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Examples of Breakdown of Existing SEE Models

1.E-07
1.E-08
1.E-09
1.E-10
1.E-11
1.E-12

Cross Section (cm?

1.E-13
1.E-14
1.E-15

Device Cross Section (cm?)

o S
@
*
o
A
A
*e
0
104
Test Technology: SiGe
enm e ®
10-5 \
Solid Line is
Expected Data

106 | Trend From

i Classical Model

‘S |

'

;.
107 |34 \Mtual Data Disagrees <=

¢ With Classical Model
10-8

0 20 40 60 80 100

Effective LET (MeV-cm ?/mg)

R.A. Reed, et. al IEEE Trans. Nuc. Sci., vol. 50,

no. 6, Dec. 2003, pp. 2184 — 2190

K.M. Warren, et.
al IEEE Trans.
Nuc. Sci., vol.
48, no. 6, Dec.
2005, pp. 2125 -
2131.

Heavy lon
Effects in

SiGe HBTs
_kl

Protons
Effects in
Optical

Links r

105

Existing Model
Would Predict
- Solid Line /

\\ R.A. Reed, et. al
IEEE Trans. Nuc.
Sci., vol. 48, no.
6, Dec. 2001, pp.
2202 — 2209.

101°

Device Cross-Section (cm?)
-
=

a
e

10-8 . . N . .
0 20 40 6 8 100 1
Angle of incidence (degrees) Proton
:Eﬁ:: LL°:;1 Silicon On Insulator effeCtS mn

Woud precir < SOI based
Solid Line o

/ memories

R.A. Reed, et. al,

IEEE Trans. Nuc.

Sci., vol. 49, no. 6,

10

20 40 60 80 100

Proton Angle of Incidence (Degrees)

120

Dec. 2002, pp.
3038 — 3044

10‘7§
108

X-section [cmzlbit]

109+
10710+
101 /5
1012}

1013
n

Provided by Vendor A

10 20

LETeff [MeV-cm2/mg]




Scope of RADSAFE Applications

On-orbit predictions of SEU rate

— IBM 5HP SiGe HBT Flip Flop (Georgia Tech, NASA, Auburn)

— Xilinx FPGA-based SIRF DICE Latch (NASA)

— IBM 9SF RHBD DICE latch (Boeing, DTRA)

— Rad-Hard SRAM (NASA, APL)
Space environment induced single-event upset and multiple-bit
upsets in 0.5 um, 0.25 um, 130 nm, 90 nm, 65 nm, and 45 nm CMOS
SRAMs

— IBM Trusted Foundry — Texas Instrument
— Xilinx — Sandia
— Honeywell — others

SET/SEU in SiGe HBTs (Georgia Tech/NASA/Auburn)

SEGR in power MOSFETs (NASA)

Transient effects in HJCdTe IR-FPAs and Silicon imagers (NASA)
Dose enhancement effects

Terrestrial environment (neutron and alphas) induced single-event
upset and multiple-bit upsets in commercial CMOS circuits
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RADSAFE: Rate Prediction for a Rad-Hard SRAM

Model Calibration SEU Rate Prediction

Si-Nitride 0.4 pm
$i02 1.0 ym
TiNO.{ um
A1 0.84 pm
TN 0.1 pm
102 0.60 pm

TINO.Tum
Al 0.45 ym

Si02 or W 0.6 um

R Device/Circuit/System
Virtualization

5102 0.6 ym
$i0.26 ym
=

e 2x2x2pm*
"% | sensitive
Volume

50 um

GEO_1-92_SOLARMIN_100MILS.TFX
Si-Nitride 0.4 ym 10° T T T T T
$i021.0 pm B
%107
TN OAum g
Al 0.84 ym 510
TR O um 2107
$i02 0.60 ym R d- - E %10,,3
TN U
T adiation Event
\ Si02 or W 0.6 ym - [ T
<10 || <~
\ TN 0.1 ym E
Generation —
T um =5 1018 4
102 0.6 pm = 16, even 1, +
/ N\ _Si0.25pym 10718 | 7, :nir] )
2x2x2 pmd T A R L T
Sensitive Kinetic Energy (MeV/nucleon)
Volume
50 um Ny
. . : 2
1006 Flux: Particles/m?/s/sr/MeV MRED: lon energy
Species - Er
1007 | Lt

Nis s @000 R Monts to deposited energy
- {2 esponse [Eventsis/eneray |

10708 a0 180 Carlo
Kr-87 387 @665

~ ® 2 1, (@ (E (M)
A - T P i RATE=R(E )= (dE|%RE) - S (4n2p2( dr | -0 "|. MRED (E,(r),E
o Prediction = [E\ %"= 24w odr | e () (Eg(r).E)
1010 s oo 4
qon L, e @ 1200 Whaate ?um a!(l Sample Lpensityo_frandom
e €ements radius jon energies

. Xe-136 9520
1012 Xe-136 l14416
“fom (3] @ 150 Qﬁzs

SEU Cross Section (cm?/bit)

1013 ;
» 0 i @ @Exp. Data
10 " @523 = RADSAFE for Qc=0.7 pC
10715 5 A RADSAFE for Qc = 1.1 pC
o ‘ , |
10 100 1000 10000 100000

lon Energy (MeV)



Observed and Predicted SEU Rate for a
Modern RAD-HARD SRAM
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Ground Testing using Various
lon Energy and Species
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Ground Testing using Various
lon Energy and Species
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Ground Testing using Various
lon Energy and Species
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RADSAFE Prediction of Energy Deposition
in Sensitive Volume
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RADSAFE Prediction of Energy Deposition
in Sensitive Volume
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RADSAFE Prediction of Energy Deposition
in Sensitive Volume
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RADSAFE Prediction of Energy Deposition
in Sensitive Volume
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RADSAFE Prediction of SEU Cross Section

Run 1x10° particle

— For each determine energy deposited in
sensitive volume

« Histogram of energy deposition

 Reverse integrate histogram

- Divide counts by fluence

* For a fixed critical energy, the SEU cross

section can be predicted
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Determine Modeled Critical Energy
for Kr @ 387 MeV
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Contribution From Secondary Products in
Overylaying Materials
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Determine Range for Modeled

Critical Energies (i.e.

Si-Nitridg 0.4 ym

Direct

SiSme|  2x2x2 pm?®
~e | Sensitive
Volume

m2)

Cross section (c

gy oy — — —
. 2% o 9o o
w -t © ~l (&

—_

o
4
(&)

Critical Charge)

] — Xe 612 MeV

- — N 63 MeV — Ne 90 MeV

| —— Ar 180 MeV — Kr 387 MeV

0 10 20 30 40 50

Energy (MeV)




Determine Range for Modeled
Critical Energies (i.e. Critical Charge)
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Using Ground Data to Calibrate Model

SEU Cross Section (cm?/bit)

10706 ¢
Species - Energy
10_07 |_|Atomic Mass |(MeV)
E IN-15 68 @ 2000
[ |Ne-20 90 ‘612
10708 Ar-40 180
F|Kr-87 387 @ 665
" |Ar-40* 494 387
1009 ez 523 ?
- |Xe-136* 612
10710 L Ag-109* 665
E |Cu-63* 729 ® W204416
- |Ar-40* 919 @ 1200 W41
1011 Eag-109* 1200
E | Au-197* 2000
- [ |Xe-136 9520
1012 E |Xe-136 144161
[ * from [3] 180 Q’ZQ
10713 ¢
: 49@ 919
' ¢ -0 "9 @ Exp. Data
14
10 T ° @523 = RADSAFE for Qc=0.7 pC
1015 | Tos A RADSAFE for Qc = 1.1 pC
10-16 I 1 Ll ! R |
10 100 1000 10000 100000

lon Energy (MeV)



Using Ground Data to Calibrate Model
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SEU Cross Section (cm?bit)

Using Ground Data to Calibrate Model
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SEU Cross Section (cm?bit)

Using Ground Data to Calibrate Model
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computing nuclear
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SEU Cross Section (cm?%bit)

Using Ground Data to Calibrate Model
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Uncertainty in Q. is due to:
- Systematic errors in Geant4 physics when predicting recoil

production from nuclear reactions.
- Use of simple model for SEU sensitive volume.




RADSAFE Prediction of SEU Rate
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Observed and RADSAFE Predicted SEU
Rate for a Modern RAD-HARD SRAM
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Conclusions

Clearly, heavy ion energy and species impact SEU response

— Most obvious in circuits that are not sensitive to direct ionization
effects from “low” LET particles and contain higher Z materials

There is no reason to expect an increase SEU cross-section
with increasing ion energy

— Different mechanism dominate at different ion energies

— LET and Effective LET concepts will not be valid for certain cases

RADSAFE concept can be used to predicting error rates
— Systematic errors can be large
— Improvements in Geant4 nuclear physics models are needed

Clear impact on heavy ion test methods
— More research is needed to clearly define the recommendations
— e.g., Fluences > 107 particles/cm?, ion energy, species, and angle

lon energy and species will impact other SEEs

— Single-event latchup for example
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12.5 Gbit/s bit error rate tester
31.5 GHz analog signal generator
12 GHz real-time digital storage

oscilloscope
DC-40 GHz RF coax assemblies

Requires high-speed packaging

DURIP-funded High-Speed SEE Test Equipment

DC-40 GHz probe station
100 nm-step resolution stage
Configure horizontally or
vertically

 NIR laser irradiation

e Broadbeam heavy ion

Eliminates need for high-speed
packaging
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