-localized emission

Device 2:

V,=600V, I, =1UuA

Failed HTOL-I,
Localized emission

O. Aktas



Questions?
Bob Kaplar: rjkapla@sandia.gov

Qi |)\i @ hslggglr?al ‘U-EségﬁggL\
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