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Displacement damage effects in InGaAs
photodiodes produced by electrons, protons and
neutrons irradiations

C. Inguimber’, T. Nun<, J.Barber?, J. Moren?, S. Ducrée®, A. Nedelc?®, B. Galnande’, E. Passof

Abstract— A set of different InGaAs photodiodes coming from
different manufacturers has been irradiated with ekctrons from
0.5 MeV up to 20 MeV, with protons of 60 MeV, 100 MV and
170 MeV and with an atmospheric-like neutrons speotm.
Depending on the type of incident particles and emgy, the
deposited damage dose goes from ~5"{OMeV/g up to 5 1%
MeV/g. The dark current damage factor has been exacted from
measurements made at different fluence levels. Thdark current
has been measured a short time after irradiation ath two months
later to evaluate any possible annealing processeéEhe damage
factor measured after ~two months has been scaledeording to
the Non lonizing Energy Loss (NIEL). The reliability of the NIEL
scaling law is discussed for InGaAs material.

Index Terms— Space Environment, Displacement Damage,
gamma rays, Non lonizing Energy Loss.

I. INTRODUCTION
Energetic particles, when they travel through thetena

scale the degradation induced by the displacemantade
effects. Indeed, the number of produced defectapgrtional
to the energy dissipated in the target materiathgyincident
particles. The incident particles put into motitwe tnuclei of
the target material thanks to nuclear interacti@sulombic,
elastic and inelastic). According to the binary lis@n
approximation, the number of displaced atoms isalestiated
to be equal to the dissipated energy divided bycdwihe
minimum energy required to displace an atorg).(To the
first order, the final number of defects is showm le
proportional to the number of atomic displacememid thus
to the energy dissipated in terms of nuclear imtéas, i.e.
the Displacement Damage Dose (DDD). The displacémen
damage dose deposited per incident particle isnghae the
Non lonizing Energy Loss (NIEL) [1]-[5], which ishewn to
be the best parameter to scale the degradationseddin
microelectronic devices by atomic displacementse Well-
known “NIEL scaling approach”, that consists in siolering
that the damage factor is proportional to the NIELshown to

interact with the atoms’ nuclei and displace themyork quite well in most of cases [6]-[9]. Apart frosome

producing defects in monocrystalline lattices. Thees
of particles encountered in space are big enoudietable to
produce a sufficient
significantly the semiconductor materials. The mproed
electrically active defects act as generation/rdgoation
centres affecting the functioning of the electrodievices.
Optoelectronic components are particularly serssity such
kind of phenomenon. Some degradations, like theease in
dark current are proportional to the amount of dsfeln this
case, the degradation is thus proportional to th@déent
fluence. However, the capability of the incidenttjutes to
produce defects varies from particle to partiche] aven for a
given particle type, from an energy to another. Taenage
coefficient is defined as the ratio of dark currérmdrease by
the incident fluence. Hence, the damage coeffictiffers
from a type of radiation to another. It also depeit the
incident energy. Therefore, the fluence is nottibst metric to
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deviations observed for electrons [10]-[21] in bd&h and
GaAs, high energy protons in GaAs [22]-[23] andtr@us in

amount of defects and degradeaAs [24], the NIEL scaling approach is proven te b

effective for silicon and gallium arsenide materfat which it
is widely used [6]-[9].

It is for electrons that the discrepancies with MIEL are
observed most frequently. These deviations are umeds
whatever the semiconductor: Si [7][16][17][20] am&hAs
[10]-[15][18][19][21].

Furthermore, space applications in the infrared @alorhave
been growing rapidly, requiring a good knowledge tioé
reliability to radiation of some semiconductor metks such
as II-VI (HgCdTe), or IllI-V (InGaAs). Compared ta &nd
GaAs, the InGaAs material has not been extensiselgied.
Extracting some general rules requires a large afet
measurements obtained with various particles arergés
[25]. The data from the literature that can be usedchieve
this task, come from different devices having didfa
technological characteristics that can affect theasared
damage factor. Often, the damage factors of diftere
electrical parameters (dark current, diffusion tapgare
mixed. However, the response to radiations can fram a
parameter to another. For example, in solar celie t
degradation of the short circuit current differigistly from the
power loss. In addition, from a reference to angthiee test



conditions are not identical. The temperature ame t
annealing time impact directly the measurements.

The aim of this work is to measure the degradatbra
given electrical parameter, the dark current, veiteingle set
of devices, tested with identical conditions. Thargést
possible set of irradiation conditions is applied this set of
devices. It is then possible to analyse the rditgbof the
NIEL scaling approach for InGaAs material, basedcadarge
set of irradiation measurements.

Three devices coming from three different manufactu
(Excelitas, OSI, LYNRED) have been tested with &tats of
5 different energies (0.5 MeV, 1.5 MeV, 6 MeV, 12W¥|
20 MeV). They have also been irradiated with pretaf
60 MeV, 100 MeV, and 170 MeV and with an atmosperi
like neutron spectrum (equivalent damage energy2dfleV).
The damage factor has been extracted and comparttet

of 350 um and a maximum intrinsic dark current ygi¢al
~1 nA with an applied voltage of -10V (the biasndtich the
current measurements were made).

The last tested device is the FCIQ1000 from OS].[38e
FCI-InGaAs-QXXX series are large active circularear
InGaAs photodiodes segmented into four quadrants.aA
consequence, each device has four photodiodesatkatll
measured independently in our study. In the graphlts, they
are arbitrarily numbered from 1 to 4. The Q1000icehas an
active area of 1000 um diameter and presents a0 &ark
current at -5V (bias for the current measuremeiitsg. Q1000
photodiode is optimized for a good responsivityrird100 nm
to 1620 nm.

The two latter devices have been selected bechagehtive
relatively large active areas of several hundrefisnicro-
meters of diameter, and present relatively lowinstc dark

NIEL calculated with the NEMO [4] package of ONERAcurrents. The goal was to have the optimal conaltio order

implemented in the OMERE [30] toolkit. This workshbeen
performed in the frame of the ROVER project fundigdthe
European Defence Agency (EDA) [29].

The section Il presents the experimental setupcriésg
the devices in study, the irradiation facilitiebettest and
irradiation conditions. The section Il presentsngoresults of
dark current increase and the section IV discusisesdark
current damage factor of the different irradiaticonditions
with the NIEL scaling.

Il. EXPERIMENTAL SETUP

A. Tested photodiodes

Three photodiodes coming from three
manufacturers (Excelitas, OSI, Lynred) have beestete
during the irradiation campaigns. Lynred [31] padmd test
vehicles of the SNAKE device which is an array nGhAs

differen

to get the best sensitivity to radiation. Becaudle tlae
irradiated samples are the same whatever the atiadi
conditions, the data obtained on these devicesised for a
direct comparison of the bias, annealing, partigiee and
energy, bias conditions effects.

B. Irradiation facilities

The three devices presented in the previous sedtame
been irradiated with protons, electrons, neutrar$ gammas
thanks to five different facilities. Two electromergies (0.5
and 1.5 MeV) were performed at the GEODUR facilitfy
ONERA (Toulouse, France) [26] associated with a \den
Graaff accelerator providing mono-energetic bearhke
luxes can be selected from 1 nA/cm?/s up to 10@CmA.s
{109 — 10? e-/cm2.s) with an inhomogeneity lower than 10%
within a beam of 16 cm diameter.

Three higher electron energies (6 MeV, 12 MeV and

PIN photodiodes that operate in the 0.9 um to in7 u20 MeV) were performed at the RADEF facility (LINAGS

wavelength domain. The SNAKE device is a new gdiwra
of VGA InGaAs FPA sensor with a high level of séivgly
and resolution dedicated to low flux applicatiofihe test
vehicles consist in a set of circular single phaidds of
different dimensions (diameter in the range [4 |B®0 um])
and 10x10 sub-arrays of pixels with various pitckiesthe
range [10 um, 30 um]) where all pixels are addibsise
parallel. A maximum of six different elements, s#éel within
the available topologies of the test vehicles, mreasured
during this study, but for some irradiation coralit, there are
less measured diodes. Because the test vehicleshanay
some slight differences in terms of available pHuaide
dimensions, the measured photodiodes may changa fr
sample to sample and, as a consequence, from r@wakairon
to another. For this reason, the results will mafotus on the
damage factor and the influence of the size ofpthetodiodes
on the degradation. The measurements presentéisipaper
are performed at-5 V.

the University of Jyvaskylda, Finland) [27]. This Iped
electron beam provides average dose rates ranging 100
rad(water)/min in water up to 10 Gy(water)/min. Theam
inhomogeneity is lower than 5% over a square of
20 cmx 20 cm.

Some devices have also been irradiated with protans
60 MeV, 100 MeV, and 170 MeV, as well as with the
atmospheric-like neutron spectrum of The Svedberg
Laboratory (TSL, Uppsala, Sweden) facility [28]offms are
produced thanks to the Gustaf Werner cyclotrongueriing
beam intensities from 10 pA down to single protqer
second. They are delivered to the PAULA user figc{iProton
?Acility in UppsaLA). The non-uniformity of the bea was
<10% at the largest beam diameter (~20 cm). Nestime
delivered to the Quasi-Monoenergetic Neutron (QNed)jlity
and the ANITA facility (Atmospheric-like Neutronsroim
thick Target). The spallation neutrons of the ANI§pectrum
are created in a tungsten target. The neutron bdeaws a

The second tested device is the PIN photodiode TB06continuous spectrum (Fig. 1) going from thermalrgies up

from Excelitas [32]. This high speed single InGadiular
photodiode is designed for use
communications systems and high-speed receiveicafiphs.
It operates between 1000 nm and 1600 nm and hasyeetdr

to ~180 MeV. The neutron flux was in the order 6f ¢m? s

in OEM fiber-opticsvith a beam spot uniformity of £5% within ~20 cnadieter.

The part of the thermal neutron flux represents tean 1% of
the total integrated flux. Based on the NIEL of thé&aAs



material, the equivalent damage energy of the ANITApace applications. The goal is to have a sigmficdark

spectrum has been estimated to be around 2 Me\auBeche
equivalent fluence at this energy in InGaAs andabsociated
damage dose used in this paper are the resula@flations,
their values are subject to uncertainties.
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Fig. 1: Atmospheric-like neutrons spectrum provitlgdhe ANITA facility.
Depending on the tested material the equivalened@nenergy is found to be
in the order of 2 MeV.

Some Total lonizing Dose (TID) tests have also been

performed with the CNACo facility (Centro Nacional de
Aceleradores, Sevilla, Spain [34]), in order to ahedhe
sensitivity of the devices to the TID effect. ThesiE |

summarizes the different irradiations performed tre

devices.

C. Test conditions

The photodiodes have been irradiated with two cifiebias
conditions. Some devices have been shorted andttiers
have been irradiated with a reverse bias. Thikeéssame bias
conditions as those applied during the dark curre
measurements: -10 V for the C30618 (Excelitas)-abdv for

both SNAKE (Lynred) and FCIQ1000 (OSI). These hsase

correspond to a large depletion regime dominatedthsy
generation current. The irradiations have beenoperd at
ambient temperature (~20°C). One device is irradigter bias
and energy. All the devices are irradiated de-lididene non-
irradiated sample was measured as a referencecht step.
The electrical measurements have been performeal box
with a controlled temperature close to 24°C. Botie t
Excelitas and OSI devices are placed in a welldsfeetprint
of a thermally regulated copper plate inside the.bs a
consequence, the temperature during the measuremnseméll
controlled. The SNAKE test vehicles are just ptib ithe box.
This leads to a larger uncertainty of the deviaaperature
during the measurements and a worse reproducibiity the
considered gap of InGaAs, considering a SRH carri
generation with an activation energy close to thié gap, an
error of 1°C around 24°C corresponds to an err@%fin the
dark current (close to 10% for 2°C).

current increase that ensures some relevant measore For
protons and high energy electrons, the final fleerand
displacement damage dose change from one irradidto
another, but the final ionizing dose is quite thens, close to
320 Gy(InGaAs). For low energy electrons and gamma
irradiations, the final dose is higher. But we pdav
intermediate steps at 300 Gy(InGaAs) for electraadiations
and 450 Gy(InGaAs) for gamma irradiation so that
comparison of the degradation at the same ionizioge is
quite possible. In a global point of view, interrisd fluence
steps with dark current measurements in betweee baen
performed for the neutron spectrum, the 170 Me\Mqms, the
gamma rays, the 0.5MeV and the 1.5 MeV electrons
irradiations. In these cases, we can check theauiityeof the
dark current increase with the fluence. In terms
displacement damage dose, the maximum level israutdor
the ANITA neutron spectrum (~2.4t®MeV/g). The
measurements have been performed within one heer the
end of the irradiation, this time depending on #oeess time
to the irradiated samples (vacuum, activation). Tdek
current was measured two months after the irradidti order
to check the importance of the annealing processes.

a

of

TABLE |: THE DDD LEVELS APPLIED ON THE PHOTODIODES FOR ALL THE

IRRADIATIONS.
Particle Energy Fluence TID level DDD
type (MeV) (p./cm?) (Gy(InGaAs)) level
(MeV/g)
Neutrons | Spectrum 310" NA 6.9 10°
(ANITA) 310%? 6.8 10°
10'° 2.4 10%°
Protons 60 310" 320 1.110°
(PAULA) | 100 4.3 10" 320 1.510°
170 310" 152 8.7 108
510 254 1.4 10°
6.310"2 32C 1.£10"
Electrons | 0.5 10 200 6.7 10°
(ONERA) 1.5 10" 300 1.0 107
2.5 10" 500 1.7 107
1.5 510" 100 1.510"
nt 1012 200 2.9107
1.5 10" 300 4.3107
2 10"? 400 5.8 107
Electrons | 6 1.18 10% 325 7.1107
(RADEF) [ 12 9.22 10" 333 7.1107
20 7.16 10" 339 6.4 107
%Co 1.25 up to ~4.5 100 up to ~4
(CNA) 10™(*) 450 107(%)
1050
2720
524(
(*) value estimated using the GaAs NIEL insteathef InGaAs one.
TABLE Il: LIST OF THE IRRADIATIONS PER DEVICE TYPE
Particle | E (MeV) SNAKE [oF]] Excelitas
OFF ON OFF ON OFF ON
n° Spectrur X X X X X X
P+ 60 X X X X X X
100 X X X X
p 170 X X X X X X
e 0.5 X X X X X
1.5 X X X X X
6 X X X
12 X
20 X X X
®Co 1.25 X X X X X X

As can be seen inABLE |, the applied fluences correspon
to quite high levels of irradiation compared to mos$ the




A. Dark current increase with fluence or ionizing dose

The Fig. 2 shows an example of the photodiode respo
with three different irradiation conditions: the QlWleV
protons, the ANITA neutron spectrum and the gamese
three irradiations are selected because sevemidhs or dose
levels are available. We can see that the darlentiincrease
is linear with the fluence or the TID. This trersdtiue for the
three types of photodiodes. This linear dependeaviltallow
the extraction of a damage factor as describedhénsection
V.

The final TID level for gamma irradiations
(5240 Gy(InGaAs)) is much higher than the TID reatlafter
the proton and electron irradiations (close to G30QInGaAs)
for protons and up to 500 Gy(InGaAs) for electrofi$je dark
current increase is much lower for 500 Gy(InGaAajnga
irradiation than for the other irradiations, excémt 0.5 MeV
electron where the degradation are similar. Theclosion is
that, for 1.5 MeV or higher electrons energies,tqme and
neutron irradiations, the dark current degradaisosiominated
by displacement damage effects rather than TIDceffe

EXPERIMENTAL RESULTS
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Fig. 2: Dark current of the photodiodes FCIQ100&KQrradiated with (a)
170 MeV protons, (b) ANITA neutron spectrum anddajnma rays. Each
figure detail the response of the four photodicafethe device, irradiated
biased or unbiased. The caption indicates the piaite number and the bias
condition during irradiation. The responses aredimas a function of the
DDD or the TID.

The comparison between the 0.5 MeV electrons amd th
gamma irradiation must be detailed. We look atdhses of
the OSI and Excelitas devices, where all the iatdi samples
are the same for these two types of irradiatiole TABLE I
gives the dark current increase of the devices &g MeV
500 Gy(InGaAs) (final step) and the gamma 430 GyéAs)
irradiation. The latter is the closer intermediatadiation step
from the former. The ABLE Il compares the absolute values
and variations for the biased and unbiased devbescan see
that the degradation levels are very similar, eisfigafter the
two month annealing of the samples irradiated With MeV
electrons. We should note that the dose rate bet\yaenma
and electrons are very different (higher for el@g}rand that
the vyields of the two particles are slightly ditet.
Nevertheless, we conclude that the TID effects ao
negligible for 0.5 MeV electron irradiation, and ynbe the
dominant contribution of the dark current increa3dis
remark will be used when comparing the damage factith
the NIEL in the section IV.

TABLE Ill: COMPARISON OF THE430 Gr(INGAAS) GAMMA AND
500 Gr(INGAAS) 0.5 MEV ELECTRON IRRADIATIONS FOR THEDSIAND
EXCELITAS PHOTODIODES DARK CURRENT

Device Gamma| 0.5 MeV e-500 Gy 0.5 MeV e- 500 Gy
430 Gy before annealing after annealing
Al (nA) Al (nA) Comp.y Al (nA) Comp.y
Excelitas 1.58 2.28 30.7% 1.52 -4.1%
OFF
Excelitas 117 1.73 32.4% 127 7.8%
ON
OSI| OFF 1.13 1.60 29.7% 1.06 -6.8%
*)
OSI ON 0.86 1.28 32.7% 0.96 9.8%
*)

(*) Mean value over the 4 samples of each device.

B. Bias effect

The bias effect is only observable when both ON @dr
irradiations are made for a given particle type andrgy, i.e.
for neutron, proton, and gamma irradiations for thece



device types, and for low energy electron irradiadi for the
OSI and Excelitas photodiodes (0.5 and 1.5 Me\®, B&LE
Il. The comparison is given inABLE IV. For the proton and
neutron irradiations, the difference is small aralld be
within the uncertainty of the measurements and &atpre
control. The difference is more sensible after garand low
energy electron irradiation where the differencacheed up to
25%. The general trend is a lower degradation eflitased
devices during gamma irradiations.

TABLE IV: COMPARISON OF THE EFFECT OF THE BIAS CONDITIONS BER@

ANNEALING .
Particle E (MeV) OSI(*) Excelitas

Al (nA) % Al (nA) %

OFF ON | OFF/ | OFF | ON | OFF/

ON ON

n° Spectrum| 2070 203( 2%)| 2460 | 2340 | 5%
P+ 60 202 213 -6% 233 218 6%

100 289 307 6% | 301 277 8%
170 454 406 11% 476 419 12%
e- 0.5 1.6 1.3 20% 2.3 1.7 26%
1.5 10.6 10 5% 15.5 12.9 18%
%Co 1.25 10.9 8.2 25%| 14.4 10.7 27%

(*) Mean value over the 4 samples of each device.

C. Annealing effect

main difference from one diode to another is thpotogy
(circular or square), the surface and the neighdmath(for the
sub-arrays of pixels). So, if the dark current @ase is due to
defects in the volume of the semiconductor, it $thobe
proportional to the surface of the different eletsen

SNAKE devices: mono-elements and photodiode arrays
Dark current density degradation at 22°C
Irradiation by 60 MeV protons, fluence = 3e11 cm-2

. . . . . .
The dark current density is calculated by dividing
the measured current by the area of the P-type region

- - - Sample 1
Sample 2

Dark current density degradation (A / cm

7 i i i i i i
-35 -3.0 -25 -2.0

05
Applied bias (V)

Fig. 3: I(V) curves of the different photodiode teahs. The current is
normalized by the surface of the diodes (i.e. iffaskd P-type area).
Measurements at 22°C.

The comparison with the OSI and Excelitas devicesat
possible because we do not have any informationthen
device structure, except the active surface. Asrsequence,

The recovery processes at room temperature have begy differences in the doping concentrations, watlti

shown to be negligible even two months after thadiations.
This is also shown on the Fig. 2 (two points at rteximum
fluence or ionizing dose). The detail of the animegl
percentage is given in ABLE V. Most of the time, the
annealing is close to 5% of the final dark currkavel just
after irradiation for the OSI and Excelitas devicélgher
values of annealing are observed for the low emsrglectron
irradiation. In this case, because the dark curigeriease is
the lowest compared to the other irradiations, tiékavior
maybe both an effect of the ionizing degradatione T
annealing of the SNAKE samples is close to 10%hiwithe
uncertainty of the device temperature. The reqrksented in
the rest of the paper correspond to the measursmermt
months after the irradiations.

TABLE V: EFFECT OF TWO MONTHS ANNEALING AT ROOM TEMPERATURE

Particle E (MeV) SNAKE [eS] Excelitas
OFF ON OFF ON OFF ON
n° Spectrum| 1.6%| 0.6% -6.09 -9.3% | -3.1%
P+ 60 115 8.6% | -25%| -6.5% 0.9% -4.1%
%
100 1.9% | -1.5% | 0% | -4.0%
170 124 | 96% | 05% | -2.6% -1.59% -4.6%
%
e- 0.5 18.3 274 | 174 | 334 | 26.7
% % % % %
1.5 10.8 195 | 155 | 187 | 15.0
% % % % %
6 6.2% 6.0% 5.5%
12 -1.1%
20 -3.9% 3.8% 2.9%
%Co 1.25 2.4%| 0.3%| 4.59 1.9% 22% 0.6M

D. Effect of the photodiode dimension

In this paragraph, we specifically look at the tigka
degradation of the SNAKE photodiodes with respecthiir
surface. Indeed, all the photodiodes on the tekicles are
made in the same technology, which means that ¢ntcal
dimensions of the different photodiodes are the esaihe

dimensions... will induce a different active volume.

I(V) curves of all the patterns of the two test ietds
irradiated with 60 MeV protons (biased and unbijsedre
measured several months after irradiation. The test
vehicles, labelled "Sample 1" and "Sample 2", cdrom two
different InGaAs wafers. The Fig. 3 shows the ndized
dark current degradation: the dark current afteadiation,
much larger than the dark current before irradia(isee Fig.
2), is divided by the diode surface, defined by dhea of the
P-type region. The figure presents the curves dh kbe
biased and unbiased test vehicles during irradiatidl the
normalized curves follow the same trend within atda of
two. This confirms that the increase of the darkent is due
to defects in the volume of the photodiodes. Ndiat the
measurements of the dark current presented in téeiqus
paragraphs on the SNAKE test vehicles were maeke \ét

IV. DARK CURRENT DAMAGE FACTOR

A. Definition and evaluation

The damage factor is commonly used to compare the

degradation of the devices for different participeas and
energies due to displacement damage effects

[8][16][18][19][23]. In our case, the damage factis
calculated by dividing the dark current increasehs/fluence
D,

— ldark(®)—Idark(0) — Algari(P)
D 2]

1)

with I, (®) the dark current at the fluendeandi,,,,(0)
the initial dark current.

Kldark

We should note that the dark current increase éstdiboth
ionizing (Alygk ;) and non-ionizingA&l,q,+ ;) effects:

Algark (CI)) = Aldark,i(q)) + AIdark,ni (CI)) (2)



and topologies within a device type) for the nentiroadiation
and NIEL(Part,., E,) is equal to the NIEL of the InGaAs for
3 2.07 MeV neutrons (5.71xTMeVcm2/g). Nevertheless,
) because the equivalent fluence for neutron irramhat is
with i and ni referring to ionizing and non-ionizing effectsSubject to uncertainties (as presented in I1.B)wilesee that

respectively. The concept here is possible bechosie the the result of the calculation of the damage facdieeds to be

presentation of the results.

As a consequence, the measured damage factorssithef
a ionizing and a non-ionizing contribution:

K’dark = Kldark,i + Kldark,ni (

In our case, we intend to compare the non-ioniziamage )
factor K;, . ., related to the effect of the displacemenB: SNAKE relative damage factor
damages, with the NIEL. The presence of any iogizin We first intend to clarify the right evaluation thfe damage
contribution in the measurement afdark(q)) introduces an factor for the SNAKE test vehicles. |ndeed, thetlpal‘arlty of

error in this estimation. Nevertheless, we saw, timatall the these samples is that different topologies arelaai and we
irradiations but 0.5 MeV electrons, the dark cutremrease
was dominated by the displacement damages. In tteesss,

Ky < Kiggrini and K, , = K garni- FOT the 0.5 MeV

electrons,k;, . . is not negligible anymore. Because it is

difficult to determine the ionizing contribution ithe dark
current increase, we can only remark thgaf <K, ..

As a conclusion, the evaluation &f is not distorted by

darkmni

the ionizing effects for all the irradiations, eptefor the
0.5 MeV electron irradiation where it is overestieth This
will be reminded in the following paragraph.

The majority of the thermal annealing processeanif, are
believed to have taken place in the first few déofowing
irradiation. In order to take them into account aadyet the
“final state” of the displacement damage, the dasrfagtor is

want to check the consistency of the different itesu

evaluated with the measurements made two montte aft

irradiation. Anyway, the previous section showedat tthe
annealing is small for our devices.

In the evaluation of the damage factor, we divide tlark
current by the surface of the photodiode. For ti&l @nd
Excelitas devices, we use the optimal surface efdéavices

(350 um diameter, 9.62 fT@m? for Excelitas, 4 quadrants of
one 1000 um diameter, 7.85%6m? each). For the SNAKE

test vehicle, we divide the current by the diffusisurface

evaluated by LYNRED, smaller than the pitch of the

photodiode. This point will be discussed in theldeing
paragraph.

Finally, we focus in this paper on the comparisdnthe
damage factors from one energy or particle typartother.
They are compared to the relative variation ofRHEL of the
InGaAs material. For these reasons, the damageraete
normalized to the NIEL at a given particle type amergy. As

a consequence, we evaluate the relative damager fact

rel K;, . (Part.,E) for a given particle typePart. at the
energy E with the following formula:

Klgark (Part.E)

rel Ky (Part., E) = K1 gy (Parto.Eo)

NIEL(Part,., E,) (4)

where(Part., E) is a couple of particle type and energy, the

subscript 0 is for the couple of reference chosen the
normalization. In the following paragraphs, the adare
normalized to the neutron results because no iogigiffects
are expected after such irradiation. Indeég, , (Part,., E,)
is the mean value of the damage factor (over tfferdnt bias
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Fig. 4: Comparison between the dark current inerexperimental damage

factors for the SNAKE test vehicles and the NIELdBaAs. (a) using the

diffusion surface evaluated by LYNRED and (b) byreoting the diameter
by 2.5 um.

The Fig. 4 (a) presents the damage factor of alltyailable
data. The experimental relative damage factors alized to
the neutron irradiations are corrected by a facotwo in
order to scale with proton NIEL. We see a dispersiothe
data. In particular, the result for low electronergies is
spread over a factor of five. We must note thatdntrary to



the OSI and Excelitas samples that have both
dimensions, some SNAKE samples have diffusion diarse
down to 4 um. Any error in the evaluation of théfudion
diameter could leads to an error in the damagerfaBuch a
difference could occur if the theoretical and effex
diameters differ due for example to the manufaoturi
processes.

In Fig. 4 (b), we introduce an offset in the diffus diameter
close to 2.5 um, corresponding to an increase efltfiusion
diameter. This correction was suggested by the faaturer.
Indeed, this small value has a great impact on simall
dimensions and the effect is clearly a homogeromatif the
results. In the following paragraphs, we will kedipis
hypothesis for the analysis of the comparison ef damage
factors with the NIEL. Once again, for the largeotudiode
dimensions (SNAKE, OSI and Excelitas), the diffusarea is
close to the optimal diameter of the topology ahese two
surfaces are almost the same.

C. Proton relative damage factor for all the device types

In the Fig. 5, we compare the damage factors wiehNIEL
for proton irradiations with the same normalizatfantor than
in Fig. 4 (i.e. neutron and a factor of two for e devices).
We see that, for the three device types, the danfacfer
follows the total NIEL. This is a difference comedrto other
publications that reported a damage factor deargasith the
proton energy above some tens of MeV, sometimésvioig
the curve of the Coulombic part of the NIEL.
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Fig. 5: Comparison between the dark current inerexperimental damage
factors and the NIEL of InGaAs for protons. The S®MAdata correspond to
the mean value over the different sizes of photdeko

D. Electron relative damage factor for all the device types

In Fig. 6, we present the shape of the damage rfact

compared to the electron NIEL. We should note tfotsuch
a comparison, we used different scale factorsHer@SI and
Excelitas devices than for the SNAKE. This will bearly
visible in the following paragraph where we presafitthe
damage factors together. The consequence hereaiswih
propose a comparison of the shape of the variatiothe
damage factors with the NIEL.

The general trend is that the variation of the dgem@ctors
is bigger than the electron NIEL. Indeed, the waiaof the
damage factors between 0.5 MeV and 20 MeV is ctosa

largector of one hundred, whereas the variation of RHEL is

close to a factor of ten. This behaviour is closerthe

variation of the square of the NIEL, which is alepresented
on the figure. Such behaviour has been observedilioon

devices [6]. An explanation was given in [36], tethto a
worse calculation of the low NIEL values.
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Fig. 6: Comparison between the dark current inerexperimental damage
factors and the NIEL of InGaAs for electrons. TIMABE data correspond to
the mean value over the different sizes of photbeso

E. Relative damage factors for all devices and particle types
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Fig. 7: Comparison between the dark current inerexperimental damage
factors and the NIEL of InGaAs for neutrons, pratamd electrons. The
SNAKE data correspond to the mean value over tfferdnt sizes of

photodiodes.

Finally, the Fig. 7 compares the damage factortogkther.
The normalization factor is the same for the thdewice
types, i.e. a factor of two applied on the neutdamage

Yactor. In this case, we see that 1) with this capthe proton

data fit with the NIEL, 2) the neutron data are éovthan the
neutron NIEL and 3) the electron data are spreadraf the
electron NIEL. We could have chosen to normalize data
for the best fit with electron or neutron resulthis would
have shifted the data up or down. But at this stapés
difficult to conclude on the best way to normalibe data.
Anyway, because of the complex spectrum of the roaut
irradiation and its uncertainties in the evaluatioh the
equivalent energy and fluence, the difference betwée

neutron NIEL and the damage factors should not be



considered as abnormal (factor two). But one mefstim that
the gap between the proton and electron damager$aist not
the same for the OSI and Excelitas devices on ate and
the SNAKE test vehicles on the other side. FighGvss that a [15]
factor close to four between all these data remaifter
normalization.

V. CONCLUSION

This work shows some irradiation data of the darkremt
increase in different InGaAs photodiodes. The aurre[17]

increases

degradation of the different topologies of photadis is
consistent with a degradation in the volume ofdbeice. The
experimental damage factors are compared with i Nor

InGaAs material. The results show some differericethe
ratio between proton and electron results from aetype to
device type. The damage factors follow the totaEINIfor

high energy protons and the electron NIEL overestés the
low energy electron damage factors.
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