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Agenda

 Space Radiation Environment

 Radiation Testing for Space Products

 Technology Evaluation and Radiation Effects Modelling

 Volatile and Non-Volatile Memory Products
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Space Radiation Environment

Trapped Particles

Protons, Electrons, Heavy Ions

Nikkei Science, Inc.

of Japan, by K. Endo

Galactic Cosmic Rays (GCRs)

Solar Protons
&

Heavier Ions

Deep-space missions may also see: neutrons from background

or radioisotope thermal generators (RTGs)
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Components of the Natural Environment

• Transient

– Galactic Cosmic Rays (GCRs)

• Hydrogen & Heavier Ions

– Solar Particle Events

• Protons & Heavier Ions

• Trapped

– Electrons, Protons, & Heavier Ions
• Atmospheric & Terrestrial Secondaries

– Neutrons



MOS-AK Workshop, Hangzhou, June 29-30, 20175

Sun Dominates the Near-Earth Environment

Trapped Particles

Heavier Ions

Protons

Source Modulator

Galactic Cosmic Rays
Atmospheric

Neutrons

Trapped Particles

A True Dynamic 

System
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Sunspot Cycle: An Indicator of the Solar Cycle

Length Varies from 9 - 13 Years
7 Years Solar Maximum, 4 Years Solar 

Minimum
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• Solar Maximum

– Trapped Proton Levels Lower, Electrons Higher

– GCR Levels Lower

– Neutron Levels in the Atmosphere Are Lower

– Solar Events More Frequent & Greater Intensity

– Magnetic Storms More Frequent --> Can Increase 

Particle Levels in Belts

• Solar Minimum

– Trapped Protons Higher, Electrons Lower

– GCR Levels Higher

– Neutron Levels in the Atmosphere Are Higher

– Solar Events Are Rare
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Free-Space Particles: Galactic Cosmic Rays (GCRs) or Heavy Ions

 Definition

• A GCR ion is a charged particle (H, He, Fe, etc) 

• Typically found in free space (galactic cosmic rays or GCRs) 

• Energies range from MeV to GeVs for particles of  concern for 

SEE

• Origin is from disintegrating Carbon stars

• Important attribute for impact on electronics is how much energy 

is deposited by this particle as it passes through a semiconductor 

material. This is known as Linear Energy Transfer or LET 

(dE/dX).
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GCR Abundance: Integral LET Spectra

CREME 96, Solar Minimum, 100 mils (2.54 mm) Al

LET (MeV-cm2/mg)
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Radiation Effects and Spacecraft

• Critical areas for design in the natural space 

radiation environment

– Long-term effects

• Total ionizing dose (TID)

• Displacement damage (crystal defects)

– Transient or single particle effects (Single event effects or 

SEE)

• Soft or hard errors

• Mission requirements and philosophies vary to 

ensure mission performance

– What works for a shuttle mission may not apply to a deep-

space mission

– Mission orbits may require different radiation performance

– Commercial Space now popular (SpaceX, OneWeb)
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Total Ionizing Dose (TID)

• Cumulative long term ionizing damage due to protons & 

electrons

• Effects

– Threshold Shifts

– Leakage Current

– Timing Changes

– Functional Failures

• Can partially mitigate with shielding

– Low energy protons

– Electrons



MOS-AK Workshop, Hangzhou, June 29-30, 201711

Single Event Effects (SEEs)

• An SEE is caused by a single charged particle as it passes 

through a semiconductor material

– Heavy ions

• Direct ionization

– Protons for sensitive devices

• Nuclear reactions for standard devices

• Effects on electronics

– If the LET of the particle is greater than the amount of energy or 

critical charge required, an effect may be seen

• Soft errors such as upsets (SEUs) or transients (SETs), or

• Hard errors such as latchup (SEL), burnout (SEB), or gate rupture (SEGR)

• Severity of effect is dependent on

– type of effect

– system criticality Destructive event 

in a COTS 120V 

DC-DC Converter
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Radiation Tests Required for Space Electronics 

RADIATION 

PARAMETER

MECHANISM EFFECT

TOTAL DOSE -

TID

PERMANENT DEVICE DAMAGE DUE 

TO IONS OVER DEVICE LIFE

TRAPPED POSITIVE CHARGE 

RESULTS IN FIELD DEVICE TURN-ON

SEE – SEU DATA LOSS DUE TO SINGLE EVENT 

UPSET OR TRANSIENT CAUSED BY 

HEAVY IONS, PROTON, OR 

NEUTRONS

SINGLE/MULTIPLE MEMORY BIT OR 

FLIP FLOP STATE TOGGLE DUE TO 

ION STRIKE

SEE – SEL DEVICE LATCH UP DUE TO ION 

STRIKE

PARASITIC PNPN TRIGGERED INTO 

HIGH CURRENT STATE CAUSING 

DESTRUCTIVE/NON-DESTRUCTIVE 

CURRENT
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Total Ionizing Dose Testing

Co60 Source

ESA ESTEC Irradiation Facility
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Heavy Ion SEE Testing

Heavy Ion Beam
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Technology Evaluation and Radiation Effects Modeling

• Evaluation on Transistor and 

Scribe Lane Test Structures

• Effects

– Threshold Shifts, Leakage Currents

Initial Measurement

x Krad  Irradiation

Interim Measurement

Annealing

Final Measurement

Test standards:

-US MIL-STD1019.5

-ESA/SCC 22900

Test Guidelines:

-ASTM F1892
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Hardening by Technology Features

• Field Oxide Implants
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Evaluation of Inter-Device Features

• Inter-Well Leakage

Inter-Well Leakage can be 

mitigated by a +P Guard Ring 

(Area Penalty)
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Special “Super Hard” Transistor Structures

• Needed only for Medical Sterilization or deep space mission
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Good News – Deep Submicron Improves TID

• Replacement of LOCOS with STI was key feature
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Different Memory Products– Product Level Performance

• Variability driven by Bulk vs. SOI, Technology Nodes, etc

[Dodd,2010]

Min Requirement
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 65nm SONOS NV Memory  90nm QDRII+ SRAM Memory

Cypress Volatile and Non-Volatile Memory TID

y = -0.9582x + 724.32

y = -0.175x - 346.54
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[Puchner,2014]

[Qualification Report,2013]
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Summary - TID

• Causes shift in threshold voltage that can be 

modeled by calibrating technology test structures. 

Basic Spice models still apply

• Circuit Design has to be validated with “TID-aged” 

models

• Less of a problem for STI process technologies and 

<130nm technology node

What About SEE Effects?
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SEE - Effects

• Have to potential of destructive failures

• SEGR /SEB in Power MOS

• SEL in CMOS

• Single Events (Soft Errors) can be easily mitigated 

by Error Correction Coding (ECC)

• Effective failure rate strongly depends on orbit,  

environmental conditions and memory technology
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 Triple Well Architecture  Current Limiter

SEL – Mitigation is Key

[Roche,2007] [Puchner,2006]
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 90nm QDRII+ SRAM Memory  65nm SONOS Flash Memory

Cypress Volatile and Non-Volatile Memory SEE

[Qualification Report,2013]

Std SRAM

Std SRAM + ECC

E P
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Summary - SEE

• Difficult to accurately model SEE effects, hence, 

testing is still the best way to determine device 

failure risk

• TCAD based “Photo-generation” model still good 

way to calibrate charge deposition during HI hit

• Some attempts in the past to model positive 

feedback loops in Spice during latchup scenario

• Radiation harden memory products need to be 

immune to SEL and SEFI
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Space Memory Landscape

HoneywellCobham 3D PlusCypress

72M QDRII+ 

64M MCM 

4M 3.3/5V 16M 3.3V 64M MCM 

40M MCM 80M MCM 

4M 1.8/3.3V 16M 1.8/3.3V 64M MCM 1.8/3.3V

4M 3.3V/5V

4M-32M MCM 3.3/5V SCD

16M/64M MRAM 3.3V

3Gb SDRAM 3.3V

512M-4G MCM 3.3V SCD

1G-8G DDR/2 MCM 2.5V SCDCUSTOM UP-SCREENED DDR/DDR2/DDR3

16M/64M MRAM 3.3V

1-8M EEPROM SCD

1-64M MRAM MCM 3.3V SCD 64M-256 NOR MCM 3.3V SCD 4-64G NAND MCM 3.3V 
SCD

DDC

1-20M EEPROM 5V

256M-1G SDRAM 3.3V

16M 1.8-5V

144M QDR IV 

144M QDRII+ 

256M NOR 2M FRAM 512M NOR 

288M QDRII+ 
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Conclusion

 Space Radiation Environment challenging to model

 Radiation Testing for Space Products of vital importance

 Technology Evaluation necessary to design better products


Volatile and Non-Volatile Memory Products are available which 
meet the requirements for avionics/space market
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