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Radiations are pervadingeverywhere!
Focus on particleswith largestionizingrate (dE/dx)

ÅNature neutrons? Or else..
ÅGalacticCosmicRays / ƛƻƴǎΧ

ÅSolar Flares / p, e, ƭƛƎƘǘ ƛƻƴǎΧ

ÅRadiation Belts / p and e

ÅIn large spacestations as ISS some, becauseof spacecraftstructure mass
ÅAtmosphere yes, peakat 18km alongwith hadron, mesons, muons(-), ..

ÅGround yes, mostlywith muons (-) 

ÅFromunderground (U and Th decay) / mostlyalphas

ÅHuman made
ÅRadiotherapy/ targetareas Yes
ÅFission Yes(usuallyconfinedin water-filled vessels)
ÅFusion research More or less/Heavy shieldaroundplasma vessel
ÅHEP/Experimentalareas/tunnels Yes
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Natural atmospheric neutron flux spectrum  at ground level after 
interactionsin the atmosphere (O and N)
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Boeing Model - Fit to 1974 NASA Ames Flight Data

Hess Measured Spectrum, 1959

Armstrong Calculated Specturm, 1973

1997 ER-2 Measrements, Bonner Spheres
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=> Concerns: Global safetyof transportation

Main parts providers
Reliabilityin time
Certification Authorities
Stingentspecification
Flight computer, Autopilot, 
Engine Controlers
< 1 eventper 107 flight hour
=> Electronicdevice< 1 eventper 109 flightxhours

Aircraft builders
Reliabilityin time
Certification Authorities
Stingentsafetyspecifications
Plane: < 1 eventper 107 flightxhours

Geophysics
of cosmicnaturalradiation in the 
atmosphereand at goundlevel

Å More electricautomotive
Å More Information Technologydependablesystems
Å Internet backbone
Å high-end servers and computers 

Atmospheric:

Otherconcernsat Ground level:
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INTERNATIONAL RELIABILITY PHYSICS SYMPOSIUM 2002

Reliability Issues for Advanced

IC Technologies Anthony S. Oates

Especiallyvisible in Everyday 
Vehiclesor High Security 

Business
(Airplanes, Automotives, 

Railways, Internet Routers..)

CMOS reliabilitycontinouslyimprovedby 
manufacturingtremendousprogress
(if wedisregardradiation radiation effects)

Airplane
Altitude
ŜŀǊƭȅ флΩǎ

Sea Level
нлллΩǎ

Conversely, the Effects of
Additional Radiation 
Became clearly visible.

BUT 
due ever increasing circuit sensitivity to natural 
particle
environment

Process-Induced

Reliability MTBF

(long term 

ñFailure in Timeò)



Neutron Flux vs. Altitude
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Power Law dependence on altitude (< 40k ft.):

F ~ AN where A is 1.2-1.3

and N is altitude in k feet
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Urban Pop. vs. Altitude

After Robert Bauman, Texas Instrument

RADECS CONFERENCE SHORT COURSE, Sept. 2001

AtmosphericNeutron flux
at Ground level = whereConsumer electronicsrunsand population is living

Sky

20 n/cm2-hr
> 1 MeV Neutron 

flux @ sea-level

NY city

40 n/cm2-hr

10-2 n/cm2-s

20 n/cm2-hr

ground

2000 to 3000 n/cm2-hr

~10 n/cm2-s airplanes



Wherein Real Time Effectsin a detectionchain?

More digital and high bandwidth
(Single Event Upsets, Single Event Rate, 
Single Event FunctionalInterupts)

More analogand S/N ratio iscritical (
Single Event Transient)

SET

SEU
SER
SEFI
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First mention of a «Soft Error» 43 yearsago(1979)

ÅIn Dynamic Memory (1kb)

ÅSingle bit at a time, random)

ÅRelatedto single alpha particle
randomemissionfrom ceramic
packaging

ÅRelatedto U and Th content 
(contaminants

ÅAnticipatedto occurin arrays
suchas earlySRAMS and //5{Ωǎ
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Interactions in a typical L/ ƛƴ ǘƘŜ тлΩǎ

Circuit wire network  

(metal, polySi)

Insulators

Bulk Silicon

FACTTM 54ACxx 2 µm CMOS



Silicon Devices as Particle Detectors of neutrons

ÅIndirect Nuclear 
Process first

ÅThen Direct 
Coulombic Process 
ŘǳŜ ǘƻ άǊŜŎƻƛƭέ ƛƻƴǎ 
liberated
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Ion track

e-

e-

e-

e-Si Atom
e-h = electron hole pair

e-h

e-h
e-h

e-h

e-h
e-h

n

Neutron Track

Secondary
Ion Tracks

(« recoils»)
n

neutron 28Si

=> Ioniziation:  up to 10 fC/µm along the track



Wego back of the basic of a transistor
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Maillage Simulation Bulk_5um
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Mostlya DE mode detector

Vastlysort of pixelizedin a 2D if not 3D array

Bulk Silicon 

vs. 

Thin Silicon on Insulator



Effectof one chargedparticle
Radiation and Hard or Soft Errors

A single particlehit excites between
1 000 and 100 000electronsand holes
/micron in a typicalsemiconductor
= 0.16 to 16 1E-15 coulomb/µm
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SCALING - Ordersof magnitude in case of atmosphericneutrons

Rationale: 

ÅProbabilitythat a neutron hit a siliconatomneara transistor and 
randomlygeneraterecoilswitch trigger a signal

ÅAssumptions 
Åsnuclear, order of magnitude 1 barn ; 

Å28Si  (10B as a dopant to silicon also is of concern for thermal neutrons)

ÅActive layer in silicon wafer ~ a layer of 1 µm where the transistors stan

=> Probabilityof a signal ~ approx. 10-5 per incomingneutron
Consequence, aseriousReliabilityIssue..

Åat sealevel: 10 neutron/cm2/ hour

Ý10 x 10-5 = 10-4 transient per hour per cm2 of circuit

Åat airplaneAltitude: 10 000 neutron/cm2/ hour

upperlimit of one transient per 10 hoursof flight per cm2 of circuit
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10B isotope in electronicdevices

Comparaison entre les sections efficaces 

d'interaction

Bore 10 and Bore 11
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Boron is a commonly used as dopant or softener of glass oxide in silicon devices. Its

content and repartition near sensitive volumes is generally unknown. It may be absent.

Nuclear capture breaks 10B and gives highly ionizing alpha particle recoils of single 

energy 1.5 MeV

Thermal equilibrium T = 300 K => E = 25 meV

Cross section x 1000

between and 10B et le 11B

Strong effects within 5 decades of energy
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Soft ErrorRate trends ςLinkedto the storedCharge in a bit Cell

Actel - Effects of Neutrons on Programmable Logic, IEEE Trans Nucl Sci, 12, 2003
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PlanarElectronics isbecoming3D with a stratosphericnumber
of transistors on one cm2



Currentshape
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Single Event in an analog circuit
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Example on an amplifier (LM124), various strike location
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Dale McMorrow, NRL, USA

Bipolar transistors are particularly sensitive 
because of current gain In CMOS technology
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Single Event Transients

LM124

Inverting 

Configuration:

Vdd = +/-6 V

Vin = 60 mV

Buchner, et al., 50, IEEE Trans on Nucl. Science, Dec. 2003

MOREOVER, in a CMOS circuit, anyNPN and PNP are hiden in the meshof N and P doping. Theyare used
in isolation and are supposedto be off, but they are not mute under radiation. Theycan lock (latch a CMOS 
devicesupposedwithout bipolar:
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