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OUTLINE

• Challenges for SEE analysis of
modern technology

• Description of RADSAFE for SEEs
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Historical View of Single Event Effect Analysis

• Modeling effects have taken two directions

1. Mitigating radiation effects by design

• Detailed device physics models

• Detail circuit response modeling

• Well developed understanding of basic mechanisms

• Techniques have matured with technology

2. On-orbit prediction of response

• Space environment consists of multiple species that have

a large range of energies and are omnidirectional

• Complex environment forces simplifying assumptions for

device and circuit response

• Current, widely available models are based on

technologies manufacture circa 1980
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Modeling Response:
3-d Mixed Mode Analysis

• High Fidelity Modeling of circuit
requires coupled simulations

• Full three-dimensional finite-
element physical simulations
tightly coupled with compact
model analyses

VDD

GND
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Challenge: Reduced Switching Energy

• Nanoscale fabrication has introduced switching energies below one fJ

• Expanded spectrum of important radiation events to be modeled

• Circuits sensitive to a larger family of ions and energies

• Circuits are responsive to the statistical variability of the radiation
interaction
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NMOS Charge Sharing
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t=50ps

NMOS Charge Sharing
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t=100ps

NMOS Charge Sharing
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NMOS Charge Sharing
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t=500ps

NMOS Charge Sharing
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t=800ps

NMOS Charge Sharing
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t=1.1ns

NMOS Charge Sharing
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t=2ns

NMOS Charge Sharing
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Scaled Geometries
Charge Sharing

Nanometer scale technologies can fool conventional wisdom.

MeV-cm2/mg

MeV-cm2/mg

(MeV-cm2/mg)

Detail simulation show that
upset below ~40 MeV-cm2/mg

are due to charge sharing
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Challenge: Mixed Signal / System on a Chip

200,000 full ADC circuit
simulations over input
bias, spatial location,

temporal position

Mixed signal or high-speed SOC

characterization requires

functional simulations over many

degrees of freedom

Models must be hierarchical
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Direct Ionization: Rectangular Parallelepiped (RPP) model 

Nuclear Reactions (proton only): Bendel Model

(both are circa 1980)

https://creme96.nrl.navy.mil/

On-Orbit SEE Rate

Space Environment Ground Testing

Classical On-Orbit SEE Performance Predictions
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Classical On-Orbit SEE Performance Predictions

Direct Ionization: Rectangular Parallelepiped (RPP) model 

Nuclear Reactions (proton only): Bendel Model

(both are circa 1980)

https://creme96.nrl.navy.mil/

On-Orbit SEE Rate ?

Space Environment Ground Testing

These models no longer capture the physical 

processes  that drive the response of modern 

technology to ionizing radiation
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Examples of Breakdown of Existing SEE Models

1) R.A. Reed, submitted to 2007 NSREC
2) K.M. Warren, et. al IEEE Trans. Nuc. Sci., vol. 48, no. 6, Dec. 2005, pp.
2125 – 2131.
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Examples of Breakdown of Existing SEE Models

R.A. Reed, et. al IEEE Trans. Nuc. Sci., vol. 50,
no. 6, Dec. 2003, pp. 2184 – 2190

Large 

discontinuities 

in heavy ion 

data for 

RADHARD 

SRAM

1) R.A. Reed, submitted to 2007 NSREC
2) K.M. Warren, et. al IEEE Trans. Nuc. Sci., vol. 48, no. 6, Dec. 2005, pp.
2125 – 2131.

Inconsistent
Effect from 
ion Angle

for SiGe HBT
circuits
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Examples of Breakdown of Existing SEE Models

R.A. Reed, et. al IEEE Trans. Nuc. Sci., vol. 50,
no. 6, Dec. 2003, pp. 2184 – 2190

1) R.A. Reed, submitted to 2007 NSREC
2) K.M. Warren, et. al IEEE Trans. Nuc. Sci., vol. 48, no. 6, Dec. 2005, pp.
2125 – 2131.

Inconsistent
Effect from 
ion Angle

for SiGe HBT
circuits

R.A. Reed, et. al,
IEEE Trans. Nuc.
Sci., vol. 49, no. 6,
Dec. 2002, pp.
3038 – 3044.

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

produced by 1000

individual incident

particles on a 6um cube

of Silicon

New Mechanisms to be Considered

• Nanoscale devices can be sensitive to the discrete energy
deposition of the radiation

• Models based on average energy (e.g. LET) are suspect
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High energy secondary particles created by

ionizing radiation interaction with W in the

IC back end processing (overlayer)

Contribution From Secondary Products in
Overylaying Materials

TiN 0.1 m

Si 0.25 m

SiO2 0.6 m

Al 0.45 m

Al 0.45 m

SiO2 0.60 m

Al 0.84 m

SiO2 1.0 m

Si-Nitride  0.4 m

50 m

2x2x2 m3

Sensitive

 Volume

SiO2 or W 0.6 m

TiN 0.1 m

TiN 0.1 m

TiN 0.1 m

TiN 0.1 m

Direct
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FOCUSED ION MICROPROBE
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FOCUSED ION MICROPROBE

X

-1962 -1961 -1960 -1959 -1958 -1957 -1956 -1955 -1954 -1953

-798

-796

-794

-792

-790

-788

-786

-784

16 μm

Existing facilities
have limited ion
range and spatial
resolution
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Single Event Effect Analysis
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Model on-orbit

response

•Space Radiation

Environment Models

Orbit

•Space Radiation

Transport Models

•Device Single

Event Effects

•Circuit Single

Event Effects

•System Single

Event Effects

Advanced Radiation Effects Analysis

Ground Based 
Experiments
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Components of the RADSAFE Concept

for SEE Analysis

Device and 

Circuit 

Response

(Cross Section,

 Rate,…)

Experiment

Geometry 

Radiation Environment

Space   or Ground

Approximate

Response

TCAD and/or Spice

Energy Deposition 

Charge Generation
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Key Technology: MRED

• MRED8 is the first generation

Python/Geant4 application

- Contains the best available

   physics

• Computes energy deposition

from all types of interactions:

- Primary ion LET

- Coulombic scatters

- Nuclear reactions

Geant4

MRED
C++

SWIG

Python
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MRED8-TCAD Interface

Device Description

Radiation Events

• Protons incident on an advanced CMOS integrated circuit

• Reactions in the metal layers increase energy deposition

Proton Beam
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On-Orbit SEU

Response

Experiment

Geometry Radiation

Environment

Approximate

ResponseTCAD and/or Spice

Energy Deposition 

Charge Generation

RADSAFE:Complex Approximation Models (II)

Space
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Using Ground Data to Calibrate Model
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Using Ground Data to Calibrate Model

Model predicts that
these events are
dominated by direct
ionization from
primary

All others are
dominated by nuclear
reactions.

Classical heavy ion
models to not allow
for nuclear reaction
contribution.
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Observed and Predicted SEU Rate
for a Modern SRAM

RADSAFE rate agrees with observed rate

• SRAM used on NASA spacecraft

• Observed Average SEU Rate:

– 1x10-9 Events/Bit/Day

• Predict rate by classical
 methods (CREME96)

–  2x10-12 Events/Bit/Day

– Classical Method nearly a
factor 500 lower than observed rate

• RADSAFE rate that includes
reaction products:
– Between 1.3x10-10 and 1.3x10-9 Errors/Bit/Day
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Measure SEU

 Cross Section

Experiment

Geometry Radiation

Environment

Ground

Approximate

ResponseTCAD and/or Spice

Energy Deposition 

Charge Generation

RADSAFE:Complex Approximation Models
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Measured SEU Response for Shift Registers Design
using SiGe HBTs
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IBM 5AM SiGe HBT Weighted mRPP Model

• Create calibrated sensitive volume structure

• Derived from TCAD simulations, broadbeam data, and microbeam data

• Weighted sensitive volumes to capture charge induction efficiency
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0.375
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Enabling Technology – Cost-Effective Hardware
Efficient Cluster Computing

    Vanderbilt Multi-Processor
Integrated Research Engine
(VAMPIRE)

• Beowulf cluster consisting of
>1400 processors

• Myrinet fiber network for
minimal latency

• $8.3M investment from
Vanderbilt VC fund

• Plan for ongoing upgrades and
growth



Robert Reed
1/30/07  -  New Electronic Technologies Insertion into Flight Programs Workshop

Scope of RADSAFE Applications

• Full RADSAFE (MRED+TCAD) on-orbit predictions of SEU
rate
– 0.25 μm CMOS SRAM

– IBM 5HP SiGe HBT Flip Flop

– Xilinx FPGA-based SIRF SRAM

• Single-event, multiple-bit upsets in <130 nm CMOS SRAM

• SEE in 130 nm, 90 nm, and 65 nm CMOS devices

• Neutron-induced SEU in CMOS SRAM

• SEU in SiGe HBTs

• SEGR in MOS devices

• Transient effects in HgCdTe IR-FPAs

• Displacement damage in Si, III-V, HgCdTe, and other
semiconductors

• TID dose enhancement effects
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Technology Trends Affecting Radiation Analysis
As a result of relentless progress toward nanoscale fabrication…

Radiation modeling must deal with:

Novel Threats:

Discrete energy deposition

Reaction products from overlayers

Direct ionization from protons

Scaled Geometries:

Device sizes on the order of single event

Complex charge collection mechanisms

Increased Speed:

Circuit response as fast as the radiation event

Mixed-signal and SOC:

Upsets vs Errors vs ASETs vs DSETs

SEE Test Facilities

High ion energy is not available at existing microbeam facilities



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


