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Introduction

* Definition of RHA on power MOSFETSs:
— All activities undertaken to ensure that the MOSFET will
perform to its design specifications after exposure to the
space radiation environment

 RHA involves:

— Mission/system/subsystem requirements

« Power, voltages, current, switching speed, size, quantity, etc.
— Radiation environment definition

» Low Earth orbit (LEO)? Geosynchronous orbit (GEO)? ...

« Heavy ion fluence, total ionizing dose (TID) accumulation
— Part selection

 Availability, cost, reliability, electrical performance

« and for RHA, single-event effect (SEE) & TID performance
— Part testing

« Radiation source parameters, bias conditions, test setup
— Failure rate prediction: method (?)
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BACKGROUND MATERIAL
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Single-Event Gate Rupture

Single-event gate rupture (SEGR) continues to be a
key failure mode in power MOSFETSs

SEGR is complex, making rate prediction difficult

SEGR mechanism has Couree Va<0 O Gate
c induced image
two main components: T‘““ / charges
— Gate oxide (G,,) damage _é “‘:vi.:%gx
* Reduces field required for L/__/ ? H

rupture lontrack? s holes

c N ET ; # electrons
— Epilayer response -

 Creates transient high field

across the oxide Vp>0 Obrain

SEGR in atypical planar vertical
power MOSFET (VDMOS)
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The number of manufacturers of radiation-
hardened silicon power MOSFETs is increasing
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Common Practice: Risk Avolidance
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NASA/GSFC’s “risk avoidance”:

« Define safe operating area (SOA) with test ion linear energy transfer
(LET) beyond the “iron knee” of the flux curve.

« Derate SOA per EEE-INST-002 factor applied to maximum SOA bias

— 0.75 drain-source voltage (Vds)
— Gate-source voltage (Vgs) off-state bias within diode voltage drop of
nominal 0 V off

« Qualify for flight if off-state biases (static & transient) stay within derated
SOA

Presented by Jean-Marie Lauenstein at the TechAmerica G12 Radiation Hardness Assurance (RHA) Users Subcommittee Meeting, 8
Columbus, OH 10/3/2012, and published on nepp.nasa.gov



The Trouble with LET

 Power MOSFET SEE data are complex —
— Because the failure mechanisms are complex.

« LET alone is not the appropriate metric for power

MOSFET SEE RHA

400
— 350 .
%300 :
. =@ =3.7 MeV/iamu
2 250 feeesesssssessssssssssaiiises Br: LET=40.8
= 200 « « Derating to
S ’ 75% of Br data
§ 130 é Our data:
¢ 100 1
= .
: w0 120 edems
() b d. .
o +—+—r———rr
0 -10 -20
Gate-Source Voltage (V)

“‘Safe Operating Area”
is really just a
“SEE Response Curve”
for a given test condition

For the same incident LET, irradiation with a different ion
yielded SEE failure at a much lower bias for this part
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lon LET vs. Energy

lon range effects: Energy deposition FOr the same incident LET, ions
LeiSIls PN RalohRdefih with different energies will

oo B0 | ek deposit different total energy
g% \ Into the sensitive epilayer,
2« TN \ yielding different SEGR test
%Z \\ \ results. (see Titus, et al., 1996)
7 \ \ — Example of this ion range effect is
0 \ shown in a 200V and a 400V
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lon Species vs. Energy Deposition

Tests controlling for total charge ionized in epilayer expose
effects of ion species on SEGR failure threshold bias

2204 80
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Ecrit,, (V/em)=-2"" = Fas
cri cm)= =
— Track structure? oX
t, 1+7/44
Titus, et al, IEEE TNS 1998;
— lon mass? ... e G '

tox = gate oxide thickness,
Eox = intrinsic breakdown field)

— At 0 Vds, critical field in the gate oxide (E
for rupture is a function of ion species (Z)

lon species effects need to be included in efforts
to bound the on-orbit risk of SEGR
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Better RHA through improved standards for:

PART TESTING
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MIL-STD-750-1 TM1080

Environmental Test Methods for Semiconductor
Devices: Single-Event Burnout (SEB) and SEGR

* Revision released this year addresses ion
energy/species effects
— Device “characterization tests are typically conducted to
define the worst-case operating conditions”
— “lon energy should be considered when determining/defining
worst-case test conditions”
« Worst-case (for SEGR) test condition for an ion
species:
— “occurs when the ion fully penetrates the epitaxial layer(s)
with maximum energy deposition through the entire epitaxial
layer(s)”

TM1080 now specifies an ion range that places the
Bragg peak at the epilayer/substrate interface
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Worst-Case lon Range

Failure Vds and Incident LET vs. Xe Range in
500V nVDMOS with Dual Epilayer, at -15 Vgs

Drain Bias, (V)
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Titus, et al., 2001 first reported on the worst-case ion
penetration range and in 2003, suggested a test
method based upon this range.
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Empirically-Defined Worst-Case
lon Energy: Example

Worst-case ion range will be the sum of overlayer and
epilayer thicknesses, PLUS the ion range at its Bragqg

peak.

Ion Range Effect (SOOVN, Vgs =0V)

, _ Overlayers: ~ 7 um
& fur meml A Epilayers: ~ 40 um
! e A .
- | s Xe range at Bragg
E!‘ l.\? ','l" A "
AN S peak: 31um
] 2 ¥ °
w| &l a" g
’ Al A A TOtaI: 78 ﬂm
&

Ion Range - Xe, (um)
Fig. from: Liu, et al.,IEEE TNS, 2010.

When assessing appropriate ion penetration range,
the Bragg peak range must be accounted for
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Test Goals & OQutcomes

Define the SEE “risk space” by mapping the failure threshold
biases (Vds, Vgs) for different beam conditions (ion species)
— User’s selection of beam condition defining bias limits is application-
dependent
» 15-year mission vs. 2-year mission
* 100 devices vs. 3 devices
» Crewed vs. robotic mission, etc.
Beam conditions are not limited to worst case (TM 1080)
— In general, the method of data collection is guided by failure rate
prediction needs

* No accepted/validated rate prediction method exists for power
MOSFETs

Manufacturer’'s quandary: Which ions, which energies?
— Market-driven

— For worst-case energies, want species based upon reverse-integral
abundances (flux of Z = test species)
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Choosing Beam Conditions
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Geostationary orbit (GEO) environment during solar minimum behind 100 mils Al
(using 1SO15390 code)

For TM-1080, we choose not by LET value
beyond iron knee but by Z value
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Choosing Beam Conditions —
Case I

Flux
(#/(cm2-yr-(MeV/n))
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Geostationary orbit (GEO) environment during solar minimum behind 100 mils Al
(using 1SO15390 code)

For non-worst case ion energies, we are operating in a full
3-D description of the environment
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Confounds in Heavy-lon Data

 Some of the factors affecting threshold bias for
SEGR/SEB are not easily controlled:
— Part-to-part variability:
» With a sample size of 3, have we really explored this effect?
* One reason for derating the “safe operating area”
— lon beam monoenergy:
 Beam energy spreading from air, device overlayers, degraders
 How do we know the beam energy that led to the failure?
— Bond-wire shadowing:
» Wires act as energy degraders

* Again, how do we know the beam
energy that led to the failure?

(From Titus, et al., RADECS 1998)
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» : 80 ——2000MeV
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— Can’t get lower than the lowest!

Worst-case data for a given ion will not suffer confounds
of bond-wire shadowing or beam energy spread
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Why the goal of finding lowest Vds,, for a given ion species?
How can we use test data (worst-case or not)?

FAILURE RATE PREDICTION
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History of Rate Prediction

 There is no accepted or verified power MOSFET failure
rate prediction method.

 There are several proposed methods for estimating the
fallure rate:
— Titus, et al. (1999) prediction of “Early Lethal SEGR Failures”
in VDMOS, via Monte Carlo and threshold LET

— Thales Alenia (Marec, 2009) concept of equivalent LET with
use of failure cross section vs. equivalent LET data

— Edmonds & Scheick (2010) method for including contribution
of failures by low-energy ions (updated in 2012)

— Lauenstein, et al. (2011) definition of an upper bound on the
failure rate considering both ion species and energy
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itus 1999: Early Lethal SEGR Failures

Empirical expression extracted from Monte-Carlo simulations to
predict time to it" failure (t,) within a given confidence level (CL)

Key concept: “Lethal ion rate” (LIR):
LIR =SSA - @, -FV-¢
— SSA = SEGR sensitive area of die
— @, 7 = integral flux at the critical LET for the given bias condition

— FV = fraction of time at the vulnerable bias condition
— ¢ = steradians of vulnerability at that critical LET

Critical LET is a function of angle and bias condition

Pros: Predicts time early failures, not mean time to failure

Cons: Does not account for energy/range issues in its
present form; requires angular test data
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hales Alenia (Marec, 2009).
Equivalent LET Method

Key concept: “Equivalent LET (LET,,)":

LET LET
Lo ] Leq4+————1+—------
/_\ from Marec, QCA Days
Q, = Q, presentation, Villigen,
o o Switzerland, 1/28/09
Qe = charge deposited
“ 2 X X3 X2 X

1) Failures in time = Flux at threshold LET,, - o - conversion constants
(c = saturated cross-section)

2) If have detailed cross-section vs. LETeq, fit Weibull and use CREME code

with special LET distribution function; cell size = drain neck width & length
and epilayer depth

Pros: Accounts for energy/range effects; accommodates any
test data that fully penetrate the epilayer

Cons: Does not consider oxide response in SEGR or other
“species effects” (track structure, ...) --
is geared toward SEB; no refined handling of angle
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Edmonds & Scheick (2010/2012) Rates
Given Non-Constant LET

Key concepts:
- “Ordered set of ion LET vs. range”: LET;(z;,X) 2 LET,(7;,X)

— If species i/ has incident range, 7; and causes a SEE event, and if for every
point x through the depth of the device, its LET is greater than that of
species j at the same point, then species j having incident range t; will also
cause a SEE event.

— Ordered set concept fills in for ions not tested to provide upper-bound rate
« “Stopping rate per unit volume” (units = particles/(cm3-day)
« “Demarcation range” (defines low vs. high energy ions)

Pros: Handles energy deposition in fine detail; includes range
effects; is applicable beyond SEGR/SEB

Cons: No refined handling of angle; ion species effects other
than range are not considered. Benefits from tests with a
range of energies for each ion species
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GSFC 2010: Upper Bound on
SEGR Failure Rate

A different way of looking at the potentially hazardous

environment: ex/ geostationary orbit (GEO) during solar
minimum behind 100 mils Al

LET (MeV-cm?/mg)

Integral Flux (#/(cm’-sr-yr)

10°
10‘:
10‘:
10’:
10“:
10*:
10‘;
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10°

100 80 €0 40 20

Differential Flux
(#/(cm?2-sr-yr-(MeV-cm?/mg)) |

10°

10°

1E-3

001 01 1 10 100 1000
LET (MeV-cm’/mg)

10—10

Move from integral flux (®) vs. LET
to differential flux (¢p) as a function of Z, LET
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GSFC 2010: Upper Bound on
SEGR Failure Rate (cont’d)

Defining the upper bound (UB) of hazardous flux at a given orbit for a
given SEGR response curve: examples for geostationary orbit (GEO)

Differential Flux (¢) at GEO
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S 140 g 160
% 120 (=} 1401 it
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®,, (Z,LET) = j j

LETi, A

#(Z,LET)dLETdZ + j j( LETI/2)¢(Z,LET)dLETdZ
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GSFC 2010: Upper Bound on
SEGR Fallure Rate (cont’d)

Upper Bound on SEGR Failure Rate Defined From @ :

Rate g =@ N:-A-47(1—-cos(h))- f

N = # devices to be flown
A = SEGR cross-section L
— Gate area of die

6 = max off-normal angle of
incidence of SEGR vulnerability

f = off-state duty cycle

Pros: Handles both energy and species effects; can be
used with any data set

Cons: No refined handling of angle
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Conclusions: Power MOSFET RHA

* Good diversification of radiation hardened silicon power
MOSFET suppliers

« Test method standards better reflect current research and
understanding

* Despite SEGR/SEB discovery in power MOSFETSs over 25
years ago, we still don’t fully understand the failure
mechanisms
— Many groups actively pursuing power MOSFET SEE research
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