OATAO

Open Archive Toulouse Archive Cuverte

OpenArchive ToulouseArchive Ouverte (OATAQ

OATAO is an open acess repository that collects the work of Toulouse reseal
and makes it freely available over the web where possible.

This is an author -deposited version published in: http://oatao.univ-toulouse.fr/
Eprints ID: 11033

To link to this article: DOI:10.1109/TNS.2013.2284798

URL: http://dx.doi.org/10.1109/TNS.2013.2284798

lar papers at core.ac.uk
provided t

To cite this version: Raine, Mélanie and Goiffon, Vincent and Girard, Sylvain and Rousseau,
Adrien and Gaillardin, Marc and Paillet, Philippe and Duhamel, Olivier and Virmontois, Gédric
Modeling Approach for the Prediction of Transient and Permanent Degradations of Image
Sensors in Complex Radiation Environments. (2013) IEEE Transactions on Nuclear Science
vol. 60 (n° 6). pp. 4297-4304. ISSN 0018-9499

Any correspondence concerning this service should be sent to the repository admi
staff-oatao@inp-toulouse.fr



https://core.ac.uk/display/19892797?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Modeling Approach for the Prediction of
Transient and Permanent Degradations of Image
Sensors in Complex Radiation Environments

Mélanie RaineMember, |EEE, Vincent Goiffon, Sylvain GirardSenior Member, | EEE,
Adrien Rousseau, Marc Gaillardiklember, |IEEE, Philippe PailletSenior Member, |EEE,
Olivier Duhamel, Cédric Virmontoidyiember, |IEEE

Abstract— A modeling approach is proposed to predict the
transient and permanent degradation of image sensors in complex
radiation environments. The example of the OMEGA facility is
used throughout the paper. A first Geant4 simulation allows the
modeling of the radiation environment (particles, energies,
timing) at various locations in the facility. The image sensor
degradation is then calculated for this particular environment.
The permanent degradation, i.e. dark current increase, is first
calculated using an analytical model from the literature.
Additional experimental validations of this model are also
presented. The transient degradation, i.e. distribution of
perturbed pixels, is finally simulated with Geant4 and validated
in comparison with experimental data.

Index Terms— Active Pixel Sensor (APS), CMOS Image
Sensor (CIS), dark current distribution, Single-Event Transient
(SET), Displacement Damage Dose (DDD), Inertial Confinement
Fusion (ICF), Geant4, neutrons.

I. INTRODUCTION

Experimental Reactor (ITER) [7], and future projects, such as
the High Power laser Energy Research (HIPER) [8], the Laser
Inertial Fusion Energy (LIFE) [9] and the Super LHC. Other
needs also include instrumentation for space applications, or
those appearing more recently, such as surveillance missions in
nuclear power plants, due to additional security constraints
following the Fukushima Daichii event. Image sensors are or
will be used in all these facilities, from security systems to
diagnosis applications.

In such facilities, the replacement of devices may be
complex, sometimes even not possible; dedicated tools are
then needed to predict their lifetime and the degradation of
their performances for a given application [10]. This paper
describes the approach followed for LMJ, which represents a
case study combining different kinds of particles (X-rays,
y-rays and 14 MeV neutrons), transient and permaafésits.

A detailed description discussing this specific harsh
environment can be found in reference [11]. This paper intends

WHEN operating in radiation environments, image sensofg§ pe a proof of concept for a methodology that can then be
may suffer a variety of degrading effects, such as dagkrapolated to other radiation environments.

current increase and Single Event Transient (SET)-induced,:irst, a general description of the proposed modeling

saturated pixels, either due to ionizing effects, non-ionizin&;pproach is given. The details of the different steps are
effects or a combination of both, depending on the nature @scribed in the following sections, giving also justifications
radiations they are submitted to ([1], [2]). Because of theggyarding the chosen tools. When available, experimental

multiple  possible  degradations, the effect of mixederification of the simulated/calculated results is performed.
environments is particularly complex to model, since for

example protons themselves will induce Single Event, Total Il
lonizing Dose (TIQ) ar_wd Displacement Damage Doge (bDD) This section describes the general concept of the modeling
effects. The equation is even more complex for environments . .

o . : . approach developed to predict transient and permanent
combining different kinds of particles.

. . degradations of image sensors in complex radiation
New complex radiation environments emerge today for

o . . . . environments, with a particular focus on the one for LMJ.
scientific applications, including running facilities such as thg . . .

. ” . uring a laser shot, up to 5x£teutrons will be produced in
National Ignition Facility (NIF) [3] or the Large Hadrona very short period of time (100 ps), in a localized region of
Collider (LHC) ([4], [5]), in construction ones such as the Y P PS), 9

. . approximately 60 um. These neutrons will then propagate in
Laser Megajoule (LMJ) [6] or the Intemational Thermonucleathpep 30 m-diZlmeteur experimental hall interactir?g I\:/Jwt% the

) o ) different present volumes and finally reach the different image
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Fig. 1: Schematic representation of the proposed modeling approach to determine permanent and transient degradation of image sensors in complex radiat
environments.

Permanent effects are also divided in two parts, with the

It would require simulating both the global geometry involving otal lonizing Dose (TID) on one hand and the Displacement
dimensions in the order of tens or hundreds of meters, and b@mage Dose (DDD) on the other. In this paper, we will focus
sensor itself, with pixels of a few micrometers. This raisesn DDD, since permanent ionization effects in image sensors
technical issues among which the involved computational tina@e expected to be negligible in the LMJ environment. DDD
is not the least. That is why we choose to split the calculatiomduces large Dark Current Non Uniformity (DCNU), with
in different steps. Figure 1 is a graphic representation of thark current distributions exhibiting hot pixel tails after
chaining of these steps. Their detailed description amdtadiation. Various models have been proposed to calculate
application to concrete cases are developed in followinpese dark current increase distributions ([16], [17], [18],
sections. [19]). In this paper, we choose to use one of the most recent

The first step towards the prediction of transient andnes [20]; it presents several advantages but still requires
permanent degradations of image sensors is to determine dloielitional validation, as detailed in the dedicated section.
radiation environment they are submitted to. For the case studyRegarding transient effects, the neutron radiation pulse
of the LMJ, the main challenge lies in the complexity of theandomly generates signal charges in the pixel array through
geometry to consider. The goal is to determine the energy andirect localized ionization. The result can be represented as a
temporal spectra of the radiation environment at the devidéstribution of charges deposited by the radiation pulse in the
location — or to determine the best location for the devigsixel array and collected by the pixel photodiodes. We
depending on its function, the determined environment and theopose to approximate this response by simulating the
amount of radiation it can withstand. To do so, Monte Carldistribution of deposited energy in the pixel array using a
particle-matter interaction simulation codes such as Tripadiecond Geant4 simulation.
([11], [12]) or Geant4 ([13], [14], [15]) are well suited.

Once the radiation background is well described, the second Ill.  RADIATION ENVIRONMENT DETERMINATION

step is to determine its effect on the device. This step iStpe first step corresponds to the simulation of the radiation
realized several times, for each component of the nuclégfyironment at a given location in the complex geometry. It
environment, to discriminate the contribution of each kind Qfyolves geometries in the order of tens or hundreds of meters.
particle. Moreover, it is divided in two categories: permanent \wnije the ultimate goal is to predict the behavior of image

(or dose) effects and transient effects (called Single-Eveginsors in the LMJ environment, no data are by definition
Transients or SET hereafter).
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Fig. 2: Geant4 simulated neutron spectra at two different locations in thi- 3. Geant4 simulated gamma spectra at two different locations in the
OMEGA experimental hall. OMEGA experimental hall.

available for this configuration. However, recent work aiming Mm-thick sphere portions, several ctarge. This allows
at investigating the vulnerability of CMOS Active Pixellimiting the number of incident particles needed to get
Sensors (APS) in Megajoule class laser environmenri§fficient statistics, while having limited impact on resulting
presented results of experiments at the OMEGA facility ifiPectra, given the involved dimensions.
Rochester, NY, USA ([21], [22]). This facility provides a The simulated neutron spectra, integrated over 100 ms,
unique platform to evaluate the effects of a pulsed mixeptained at both locations are displayed in Fig. 2. The star-
radiation environment, at a neutron yield lower than the of&aped symbols represent the theoretical calculations of
expected for LMJ (18 instead of 18 neutrons per shot) but 14 MeV neutrons fluence at these locations from simple
representative of preliminary Inertial Confinement Fusiogeometrical principles, when no interaction is taken into
(ICF) experiments in megajoule class laser facility. At first, waccount. This calculation is a first confirmation of the
thus choose to simulate the geometry of the OMEGA facilitgonsistency of the simulation: the proportion of 14 MeV
to be able to use the calculated spectrum in following steps dHtrons in simulated spectrum is below this theoretical value
compare the results to available experimental data. in both cases and a lower number of 14 MeV neutrons remain
This geometry is simulated using the Monte Carlo Gean@ & distance of 5 m than at 50 cm from the center of the target
simulation toolkit version 9.4. It includes the 80 m longhamber.
experimental hall walls, the 3 m-diameter inner aluminum While interacting in the experimental hall, neutrons also
sphere and all significant volumes around it, as illustrated @¢nerate other particles. Charged particles are not considered
the first step in Fig. 1. All materials with concentration higheltere for simulation time reasons and because they will stop
than 1% are taken into account: materials which neutr&ose to their generation location after ionization interactions
interaction cross-sections are known to be particularly hidfer example, the range of 14 MeV protons in aluminium is of
(B for example) are also included whatever theifnly 1.1 mm). On the contrary, the generated gamma rays will
concentration. The G4NeutronHP physics list is used; sinB& able to propagate throughout the experimental hall and
the focus of the simulation is on neutron fluences, amaybe affect the image sensors studied in this paper. The
generated charged particles are ignored to limit calculati&®rresponding spectra are thus extracted from simulation and
time. A total number of f0simulated 14 MeV neutrons arereported in Fig. 3 for both locations.
emitted isotropically from a point source located at the center!t may be noted that this stage of the approach may also be
of the target chamber. This number allows getting godésed to evaluate the feasibility of a hardening-by-system study
statistics while limiting the calculation time (Highthrough shielding of the image sensor for example. The
Performance Computing resources were still required for tHgmporal aspect (not detailed here) can also be exploited and
simulation [23]). The resulting environment (particle, energyead to mitigation techniques ([22], [24]).
hit time) is recorded with perfect detectors at two different
distances from the TCC (Target Chamber Center), IV.  PERMANENT RADIATION EFFECTS
corresponding to different sets of available data: 50 cm (insideln the second step, the goal is to predict permanent radiation
the target chamber) and 5 m (outside the target chamber). éifects induced by DDD in image sensors, in order to estimate
stated earlier, the image sensor itself is too small for thke lifetime of the image sensor in the facility depending on its
simulation time to be efficient if the detectors were limited tébcation and profile of use. To do so, we choose to rely on the
micrometer-size pixels. The detectors are thus represented lyiodel described in [20], which appears quite simple to
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confirm that the same dose received from a single irradiation
or after multiple shots separated in time will result in the same
1 U — degradation on the device (considering sufficient annealing
10> 10 10° 10° 10° 10° 10° time after the end of the last irradiation).

Energy (MeV) To demonstrate these different points, different irradiations
Fig. 3: NIEL variation in silicon versus incident neutron energy, from [25]. are performed. The studied CMOS image sensors are

manufactured in a 0.18-um commercial process. They are

implement, involves no fitting on experimental data and hag) um-pitch 128x128 pixel arrays with 3T-pixels using
been shown to fairly well predict the dark current increasgnventional photodiodes and are processed in a 7 pm silicon
distribution, based only on a few parameters: the depletgditaxial layer. They are exposed to neutron beams at CEA,
volume Ve, Of the considered image sensor, the DDD and tWerance and UCL, Belgium.
fixed factors namedg,y andyqak - The dark current increase
distribution is then calculated from the following equations:

A. Influence of annealing time

o In [20], all measurements were made at 23°C and an
froac (X) = Z POiSSOﬂ{N.,U} x fy (N dark) (1) average annealing time of 3 weeks was considered. The values
) N=l of the two factor®gyak andygan of the model are thus given for
With these particular testing conditions. However, similarly to the
. N xexp Universal Damage Factor (UDRy.« corresponding to the
Poi SSOH{N,/,{} = IUT'D('U) @ mean dark current increase normalized to the volume and dose
) introduced by Srour in [26], these two parameters actually
U= 1 xV,,, X DDD ©) d_epend on the_m.easurer_nent temperature and on the annealing
time after irradiation. While the measurement temperature can
(f C..Lf ) " (X) be easily controlled and fixed to 23°C, it is not always possible
times to get the devices back 3 weeks after irradiation to measure the
I fy (1) ) dark current increase. The data were thus analyzed carefully to
t take this time into account in the two factors. Following this
1 {—AI J analysis, their values are then fixed wt=0.81 fA (or
dark

ydark

fu(X) =

f(al,,, )=——xex (5) 5070 ¢&s) and ygak= 4.0 x 10 unt.TeV/g for 23°C and 3
Udark Udark weeks of annealing. It is remarkable to note that using these

According to the analysis performed in [20], the factgg  Values, the rati®ganysax €quals the UDFcgay at the same
and 4. can be attributed to the mean dark current increatgmperature and annealing time. This seems logical,
induced by a Single Particle Displacement Damage Effeconsidering thabgy,krepresents the mean dark current increase
(SPDDE) and to the SPDDE probability normalized to thdue to a SPDDE, {4a« is the SPDDE probability normalized
volume and dose respectively. A SPDDE corresponds to tiiethe volume and dose amgh - VgardYaark iS the mean dark
cascade of displacements that may be induced by a singirent increase normalized to the volume and dose.
incident particle (a neutron here) in a pixel volume; some of Following this observation, the parameteksy and 1fgar
these displacements will then result in electro-active Shockleyre extrapolated to take into account the annealing time using
Read-Hall generation centers. . . ~the annealing factor introduced by Srour in [26] for the UDF.
To use this model in the following, the first step iS t@rhis method is applied on different sets of experimental data
calculate the DDD at a specific location for a given inciden},aasured after different annealing time. The results are
fluence. To do so, the variation of the NIEL (Non-lonizingenrted in Fig. 4, for two different irradiations, at different
Energy Loss) with incident neutron energy, represented dhergies and different DDD. Here and in the following,
Fig. 3 (from reference [25]) is used to correlate each elemefh majized number of pixels” means that the integral of the
of the energy spectrum with a NIEL value. distribution is equal to one. Along with experimental data, the
Some points then remain to be validated to apply the moqe|,cjations obtained with the model from [20] are reported as
to our study. First, the influence of annealing and measuremesiq |ines, with annealing corrections. These data show that
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Fig. 4: Dark current distribution in 128x128 pixels CIS measured aftdrid- 5: Dark current distribution in 128x128 pixels CIS measured after
exposition to neutrons for two different energies, DDD and annealing time&Position to neutrons for a DDD of 400 TeV/g, applied either with a

The lines are the result from calculation using the model described in [20]. “Teconstructed spectrum” combining 3.5, 4 and 6 MeV neutrons beams (red
circles) or with a mono-energetic 6 MeV neutron beam (black squares). The

TABLE I: NEUTRON RRADIATION DETAILS, ENERGY, FLUENCE AND DOSE blue line is the result from calculation using the model described in [20].
Total 10°3
. Energy | Fluence DDD . 3 m  Cumulated energy:
" ] :
Device | vevy | (nfem?) | (Tevig) (TDe?/IID ) Fig. T ja 15.5, 16, 18 and 20 MeV.
3E 2 1x1® 10C g ;—i — Virmontois' model
1 4 3.8x1(%° 11C 400 Fig.5| © 10"
6 5.9x16° 190 2
2 6 1.5x16° | 400 400 | Fig.5| &
155 | 47x16f [ 195 s
16 2.2x1(¢ 90 . @ 1077
3 18 | 3.8xa(° | 14t 540 | Fig.61 5 3 .
20 2.9x18° | 110 % 1n, 540 Tevig
o = 5 | 23°C, 4 weeks -
the corrected model is in very good agreement with 10 T T T T T T T T ’
experimental data, whatever the energy, dose and annealing 0 2 4 6 8 10
time. The calculations issued from the model without any Idark increase (fA)

corrections, using the two parameters determined previouéﬂq- 6: Dark current distribution in 128x128 pixels CIS measured after

| ted dotted i howi the i exposition to neutrons for a DDD of 540 TeV/g, applied with a “reconstructed
are also reported as dotted lines, showing e 'ncreas'ﬂ@ctrum" combining 15.5, 16, 18 and 20 MeV neutrons beams (black

importance of taking into account the annealing time in thguares). The blue line is the result from calculation using the model
calculations with increasing time compared to the 3 weeR§scribed in [20].
reference.

For future work, it would be interesting to explore in detail¥ith the first “spectrum”, a third device is exposed to the same
the physical meaning of the two parametessk and yaar total DDD of 400 TeV/g, but using only the mono-energetic
through experiments or calculations. This would allow reall§ M&V beam. The details of the fluence used at each energy
fixing the values of these (for now) empirical parameters. &€ reported in Table | for all three irradiations. The results in
dedicated study should also be performed to see if iterms of dark current increase distribution are reported in
evolution ofkgxWith temperature can be extrapolatedigg Fig. 5 and 6 respectively for the two DDD values, along with

and 1fqanas is done here for annealing. the result from calculations using the model from [20]. In both
o o figures, all sets of data are in very good agreement, thus giving
B. Spectrumvs. monoenergetic irradiation a first confirmation of the validity of the model for irradiations

The next point is to validate the use of this analytical modalith an energy spectrum.
for irradiations with incident energy spectrum instead of The calculation is then performed for the OMEGA spectrum
mono-energetic beams. To do so, energy spectrum are “s¢-50 cm from the center of the target chamber, for which
created” by exposing the same device successively at differexperimental data are available in [21]. The dark current
energies: namely 3.5, 4 and 6 MeV, for a total DDD ofmeasurements are reported in red in Fig. 7, along with the
400 TeV/g for one device and 15.5, 16, 18 and 20 MeV forrgsult from our calculation based on the energy spectrum
total DDD of 540 TeV/g for a second device. For comparisonrepresented in Fig. 2. The experimental data correspond to raw
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Fig. 7 Dark current distribution of 128x;L28 pixels CIS measured aft%fxposure to the high flux neutron beam at UCL, for a DDD of 400 TeV/g,
exposition to neutrons at fon/cm? fluence in OMEGA at 50 cm from the after 2 weeks of annealing. The blue line is the result from calculation using

center of the target chamber (data from [21]). Calculations of the dark curreRg model described in [20].
increase based on Geant4 simulated OMEGA spectrum @50cm from Fig. 2.

the good adaptation of the model taking into account the

035 ] annealing time.
% 0.30- C. Muli R
% ] . Multiple shots vs. single irradiation
HE 0.254 It was not possible to properly address the question of the
”8 0 20' applicability of the model to a dose received after multiple
< | shots for this paper. However, the results presented in Fig. 5
2 0.15- and 6 for irradiations of single devices with multiple energies
Q ] give first insights: these irradiations were indeed performed in
g 0.104 several days, typically spread over a week, with annealing
4 ] times at ambient temperatures between irradiations. Given the
< 0'05'_ good agreement with monoenergetic irradiations performed in
0.00 N — one time in Fig. 5 and with the model from [20] for both sets
0 10 20 30 40 50 of data, these particular irradiation conditions do not seem to

Energy (MeV) affect the final result.

Fig. 8: Energy spectrum of the high flux neutron beam at UCL [27], [28]. V. TRANSIENT RADIATION EFFECTS

dark current values, the initial Gaussian-shape distributionThe second “radiation effect” step deals with Single-Event
(below 0.5 fA) representing pixels which are not impacted byransients in pixels during irradiation. This calculation is
the irradiation. Since the calculation givesark current particularly important for LMJ, to identify the limit of use or
increase values, the calculated distribution is shifted to ignoréhe lifetime of the image sensor depending on the intensity of
this Gaussian distribution. The resulting “spectrumforeseen shots. For this step, a second Geant4 simulation is
calculation is in good agreement with experimental data. Aserformed. To validate the simulation, measurements of the
expected, the calculated TID induced by the gamma spectrgransient response of an APS during a laser shot performed at
presented in Fig. 3 is negligible (~1x10ad) and has no the OMEGA facility [21] are used. The measured sensor is a
impact on the dark current distribution. However, this means pm-pitch 1024x1024 pixel array with 3T-pixels using
that a 1¢° neutrons LMJ shot would induce a TID of ~1 kractonventional photodiodes, manufactured using a 0.35 um
(at 50 cm) that may need to be taken into account. CMOS process. The substrate is a slightly P-doped epitaxial
Finally, an irradiation is performed with the high fluxiayer approximately 8 um thick grown on top of a heavily P-
neutron beam from UCL ([27], [28]). The energy spectrundoped 300 um-thick substrate [29].
from 5 to 50 MeV neutrons, is reported in Fig. 8. The result At first, the geometry is reduced to a 13x13x308 giticon
from irradiation at a fluence of on/cnf, corresponding to a box topped by 10 um SiOoverlayers, representative of a
DDD of 400 TeV/g, and after 2 weeks of annealing is reportegingle image sensor pixel. The physics list is the same as in the
in Fig. 9, along with calculations from the model. Again, bothrevious Geant4 simulation, except that this time, tracking of
sets of data are in very good agreement. This gives a fiRlarged particles is included; they will indeed be responsible
validation that the model only depends on the DDD and not ¢¢r SETs. The energy of incident neutrons is distributed
the incident energy spectrum. Additionally, it also shows agaifdllowing the previously calculated energy spectrum. The total
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generated electrons after irradiation in OMEGA at 5 m from the center of the
target chamber.

this simulation taking into account the complete geometry is
tﬂgite long (36 h). Different sizes of pixel arrays are thus
%ested, to find a good compromise between size, time and

registered data, only non-zero values are recorded quality of the result. In Fig. 11 are reported the results as the

Measurements of the transient response of an APS durin@lﬁnber _Of fnori-elmgtys ege6mi0dfge;‘gg]glo%n tzelosgzmleggg
laser shot performed at the OMEGA facility from [21] are evice size for .x1, sxs, oxo, 1UX10, X an X

reported in Fig. 10, showing the number of pixels suffering %lxel arraysV.VhS_lom; S|mula:)|on t|fmes are also reptortid as
given perturbation (the signal is expressed as a number.rS rence. lle the number of non-empty events keeps

generated electrons). This figure corresponds  to increasing with the number of pixels in the array, the
“geometrical” fluence of 7x10 nfcnf at 5 m. The ifference from 100x100 to 1024x1024 is much less important

corresponding “real” number of neutrons striking the device [Qan earlier in the curve, while the difference in simulation

calculated from the previously calculated spectrum (Fig. ?ﬂg 1|80|mpolrtant, from 1?3?) o 36:" ConseqL_Jen.tIi;;_ th?
and used in the simulation. Simulations were also perform 8 X pIXel array seems 1o be a good compromise, this size

for the incident gamma spectrum, but the resulting deposit'esd usgd 'Iln tpetgollf(\;\gzg.lgzhdre resulting ev?n(tj @s;r_lbu;l(o)n_rﬁ_
energy values are quite small, only contributing in the firgtS"y Stmiiar o the X one represented in Fg. L. TS
three to four first bins of the histograms in Fig. 10. Thigontlnuous increase of events with the size of the matrix was

contribution is not considered significant and is thus ignored pt necessarily expected; when dealing with border crossing

the following. In Fig. 10 simulation results (squares), the la§ ectsc,l thi useq me.trlc I? usuglly thte largest .rarlget:)hf
symbol “> 140 k& represents simulated values higher thaocondary heavylons, 1.€. a lew micrometers, meaning that the

140 ke, which are not measured experimentally because of tﬁgometry should be extended only to the few neighboring

pixels saturation [21]. These points actually correspond to t 8<els. The continuous increase abserved here probably means
that among the generated secondary protons or neutrons, some

experimental Gaussian distribution that appears abov . ) g
P PP re able to travel in the matrix and interact much further than

~125 ké. This population of saturated pixels does not appeﬁnﬂr | t neiahb f their initial i el | .
as a single distribution mainly because of the disparity i € closest neignbors of their initial generation pixel. ignoring

saturation levels between different pixels. these far-traveling secondaries result in the underestimation of

The first simulation results taking into account a single pixéhe expen“m_ental dI.StI’I’l,JUtI'On sh'own fqr 'example n F|.g. 10
are reported as empty squares. While the general shape ofVYHQ the “single p|xgl simulation. Slml!arly, t.aklng Into
curve is in good qualitative agreement with experimental dal%(,:cOunt the full vertical stack of mate”"’?' IS Important to
the simulated distribution is clearly below the experiment _er:rate all events able to reach the epitaxial layer of one

one. The opposite was expected since only the deposi% ’

energy is simulated, not taking into account recombination or dod_futrthk()ardvallcllate_ thle §|mlljlat|on, lthedmjo\mbderfpf Za_tur;tled
collection efficiency mechanisms (no charge amplification i%.n ISturbe -qny PIX€IS '? aiso exp ored. S. gme in [21],
expected here) pixels are considered as disturbed if they exhibit values above

To improve the simulated distribution, simulations are the o ke- and as saturated above 125 ke-. In the following,

o . isturbed” corresponds to pixels which are disturbed but not
erformed taking into account an array of pixels. The result fo‘?IS . :
P 9 yorp turated, i.e. with values between 15 and 125 ke-. The

1024x1024 ding to the tested device) R
a X array (corresponding to the teste ewce)\é parison of this repartition of pixels is done for the 3

deposited energy is recorded for each incident particle, in
epitaxial layer of the simulated pixel. To limit the amount o

reported as black squares in Fig. 10. This time, the simulatés

curve is above the experimental one, as expected. Howe |r,erent fluences whose distributions are presented in [21]:



Exp environment is first simulated at specific locations in a large
20004 " : - .
Simul. 100% efficiency facility (the example pf th.e OMEGA facility is u§ed here). Thfe
| N . permanent degradation is then calculated using an analytical
» -o- - Simul. 40% efficiency Bisturbed pixels _ s
T 15004 ’Dp model of the literature. For the purpose of the application
3 z studied here, this model is also further extended and validated:
© the annealing time after irradiation is now taken into account;
g 1000+ experimental data are used to validate the applicability of the
g model for multi-energy and multi-shots irradiations,
Z 5004 . reinforcing the fact that it only depends on the final DDD.
Saturated pixels Finally, the transient degradation of the image sensor during
_ irradiation is simulated with Geant4, and compared to
0 - — — — experimental data, with very satisfying results.
1x10 3x10 5x10 7x10 To further extend the model and make it universally

Geometrical fluence (n/cmz) applicable to any radiation environment, TID effects would
Fig. 12: Number of disturbed-only and saturated pixels as a function of tRésSO need to be taken into account. These ionizing dose effects
incident geometrical neutron fluence, extracted from experimental data afgsult in a uniform increase of the dark current (as opposed to
Z;r;;ctitarflcc;rf results, either taking into account 100% or 40% coIIecnoH,]e distribution of dark current increase induced by DDD),
which, at first order, translates the initial Gaussian distribution

1.8x10. 3x1F and 7x16 n/cnt. As before. these values towards larger dark current values. An attempted model of this

correspond to geometrical calculations; the “real” numbers Hfiiform increase has been presented in [31]. However, this
neutrons distributed in the energy spectrum are used in fh@del was developed from fitting to experimental data and
simulations. Disturbed and saturated numbers of pixef9me parameters most certainly depend on the studied device
extracted from both experimental and simulation results a@§0metry and characteristics. A more complete study
reported in Fig. 12, in black squares and red circlédalyzing large sets of data would be needed to assess the
respectively. This analysis confirms the observation made R@tential of developing a universal model such as the one used
Fig. 10 showing that the simulated number is always highBfre for DDD. Moreover, the combination of a TID model
than experimental values, both for disturbed and saturat&$h the DDD model presented in this paper is not necessarily
pixels. A correcting “collection efficiency” factor is thus Straightforward, as shown in [20]. A dedicated study is thus
applied to simulation results to take into account the variofigquired to be able to add the TID modeling block to the
mechanisms leading to a collected charge lower than tmethodology presented in this paper. This will be the subject
generated one. To adjust the simulation value to i future work.
experimental number of saturated pixels at ?xa@nf, a

collection efficiency of 40% is determined. Such efficiency is

not unusual in image sensors [30]. The simulation resultsThe authors would like to thank the Van der Graaf team at
corrected with this collection efficiency factor are reported iICEA/DAM/DIF, France, F. Jacquot and the team at
Fig. 12 as blue empty circles and dotted lines, for disturbétEA/Valduc, France and N. Postiau and the team at UCL,
and saturated pixels and for all fluences. These correctBélgium for their support to access and perform neutron
results are in very good agreement with experiments for @tadiations.

cases.

In the case of predictive calculations, this efficiency factor
will however probably not be known. Yet, this is not a bigi]
issue since raw results from simulation with 100% efficiency
actually give a worst-case scenario. In the example of Fig. 12,
the number of disturbed pixels would be overestimated by no
more than 50% and the number of saturated pixels by a factor Transactions on Nuclear Science, vol. 50, pp. 653 - 670, 2003.
of less than 3. A safisfying analysis of vulnerability calﬁﬁ] 'I:ﬂ:c[([)gr']'l?r?l']'A/‘\’j;ﬁ‘:t'j;:hrt]ttli’sz:////l'ﬁif/\r;'g"‘c'g;""ch
probably be performed even using these overestimated Valu%- A. |. Drozhdin, M. Huhtinen and N. V. Mokhov, "Accelerator
related background in the CMS detector at LHGlyclear

Instruments and Methods in Physics Research A, vol. 381, pp. 531
- 544, 1996.
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