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Experimental Study of the NIEL Scaling for
Silicon Devices

T. Nund, C. Inguimber', S. Soonckinc, B. Dryef, T. Bugge?, C. Poive®

Abstract— This paper proposes some new experimental data
comparing the damage factor of silicon devices wittthe NIEL
after electron, proton and gamma irradiations. Theresults show
that the measured damage factors fit better with te “effective”
NIEL, an alternative model of displacement damageftects, than
with the classical one.

Index Terms— Space Environment, Displacement Damage,
Non-lonizing Energy Loss

I. INTRODUCTION

interpretations have been given in the past to axpthe

discrepancies observed in the case of electronsganina

rays [23]-[27] where the relationship between daenfagtors

and the low NIEL values is shown to be sometimesdeatic.

In particular, the work of Inguimbert and al. [2dtoposes
refined calculations of the “effective” NIEL usirtge results

of molecular dynamics simulations. They show thhaé t
classical NIEL calculation may be overestimated #rad the

use of the “effective” NIEL calculation may bettpredict

displacement damage effects for low energy elestron

The aim of this work is to provide new experimental

he Non-lonizing Energy Loss (NIEL) [1]-[5] scaling evaluations of damage factors on silicon devices @nuse

factor has been used for some decades for theatiaiu

them to compare the “effective” and “classical” MIE

of displacement damage dose received by electror@lculation methods. We also provide some calanatof the

devices for space application. This parameter isvatent to
the Linear Energy Transfer (LET) for ionizing effec The
displacement damage dose (DDD) at the device hwehg a
mission is given by the following equation:

DDD = [ ™ NIEL(E)®(E) dE (1)

NIEL of gamma of &°Co source using the effective NIEL
with the same hypothesis presented in [22], extegt they
are analytic instead of Monte Carlo calculationse Tevices
are silicon imagers and photodiodes that are mtadi with
protons in the range 6.5-200 MeV, electrons inrdrgge 0.3-
20 MeV and®Co gamma rays. The measurements focus on
the thermal generation via the measurement of &hnle clirrent

Where E,, and E.x are the minimum and maximum for a large part of the irradiations and deviceepFor the

energies of the spectru(E) is the differential fluence of the
mission at the energy E at the device level.

On the other hand, many studies are related t@tbkition
of the electrical parameters after irradiation dute
displacement damage for a given particle type amergy.
Some are directly related to the evolution of pbybi
parameters, like the thermal generation rate Gi@mtinority
carrier diffusion length L. In particular, the iease of G [6]
and 1/L2 [7] are shown to be directly proportiorial the
fluence. The coefficient between the increase ofs¢h
parameters and the fluence is the damage fact@o(K,_ in
our case), which is shown to be proportional to ME&L
[6][8]-[10]. This statement is very interesting fmpace
projects because it implies proportionality betwélem DDD
and the degradation whatever the particle type amergy.
However, some deviations in the NIEL scaling welbsayved

low energy electrons (below 1 MeV) where the tabalizing
dose effects could be a problem, some specific rexpets
aim at the evaluation of the diffusion length bye th
measurement of the short circuit current measunmedthe
photodiodes during irradiation.

A. Devicesin study

Four device types were used for this study. Twthefn are
imagers and two are photodiodes. The first imager CMOS
Image Sensor (CIS) Teledyne E2V EV76C560 Sapphite w
1.3 Mpixels (1,024 x 1,280). The pixel pitch is s square.
For the measurements at four temperatures (152231and
35°C), the device is operated in rolling shuttedeavith true
correlated double sampling. The A/D conversion ede by
an on-chip 10-bit ADC. The samples irradiated iis thtudy

EXPERIMENTAL SETUP

with electrons both for Si and GaAs [11]-[21]. Someyre all from the same lot.
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The second imager is the charge coupled devicedYiete

E2V CCDA47-20, an advanced inverted mode 1024 x 1024

pixel full-frame device with a pixel pitch of 1318n square. A
store region allows the readout of the previousm&avhile the
subsequent image is integrating. The device ist spid
readout through two outputs referenced as nodedlnade 2.
The measurements at 6 temperatures (-30, -20,0,1Q0,
15°C) are made in CDS mode with an external ADGe b



readout time imposes some long integration times twis C. Irradiations

small operating temperatures. The analysis focussehe  The proton irradiations were performed at the STERI
pixel dark current generation rate. facility in Harwell UK under vacuum for 6.5 MeV arat the

The first diode is a CANBERRA FD50-14-300RM Paul Scherrer Institute in air for the other protorergies. All
Passivated Implanted Planar Silicon (PIPS) detedtois a Proton energies but 17.25 MeV are primary parteergies,
P'N silicon diode with a Pimplanted layer. The N-type with the 17.25 MeV protons generated through degjfad of
silicon resistivity is close to 80aD.cm. Lateral borders are & 72-8 MeV particle beam with copper degraders. fiigh
passivated. The circular active area is 50 mm2taedfully €Ne€rgy electron irradiations (6 to 20 MeV) werefpened at
depleted thickness is 300 um. The reverse I(Vpindark are the RADEF facility of the University of Jyvaskyl&lj in air.
obtained at 15. 21. 27 and 35°C. Measurements ef thn€ low electron energies irradiations were perfnat the

short-circuit current are performed at approximatebom CGEODUR facility of ONERA (FR) under vacuum. Finalthe
temperature. gamma irradiations were performed at the MEGA figcibf

ONERA with a®Co source at a dose rate of 20 Gy(Si)/h. The
The second photodiode is the Hamamatsu S1337-33Bfdvices are irradiated at normal incidence withecoglass
which has a square active area of 2.4x2.4 mm with removed, unbiased and in the dark. For the CCD4 720
depletion thickness on the order of 5 um. We omgsent proton and 1 MeV electron irradiations were perfednwith
measurements of the short-circuit current at apgprately steel shielding covering a large part of the deixeept for a
room temperature on this device. All the photodisdeples rectangular window such that only a part of theepixray is
of the same reference are from the same lot. irradiated. The thickness of the shielding is 15 foml MeV
electrons, 6.5 and 72.8 MeV protons and 60 mm @& eV
protons. In this case, the actual nominal sizehefregion of
interest is 230 columns by 830 rows (240,700 p)x&scause
B the high electron flux at GEODUR (vacuum) duritige
measurement of the short circuit current (s@eLE IlI), the

B. Measurements
The CIS Saphirre and CCD 47-20 imagers are opetated

dedicated test benches (ONERA and Open Universi
respectively) that ensure the electrical measurésnand the

thermal regulation. The electrical measurementssisbrin  jijdes are put on a thermal plate that ensuregtibadevices

picture_ captures with various integration times. €TN il not heat during irradiation. ABLE | and TABLE Il give the
photodiodes are measured by ONERA on a Keithley0420e,ils of the energies, fluences and ionizing dogerienced

SCS test bench with SMUs and preamplifiers thaivalthe 1, o501 gevice. ABLE | concerns the measurements of dark
measurement of very low levels of currents (beld@ pA). ¢ rrent on the devices while ABLE Il deals with the

The samples are thermally regulated with accurdagecto
0.1°C.

measurements of the short-circuit current durirgdiation.

TABLE |: PROTON, ELECTRON AND GAMMA IRRADIATIONS OF THE IMAGERS

For the imagers, we focus here on the mean danterur AND PIPS.

The homogeneity of the degradation over the irtadiarea | Particle | o Photodiodes PIPS
. . gy (MeV)| CIS CCD
have been checked. In the case of the CIS Saphigelso | SPecies Canberra
measured the conversion factor thanks to the KTi€enj@8]. CG(-:5 (CIs anzd 30 Gy(Si) 15 GV(S')GaQ/d 30 GY(SS')
Indeed, the output signal is a digital value in lihe charge (ph'?))tooéiégé; (3.89 10 p'/cr?) (451%2116%32”[“2"’)‘”
to Isb ratio changes because of the irradiatiom dédrk current = G'(Si) and 30 Gy (S
measurements must be corrected. Protons 728 ( 30 gg(S/i) | @ 2325 10° p'lem a,ild
: 2.52 10° p'/cm? ; L

The damage factor is calculated by dividing thekdanrent 5 (ZB;ZSi]).(anlggqu(Si)
increase by the fluence for both Canberra PIPSedi@ahd the 200 30 (33/(?0 ~ | (258 16° p+/em2 and
imagers. The majority of the thermal annealing psses are (516 10" p'/em?) 5.16 10° p+/cm?)
believed to have taken place in the first few dégflowing 100 Gy(si) | 0 GY(SD) and 100 Gy(Si
irradiation. In order to take them into account aadyet the L (4.08 16" e/cm?) (ngslgdf’g?mg”d
“final state” of the displacement damage, all theasurements : 50 Gy'(Si) and 100 Gy(Si
are made one month after irradiation. 6 @3 ié’(}(?lyé,sc'#) (1.72 16" e/cm? and

S ) 3.4510" e/cm?
For the low energy (0.3, 1.3 MeV) electron irratins, we | Electrons , 50 Gy(Si) and 100 )Gy(Si
. : 100 Gy(Si) 1o

measure the short-circuit curregt ¢f the device produced by 12 (2.97 16" e/cm?) (1.48 18" e/cmz and
the irradiation electron flux in the dark. The \aion of the : 29710 efem?)
current is directly proportional to the flux. Caliitions at 20 100 Gy(Si) 50(%(65'1)6%1%%1??;%(&
800 keV over two decades of flux (some’ 10 some 1Y & (2.53 16" efcm?) 2.53 10" efcm?)
/cmz/s) give a quasi-linear fit (exponential factdrl.14 an(_JI 0co | 117and13d 30 GY(S)and 15 Gy(Si), 30 Gy(Si),
1.06 for the Canberra and Hamamatsu photodiodes i ) 100 Gy(Si) 50 Gy(Si) and 100 Gy(Si

respectively). This method is presented in [29]r Rogiven
flux, because¢} is proportional to the diffusion length, the
variation of 1/{2 is proportional to the fluence. We can the
extract a damage factor from the variation ofAAvhich is
related to 1/L2. This factor is device specific.

As can be seen ifnBLE |, the same ionizing dose is applied

to the devices at the different energies. The gealto

Thormalize the ionizing dose effects on the deva®such as

possible, even if we must keep in mind that thetqms,
electron and gamma rays have a different yield el
irradiation experience different dose rates thay nmaluce a



different level of electrical degradation. One deviis
irradiated per energy, except for the PIPS photieiowhere
the devices are subjected to two fluence levels.

TABLE II: LOW ENERGY ELECTRON IRRADIATIONS FOR THE MEASUREMENDF
THE SHORT CIRCUIT CURRENT OF THE PHOTODIODES

Diode SN | Energy| Fluence Flux lonizing
(MeV) (elcm?) | (elcm?/s) dose
(Gy(Si)
Hamamatsu| 1 0.8 1.28x14 | 2.5x16° | 3.17x18
S1337-
BQ33 2 0.5 1.28x18 | 2.5x13° | 3.38x10
3 0.4 1.12x18 | 55x16° | 3.12x10
4 0.35 | 1.09x1¥ | 5.0x16° | 3.15x10
5 0.3 1.02x18 | 6.1x10¢ 3.11x1d
6 0.3 1.02x18 | 5.0x16° | 3.11x10
8 1.3 1.28x1H | 5.0x16° | 3.14x10
9 1 1.29x1¢' | 5.8x10¢ 3.16x10
Canberra | 2 0.8 1.33x18 | 5.0x10° 3.30x10
FD50-14- | 3 0.5 1.23x1H | 2.9x16° | 3.25x1d
300RM tox10*
6 1.3 1.28x1* | 5.0x1(¢ | 3.14x1¢
. NIEL oF®°Co

== - Total
Compton S

Absorption Coefficient {(/cm)

Photoelectric

10° 10° 10’ 10°

Incident Gamma Energy (eV)

Fig. 1: Gamma rays absorption coefficient for alomn target. The relative
contributions of photoelectric, Compton and paadurction effect are
compared in the energy range [100 keV, 10 MeV]Gbenpton scattering
process dominates.

Let's focus on gamma rays produced b$@o radioactive
source. This radioactive material produces at each
disintegration two photons of respectively 1.33 Mevid
1.17 MeV. For the calculation we will use an averagergy

Gamma rays of §&°Co source are able to produce atomiof 1.2 MeV. Let's then assume an aluminium slakelslig

displacements by means of secondary electron ptiodI¢7]

irradiated with a 1.2 MeV photon source. The patefipedic

[16][21][30][31]. For instance®Co gamma rays, having anshielding is sliced in elementary elements in whitie

average energy of 1.25MeV, produce,
photoelectric absorption,
production, a spectrum of secondary electrons @& [KeV,
MeV] range. It has been reported that the displargm

by means

@lompton spectrum is quantified. Then, the spectofiraach

Compton scattering andir paslice is transported through the rest of the shgldlown to

the electronic component. The slowed down specttiat
irradiates the device is just the sum of all thensported

damage effects caused ${¢o gamma ray irradiation can bespectra. The Compton electrons spectra can be la@du

correlated with the effect of 1 MeV electrons [Q[B1]. In

this paragraph, we propose an alternative calcuidtian the
one proposed in [22]. It consists in an analytioaéthod
instead of a Monte Carlo one. We compare the esilthe
end.

The gamma photons are able to produce in indirexy w

some atomic displacements in target materials, Iginby

producing secondary electrons which in turn areabbgpto

displace atoms by means of coulombic interactiofise

energetic photons of some MeV, such as those pestiby

®Co radioactive sources, interact with the electrofighe

matter by means of photoelectric effect, Comptoattedng

processes or pair productions. Between 100 keV wymdo

some MeV, the Compton scattering is the dominanotgss.
In this energy range, we can neglect the othergases that
are less probable and that mostly produce, likeiqehectric
effect, only low energetic electrons not capableptoduce
atomic displacements (Fig. 1).

For incident gamma rays, it is possible to evaluthte
Compton electrons spectrum, and estimating the eurob
produced atomic displacements and thus at the end
equivalent NIEL for gamma rays. The equilibrium eedary
electron spectrum must take into account the ghigld
surrounding the device. The production of seconé&egtrons
is dominated by the shielding materials that aossed by the
gamma rays before impinging the device. This meishamas
been described by Summers et al. [16] and [21]. Nl of
gamma rays have been calculated according to thtboche
described in these references. This is briefly neled here.

according to the Klein Nishina cross section foranul
: @
do, _r? 1 1 E,

< +1r— (1-codd)) - 1+ cog(6)
(1-codg)) (tcode) ™

dQ ~ 2 E,

Ey
1+ e 1+

m.c?

1
E'=E|—F < |O
’ y[1+ E, (- cos(H))]

With r2 ~ 7.9406 18° m2 and ngc? = 0.511 MeV. The total
cross section calculated according to the Klein hikis

formula is plotted as a function of incident photenergy
inFig. 2.

1E-24

RN

1E-25

a

1.E-26

Compton total cross Section (cm?)

1.E-27
1.E-02

1.E-01 1.E+00 1.E+01
Incident photon energy (MeV)

Fig. 2: Gamma rays Compton total cross sectionfaacion of incident
photon energy.

1.E+02



At 1 MeV the cross section is in the order of 0Ram. A That is fifty times lower than the value of theawfnce [16]
first order estimate of the amount of produced sdagy (1.31 10° MeV/g.cm?). But, the use of the effective NIEL
electrons can be calculated. An incident gammagohof 1 model for electrons lead to a NIEL value for ganmangs even
MeV can produce only secondary electrons with emerg lower:
lower than 1 MeV. The Compton electron producedain
shielding by incident 1 MeV gamma rays can getforh the
volume to reach the electronic device only if ipreduced not  These results are very close to the data foungdh [
to deeply in the shielding. Typically, at a deptkvér than the
practical range of 1 MeV electrons (~1.5 mm in Algimm). V. EXPERIMENTAL RESULTS
It means that in a ~1 mm thickness target of alimin an )
incident gamma of 1 MeV will produce in average.2 00%* A CISSaphirre
(cm?) x 6 10°*x 13 (cm®) x 0.1 (cm) = 1.56 I1® Compton  The Fig. 4 shows the variation of the conversioctda of
electrons. That means that ~60 incident gammaabgsMeV the CIS Saphirre after the various irradiationseréhis a slight
will produce in average a single secondary elestrdhwe decrease which seems to depend on the total iGonizebse.
assume that this electron has an energy of 1 MeWhe maximum variation is obtained for the 6 MeVcéaien
(NIELg = 3 10° MeV/g.cm?), we find a NIEL value of around irradiation (10 Gy(Si)) with a decrease of almos6%.
4.68 10' MeV/g.cm? in Silicon. In reality even if secondaryBecause the variation is quite small, it was notestted in the
Compton electrons have energies most of time clmse calculation of the dark current increase, neithethie damage
1 MeV, the energy of secondaries are spread frameskeV factor. The absolute value of the conversion faitarose to
up to 1 MeV as depicted by the Fig. 3. And thattheit 18 €/lsb.

NIELetsiy = 5.1 10° MeV/g.cm?

taking into account the slowing down of the initaédmpton Dose (Gy(Si))

spectrum. That means that a more accurate caloolatill 0 20 40 60 80 100 120
lead to a lower gamma NIEL value in Silicon. Atstdtage 0.0% - - - ‘ ‘ ‘
this value is already two order of magnitude lowan the -0.5% $ 72,8 MeV Proton

one (1.308 18 MeV/g.cm?) provided in the reference [16] and . . Sj:‘m:hw

used by Srour [32]. 5 12 MeV Electronsa
o -1.5% 1-MeV-Eleetrons
_ s + 6,5MeV Protons
0.07 - - - - Slowed down [This work] .é -2.0%
S 25%
g 0.06 - . 2 G
% Primary compton § 3.0% 20 MeV Eleg?r]g?éA
(=2} 4 =
s 0.05 T 5%
g 5 0.04 1 -4.0%
S 6 MeV Electrons®
83 -4.5%
s £ 0.03 |
E, Fig. 4: Variation of the conversion factor of théSCSaphirre after irradiation
g 0.02 + as a function of the total ionising dose.
8
g 0.01 1 Fig. 5 shows the CIS Sapphire dark current and dartent
z - increase after the different irradiations at 277Gese results
0 o 0‘2 0‘4 0‘6 0‘8 1 1‘2 are the mean value of the dark current of the pixsler the
' ' : ) “ ROI (a region of 724 x 980 pixels in the centettlod array).

Recoil electron energy (MeV) The results at the other measurement temperaterguite the

Fig. 3: Primary and slowed down Compton electreecsa for 1.33 MeV : - .
incident gammas in aluminium. same in term of shape. Fig. 6 gh_oyvs the correspgrdimage
factors, that are deduced by dividing the darkemnitr(or dark

The NIEL of gamma rays can be estimated accurateljpe current increase) by the fluence.
average NIEL of secondary Compton electrons cap@ble o proton irradiation, we can see the effect afrémsing

cross the shielding and reach the material of éster incident particle energy on the damage factor (B)g.which
e. dS changes in the same ratio as the NIEL. On the apntthe

NIEL, :jo °(Q)INIEL (Q) Q@ damage factor is found to be very slightly incragsivith

Q incident electron energy. Even if the NIEL increagéth the

Where S is the slowed down spectrum that integrates bof|€Ctron energy, this result is not consistent wiith absolute

the production rate of secondary electrons and r théNEL variation. This is due to the high sensitivay the dark
transmission rate through the shielding (Fig. 3). current to ionizing effects at 100 Gy(Si) compared the
expected displacement damage effect of electrohs Was

Eventually, for a Silicon target the calculatioradeto a confirmed by the gamma irradiations where the darkent
gamma NIEL of: increase is higher than for electrons (which cddddue to a
different yield in the initial recombination of eleon-hole

NIELg;, = 1.12 10 MeV/g.cm? ! y e
Sty g pairs), as shown in Fig. 5. Note that the gammaadgniactor
is lower than electron ones because the gammaciuén



much higher for the same ionizing dose, even if daek
current increase is almost the same.

80

m Jdark
o Delta Jdark | |

70 =

60

50 |

40

30 * w

20

Mean dark current (Isb/s)
*

10 - .

0 T

y
30 Gy

T T T T T 1
Electrons Electrons Protons ~ Protons Protons
12Mev 20MeV 6.5MeV 72.8MeV 200 MeV

100 Gy 100 Gy 30 Gy 30 Gy 30 Gy

T T
Electrons  Electrons
1MeV 6 MeV
100 Gy 100 Gy

100 Gy

Fig. 5: CIS Sapphire dark current and mean darfeatiincrease after
irradiation at 27°C.
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Fig. 6: CIS Sapphire damage factor of the mean damient and mean dark
current increase after irradiation at 27°C.

B. CCD 47-20

energy spectrum (broadening

and generation of skcgn

particles). This result will be considered in timerpretation

of the data in the section V.

104
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Fig. 7: CCD47-20 dark current and mean dark cuiiremease after
irradiation on the frame region nodes 1 and 2 @Gl
107
o mK (Jdark) Frame Node 1
. mK (Delta Jdark) Frame Node 1
10%1 L] [] @ K (Jdark) Frame Node 2 I
2 o K (Delta Jdark) Frame Node 2
§ 10° .
@
—~ [ ]
S 1010 |
5]
8
S
2 101
£
8
-12 |
10 .
| |
1013
Protons ~ Protons  Protons y Electrons  Electrons  Electrons ~ Electrons

y
30Gy 65MeV 72.8MeV 200MeV 100
30Gy

30 Gy 30 Gy

1 MeV
100 Gy

6 MeV
100 Gy

12 MeV
100 Gy

20 MeV
100 Gy

Gy

Fig. 8: CCD47-20 damage factor of the mean darfectiiand mean dark
current increase after irradiation on the frameéaegodes 1 and 2 at -10°C.

The conversion factor of the CCD 47-20 did not stmw C. Photodiode CANBERRA FD50-14-300RM

significant change.

Fig. 7 shows the CCD 47-20 mean dark current agd &i
the corresponding damage factor at -10°C. Measumrtsmet
lower temperatures like -20°C are similar. The loperating
temperatures provide the easiest interpretatiothefresults.
Indeed, the highest temperatures may induce theasian of
some pixels. These results are the mean value eofdduk
current of the pixels over the ROI, centered on tiom-
shielded area during the irradiations (especiatly frotons
and 1 MeV electrons).

Because this device operates in an inverted made,
ionizing effects are small compared to displacentamhage
ones even for electron irradiations as the photlids
isolated from the surface defects created dueni@étion. It is
then possible to distinguish the effects of thecteten energy
on the damage factor (Fig. 8). Nevertheless, tfecebf the
proton energy is small or in an opposite way thapeeted,

7.10°8

6108

——-Electrons 1 MeV 50 Gy
—— Electrons 1 MeV 100 Gy
——-Electrons 6 MeV 50 Gy

——Electrons 6 MeV 100 Gy [0
Electrons 12 MeV 50 Gy
—— Electrons 12 MeV 100 Gy

5108

4108

— — ——-Electrons 20 MeV 50 Gy |

——Electrons 20 MeV 100 Gy
——-Protons 17,25 MeV 15 Gy
—Protons 17,25 MeV 30 Gy

1(A)

3108

——-Protons 72,8 MeV 15 Gy
——Protons 72,8 MeV 30 Gy
Protons 200 MeV 15 Gy

Protons 200 MeV 30 Gy [
— — Gamma 15 Gy
Gamma 30 Gy
——-Gamma 50 Gy L

2108 —

1108 1

——Gamma 100 Gy

120

Fig. 9: I(V) of the reverse current increase of MBS photodiodes after

irradiation at

Fig. 9 shows the

which is an unexpected behavior. We suspect tleausie of photodiodes after irradiation.

shielding may generate errors in the
enhancement from reflections or partial shadowarg)/or the

27°C.

I(V) curves of the CANBERRA

Because two sampies

fluence (doderadiated per energy and particle with two différduences
(see BBLE 1), we can check that the increase of the dark



current is proportional to the fluence. Fig. 10ggithe damage
factor of the dark current. These devices are natim
sensitive to ionizing effects at 100 Gy(Si) andca@& evaluate
a displacement damage factor even for low energgtreins
(see Fig. 11). This factor is stable as soon agiéwce is in
full depletion mode whereas it decreases in agibrtiepleted
mode. This factor is less accurate for gamma iatah
because the degradation is small. For the datapnetation,
we will consider the value at the full depletiongi close to
70-80 V.
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1048 — —Gamma 1,25 MeV
— —Electrons 1 MeV
Electrons 6 MeV
Electrons 12 MeV
Electrons 20 Mev
—Protons 17,25 MeV
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Damage factor (A/(p./cm?))

0.60 0.80 1.00

V (V)

0.20 0.40 1.20

Fig. 10: Canberra PIPS diodes reverse dark cuimergase damage factor as
a function of reverse bias at 27°C.
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V. DISCUSSION

From the previous results, we can compare the rdiite
damage factors with the calculated NIEL. Such apamison
can only be done at this stage thanks to a norataliz of the
damage factors with a NIEL value. Indeed, the devibave
different sensitive volumes and may be measurediffgrent
temperatures and different parameters are invol{aatk
current generation and diffusion length). The altsolalues
of damage factors are thus different. Usually lonergy
protons are chosen (~10 MeV protons) as the noratain
value, because the NIEL of such protons, driven thgy
coulombic scattering, is expected to be known veitigood
accuracy. In addition scattering of experimentahdzbtained
with low energy protons is expected to be lowemtHar
electrons and high energy protons for which usukdhger
deviations are observed. For the results dealinth wle
diffusion length, because only electron irradiasiovere done,
the damage factor have been normalised at 1.3 Medtrens
because it is the highest common energy value abtailfor
the two different photodiodes.

In Fig. 13, the normalisation of the imagers andtptiode
results is made with the lowest proton energy NI@L5 MeV
for the CCD and the CIS, 17.25 MeV for the photoéis).
There is a consistent behaviour between CIS an® Rtk
current data for proton energies, and between &hle clrrent

PIPS and theyd damage factor for electron irradiations. On the

Finally, Fig. 12 shows theJdamage factor normalized to other side, the CIS dark current damage factoelectrons is

800 keV (a common energy for the two devices). Ehdata
are quite consistent with one another.

much higher than the other data and the NIEL vallibss is
clearly due to the overestimation of this damagtofadue to
the high sensitivity of this device to the totahiing dose at
100 Gy(Si), as presented in paragraph IV.A. Thisfioms
that the CIS electron damage factor cannot be takem
account in this discussion. Nevertheless, the darkent
damage factors of the CCD come apart from the odla¢a.
We can clearly see that the proton results of t&® @re not
consistent with the expected trends. As presentedhée
paragraph IV.B, the use of a shielding during thadiation

may have induced some unexpected effects of energy

broadening and particle scattering. Moreover, ti@DQark
current damage factors for the electron irradiai@ne one



decade over the dark current PIPS apddsults. This later

point may be as a consequence of the low protomggne

normalisation. Indeed, if the normalisation valaesubject to
errors, all the data are shifted.

In Fig. 14, the data are normalized to 6.5 MeV qnst for
CIS, 17.25MeV protons for
electrons for the CCD. The CCD data are thereforenalized
with the highest electron energy, chosen becausdhef
convergence of the effective and classical NIEtha energy.
Fig. 14 reveals the inconsistent proton CCD andteda CIS
data. The other results, both the dark current lagndamage
factors, are consistent with one another and suigbes the
“effective” NIEL relationship holds better for etegn
displacement damage than the “classical” NIEL ginmt of the
shape of the curve and the ratio between electnoinpaoton
NIEL (and damage factor). They also strengthenfalce that
the ionizing dose effect on the dark current isligdge for
CCD and PIPS after the electron irradiations.

Finally, the dark current damage factors for thenige
irradiations are compared to the gamma NIEL catmra in
Fig. 13 and Fig. 14. Considering only the normdiora
proposed in Fig. 14 because of the previous diszusae see
that the gamma experimental results are betweemgdhena
NIEL and effective NIEL calculations, but closer the
classical NIEL than the effective one. As the othesults
show that the degradation induced by the electfaimsys the

photodiodes and 20 Me\
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Fig. 14: Comparison data vs. NIEL and “effectivdEN. Dark current data
normalized at 6.5 MeV protons for CIS, 17.25 Me¥dtpns for photodiodes
and 20 MeV electrons for CCD Hata normalized at 1.3 MeV electrons.

VI. CONCLUSION

The experimental results of displacement damageraare
better described by an effective NIEL relationskiian the
classical NIEL model for electron irradiations. Som
additional gamma NIEL calculations are proposediragsy
two methods and compared with previous works. Teseilts
are much lower than the ones presented in [16] armd
consistent with the ones in [22]. The gamma expental data
are in between the two NIEL calculation methodsdese the

“effective” NIEL, the case of’Co gamma rays should havegamma NIEL calculation is based on the electronN#d
been in agreement with tf8Co NIEL calculated with the the experimental damage factors fit with the efteciNIEL

“effective” NIEL of electrons. But it is clearly ndhe case.
This behaviour could be understood only if a siigaift ratio
of ionizing dose effect (compared to displacemeaage
effects) takes place during gamma irradiation. éatjethe
irradiations are made with the same total ionizinge, but the
NIEL drops significantly for gamma irradiation. Memver, as
previously mentioned (paragraph IV.A), the yieldnist the
same between gamma and electron irradiations @rettie
dose rate), which should enhance the total dosetsftluring
gamma irradiations. At first order one can imagthat for
®°Co gamma rays the TID effect and the DDD effectiarthe
same order of magnitude.
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Fig. 13: Comparison data vs. NIEL and “effectiveEN. Dark current data
normalized at 6.5 or 17.25 MeV protong data hormalized at 1.3 MeV
electrons.

for electron, this could be explained if there isom-negligible
total ionizing dose effect for gamma irradiations.
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