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CERN RHA & Testing Challenges

Reliable component qualification is obtained through a wide variety of knowledges and activities:

= Type/Energy of test particle(s)
= Radiation Effect(s)

v = Flux, Dose Rate
Radiation effects on the - Passive or active irradiation?
materials = Dynamic or static biasing?
.‘ = Circuit-level degradation

= Knowledge of failure modes

V“‘ = Error propagation

l‘ « Should allow a fine estimation in

operation

Radiation effects on SoC
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Radiation Effects on Electronics

SEE TID DD
_ Transistor: MOSFET SET, SEB, SEGR, SEL... AV -
Active Bipolar... SET AHcg, Alcg, Alge , AVge AHcg, Alg, Algg , AVge
Elementary Diodes: Zener SET AV Al AVe Al
Schottky... SET, SEB AVe Al AV Al
Digital: Memory ) Alce -
FPGA - SEU, SEFI, SEL, MBU... Al Atpp, programmability -
pController Alce AViggr ... - _
Ana|Og Opamp ) Avoff, AIBIAS’ AG, AI uiescient - - Avoﬁl AIBlASa AG1 AIquiescient
d p SET, SEL q
Integrate | Regulators Alee, AVper, AVt .. Alcc, AVper, AVsiagt -
Circuits Mixed: ADC L SEU, SEFI, SEL, Alce, AVger Agnog --- .
Dle MBU,SET Alce, AVger, Agnog - i
_ Smart Power - Aloe, AT, AT,
Optronics: Optocoupler ] ACTR, Al ACTR, Al
PhotoMOS SIS0 o
oto ] Aly, Switch capability Algy
: Destructive events
SoC Can contains all the Y Performance degradation
Systems above Permanent fault states Parametric degradation
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Radiation Effects on Electronics

Active
Elementary
Devices

Integrated
Circuits

SoC

Subsystem
Systems
MegaSystems

Transistor:

Diodes:

Digital:

Analog:

Mixed:

Optronics:

MOSFET
Bipolar...
Zener
LED
Schottky...

Memory
FPGA
pController
Opamp
Regulators
ADC

DAC

Smart Power
Optocoupler
PhotoMOS

Can contains all the

above

SEE

MIL-STD-750, SEB/SEGR
ESCC25100

TID

ESCC22900 (ELDR)

MIL-STD 883 1019.8

MIL-STD750E 1019.5
ASTM F 1892-06

DD

No standard yet but
guidelines

Guideline, conference, journal, littérature etc..:

“Guideline for Optocoupler Ground Radiation Testing and Optocoupler Usage in the

Space Radiation Environment”, NASA
“Field Programmable Gate Array (FPGA) Single Event Effect (SEE) Radiation
Testing”, NASA

“SEE Testing of ADC and DAC”, ESCIES
RADECS Short courses
NSREC Short courses

No standards for system-level testing but guidelines exist (with a big contribution from

CERN/R2E):

H. Quinn, "Challenges in Testing Complex Systems,"in IEEE TNS, April 2014

A. Coronetti et al.,

“IEEE TNS 2021
“Comparison of the Total lonizing Dose Sensitivity of a System in Package Point

"Radiation Hardness Assurance Through System-Level Testing: Risk Acceptance,
Facility Requirements, Test Methodology, and Data Exploitation,
T. Rajkowski et al.,

of Load Converter Using Both Component- and System-Level Test Approaches,” Electronics 2021
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Radiation Effects on Electronics

SEE TID DD
Active
Elementary  Diodes: _ R
Devices LED Optoelectronic qualification fory CERN
Application

see presentation: “Update on FPGA Testing” from A. Scialdone
7 see presentation: “loT BatMon: Wireless radiation monitoring at CERN", from A. Zimmaro
Analog: Opamp

Integrated Regulators Combined NID-DD;Effectsion ICs

Circuits Mixed:
. SEI Responseiin Optoelectronic qualification fory CERN
Optronics: Optocoupler : : : :
PhotoMOS Mixed-Eield App||cat|on
SoC

Subsystem Can contains all the
Systems above
MegaSystems

see presentation: “loT BatMon: Wireless radiation monitoring at CERN”, from A. Zimmaro
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Optoelectronic Qualification: Context

> Optoelectronic components are among the weakest GaAs LED Damage vs protons(E)
part of a system exposed to displacement damage i = R
- @ Double Heterojunction LEDs
- Critical LHC systems embed optocouplers _-LOT# Fluence =12 aomo” .
. . . . —_— X Double Heterojunction S 11| E
> It is then crucial to have reliable degradation & — ey oot 1eeE to0n D &
estimations to avoid premature failures in § °%f / -
operation | g
P 2 INIEL <7y :
e § |Scaling gt . % =
» CERN Component-Level Qualification Process £ 0001 g Real / L g "3
o TID: Gamma, DD: neutron DD+TID: proton sources = | £
: ) : . ML cacuation QLA B time smaller' 2
o Displacement Damage in operation are estimated by T Gommare ot al. 1988
using NIEL scaling theory 0001 Lttt 01
1

Proton Energy (MeV) [Re@d -OO]

» Problem: Systematic NIEL scaling violations for optoelectronic semiconductor materials have
been reported in many studies

» Objectives of this study: Investigate the use of application-specific radiation environments for
displacement damage qualification for LHC applications
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Optoelectronic Qualification: LHC Spectra Analysis

COTS-based systems are installed in three main LHC areas:

Tunnel: Dispersion Suppression (DS) areas

High Energy (up to tens of GeV) Proton, pion and neutron Normalized Lethargy Spectra:
High pions and proton contributions -

FLUKA simulations ]

Shielded Areas:

RR (Lightly Shielded)
High energies relatively attenuated
Pion and proton contributions attenuated

[a—
=
[S¥]

s [0l (Netrons)
------ Tunnel (Protons)
== == Tunnel (Pions)
QR (Neutrons)
...... RR (Protons)

(d®/dE)-E [a.u.]

UJ (Heavily Shielded) ~*""" RR. (Plons) q
High energies strongly attenuated 107 s UJ (Neutrons) SRRy
Negligible pion and proton contributions T fs" 1R
10'6 i ofiien oosiepsed 5 vsseum o oveiensl s osaiien s ossepesd v oseiene 3 pswl v ieiem oo saenld |:|u| .uunmi |;n |||||||||
- Objective: Quantify the LHC DD spectra characteristics to be 10 10" 10° 107 10° 10° 107 10!
reproduced during radiation tests Energy [GeV]
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Optoelectronic Qualification: LHC Spectra Analysis

LHC Spectra DD characteristics obtained by “[——— 7 i W R
L . . :::t::‘r:? P g Si —— Neutrons GaAs
combining LHC Spectra with particle NIELs _10°F | pions o 1 g0 | Frotons e ,
Considered Materials: GaAs, AlGaAs, InGaAs Ngm-z : «l;’ '
: : - 2 >
GaAs-like materials specific challenges: E 1o 2
w —
More sensitive to pion than Silicon - %m,ﬁ
Pion NIEL mostly theoretical aalipE s i s i
10 10" 10° 107  10° 103 10" 10 1“:,.13 0 10° 107 10° 102 100 10!
Energy [GeV] Energy [GeV]
10? T - - \ - - 102 - - - - - -
| == AL Gay As | = In Ga, As
_ 107 f { E _ 10 I/_“ 1
r\II: S 4 \ :hﬂ lI \
% 1=y neutrons: ] - g 107? \
% 10 ‘%‘ 10
f = i ¥
4 06 - AlGa Asx = u.si 1 £2 06| ] In Ga Asx = D.Si 1
B i J ; J G‘?Asxz 0 i GaAsx = 0
mm'” w w? 1w’ 1wt ow? ! 10! mfﬂ_u m“" l;:; 1;‘7 l{;_s 1(]‘3 H;—l 10!
Energy [GeV] Energy [MeV]
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Optoelectronic Qualification: LHC Spectra Analysis

LHC Spectra DD characteristics obtained by

97% 98% 927%

Si

GaAs

.- . . 100 | 100 | | 99%
combining LHC Spectra with particle NIELs S - S /,
- - a 80 - Tunnel | | a 80 | 78% |
Considered Materials: GaAs, AlGaAs, InGaAs 3 = 3 I runnel
. . . ‘g 60 "g 60 CJw
Typical Spectra DD characteristics: z -
. . . £ 40 '% 40} 1
» Particle contribution to total DD: g 2
* Si: Negligible proton/pion contributions S 27 S 27 '
% 1% Qo 1.6%1.3%0.39 9 5‘5%3‘9%0.7"
. GaAs/InGaAs/AlGaAs: : ok oo D In..> oo
. . . neutron pion proton neutron ion roton
= Proton / pion contributions particle Particle
decrease while shielding increase ", ' ", |
100 = AlGaAs | _ 100} — InGaAs -
'é' 20 | =':.:nel | 'é' g0 =':;nnel |
I C_Ju I Y
w0 2 ol
'% 40 1 % 401 1
E 20 ¢ T \ 7 E 20 | 15%\ 1
neutron pion proton neutron pion proton
Particle Particle
9
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Optoelectronic Qualification: LHC Spectra Analysis

LHC Spectra DD characteristics obtained by [ __ 10°
combining LHC Spectra with particle NIELs . | Hso% :
Considered Materials: GaAs, AlGaAs, InGaAs  &§"'Fp=~~7""""7""~ Frorpommmmmmmmmmn S
: . @ ’ E
Typical Spectra DD characteristics: i 8
. . . 0 102 w ool
> Particle contribution to total DD: A ——— e
. _ . . . o — (Tunn
» Si: Negligible proton/pion contributions e = :ﬁiﬁﬁ?
¢ GaAS/InGaAS/AIGaAS _ _ 103}‘12 1ui1° 1;4‘ 1;1‘ﬁ 101“ 1;‘2 10°  10? 10;‘;}12 mm 1;4 1;4; 1[;.4 ﬂ;.z 1;}1: 102
= Proton / pion contributions Energy [GeV] Energy [GeV]
decrease while shielding increase 10° 10°
» Energy Distribution: £ | Hege E E
- DD Normalized Reverse Integral (NRI) el B[S P e Fol=asii=i E
* Hsoyy Higy: Energy values for which the & | Huo 3
DD fluences contributes to 50% and 90% 2 z .
. w -2 L 2L
of the total displacement damages. - A P 8" | s
x ——LHC (RR) g ——LHC (RR)
. . — | HC (UJ — | HC (UJ
These characteristics has to be reproduced ol o5 et 1L
: : 10" 10 10® 10% 10% 10?2 10° 102 10712 101D 10% 10f% 10* 102 107 102
in test environments. Energy [GeV] Eneray [GeV]
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Optoelectronic qualification: Solution

. Scale
» Target. 3 » Shielding: > Positions: S
: GeV;. e
Cu - Copper C — Concrete (1,4) [ Lateral (1:9) - g
Al - Aluminium | — Iron (2,3) (I Longitudinal (9:13) ] ge

AIH - Aluminium Hole

: NO'at;cessib!e

* Tunnel *RR* uJ

Range of DDEF hardness factors: Range of particle cortb ttionssto-tetab-DD schievakskhe [%]Huons — rons: |

0

—_ a0 © Fluka simulations — 10° ! ! — 10
w10 I . | Posign 1, Cu, CIIC s wlPO ,,'T?‘?F",,,lo ,Cu, @ﬁﬂ*%z
%S{bl 7777777 % 107 5 ﬁ‘ . | : ‘
> 102 %107 [ O e . e 5 1054 99.5
S g ] U0 Sy
%Aﬁ‘ GALAg L. o O ,,,,,,,,,,,,,,,,,, 33 E 10 _
2 4 F 178 estestbe oo bl /- Y ootlF ] -1 44{ 60— 99.7
g 107 Bl | P B  Jcgn@33¢ ciic ) k| £ * Config: cp_CIIC
I= ;2 Vi D TS Q7R . 0. ; i L5 RS b : ‘Rack: 10 | i
AIEGlé 57 o3 o0 e o7 876 'L ING&A{lSO“ 107 1 0 * 20 T 19T 701 16° 105 iaf 193 10° 10
10 1 %} ...................... o Energy [GeV] 64.4 9.7
0.1e@ O 57
'qu’zﬁﬁcl Contt‘-l'bt}’ﬂm 412 ALGAPgrt] clg ' s) Particie contribution (GaAs):
n: 54%, p:13%, 11:33% “°V n: 99,5%; p:0,45%, TT:0:05% €: 85,2%, p:7,08%, T.7,75% 100
o0 HSO% oue H, 0, o0 neutron @u® neutron (< 10eV) eue® proton @u® pion
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Optoelectronic Qualification: Example

Test radiation fields characteristics:
» CHARM (CERN):
« R6CUOOQOO
- Energies similar to RR
- Contributions similar to tunnel
« R1CuOOOQOO
- Energies between RR & UJ
- Contributions similar to RR

» JSI (Jozef Stefan Institute) :
* Nuclear reactor - neutron only
« Softer energy spectra than UJ
« Same particle contributions as UJ

» PSI (Paul Scherrer Institute):
« 200 MeV proton beam

Contribution to total DD [%]

Contribution to total DD [%)]
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Optoelectronic Qualification: Example

> Clear difference between the different materials CTR = Curent Transfer Ratio

o AlGaAs factors three times lower than InGaAs 0 oo CTRimitial\ ]
i [ -CHA;:I-R1CUOOOO — 1 = Tinijar Kz * P
o ... and 18 times than GaAs | B AR - RaCa0000 CTR ;
- InGaAs and AlGaAs are better candidates for radiation 5 — rLIF-Protons 200 Mev
environments - || E——— k- _]
E 107" i % ]
~ x18 |X6 ]
f
5
g k----t--9F
g X3
é 1016 ] _ i
g i
1077
|N6N138; l'I'LP383l :I'LP385 TLP785 PS2502 ACPL227 ;
AlGaAs INnGaAs GaAs
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Optoelectronic Qualification: Example

CTR = Curent Transfer Ratio

> Very Good agreement JSI/CHARM-R1 """; S CTRipitial
o Negligible proton/pion contributions in position 1 - |EEICHARM - R1Cu0000 CTR
o Very different energy spectra
- No Neutron NIEL violations

) — 1 = TiitjaKe* P

-
(=]

0
-
(5]

T

Lifetime-damage factor (s ) [MeV'1 cm'2g]
S
>

NG6N138 TLP383 TLP385 TLP785 PS2502 ACPL227
L J L Y J ! T J

AlGaAs INnGaAs GaAs
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Optoelectronic Qualification: Example

CTR = Curent Transfer Ratio

1014 ¢ T T n T ]
, - (IS Tanc (C Rinitial) —1 = Typpim Ky - @
i i _ || CHARM - R1Cu0000 — %Initia T |
> Systematic diff CHARMR1 > CHARMRG6 A - macuO oo CTR |
o Factors in position 6 about -20% lower for all materials & | -14% -29% _5504-22 % |
o ~25% of proton and of pion contributions 5 | 3 1 ) <= ]
. . . > tr m
- Overestimation of the pion/proton damages? 2 1075+ 3 -
= NIEL overestimation (> NIEL model issue) E . :
= Flux overestimation (= FLUKA simulation issue) ‘g‘ -15%
S ¥
> -25%
£ 6 | i
N | F
E
10717
.N6N138. l'I'LP383 . :I'LP385 TLP785 PS2502 ACPL227
AlGaAs INnGaAs GaAs
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Lifetime-damage factors comparison

CTR = Curent Transfer Ratio

1014 ¢ I m | ]
- [ JsI Tanc CTRinitial g ]
|| CHARM - R1Cu0000 CTR —1= Tinitiath - O |
. |[ZZZICHARM - R6Cu0000 ]
> Proton results not consistent with neutrons/mixed field 3 [Pt Protons 200 Mev +43 % - 26 %:;
E ]
o No consistent trend observed within the devices e - -{FL
- - >
o AlGaAs: proton damage two times higher 2 10 N :
- Overestimation of the damage in operation “'-'g :
: £
o InGaAs: proton damages 4 times lower . /4
. . . . k3 * - =
- Underestimation of the damage in operation £ ____2_% 0
. . . o A
-> Can lead to premature failure in operation E .0 |
s L
: i i
2
a
10-1?
NG6N138 TLP383 PS2502 ACPL227
AlGaAs INnGaAs GaAs
O @ i
Ol T @ peermics i



Optoelectronic Qualification: Resources

IEEE TRANSACTIONS 0N NUCLEAR SCIENCE, VOL. 67, N0 7, JULY 3130

COTS Optocoupler Radiation Qualification Process

for LHC Applications Based on
Mixed-Field Irradiations

Rudy Ferraro™, Gilles Foucard, Angelo Infantino, Luigi Dilille™, Markus Brugger,
Alessandro Masi®, Rubén Garcia Alia®, and Salvatore Danzeca

Abstraci— Optoelectronic cmponents are the most sensitive
devices of systems exposed to radiation Displace-

quench protection system 1QPSP and the electronic power

‘ment damage (DD) effects can severely degrade the
af such devices, which are extensively used in eritical electronic
systems installed in particle accelerators or nudear pawer
plants. This work investigates the use of application-specific
radiation spectra for damage estimations in operation instead
af mono-energetic prodon or neutron irradiations. An analysis
af the characteristics of the Large Hadron Collider (LHC)
radiation environment in terms of DD is presented in this
work along with the demonstration of the ability of the CERN
High Energy Accelerator Mixed Fiekd (CHARM) facility of
CERN to reproduce them. Then, a set of optocouplers made
ol gallinm arsenide (GaAs), indium gallinm arsenide (InGaAs),
and abuminum gallivm arsenide (AIGuAs) are tested under these
emironments, and the resulls are compared to proton and
neutron irradiations.

Inder Terms— Displacement damage (DD,

(EPCs). Oy ! ially the
commercial ones, are very sensitive to the DD effect. Thus,
for such systems exposed to radistion environments induc-
ing high total nonicnizing dose (TNID), like in the LHC,
optoelectronic components are ofien the weakest devices in
syslems.

As opposed to standard radiation hardness assurances
(RHAs), mostly dedicated wo space applications and focus-
ing on device-level qualification, CERN's RHA includes
system-level radiation wests in representative radiation envi-
ronments [1]. However, the pant selection and qualification
process against DDy are usually performed with proton beamns
and neutron sources. The part response in the LHC is estimaged
aocoldu\g w the nonionizing energy loss (NIEL) scaling

loss (NIEL), particle accelerator, radiation mm
(RHA), total ionizing dose (TID).

L INTRODUCTION

T CERN, the Large Hadron Collider (LHC) requires a

vast quantity of clcclmmc systems 1o operate. For this
reason and due w0 in terms of perfi
availability, and cost constraints, most of the systems are
hbased on ial off-the-shelf (COTS) rather
than radiation-hardened ones. Consequently and in addition
o single-event effects (SEEs). these parts can be affected by
both displacement damage (DD) and total ionizing dose (TID)
effects induced by the LHC radiation environments. Critical
LHC systems embed optoelectronic components such as the

Mamsscript received 20, 200; nccepted Jammary 24, 2020. Date of
publicmion February 10, 2000k date of current version aly 16, 2020, This
work was supponted by the Esropean Usics's Horizon 2020 Research and
Innovation Program usder Grame 644168

Rudy Femao i with the Esmpean Organization for Nucless Research
GCERN), CH-1211 Genive, Switeerland, and also with the Laborawise
Jlnformmique, de Robotique e de Microdlecwonique de Moatpellier
(LIRMM), Centre Naticnal de ln Recherche Scientifique (CNRS), Universid
de Mompellies, 33095 Momtpellier, France (e-mail: rudy femran cem.ch).

Giilles Foscand, Angedo nfanting, Markus Brugges, Alessandro Musi, Rubn
Garcia Alis, and Sabvasre Danzecs are wish the European Organization for
Nuclear Resessch (CERN), CH-1211 Gesdve, Switzerland.

Luigi Dililio s wish the Laboraiire o Informasique. de Robotigee e de
Microdecaronique de Montpellier (LIRMM), Centre National de la Recherche
Scientifique (CNRS), Universind de Montpellier, $4093 Monipellicr, France.

Color versions of ose or more of the figures in this anicle are available
cnline o bap:ifieeexplore.ieee. org.

Digital Object Mestifier 111N S 2002972777

According 1w this b hesis, the DD damage
induced by different kinds of particles ai different energies
«can be scaled 1o their NIEL [2].

However, while the NIEL scaling hypothesis has been
wverified with many for silicon i
systematic scaling violations have been observed between high
and intermediary energy protons on different optoelectronic
devices with various semiconductor materials such as Si
charge-coupled devices (CCDs) [3], AlGaAs LEDs [4], SiC
LEDs [5]. and GaAs [6]. Those studies and many other NIEL
studies are mainly focused on proton responses since most
of them target space applications, where the environment is
mostly dominated by protons.

In most of the LHC's areas where COTS-based systems are
installed. the radiation environments are dominated by neo-
trons and the TID/DD lification tests currently d
wuﬂl protons could Icad Wwa dtama\nc degradation under-

in op for some miaterials.
In addition, as it is the case for protons, NIEL scaling violation
within different neutron energies could occur: therefore, there
is no guarantee that neutron tests performed at fived energy
will provide a response representative of the behavior in the
LHC environment.

As a solution to this issue, the National Aeronautics and
Space Administration (NASA) has proposed in its optecoupler
test guideling [2] to perform tests at multiple proton energies o
scan the effective damage factor energy dependency of the part
instzad of using NIEL scaling from experiments performed at
single energy.

00150499 © 2020 IEEE. Personal use is permitted, bes republication/redistribution requires IEEE pemsission.

himsl for mose sformation.
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R. Ferraro et al.,

for LHC Applications Based on Mixed-Field Irradiations," in

'COTS Optocoupler Radiation Qualification Process

IEEE

Transactions on Nuclear Science, vol. 67, no. 7, pp. 1395-1403, July 2020,
doi: 10.1109/TNS.2020.29727717.
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Fig. 2. NIEL of neutrons, protons, and pions for AlGaAs and InGaAs for
different indium and aluminum contributions.
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Fig. 4. Evolution of the relative lifetime damages of the different tested
optocouplers as a function of the DDEF for their own material composition
(GaAs, AlGaAs, or InGaAs) obtained in the CHARM and JSI facilities.
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Combined TID-DD effects on ICs: Context

> At CERN, systems can be highly distributed and exposed to a
wide variety of ionizing and non-ionizing dose levels. VEIVAVAVAYSS

» Integrated Circuits (ICs) are made of several transistors that can n @&——»
exhibit different sensitivities to TID and DD effects

> In operation different DD/TID rate ratios could lead to complete
different component degradation profiles

> Impossible to estimate from individual TID and DD irradiations for
most of the components

> No standards or test methodology exist for combined TID-DD
gualification

» Objectives of this Study:

» Investigate the impact of the LHC radiation environments on the qualification process of component
sensitive to combined TID-DD effects and propose a qualification methodology against this effect
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Combined TID-DD effects on ICs: Solution

IEEE TRANSACTIONS 0N NUCLEAR SCEENCE, VOL 66, N0U7, JULY 2019

Study of the Impact of the LHC Radiation
Environments on the Synergistic Displacement
Damage and Ionizing Dose Effect on
Electronic Components

Rudy Ferraro™, Salvatore Danzeca, Chiara Cangialosi, Rubén Garcia Alia®, Francesco Cerutti,
Andrea Tsinganis, Luigi Dilillo, Markus Brugger. and Alessandro Masi

Abstroct— Bipolar-based components can exhibit a higher
jue lawer) degradation when expassd o both total ionizing
dose (TID) and displacement damage (D) effects simultane:
ously than the sum of the two separated effects. This paper

the implications of this ic effect on the
radiation qualification process of large hadron colliders (LHC)
electronit equipment. Mare specifically, the impact of the wide

in radiation damage and their combined effects on component
were the simple sum of their degradation. Therefore, the two
effects were characterized separately with gamma sources for
TID and neatrons soarces for DD [1]. [2]. However, in the
past decade, researchers have pointed out that these two
comb-l)cd effects have a nonlinear impact on bipolar and opto-

and their istic effects cannot be

range of DIVTID rate ratios of the LHC™s areas on the
dqrulll..nluurmuiwalnd Alllnl)mollherllmsi’l
cruial part of the
af the ability of the CHARM e ek l.uiu of CERN
1o perform radiation tests in representative LHC's ratios i
abso presented as well as radistion test resulls of @ hipolar
integrated circuit exposed to these different ratios are presented.
Finally, the impact of this effect on the CERN radiation handness
assurance process b discussed and a simple method s propesed
1o qualify companent against such effects.
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L INTRODUCTION
T CERN, a large amount of elecironic systems maostly
based on commercial off the shelf (COTS) components
are exposed 1o the harsh mixed-field radiation environments
induced by the large hadron collider (LHC) accelerator and
its injection lines. The lifetime and the performances of these
systems are, thus, affected simultancously by both displace-
ment damage (DD) and ol ionizing dose (TID) effects. In the
past, it was assumed that these two effects were independent
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dccnuplcd [Z]-{10).

Bamaby er a{ [3] have performed X r:l)L pmmns. and
neuirons on bipolar and
the experimental results have revealed a nonlinear mechanism
between the TID and DD. The proton-induced degradation
was lower than the sum of X-rays and neutron-induced
degradations. From these data, an analytical model has been
made, demonstrating that for p-n-p transistors, the net positive
«charge cansed by ionization in the oxide can suppress the bulk
recombination and, thus, moderate the effect of displacement
damage (i.e, bulk lifetime degradation) [4]. On the other hand,
for n-p-n transistors, the positive oxide charges can enhance
the bulk recombination and, thus, the DD effects. It is shown
that the level of nonlinearity between the mechanisms depends
on several factors such as the doping, the base depth. or the
transistor architecture.

Li er al. [5], [6] have also demonstrated synergistic effects
on n-p-n and pn-p transistors, showing through simultane-
ously and sequential proton and electron irradiations how the
TID can enhance or reduce the DD effects on the current gain
degradation. They also showed through proton irradiations at
different energies in [7] and [B] that the level of synergistic
effects depends also on the ratio between the number of
interface traps generated in the oxide by ionization and the
number of defects induced in the bulk by DD.

Gorelick er al. [9] have exposed 12 different linear inte-
grated circuits (ICs) to sequential neutron and gamma-rays
irradiations. Half of the components have exhibited different
degrees of nonlinear interactions between the two mechanisms,
Another simulation of the ph has been d by
Wang er al. [10] validating the principles proposed in [4] with
a good agreement with experimental results [11].

To ize, the TID effect the or reduce the DD
effect on n-p-n and p-n-p transistors, respectively, depending

00120209 © 3019 1EEE. Personal use is permitied, et republication/rodiciribuion requires IEEE pemsission

himl for more information.

See hitpliwuw.

Aumonzen 1o CER.

from IEEE Xpéare.

P

R. Ferraro et al., "Study of the Impact of the LHC Radiation
Environments on the Synergistic Displacement Damage and lonizing
Dose Effect on Electronic Components,” in IEEE Transactions on
Nuclear Science, vol. 66, no. 7, pp. 1548-1556, July 2019, doi:
10.1109/TNS.2019.2902441

L\l Al T T

~ MB8 _ MB9  MBI0  MB11 MB12 MB13 10 TTTEEENI T — ™
— =~ -
- T~
3 o s E
Qo \
v - weighted distribution 1
E 9 Inverse Cumulative Distribution \
— S 6} 1 — 60
3 -
- B
© =
g 1010F g af o
= = [
fr
A 2t 120
o

10° [ 0
250 10° 2 3 4 5678410 2 3 4 567841
Distance from the Interaction Point [m] | DDEF/TID Ratios [cm.z_Gya]

Fig. 4. Ratio between DDEF and TID in LHC’s DS area of point 5 at

% Fig. 5. Probability and inverse cumulative weighted distribution of the DS
equipment level.

area’s DDEF/TID rate ratios weighted to the annual amount of TID and DDEF.

Controls
Electronics &
~ Mechatronics

19


10.1109/TNS.2019.2902441

ombined TID-DD effects on ICs: Examples

EEE TRANSACTIONS 0% NUCLEAR SCIENCE. VOL. 66, NO. 6, AUGLST 2021

Analysis of Bipolar Integrated Circuit Degradation
Mechanisms Against Combined TID-DD Effects

Rudy Ferraro®, Rubén Garcia Alin® | Member, IEEE, Salvatore Danzeca, and Alessandro Masi®

Abstruci— Integrated circuits sensitive to both total jonizing
dase (TID) and displacement damage (DD) effects can exhibit
degradation profiles resulting from & combination of degradation
mechanisms induced by both effects. This wark presents circuit
imulations hased on i data to explain i
mechanisms induced by combined TID and DD effects on @
bipolar 1C current source. First, the effect of the degradation
af each internal transistor on the circuit’s response is evaluated
by applying ectrical o changes. Then simulations
are perfarmed from different degradation scenarios based on
observed circuit behaviars to reproduce the different TID, DD,
and combined TID-DD responses. These simulations show that a
synergistic interaction between a current leakage induced by DD
on o transistar located in the bandgap reference part with the
gain degradation of a current mirror induced by both TID and
DI appears to be responsibie for the combined TID-DI response.
1t is also shawn that the circuit degradation rate depends on the
DDIVTID rate ratios encountered during the exposition.

Index  Terms—Displacement damage (DD), 1C radiation
response, nonieniing energy loss, particle accelerator, total
ionizing dase (TID).

L INTRODUCTION

HE total degradation response of imtegrated circuits

exposed to radiation results from the degradation of
all their intemnal transistors [1], [2] independently of the
technology used (CMOS, BiCMOS, or bipolar). While CMOS
technology is only affected by total jonizing dose (TID) and
not by displacement damage (DD) dose (DDD) {for standard
DDD that COTS are exposed to), the bipolar technology, and
thus the BICMOS one as well, can be affected by both TID
and DD, and even enhanced low dose rate (LDR) sensitivity
{ELDRS) effect.

This interaction of the radiation effects at the internal
circuit level can make challenging the qualification of devices
exposed o environments inducing both effects such as the
ones present in high-energy accelerators, nuclear reaciors,
of deep space missions. At CERN, the qualification of ICs
against such combined effects is a major concern for radistion
hardness sssurance (RHA). The large hadron collider (LHC)
environments present a wide range of DDIVTID rate ratios
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that can lead 1o completely different degradarion rates as it has
been demonstrated in our previous work [3] with a bipolar IC
current source exposed to different ratios.

While no qualification standards exist for ICs exhibiting
combined TID-DD internal circuit effects, a similar phenom-
enon has been intensively sdied in the literature, which is
the qualification of circuits exhibiting circuit effects induced
by ELDRS. For this effect, it has been shown that for most
of the devices the total circuit degradation could be related
to the degradation of a single transisior in the circuit such as
in [4] and [5]. However, this is not systematically true, and
as it is the case for TID and DD, it has also been shown that
the different internal transistors of an IC can exhibit different
sensitivities to the ELDRS effect and therefore a device can
present different di dation profiles d ding on
the TID dose rate [6]. Therefore, the proposed methodology to
qualify components against this effect is w identify the worst
case responses by irradiation at very LDRs [7]. [8], assessing
the LDR degradation or dependence of the device.

In our previous work [3], the same spproach was followed
and a similar haosdiol o qualify against
combined TID-DD based on the assessment of the dependence
between degradation and failure rate with the DD over TID
rate ratio. An example of the application of this methodology
was proposed with a hipolar IC whose observed changes
in degradation profiles with different DDDVTID ratios were
assumed to be due to degradation interactions at the internal
cireuit level.

This article aims w propose a deeper analvsis of the
behavior of this component through simulations based on
experimental data to understand in detail how in this com-
ponent the different degradation mechanisms can combine
and lead to the observed responses. First, the device response
against TID and DD will be presented. Then, the simulation
model is introduced and the impact of the degradation of each
internal component on the circuit response is demonstrated.
Then, based on experimental assumptions two circuit degrada-
tion profiles are defined to simulate the device response against
TID and DD i Finally, it is ds d how the
impact of the DD on the circoit can be enhanced by the TID
in a nonlinear way.

1. ClrCUIT MODEL
The device wsed for this study is the LM334, which
s a onal bsol (PTAT) adj
current source. Mo simulation model is provided by the
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Conclusions

> Reliable component qualification requires knowledge of radiation effects from the lowest level, the
material, to the highest level like ICs or System-On-Chip

» Testing standards and guidelines inherited from the space field provide a valuable starting point for our
community

» Many of these standards does not apply to particle accelerator spectra and a constant work is being
done to develop qualification methods dedicated to CERN

» We have identified weaknesses in the traditional testing methodologies, especially for the qualification of
optoelectronics and combined TID-DD effects on ICs

» Then qualification methodologies dedicated to the LHC environments were developed for these two
topics

> It was shown the huge impact on the qualification of having unreliable qualification procedure

» Numerous studies are still been carried out to evaluate methodologies and guidelines for other types of
effects
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Combined TID-DD effects on ICs: LHC levels Analysis

» Taking the DS area as example: > DDEF/TID Ratio weighted Distribution:
From Fluka simulations .,
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Combined TID-DD effects on ICs: Solution

Scale
» Target. 3 » Shielding: » Positions: 'zl—m'
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Combined TID-DD effects on ICs: Examples

» Current Source (LM334):
« Same degradations profile as DD one
» Different degradation mechanism than TID
« Degradation rate increase with TID contribution
« Combined TID+DD response unpredictable from
individual TID & DD responses
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Combined TID-DD effects on ICs: Solution

> Applied on LM334 Current Source:
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» How can we quantify the device response against all LHC ratios?
« extract failure levels as a function of DDEF/TID ratios
* Interpolate response between ratios
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