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Purpose/Scope of the presentation ISSUEIPEA{:;

@ Present the basic radiation effects on CMOS Image Sensors

» Only CIS specific radiation effects
o Typical technology node for the discussion: 180 nm CIS process.,

o No discussion about irrelevant effects for CIS (
g = e.g. SEU, MBU in highly integrated digital circuits i -
+ e.g. Advanced CMOS (FinFETs, FDSOI, beyond 90 nm...) Gig®
= Mainly for harsh radiation environments
=, High TID levels (MGy — Grad)
' o High hadron flux (> 1018 cm2.s1)
o High hadron fluence (> 10?2 cm)

@ lllustrate these basics degradation mechanlsms by presentlng
results achieved in recent developments
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Outline UPAERD

o CMOS Image Sensor (CIS) technology: a brief overview
©)

@ Basic radiation induced degradation mechanisms and
illustrations

= Total lonizing Dose (TID) effects
o Hardening and use of CIS for ITER remote handling operations
= Single Event Effects (SEE)

o Use of CIS for Megajoule class Inertial Confinement Fusion (ICF)
experiments

= Displacement Damage (DD) effects
o Prediction of DD effects for high fluence environment




CIS technology: an overview ISSUEIPEA{;‘;

@ CMOS Image Sensors (CIS)
= Most popular solid state imager technology (95% of the market)
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CIS manufacturing process: 1S3p }-’-d

CMQOS vs CIS SUPAERO
@ Compared to standard CMOS, CIS processes have:

= Optimized dielectric stack (reduced number of metal levels,
planarization, anti-reflection coating, color filters, microlenses...)

= Optimized epitaxial layer and doping profiles (for photo-detection)
o Dedicated photodiode doping profiles

view Roverview

5
> . . .
o Optimized threshold voltages...
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CIS technology: pixel architecture

1538

SUPAERO
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CIS, APS & MAPS? 1548~

SUPAERO
()
< Cis E
8 Active Pixel Sensor* Yes Yes

CMOS Integrated Circuit Yes Yes

Monolithic Yes Yes

Dedicated CMOS process Yes No

Optimized/dedicated photodiode doping profiles ves No
Optimized/dedicated optical interfaces (AR coating / Yes No

color filters / microlenses / light-guide...)
Usual purpose  Optical imaging  Particle detection

CMOS Image Sensor =
CMOS APS + optical imager design
+ dedicated CIS process

*E. R. Fossum, Proc SPIE, vol. 1900, 1993 7




Total lonizing Dose (TID) effects
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Basic radiation effects: TID SUPAERO
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Basic radiation effects: TID 1538 ~~

Polysilicon gate lonizing
radiation

Sio,

Trapped

E 7 Charge
Interface

States

Si
Silicon
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Basic radiation effects: TID 1538 ~~

SUPAERO
@ lonizing radiation (X, y, charged particles...)
» Generate electron-hole pairs in dielectrics SIO,
» |Leading to the buildup of permanent defects: Téﬁgfged
o Oxide Trapped (OT) charge (positive in most Interface
cases) States

o Interface states (IT) at Si/Oxide interface




TID effects in CIS MOSFETSs: gate oxide LsuaPEAf:;

@ Gate oxide trapped charge (+):
= Negative threshold voltage shift (AV,,<0)

Log(Df//,,—————
TID

V

>

@ Gate oxide interface states (x):

= Subthreshold slope decrease
Log(]

CIS .

Source
12




TID effects in CIS MOSFETs: STI 'SSUaPEA{:;

@ Shallow Trench Isolation (STI) trapped
charge (+):
= Sidewall (drain to source) leakage

Drain

= Further negative threshold voltage shift
(AV,<0) called Radiation Induced
Narrow Channel Effect (RINCE?*) R

Ak T+
STI +’_— _-L-f STI

Pwell

: leakage
* (Inter-device leakage) ?

CISs .
H SEE’ 5 Effects overview
®
=
(0]

Source
*F Faccio et al., IEEE TNS, Dec. 2005 13




Enclosed Geometry: example of the ELT

@ Enclosed Layout Transistor (ELT)*
= Circular gate design

= No more channel edges
‘ no more STl related effects

o No more RINCE
o No more sidewall leakage

@ Other enclosed geometry designs exist
(see for exemple W. Snoeys et al, IEEE
TNS, Aug. 2002.)

CIS .
H Q TID Effects QVErVievw

*G. Anelli et al., IEEE TNS, 1999.

1588 >~

SUPAERO

Gate
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Source

Drain
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MGy/Grad irradiation effects 1990 =
on N-MOSFETs (180 nm CIS) SUPAERDO

300 Mrad /°'P ELT
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Gate to Source voltage (V) Gate to Source voltage (V)
Courtesy of Marc Gaillardin (CEA DAM)

@ Standard N-MOSFET seriously degraded @ 100 Mrad / 1 MGy
@ ELT mandatory to avoid RINCE and sidewall leakage

15



Drain to Source current (A)
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MGy/Grad irradiation effects 1990 =
on P-MOSFETs (180 nm CIS) | SUPAERO

STD 1E-03
30 Mrad / 300 kGy 1E-04
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TID
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Drain to Source current (A)

-3 -25 -2 -15 -1 -05
Gate to Source voltage (V)

o

-35 3 -25 -2 -15 -1 -05 O

Gate to Source voltage (V)

Courtesy of Marc Gaillardin (CEA DAM)

Standard P-MOSFET unusable after 10 Mrad / 100 kGy
ELT mandatory to avoid RINCE

16



MGy/Grad irradiation effects:
Pinned PhotoDiode (PPD) (4T pixel)

Before Irradiation

= Depleted region well protected
from the interfaces

= Ultra low dark current
= High Charge Transfer Efficiency

CIS :

(CTE)
PMD g G B
STI m ————————— ~ /1
I \
l /e
\_ SCR .

No Radiation-Hardening-By-
Design Solution (thus far)

After Irradiation (high TID)
» [ntense dark current
= Very poor CTE

PMD Oxide Trapped charge (OT)

=»Pinning layer depletion
/

1538

SUPAERO

++++++-|f(++++
|

—-—————-—-/

PMD Interface Traps(IT)

=» Large dark current



CIS :

MGy/Grad irradiation effects: 1990 =
Conventional Photodiode (3T pixel) SUPAERO

Before Irradiation

= Depletion region in contact with

Si/SIO2 interface

= Higher dark current than PPD
= No CTE issue (no transfer)

PMD

Can be mitigated
by design!

After Irradiation (high TID)

= Short-circuit between diodes

= |ntense dark current
= No CTE issue (no transfer)

STIOT

= Large dark current
> STI/inversion (short circuit)

\
STI IT=» Large dark current

18
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©

CIS .
H SEE . Effects overview

©

Basic TID radiation effects on CIS : 1590 >
asummary SUPAERO

For MGy range CIS design Enclosed Geometries are
mandatory for both N and P MOSFETs

= But gate oxide can still induce a threshold voltage shift
o DuetoOTorIT
o In both N and P channel MOSFETSs

Both photodiodes (pinned and conventional) are serioulsy
degraded by high levels of TID

= Large dark current increase
= Loss of functionality

Radiation-Hardened-By-Design photodiodes are required:
= Solutions only exist for conventional photodiodes

Conventional photodiode
recommended for high TID!

19



TID effects/hardening illustration: 1990 =

ITER remote handling imaging system SUPAERO
@ ITER remote handling operations require imaging systems

= Compact, lightweight and low power/voltage

= Radiation hard (failure TID >> 1MGy(SiO,))
o Gamma radiation only (plasma OFF)

= Color and high definition (= 1Mpix) FOR _
@ Tube camera, not suitable because of ENERGY ~

» Size, cabling, voltage, resolution and reliability
& @ EXxisting solid-state image sensor based camera

= Limited by their radiation hardness: <100 kGy

CIS -

‘ Dedicated development required




-
Camera Radiation Hardening Strategy lSSUaPEA/E R 0

@ Integrate all the required electronics

on a single Rad Hard (RH) CMOS IC
m) | RH Camera-on-a-Chip | Bk

. ADC
= No need for additional -
MGy RH electronics

= Very compact

= Complete control of the radiation hardness

c
O

()
=
=

S
©)

overview

m
SEE) o N Effects

o
@ Associated RH developments ') sanrereme
» Rad-Hard optical system (led by Univ. Saint-Etienne) =t =«
» Rad-Hard LED based illumination system (led by CEA)

21
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First technology evaluation demonstrator* 7" ¢

128x128 10um pitch pixels

180 nm commercial

g MOSt Sensitive
otstf@y 7 [Joaw,_~ part: 3.3V CIS technology
3.3V N-MOSTs{— aae) analog circuits (Europractice MPW)

Command Afgﬁ;ﬁ%gdﬂgut »gnalog @ Pure 1.8V digital and I/O pads:
° 2.0V N&P NOSTS " imec DARE 180 nm platform

addresses
Command
Signals

Row Decoder
1.8V N&P MOSTs

1.8 to 3.3 Level Shifter
1.8V & 3.3V N&P MOSTs

1.8 to 3.3 Level Shifter
1.8V & 3.3V N&P MOSTs

b/ :
adcresses wip|_ CovmARTE < lMEC
FULL ELT DESIGN EURGPRAGTICE

(N&P MOSTSs) @ 3.3V Analog/Mixed signal circuits

and pixels € Rad-Hard by ISAE
*V. Goiffon et al., IEEE TNS, Dec. 2015 22



CMOS Image Sensor (CIS) Design : 1990 =

. photodiode radiation hardening SUPAERO
o Issue with standard diode: @ Selected RHBD technique: use
s peripheral oxide (STI here): of a polysilicon gate to shield

the junction from the trapped
positive charge:

» Principle of the gate diode

-== _ IMD1
ey + Y PMD

N CIS

,\

+ voluntary gate-to-N overlap t
shield the junction

*V. Goiffon et al., IEEE TNS, Dec. 2015 6

CIS
™S
/ \



Post Irradiation Results: Raw Images 1990 =
(no image correction) SUPAERO

Before Irradiation @4 MGy (400 Mrad) @10 MGy (1 Grad)

r

CIS .
Effects overview

LY
Gate-on-N-Overlap Rad-Hard pixel

4 TID

Acceptable image degradation
even after 1 Grad (10 MGy)!

24



Second technology evaluation 1548 ;—d
demonstrator: 1.8V RHBD pixel array SUPAERO

_ 256 pixels s

~ Cd

@ Full 1.8V instead of 1.8/3.3V
@ 9 pixel design variations

@ Half of the sensor covered by a
Color Filter Array (CFA)

)
=
O

=
)
NS
Og
>
S

Unirradiated 6 MGy(SlOZ) / 600 Mrad s



Color Filter Array: 1990 =
Radiation Hardness Evaluation SUPAERO

Color images captured by
the manufactured CMOS
Image sensor:

—Pre-rad |
-~ 6 MGy(SiO,)

40+ '

N
o

%400 500 600 700 800 Unirradiated 6 MGy(SiO,)

Wavelength (nm)

@ No significant color filter degradation
*V. Goiffon et al., IEEE NSREC 2016 26



Main Radiation Effects: 1998 >~

Dark Current Increase SUPAERO
()
@ Standard PD: 10’X dark - 22°C
o) current rise @10kGy (IMrad)  10® -:
= i —~1n-10
02 = no longer functional at <10 >10*X _;
°g higher radiation dose 10 'mprovement gy
) D 10
P o Rad-Hard diodes functional L3)10-13 ]
ki @ 6 MGy/600 Mrad 2 10714 f
I . E -1 2ond
7@ Factor of 5 improvement a 10_16 N 1st demonstrator
~=&  between the first and second 18_17 - demonstrator ©FEEEEE
demonstrator §5X dark Prerac(/103 10 105 105 107
current reduction) TID (Gy(SiO,)) T

1 Grad
*V. Goiffon et al., IEEE NSREC 2016 7



ITER Remote Handling Demonstrator 538 ~~

Color Filter Array

SUPAERO
FUSION

(- JEE

Readout chain

ADC

Sequencer

@ Multi MGy Rad-Hard Color Digital Camera-on-a-chip appears
feasible

@ First results are promising but development shall continue:
= |ntegrate all the functions in a single Rad-Hard HD sensor

28



Single Event Effects (SEE)

29



. oIS Raci 5ae >
Single Event Effects in CIS: Basics SUPAERO

@ Single Event Effect (SEE) = perturbation/degradation
caused by a single energetic particle

@ Main mechanism:

:
= Generation of a high density of e/h* pairs S %% Qér

()
=
=
S
©)

along the particle track
= | eading to:
o Transient perturbation (Single Event Transient (SET)) "x Byl roc]‘in
o Permanent change of a digital value (CEA DAM)
(Single Event Upset (SEU)) Si substrate
o Triggering of a parasitic thyristor (Single Event
Lacthup)

...and many other possible parasitic effects!

©

30



Single Event Effects in CIS: Basics ISSUHPEA{:;

@ What kind of SEE CIS are sensitive to?

= |n theory: all kind, as any CMOS Mixed-Signal Integrated Circuit
@ For this presentation, focus only on SEEs

* That are specific to CIS, i.e. SEEs in:

o Pixel arrays —— | o n
: i Terggz;aotru © l High Speed 1/O : Digital
o Analog readout chain &= . | Cslos) Poupu
i Voltage § o
» Decoders bt 1|8 [ eremm
------------------ : b :
" Ot h ero ptl on a.l i Configuration 'I © 'I D,:Egg;gﬁ%e i
. . : Registers | |
I nteg I’ated fU nctions :::::::::::l-_j =
. | i i Anal
are not discussed here | 1" Bedon o Output
Config. & | Sequencer Sample & Hold Stage...) ||
Command | (Timing = == — —
Signals ' and Control)

| Column Decoder

_—__J

31



Single Event Effects in CIS: pixel array 1§36~

SUPAERO
@ For basic pixel architecture (3T/4T): —Vrst  _¢VDD
5 = No SEL (no in-pixel PMOSFET) Rsyr
@ Sel X
= No SEU (no in-pixel memory) — L yout

= Only Single Event Transient (SET)

@ SET: theion induced charge is collected by
the photodiodes leading to a parasitic signal :

= Spreading over several pixels
= Lasting a single frame

Valerian Lalucaa,

P-sub
420 MeV Xe ions NSREC2013 777
- s

e
256 pixels ®
600MeV Kr ion
[

32



Single Event Effects in CIS: 1990 =

SET in decoders SUPAERD
@ If anion strike the decoders during readout, a transient artefact
can appeat on the readout image

\
/ 55\
7] =0
Il & 7 0= Legend ==
o | = |
Y addresses 8= 25 - Pixel Array 17 Digital
& Command 3% || 3% |[-Photodiodes & 1— 9
Signals zZ2 (| @2o 3.3V N-MOSTs/
2z (2 < Analog
Vo[ =3
N = Row N
‘\ 4 Anal % d
e maog  address -
signals 3.3V NP MOSTs Output .
= | jump
/7 | 181to3.3Level Shifter | N
l 1.8V & 3.3V N&P MOSTs \
Column Decoder /
X addresses *. _1.8V N8P MOSTs _ |

@ Usually not an issue:
= Low occurrence probability (compared to pixel SET)
= Transient effect that disappears on the next frame s



Row
decoder
SEL

Single Event Effects in CIS:
SEL in decoders

Y addresses
& Command
Signals

o)
b
w0
5 g 5 Q Legend
3 TS Pixel Array T o
55 |82 Photodiodes & Digital
8% [ 22 otodiodes & +—
zZ 2 @ 3.3V N-MOSTs |
| Analog
= o >
=
=
Analog Readout

Command
signals *

Chain & S/H
3.3V N&P MOSTs

Analog
OQutput

1.8 to 3.3 Level Shifter
1.8V & 3.3V N&P MOSTs

X addresses

Column Decoder
1.8V N&P MOSTs

1538 >

SUPAERO

@ Latchup can also occur in decoders leading to permanent artefact
= CIS are often immune to such SEL thanks to thin epitaxial layer

» Generally disappears after powering OFF and ON the sensor
(no permanent damage)

Column decoder SEL

34
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1538 >

Single Event Effects in CIS: asummary 755 ¢ o

In CIS required integrated functions :

» The main SEE are Single Event Transients
(SET) in pixel array

» Other effects are generally not an issue:

o SET in decoders or readout chain are infrequent
and only corrupt one pixel or one row of a single frame

o CIS are generally immune to SEL and if not:
= Can be powered OFF to recover (if non-destructive)
= Can be hardened-by-design

= SEE in additional integrated functions (e.g. SEU in on-chip sequencers)
can be an issue
o Requires a specific analysis of each additional CMOS function

o Not a problem for basic CIS without such functions
35



lllustration: MegaJoule (MJ) Class Inertial 1990 =
Confinement Fusion (ICF) Plasma Diagnostic SUPAERO

@ Plasma diagnostics in MJ class ICF facilities
radiation environment during each laser shot:

= 14 MeV neutrons
= Expected fluence: 10%? n.cm?
» Estimated flux > 1018 n.cm=2.s!

@ Existing Plasma Diagnostics cannot
withstand these conditions

@ A X-ray Plasma Diagnostic demonstrator has
been developed (with CEA DAM and UJM) to
demonstrate the potential of CIS for this
application  —

= UNIVERSITE
JEAN MONNET
7 SAINT-ETIENNE

LaserMegadoule
(LMJ) g

36



ICF X-ray Plasma Diagnostic principle lssuapBA{;;

At LLE OMEGA facility: 60 laser beams (40kJ) focus on a
1 mm target during 1 ps leading to a fusion reaction

The X-ray signal emitted by the fusion plasmais imaged
through:

UNIVERSITE
= A Multi-pinholes array thanks to an X-ray-to-light l-;' SANTETENE.
converter deposited on top of the CIS L
An intense neutron pulseis also generated leading = *
to SEE perturbations X-ray multi-pinholes & ROCHESTER

X-ray to Light Converter rray Target
(fusion reaction)

----------------------- > 37




ICF X-ray Plasma Diagnostic principle ISSUHPEA{;‘;

@ Several experiments performed since 2010 at the g | umweRsiTe

JEAN MONNET

Laboratory for Laser Energetics of Univ. Rochester, NY {9 sanreriene

@ To approach Megaldoule class ICF experiment
conditions, the diagnostic demonstrator is inserted
directly inside the target chamber

= As close as possible to the target (35 cm)

= Maximum neutron flux reached at CIS level
~ a few 108 cm=2.s1

=i R UNIVERSITY of

OCHESTER

38



ICF X-ray Plasma Diagnostic 1590 >

Demonstrator: Hardening Approach SUPAERO
@ Hardening at the sensor level:

= Selection of a simple and robust CIS architecture with only the requwed on-chip
functions to reduce SEE sensitivity N

= No real use of RHBD technique for this application

@ System level hardening: igf

= Delay the acquisition of the X-ray
plasma image to avoid the neutron Lasers on Target || T0

pulse perturbation Neutron pulse ;||+100ps
» Use of a slow Radiation-to-Light .,,,..,m.“
Convertor Slow decay

X-ray scintillator

= Dump all the parasitic charge with
a global reset feature

=  Only perform critical operations
(ADC, data transmission) after the
neutron pulse

GLOBAL RST!1 [+1US

Image acquisition L——
and read-out

39
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ICF X-ray Plasma Diagnostic 199 >

Demonstrator: Results SUPAERO
Expected result Without “global With “global
(simulation) _ reset” mode reset” mode

NE AT g

UNIVERSITE
JEAN MONNET
SAINT-ETIENNE

@ No SEE, no functionality loss:
= full camera design robust to several 10 cm=2.s*

@ GR mode efficiently removes the neutron induce parasitic signal

@ Ability of CIS based camera to capture an image at such a high
neutron flux demonstrated 20




Displacement Damage (DD) effects

41



1538

Displacement Damage (DD) Effects on CIS /%% ¢

@ DD =result of non-ionizing
Interactions leading to displacement &
of silicon atoms T ™

v
N °

@ Contrary to TID, DD effects exhibit % . "5 ﬁﬁ e "
. . . .;-\_‘..':f_’ Mo .q} - *.MY::\
an almost universal behavior in s N R T
silicon based detectors and sensors -~ ##iad
- DD effects can be anticipated ﬂ ;
accurately in most CIS »
@ DD effects can be “modulated” by e Y
design optimization... A GEw - N

@ ...butnot really mitigated by design / Courtesy of Antoine JAY
“ (ISAE-SUPAERO)
- A. Jay, [IEEE NSREC 2016
42



https://www.laas.fr/public/fr
https://www.laas.fr/public/fr

Displacement Damage Effects on CIS:

Basics

1538

SUPAERO

@ DD effects lead to the creation of SRH centers

Can act as generation/recombination
centers or as charge trap

@ Main effects originating from the photodiodes:
= Dark current increase (defect x in depletion
region)
» Possible quantum efficiency reduction due to
recombination centers x (usually not observed)

@ Not considered:
= Charge trapping : no proven effect in CIS

= Type inversion* : not likely in CIS for typical
fluences (<10* n/cm?)

Rad.
! g H Effects

*M. Moll PhD. Thesis. 1999

Recombination
\e/

center
Generation Trap
center

X X\\_ x X ﬂ>§ X x
x Xy >Z BV x * ’
X X
X X X x X

X SRH generation centers
X SRH recombination centers

43



Displacement Damage Induced Dark 199 >

| Current Increase | SUPAERO
Dark frame N
no |rrad|at|0n _ — Before irradiation
% — After 22 MeV neutron irradiation
% 014 ~ - -
Ne °C:—,’ W ~
l,[' g oo p\ \ N
o) : \ ~ T
n \ ~ o o D,
’ > ' lDsark curzrent (1‘A2)5 ’ > )
|_ -
: .-‘Non-uniform-
_ 8 Uniform __degradau_on
60Co y-ray irradiation gray level (hot pixels)

(TID effects only) increase

44



Displacement Damage Effects on CIS: 1998 >
Universal Damage Factor SUPAERO

()
=
=

S
©)

@ Srour et al. 2000* Universal Damage Factor applied to CIS

DiSpIacem ent 9 104 1 O 3TcisL, 0.8 MeV neutrons
Dam age Factor Damage Dose g _ : 315:21233232233322 T=296K )il
- 108 g e 3TCIS2, 14 MeV neutrons 4
\ ) @ PPD CIS3, 14 MeV neutrons 7
AI K D/ % 102 ‘ _. Bl;:;msa, 120 MeV protons z, 4
obs — - K- dep ~ “dd S 107 | A8
X g on'®
Mean dark current . g 10°3 e
: Depletion volume ® ] |
INnCrease - 10" 3 7
e 1077
= . . E -2 d 7/ ~ 3 o -
@ No fitting parameter s 7Y ¢ Kaan = 0.13 .7 (TeVig)"
w S ]
%) ) -3 -1 -1 103 v e e
@ At23°C: K=14+05cm™ s -(MeVIg) " ° " o 100 102 e
m o Displacement Damage Dose (TeV/g)

Verified on CIS from many foundries . .
C. Virmontois et al.,

13 2
up to 10~ njicm IEEE TNS Aug. 2012
*J.R. Srour and D. H. Lo, IEEE TNS, Dec. 2000. 45



Displacement Damage Effects on CIS: 1990 >
Empirical Prediction Model* SUPAERO

—Exponential law (dne entity)
—First convolution (two entities)

—Second convolution (three entities)|
—Third convolution (four entities)

—Fourth convolution (five entities)
X—Global distribution for p=2

» ~
L

[8))

I

w

Vaark- €Xponential mean

| Yaarr: convolution factor
[ i/

N

Normalized pixel frequency

—_—

\\\§

e ————

OO

Dark current increase (e-/s) x 10*

*VVirmontois et al., IEEE TNS, Aug. 2012
*Belloir et al., Optics Express, Feb. 2016

AN .

x 10 @ Exponential dark current Probability Density

Function (PDF) for low doses and small
volumes (one dark current source per pixel):

1 X
foaari (x) = exp <_ >

Vdark Vdark
Convolution of the PDF at higher doses and

larger volumes (superimposition of several dark
current sources per pixel):

fAIObs(x) = POiSSOTl(k = 1; ‘U,) X ﬁ)dark(x)

+ Poisson(k = 2,u) x f,,, _ (x) * fy,_ (x) + -
1 2 3 4 5 69 U= "Vgark X Vaep x DDD is the convolution

parameter and represents the mean number
of sources per pixel



Displacement Damage Effects on CIS: 1991 ;-'-d
Empirical Prediction Model SUPAERDO

@ In the same way as the Universal Damage Factor, the two
parameters of this empirical model v, and v .k -

= Appear to be constant for neutron/protons/ions
of a few MeV to 500 MeV

@ In practice, this empirical model can be used to anticipate the
absolute DD induced dark current distribution

= Without any parameter adjustment

1
Parameter values Yaark * 55900 um-3 (TeV/g)L

(%)

Average dark current per source ‘
Viark = 5000 e-/s @ 23°C

1 source per pixel for a dose of 500
TeV/g in a 100 um? depleted volume

*Belloir et al., Optics Express, Feb. 2016 47




Displacement Damage Effects on CIS:

1538

Empirical Prediction Model SUPAERD
@ Typical results of the prediction model:
» 4 CIS with 4 different pixel pitches (4.5/7 /9 and 14 um)
= Atlow (3.10%°) and high (4.10*?) fluence
e : 7 pm 9 um [4 um ‘ 1 4.5 pm 7 pm 9 um [4 pm
m 104 b ‘ u=0.19 u=0.35 n=I.1 ] 1045 1.1“=_,() 1l ‘1‘1—I3 u=_<\ | | u‘i*—l
D:E ‘::':,'103' R2=0.955 E‘1o3; 7 Mﬁ%@
: 3 =
fa) ° 2 ' — : e 4
10 . X10% o
) 1 o C . ; , oc%o |
D 0 s 1 - A 14 MeV 4.10%2 nfcm2
100014 Me\1_/ 3.10 2n/cm . S o : Rz 0983
Dark current increase (e-/s) 4 0 1 2 3 4 5 6
x 10 Dark current increase (e-/s) % 105

*Belloir et al., Optics Express, Feb. 2016

48



Displacement Damage (DD) Effects on CIS: |§3p >
A summary SUPAERO

@ Main DD effects in CIS up to 103-10%* n/cm2;

Dark Current Increase

@ DD induced Dark Current increase can be anticipated by using:
= Srour Universal Damage Factor for the mean value
» The presented empirical model for the full distribution

@ These models can be used to optimize the design to modulate

)
=
O

=
)
NS
Og
>
S

the effects (no real mitigation possible by design):
= Small depletion volume=>» lower mean i N
m dark current, larger non-uniformities ® .
; ; ® °
= Large depletion volume = higher mean | System level |1
dark current but less non-uniformity mitigation: °l o
cooling! 49




Talk Summary

@ MGy-Grad Total lonizing Dose effects on CIS
= Large dark current increase and MOSFET voltage shifts

= All these effects can be partially mitigated by design
o Use of ELT and conventional photodiode recommended

-Radiation hardened CIS can provide useful images after several MGy
@ High flux Single Event Effects (SEE) in CIS :
» Main issue: transient deposited parasitic charge (SET)
= QOther SEEs can be avoided by sensor or system design
- CIS based camera can stand neutron flux up to 108 n.cm=2.s
@ High fluence displacement damage effects in CIS
= Main effect : dark current increase N
= Can be predicted up to 101* n/cm2 and mitigated
at system level (e.g. cooling)

R*=0.983
3 4 5 6
crease (e-/s) X 105 50



Talk Summary lgsuapEA{:(:

@ MGy-Grad Total lonizing Dose effects on CIS
= Large dark current increase and MOSFET voltage shifts

= All these effects can be partially mitigated by design
o Use of EL

-Radiation hi .In g nutshell. after several MG
i+ The main issues (TID/SEE/DD) y
® HightluxSinglg  come from the photodiode
* Mainissue:tl. CJ|S are agood choice for

= Other SEEs harsh radiation environments!
- CIS based camera can stand neutron flux up to 10 n.cm=2.s!

@ High fluence displacement damage effects in CIS |
= Main effect : dark current increase | “

= Can be predicted up to 101* n/cm2 and mitigated
at system level (e.g. cooling)

R*=0.983
3 4 5 6
crease (e-/s) X 105 5 1



contact: vincent.goiffon@isae.fr

Thank you!

k lonizing & &%

Mory - Novy Radiation’ %
’ Effects s
~/ n Electronics

V. Goiffon, “Radiation Effects on CMOS Active Pixel Image Sensors,” in
lonizing Radiation Effects in Electronics: From Memories to Imagers
(CRC Press, 2015), ch. 11, pp. 295-332.
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