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OUTLINE

» Radiative space environment
 DOSE to quantify degradations

* Energy loss by unit path length : NIEL
* NIEL scaling approach

— Relevance and observed deviations

» Conclusion & Perspectives
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Natural and anthropic radiation environment

Paintings
yellowing

(protons, electrons, ions )
Radiation induced degradal‘ions.'_

Material degradation

Optical, electrical, electronic
& mechanical properties

Noise in
sensors

Cumulative or sporadic degradations
Electronic devices sensitivity
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Slowing down of incident particles

Slowing down = interactions wit

h "
. /"Cidentpa NS .»:i D |
electrons & nuclei e " PR
<@

. Electrons and
nuclei
are put into motion

Broken atomic bounds

Degradation (proportional to the number of interactions)

Each interaction = ENERGY LOSS

DOSE
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DOSE & Energy loss by unit of length

Dose =

deposited energy

by unit of mass
of the medium

Number of incident .
¢ particle d E Ao Deposited energy

1dE

Dose =
dx)
ng

Dose = ¢ S Density of the ¥
p d x irradiated / Irradiated volume

volume

Degradation « Dose

Mass of the irradiated
volume

Degradation
o<

P

dE dx

dE
dx
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Displacement damage a specific radiation induced damage
of optoelectronic devices

) _ dE\ dE )
dx/)Total * dx/) Nuclear

DDD o
— Non |
Displacement™ ¢ x NIEL Ercw)grgoyn:.ztl)r;%

Damage Dose

NIEL scaling
approach

Degradations relatated to atomic displacements
by unit of fluence proportionnal to the NIEL
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Displacement damage a specific radiation induced damage
of optoelectronic devices
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LED & Laser diodes (light output
degradation) . . .
Trapping _» Conductivity reduction
Photodiode (photocurrent Recombination » Mobility reduction
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NIEL scaling BUT the relevance of the degradation

approach prediction lays on the accuracy NIEL
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A NIEL : an average parameter

Vv

s
1 (dE)
DDD = NpS Tx ) (dE) dx
~N

Each incident particle deposit a different energy
DDD and NIEL make sense only for a large number of
interactions in a way that the DDD is proportional to the

total deposited energy
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Degradation vs. applied fluence

® = 10" protons/cm? 1600 1 O A T
W LED lifetime (Barry, 1995)
V=100pmx100pmx10pm

A Solar cell Photo volatage (Anspaugh, 1996)
A Solar cell Photo current (Anspaugh, 1996)
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Damage factor

. Coulombian dependence
Sl, G&AS, InGaAs For protons

NIEL is an @average parameter which makes sense only if sufficient fluence has been applied

At low fluence level NIEL OVERESTIMATES the degradation
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Degradation vs. applied fluence
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C. Inguimbert, et al. “Statistical spread on the displacement damage deg. vauueis w1 nivmuies sonmooiausiero, »rusioar
Instruments and Methods in Physics Research Section B: Beam Interactions with Materials and Atoms, vol. 490, pp. 7—
17, Mar. 2021, doi: 10.1016/j.nimb.2021.01.002.

The most probable damage level of a device irradiated with a low fluence is lower
than the NIEL explaining some deviations reported in the litterature
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NIEL scaling law : observed deviations

NIEL neutron
overestimation

—ASTM E722-14, Damage function

RERIVIA=NIEL
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NIEL Dependence to the Threshold
Damage energy Ed

dE

dE )
dx/) Nuclear

D :
dx/Total

= NIEL

Ed: limit under which an atom cannot be displaced

E d 1S poorly known in most of cases

I1 NIEL of ELECTRONS Strongly depends on E 4
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A Reliability of ELECTRONS NIEL

Lindhard
500 keV partition function
) \
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A change in Ej strongly affects the NIEL of electrons
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Observed NIEL deviation for electrons
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Reliability of ELECTRONS NIEL

Including a distribution of threshold displacement damage
energy provides NIEL in better agreement with
experimental damage factors
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C. Inguimbert, “Including a distribution of threshold displacement damage energy on the calculation of the
damage function and electron’s Non lonizing energy Loss,” Journal of Nuclear Materials, vol. 559, p. 153398,
Feb. 2022, doi: 10.1016/j.jnucmat.2021.153398.
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Damage factors depends on

the electric field

V(r)
4 . 2 £ i
Ej= Energie d’ionisation

AE;= Abaissement de la
barriére de potentiel

e} Electron

Enhanced generation rate due to electric field

- Poole Frenkel (lowered potential barrier)
- Phonon Assisted Tunneling
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Importance of electric field

Better prediction of the tail of the Dark Current Non Uniformity
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K. Lemiére et al.
Influence of a 3D electric

model on the Monte Carlo calculation of the
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164502 (2020);

K Lemiéere PHD 2020

Mean enhancement

factor X2

- = :Fit

O  Measure /

.9‘59
- £
g
-
-
-
g Gilard et al.
o e T Sl f e
>

-

P .
Koo = 3:54 X 10

0 500 1000 1500 2000 2500 3000

-
L=}
-]

Square Root of Maximum Electric Field {\.I'.’m]'”2

field enhancement

Silicon

dquence (normalisée)

Fr

101
10"}

é
e e s
© o o o
T TN

—— DAAN 1D
—— SAPPHIRE
—— DAAN (classique)

10-3

102 107t 100 10t 102

Densité de courant d'obscurité (nA/cm?)

Shown experimentaly for InGaAs devices
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InGaAs

Marco Benfante & al.

factor XD

Electric Field-Enhanced Generation Current in

Proton Irradiated InGaAs Photodiodes

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 70, NO. 4, APRIL 2023
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Reliability of the NIEL scaling approach ?

NIEL SCALING WORKS QUITE WELL

Applied fluence
Threshold displacement damage energy(electrons)

Electric field

Degradation assumed proportional to the number of displacements ?
- Neglecting annealing effects,
- Neglecting nature of the defects,
- Neglecting electrical behaviours of the defects.

NIEL scaling puts aside the detailed functioning parameters of the devices

- Complexity of the devices functioning mode

Different trapps at different locations,
Real carriers path through the device,
All electrical parameters do not show a linear response with NIEL
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Conclusion & Perspectives

Need better knowledge of nature of defects with their physical

characteristics

Atomic scale modeling (Ab initio, Molecular dynamic, Kinetic

Monte Carlo)
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