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Motivation ?WIT
AIR LORRE INMITITI1TE or

• Reliability predictions often use (in Si and GaAs technology)
the constant temperature Accelerated Life Testing (Arrhenius
Relationship)

• Inadequate for GaN HEMT technology failure mechanisms
and/or failure modes

• Multiple failure mechanism makes GaN HEMT qualification
challenging

• Seeking refined qualification protocol in areas including

• Radiation

• Intrinsic Reliability

Space radiation
environment

• Trapped radiation
- Electrons 10 MeV

- Protons 102 MeV

• solar radiation
- Protons, h ions, electrons, neutrons,

gamm X-rays...

• Cosmic

- Lower intensity

- Heavy ions

ta
(1)

• Environment particles cause radiation
damage to electronic components, solar
cells and materials

• Effects include:
- Surface charging

- Single Event Upset / Latch Up
- Increased background
- Degradation, dose, solar cell, NIEL
- DNA (biological) damage

• Other environment components
(energetic and low-energy plasma,
Oxygen atoms, debris) here neglected

G. Santin, et al. New Geant4 based simulation tools for space and radiation shielding and effect analysis Slide 2. 8m
Topical Seminar on Innovation Particles and Detectors. 21-24 October 2002. Siena Italy.
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AIGaN/GaN HEMT *AFIT
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• High Electron Mobility Transistors (HEMT) were first created
with GaAs

• AIGaN/GaN HEMT failure mechanisms are located in nearly
the same location and each type of failure mechanism has
different effect on device performance

Some Failure Mechanisms in GaN Power HEMTs

4

Gate Si3N4 passivation

Source
_

\
-

Drain
—

Vila

1

#, GaN
----.)

/ //
SIC

Reliability Concerns:

Gate diffusion, chemical reactions

Source/drain ohmic metal-semiconductor reactions

Pits/cracks - moisture / mechanical stress OPE') 4

Charging/traps- virtual gate (VG)

Dislocation defects (throughout)

Point defects (esp. at gate-drain edge)

AIGaN

2DEG*"

"Source Connected Field Plate
"xlnverse Piezoelechic Effect
'*'Two Dimensional Electron Gas

Slide 4 from The Aerospace Corporation presentatIon "Space Qualificallon of GaN HEMTs — Guidance Document Announcement' at the 20 June 2018 NASA NEPP meeting by John

Scarpulla and Caroline Gee [1]
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AIGaN/GaN HEMT Failure Mechanisms *AFIT
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• Inverse piezoelectric effect — changing the electric field at the
interface which allows inversion due to the HEMT structure

• Hot carrier — particularly hot electrons which are caused
when high electric fields create high energy electrons that
can cause damage near the interface

• New trap generation -

• Contact degradation
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AIGaN/GaN HEMT attributes *AFIT
AIR FOR E INEITITUTE oF TECHNOLOIVI

• GaN technology has performed well in radiation
environments [2]

• Recent interest has coupled radiation with different
performance states (on, off, semi-on) producing differing
degradation [3]

• Additional coupling of radiation effects with long term
reliability analysis has also been explored [4]
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Chen et al. Effects of applied bias and high field stress on the radiation response of AIGaN/GaN HEMTs. IEEE Transacations of

Nuclear Science. Vol 62. No 6. December 2015.
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Experimental Details ?WIT
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• Goal: Determine if location vulnerable to stress testing is also vulnerable
to heavy-ion irradiation; how does the vulnerability differ with different bias
conditions?

• Sandia lon Beam Laboratory

• HVE 6 MV Tandem

• MicroOne — microbeam with a spot size of —1 micron

• 1.7 MeV Germanium ion

• Targeted between gate and drain at different bias conditions while
under irradiation to determine if location was susceptible to
irradiation and if bias affects device performance

Experimental Setup at Sandia lon Beam Laboratory
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Experimental Details

• Pre — Irradiation Measurement
• AIGaN/GaN HEMT held at a constant

stress (off, on, or semi-on) while
targeted 1.7MeV Ge ions at the drain
side of the gate edge

• lnsitu measurement of the
stress/irradiation shows how the gate
and drain current changes as irradiation
and stress time increases

• lnsitu measurement of control part was
stressed in off, on and semi-on state
without radiation

• Post-Irradiation Measurements
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Field plate

/ Gatehi_ Source

Drain

Source Jo"

Device OFF
Vth = -3.1V Drain = 5V

Gate = -5V

ON SEMI ON
Drain = 5V Drain = 5V
Gate = 1V Gate = -2V

2655-0002 (502) Ai a
2655-0003 (503) X

2655-0006 (506) X

2655-0007 (507) X

2655-0010 (510) X

2655-0011 (511) X

2655-0012 (512) X

2655-0013 (513) X

2655-0017 (517) X

2655-0025 (525) X
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V Results Stress only (No irradiation) *AFIT
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lons tart Results On State
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0.085

0.08

0.075

0.07

<7. 0.065

0.06

lons Stop

10

The drain current
0.055 immediately

decreased rapidly
0.05 due to the ion

strikes in the on-
0.045 state

0.04
o 20 40 60 80 120 140 160

Time [s]

0 0 1.3E4 6.5E4 1.7e5 1 7E5 2.2 2.7E5 The gate current does not
Ions 

immediately increase due to
ion strikes in the on state
(-5x104 ions strike)

0.09

0.08

0.07

0.06

<7 0.05

0.04

0.03

0.02

0.01

0

0.09

0.08

0.07

0.06

<7. 0.05

0.04

511: Vg vs Id and Gm; Drain=5V

/

/ Decrease
tran„Sconductance

-4 -3 -2 -1

V
gs 
[V]

0 2

0_025

0.02

0 015
Fri

E

0.01

0.005

0

0.03 -

0.02

0.01

*IF T
511: Vg vs Id and Ig: Drain=5V y11Y6
  7

No threshold
voltage shift

0.08

0.07

0.06

0.05

Zt"
0 04

-0

0 03

0 02

0.01

0
-5

-3 -2

v95[V]

i
I

- 6

5

- 4

- 3 
_u• 

,,,

2

0

  -1
0 1 2

511: Vd vs Id and Ig; Gate4V

Gate diode was
affected
(requires less
voltage to
exhibit diode
characteristics)

x lo

/
/

Decreased
drain
current

0 5 10

Vds [V]

15

0

-1

-2

-3

-5

-6

-7

-8

20
-9

WWW.AF1TEDU Distribution A 12



Ions Start

The drain current
does not
immediately
decrease due to
ion strikes in the
semi-on state (-
5x104 ions strike)

The gate
current does o 50

not immediately 0 6.9E4
decrease due
to ion strikes in
the semi-on
state 5x104
ions strike) 507:Drain =5V, Ids and I

95 
vs V ds pre/post 1.7MeVGe in D5V G-2V

0.09 0 025

Results Semi-On State
Ions Stop

507 Const D5G-2 insitu 1.7 V Ge

-3

-7

0.08

0.07

0.06

.7c, 0.05

-o
— 0.04

0.03

0.02

0.01

-3

1 00 150 200

Time [s]
1.4E5 2.1E5 2.4E5
lons

Decreased
transconductance

-2 -1

Vg, [V]

0

-9
250

 pre Id

— — —post Id

 pre Gm
— — — post Gm

0.02

Decreased
drain
current

0.08

0.07

0.06

0.05

0.04
-o

0.03

0.02

0.01

zt"

507: Vg vs Id and Ig; Drain=5V

*AFIT
AIR FORCE 1/4•TITLITE or

No /slight
threshold
voltage
shift

- 6

- 5

4

- 2

- o

0.03

0.025

0.02

u, 0.015
-0

0 01

0 005

-3 -2
V [V]
g 5

0 1 2

Gate diode was affected
(requires less voltage to exhibit
diode characteristics)

507: Vd vs Id and 19; Gate=-2V

0

-2

•

- -4
•

•c -6

-8

- -10

5 10

Vds [V]

15
-12

20

WWW.AF1TEDU Distribution A 13



Recoverable *AFIT
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• Depending on where irradiation stopped, damage was either recoverable
or permanent (Pink shows 30 day room temperature anneal)
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Post•, Measurement Compliance Reached*AFIT

• Semi-on state post measurements created too much stress for devices. 2
of 4 devices reached compliance during output measurement after
completing a series of transfer characteristic measurements
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Part Burned Out *AFIT
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• On state device 2655-0013 burned out during post output measurements
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Conclusion *AFIT
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• Damage of 5x104 Ge ions across 50 microns causes damage
to on-state and semi-on state parts (fluence 1x1011 cm-2)

• All stress states (on, off, and semi-on) cause similar
characteristic changes when the gate-drain gap is targeted
with 1.7MeV Ge ions
• Decreased transconductance

• Gate diode characteristics affected at higher drain voltage (requires less
voltage to exhibit diode behavior)

• Decreased drain current

• No threshold voltage shift, No change to Ron

• When high voltage post-measurement sweeps are
accomplished after semi-on state irradiation; the parts can act
abnormal (hit compliance).
• This damage may be recoverable

• When high voltage post-measurement sweeps are
accomplished after on state irradiation; the parts can blow up
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Questions
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• Devices are smaller and faster aided by using wide-bandgap materials
(GaN, Ga203,etc) reducing weight and volume

• Gallium Nitride High Electron Mobility Transistors (HEMTs) are designed
to allow increased voltage and current to pass through the device

• Greater efficiency than silicon in higher power output, speed, frequencies and
temperature environments

• Harder radiation tolerance due to wider bandgap

• GaN HEMT technology used in a variety of applications including

• High speed switches, RF power in the GHz range

• Communication

• Satellite Radar — L, S, C, X and KU band

• Power Amplifiers

• Specific space-based versions of above

Satellite
communication

SS (Long Haul)

OpticaluonzelcatIon network

(61--
Rader device
for automotive

Wireless LAN

Wireless
Infrastructure
(Short Haul)

Cellular
Base Station

https://global-sei.com/technology/tr/bn86/pdf/86-13.pdf
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