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Radiation Tolerance of Low-Noise Photoreceivers
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Abstract— This study investigates the effects of space environ-
mental radiation on the performance of Ingys53Gay47As quadrant
photodiodes (QPDs) and assesses their suitability for the laser
interferometer space antenna (LISA) mission. QPDs of 1.0-, 1.5-,
and 2.0-mm diameter were irradiated with 20- and 60-MeV
protons, 0.5- and 1-MeV electrons, and Co® gamma rays.
An exposure corresponding to a displacement damage equivalent
fluence (DDEF) of 1.0 x 10 + 12p/cm? for 20- and 60-MeV
protons and a total ionizing dose (TID) of 237 krad were applied,
exceeding the radiation requirements for the LISA mission
by a factor of approximately 5. Experiments were conducted
to measure changes in QPD dark current, capacitance, and
responsivity. The QPDs were integrated with a low-noise dc-
coupled transimpedance amplifier (TIA) to form the quadrant
photoreceiver (QPR). QPR noise and performance in an inter-
ferometric system like LISA were also performed. Although
radiation impacted their dark current and responsivity, almost all
QPDs met LISA’s validation criteria and did not demonstrate any
critical failure. These findings suggest that the tested QPDs are
promising candidates for LISA and other space-based missions.
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I. INTRODUCTION

LANNED for 2035 and led by the European Space

Agency (ESA), laser interferometer space antenna (LISA)
will be the first space-based gravitational-wave (GW) detector,
operating in the frequency range of 10~*—1 Hz. This low-
frequency band, inaccessible to ground-based detectors, has
the potential to open new frontiers in the study of the uni-
verse [1], [2], [3], [4].

LISA will consist of three spacecraft, arranged in an equi-
lateral triangle with 2.5 million km arms, orbiting in the
Earth-like heliocentric orbit at one astronomical unit from
the Sun, and located at an angle of 20° behind the Earth.
The detection of GWs is achieved by measuring the distance
variations between free-fall test masses located in separate
spacecraft, using high-precision laser interferometers operating
at a wavelength of 1064 nm [5]. The interferometric signal
detection in LISA is achieved with quadrant photoreceivers
(QPRs), key for identifying interference between optical sig-
nals of disparate powers ~700 pW and 1 mW. A QPR is
composed of a quadrant photodiode (QPD) connected to a
low-noise dc-coupled transimpedance amplifier (TIA) or front
end electronics (FEE) assembled in a mechanical housing.

Throughout its mission, LISA will encounter diverse radi-
ation types, which may affect the electrical properties of its
QPD. This study focuses on the tolerance of QPD performance
in terms of dark current, capacitance, and responsivity under
proton, electron, and gamma-ray irradiation at LISA fluences
and beyond. The study also examines the QPR noise, and
optical performance related to the amplitude and the phase
of the ac signals in an optical system, reproducing the LISA
interferometers. This work will contribute to a comprehensive
understanding of the impact of radiation on the QPD’s electro-
optical characteristics and the overall interferometric system
performance.

II. IRRADIATION AND TEST DESCRIPTION
A. Tested QPD and QPR

The QPDs are custom Ings3Gags7As (now referred to
as InGaAs) devices developed for the LISA mission by
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Fig. 1. Diagram of the experimental setup for responsivity measurement.

the Netherlands (NL) [6] and Japan (JP). The current version
of the TIA is designed by Germany (DE) [7]. For optimal
operation, the standard bias voltage is set at 20 V for NL QPDs
and 5 V for JP QPDs, both levels ensuring full depletion of
the devices. To validate LISA specifications, the QPD must
demonstrate a dark current <1 pA, a responsivity >0.7 A/W,
and a 1.5-mm diameter active area, enhancing the sensitivity
of the detector and improving the alignment. Once connected
to the FEE, the equivalent input current noise of the QPR must
be maintained below 2 pA/,/Hz over the LISA heterodyne fre-
quency range from 3 to 28 MHz. The operational temperature
range for LISA is between +10 °C and +30 °C.

B. Experimental Setup and Procedure Description

Dark current and capacitance measurements of the QPDs
are carried out using a Keithley 4200 Semiconductor
Characterization System (SCS). The QPD is placed in a
temperature-controlled copper support which is housed in a
metallic enclosure to ensure darkness. The temperature system
is a Peltier cooler regulated with a thermoelectric controller
(TEC) and monitored using a temperature probe. Dark current
is simultaneously measured on all quadrants with the same
reverse bias voltage applied to each quadrant at different
temperatures between 20 °C and 50 °C. Temperatures below
20 °C were not performed due to condensation appearing
and compromising the integrity of the QPD. The voltage
sweep is conducted from 0 to 30 V in 1-V steps for NL
QPDs and from —0.25 to 6 V in 0.25-V steps for JP QPDs.
The capacitance of each quadrant is measured individually at
25 °C and with a voltage sweep-like dark current measurement
and a frequency sweep of 1-10 MHz. The internal offset
capacitance and current from the setup (cable and instruments)
are subtracted from the final result. The experimental setup
precision is estimated to be £4.1% for dark current and +4.4%
for capacitance.

The responsivity represents the ratio of photocurrent to
optical power in a photodiode (PD). It is quantified using the
setup shown in Fig. 1. A 1064-nm continuous laser beam,
emitted by a fiber-coupled laser source, is focused onto a
QPD quadrant using a collimator. The laser beam’s shape and
size are calibrated using a Thorlabs beam profiler. The beam’s
optical power is tracked using an NIST InGaAs PD, and the
QPD photocurrent is measured using a Keithley 2600B source
meter. The setup’s estimated error is +3%.
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Fig. 2. Diagram of the experimental setup for measuring QPR phase and
amplitude response to ac LISA-like signals.

After being connected to the FEE, QPRs undergo equivalent
input current noise measurements for each channel using the
“white light method” detailed in [8] and [9]. These references
report the same experimental setup, except that we additionally
measure the noise floor of the measurement chain, alongside
the spectral noise in dark and light conditions using a Rohde
and Schwarz FSP13 spectrum analyzer. The setup precision
is estimated to be 5% in the LISA bandwidth frequency
range (3-30 MHz) and +20% in the high-frequency range
(>40 MHz).

The LISA mission employs three interferometers: long
arm, test mass, and reference. Each LISA interferometric
optical signal, denoted by S(t)"ET, is modelized by (1). This
equation described the interaction of two coherent laser beams,
characterized by their optical powers P1 and P2, a phase
difference ¢, () between the beams, and the efficiency 5, of
the heterodyne interferometer

P P
SWMT = S P sinig ). (1)

To accurately reproduce each LISA interferometer, our
experimental setup, illustrated in Fig. 2, employs an intensity
modulator controlled with a Zurich lock-in amplifier [10]. The
output signal is monitored using two PDs, an NIST PD for the
dc optical signal and a Thorlabs calibrated PD with a 1.2-GHz
bandwidth for the ac signal. The laser beam is focused on
a single QPD segment. The amplitude and phase responses
of the illuminated QPR channel are observed relative to an
optical power sweep from O to 110 uW, and a frequency sweep
from O to 30 MHz representative of LISA optical power and
bandwidth. This test was performed only on four QPDs: two
NL QPDs and two JP QPDs, each with a diameter of 1.5 mm,
with one from each set serving as a reference and the other
used for irradiation.

C. LISA Radiation Environment and Specification

During an extended 12.5-year mission, LISA will face
exposure to various radiation types, such as solar wind, solar
flares, and cosmic radiation [11]. Energetic particles from
these sources penetrate the spacecraft walls and interact with
matter through the atomic electron cloud or nuclei. The former
interaction can ionize atoms, creating electron—hole pairs, and
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Fig. 3. OMERE proton equivalent fluence for LISA’s 12.5-year lifetime
at 10, 20, and 60 MeV versus Al shield thickness. LISA’s estimated shield
thickness for the QPR is 3 mm.

resulting in a cumulative effect known as total ionizing dose
(TID), measured by linear energy transfer (LET). The latter
interaction can eject nuclei, causing vacancies and interstitials
in the semiconductor lattice, a process known as atomic
displacement damage. This process is quantified by the non-
ionizing energy loss (NIEL) and displacement damage dose
(DDD). Both NIEL and LET are defined for specific energy
particles in a given material. Crystal defects from ionizing or
displacement damage introduce parasitic levels in the semi-
conductor bandgap, leading to electron—hole pair generation,
recombination, carrier trapping, dopant compensation, and
tunneling effects. These phenomena degrade semiconductor
properties, and therefore, the QPD by increasing dark current,
reducing carrier lifetime and mobility, and altering carrier
concentration and conductivity [12], [13], [14], [15], [16], [17].

In the LISA orbit, solar flare events constitute the primary
radiation challenge. For a 12.5-year mission with a 3-mm alu-
minum shield, ESA’s worst-case scenario requirements for the
optical bench components include a TID of 40 krad (InGaAs)
and a displacement damage equivalent fluence (DDEF) of
1.01 x 10+ p/cm? for 10-MeV protons, corresponding to
a DDD of 6.62 x 10*® MeV/g (InGaAs) [11], [18]. Using
the mission’s cumulative fluence from the NASA GSFC ESP
model [19] and the InGaAs NIEL data from NEMO [20], it is
possible to use the software OMERE [21] to calculate the
10-MeV proton equivalent fluence, yielding results consistent
with the original DDEF. Additionally depicted in Fig. 3,
OMERE provides the DDEF for 20- and 60-MeV energies,
important for proton irradiation.

D. Irradiation Plan and Conditions

The QPD underwent three irradiation campaigns. Table I
outlines the number of NL and JP QPDs irradiated for each
irradiation under protons, electrons, and gamma rays.

Table II shows the exposure conditions for all irradiation
campaigns at the last fluence step. The TID is simply the
product of the applied fluence by the electronic stopping
power of the particles provided by SRIM [22] for protons
and ESTAR [23] for electrons. Similarly, the DDD is the
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TABLE I
IRRADIATION QPD AND ORGANIZATION

Type Energy  Total QPD QPD Size
(MeV) Number  Origin
of QPDs
Protons | 20 3 JP 1, 1.5,2 mm
(CAL) 1 NL 1.5 mm
60 3 JP 1,1.5,2 mm
1 NL 1.5 mm
Electrons | 0.5 2 JP 1 &2 mm
(ONERA) | 1 3 JP 1,1.5,2 mm
Gamma | 1.25 1 Jp 1.5 mm
(ONERA) 1 NL 1.5 mm
TABLE 11

TID AND DDD APPLIED ON A QPD FOR ALL IRRADIATIONS

Particle Energy Fluence TID DDD
type (MeV) (p/cm?) (krad) (MeV/g)
Proton 20 1.0x10"12 237 4.8x10"
(CAL) 60 1.0x10""2 104 3.6x10"
Electron 0.5 5.0x10*12 105 3.36x10"7
(ONERA) 1.0 5.0x10*12 100 9.71x10"7
Gamma 1.25 237 ~10%7
(ONERA)
TABLE III

CUMULATIVE FLUENCE AND DOSE TABLE FOR PROTONS, ELECTRONS,
AND GAMMA RADIATION AT EACH IRRADIATION STEP

Proton Electron Gamma
Cumulative Fluence Cumulative Cumulative
(p/em?) Fluence (e/cm?) Dose (krad)
60 MeV 20 MeV 0.5 & 1.0 MeV 1.25 MeV
2.0x10™ 2.0x10™ 0.5x10%12 1
4.0x10% 4.0x10™ 1.0x10™12 2
8.4x10™ 8.4x10™ 2.0x10"12 22
4.2x10"10 2.1x10™1 3.0x10™12 36
2.1x10™1 1.0x10*12 4.0x10"12 108
1.0x10*12 5.0x10"12 150

237

product of the applied fluence by the NIEL calculated with
NEMO [20]. DDD values were determined by multiplying the
NIEL values obtained from SR-NIEL [24] for InGaAs by the
fluence applied to the QPDs.

Achieving the final fluence involved multiple steps,
as detailed in Table III. At each step, only measurements for
capacitance at 25 °C, dark current at 20 °C, 35 °C, and 50 °C,
as well as QPR equivalent input current noise were recorded.

E. Irradiation Facilities

Proton irradiation was carried out using the MEDI-
CYC Research and Development line at the CAL in Nice,
France [25]. The facility hosts a 65-MeV isochronous
cyclotron which delivers a 10-cm diameter beam with a beam
homogeneity of less than +3%.

Electron irradiation was performed at ONERA (Toulouse,
France) in the MIRAGE facility. A 2-MeV electron Van
de Graaff accelerator generates the beam. Beam flux was
measured with a Faraday cup, ensuring an overall homogeneity
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Fig. 4. Dark current for JP QPDs at 20 °C versus the reverse bias voltage.
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Fig. 5. Dark current for NL QPD at 20 °C versus the reverse bias voltage.

Error bars correspond to the estimated measurement precision.

and accuracy of +10%. Samples were placed under a vacuum
of 1076-10~7 mbar.

Gamma-ray irradiation was also conducted at ONERA,
using the Co® MEGA facility. The dosimetry was performed
with ionization chambers, achieving an overall accuracy of
+10%.

III. DATA RESULT AND ANALYSIS

This section outlines the QPDs evaluations for each param-
eter outlined in Section II, across pre-irradiation, in situ,
and post-irradiation phases. Experimental findings indicate
consistent results across all four segments of the QPD and
QPR channels tested (named respectively, segments A-D and
channels A-D). Therefore, as a rule of thumb, only one
segment per QPD or one channel per QPR type is depicted in
all figures throughout this article.

A. Pre-Irradiation Results

The dark current for all QPDs varied from 80 pA to 1.1 nA
at 20 °C, as illustrated in Figs. 4 and 5. The highest dark
current was measured at 4 nA for a 2.0-mm diameter JP
QPD at 50 °C. Capacitance measurements for both JP and NL
QPDs, conducted at two frequencies, are depicted in Figs. 6
and 7.

Pre-irradiation responsivity results indicate values up to
0.83 A/W, surpassing the LISA requirement of 0.70 A/W.

The noise levels in the LISA QPR for JP QPDs of each
diameter and NL QPDs are illustrated in Fig. 8. QPDs with

1917

=f= NL 1.5 mm @1 MHz
12 === NL 1.5 mm @10 MHz
[V
e
@ 10 A
c
©
=
‘T 81
Q
©
O
6 7 el
1 T T T 1 1 T
0 5 10 15 20 25 30
Reverse Bias Voltage (V)
Fig. 6. Capacitance for NL QPD at 1 and 10 MHz versus the reverse bias

voltage. Error bars correspond to the estimated measurement precision.

35 1 —4= JP 1.0 mm @1 MHz

== JP 1.0 mm @10 MHz
== |P 1.5 mm @1 MHz
=4= JP 1.5 mm @10 MHz
== |P 2.0 mm @1 MHz
=4= JP 2.0 mm @10 MHz

25 A

15 A

Capacitance (pF)
N
o
L

10 4

0 1 2 3 4 5 6
Reverse Bias Voltage (V)

Fig. 7. Capacitance for JP QPDs at 1 and 10 MHz versus the reverse bias

. Error bars correspond to the estimated measurement precision.

<
=N
=
§=~]

0
e}

Input current noise (pA/vVHz)

10° 10t 102
Frequency (MHz)
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frequency. The gray zone represents the estimated measurement precision.

capacitance below 6 pF, remain within LISA’s threshold of
2 pA/y/Hz in the range of 3-28-MHz.

B. Irradiation Results

In response to fluences from protons and electrons, as well
as gamma rays, there is a marked increase in the dark current
observed in both JP and NL QPDs. This trend is displayed in
Figs. 9—12, which display the dark current results conducted
on-site following each irradiation step. Error bars correspond
to the estimated measurement error. Figs. 9 and 10 detail the
response to proton irradiation, Fig. 11 illustrates the impact
of electron exposure, and Fig. 12 highlights the effects of
gamma rays. The most pronounced increase was observed with
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20-MeV protons for the 2.0-mm diameter QPD, registering a
maximum of 0.5 nA at 20 °C and reaching up to 4.4 pA at
50 °C. However, under the LISA-required fluence condition
for proton irradiation of 1.41 x 10*!" p/cm? at 20 MeV and
temperature below 30 °C, all QPDs successfully kept their dark
current levels below the LISA threshold of 1.0 nA. In contrast
to dark current, no notable changes in capacitance for all QPD
were observed.

Neither electron nor gamma-ray irradiation led to any
measurable changes in responsivity. In Fig. 13, a decrease
in the QPD responsivity can be noted for proton irradia-
tion with a maximum of ~9% and ~5% for, respectively,
JP and NL QPD at 20 MeV. However, even at a fluence
level of 1 x 10%'2 p/cm?, the responsivity remained above
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the LISA requirement of 0.7 A/W. The drop in responsivity
following proton irradiation was more significant at 20 MeV,
approximately 1.7 times higher than at 60 MeV. It is important
to note that the data in Fig. 13 were taken six months after
the proton irradiation campaign.

Mirroring the approach in [26], [27], [28], and [29],
irradiated QPDs connected to nonirradiated FEE, exhib-
ited consistent QPR noise levels pre- and post-irradiation,
except for only the 2.0-mm diameter QPD irradiated with
20-MeV protons, as illustrated in Fig. 14. This QPD showed
a 0.16-pA//Hz noise increase and a 2.0-MHz bandwidth
decrease. This behavior likely results from the current shot
noise density Igo(f) affecting the QPR equivalent input
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current noise, determined by both the photocurrent Iy, (A)
and the dark current Ik (A), as detailed in the following
equation [27], [28], [29], [30]:

Lot (f) = /2¢[ Ioh + Laar].  (A/vHz) 2)

where f is the frequency (Hz) and e is the elementary charge
©).

The drop in responsivity previously seen in Fig. 13, leads
to a corresponding reduction in the QPR amplitude response
of about ~9% for JP QPD and 6% for NL QPD as depicted in
Fig. 15. Notably, while the amplitude response is affected, the
signal’s phase remains consistent for both JP and NL QPDs.

IV. DAMAGE FACTOR AND DISCUSSION
A. Dark Current Damage Factor

The damage factor (Kjqguk) is regularly used to compare,
evaluate, and predict the radiation tolerance of various devices
or semiconductors [12], [14], [31], [32], [33], [34], [35], [36],
[37], [38] and is described by the following equation based on
the definition given by [13], [16], and [39]:

Idark(q)) - Idark(o)

K Idark = DS (3)
where 14, (®) is the dark current measured at the fluence @,
L4k (0) is the dark current measured prior irradiation, and S
is the area surface of one QPD’s segment.

The damage factor, integrating both ionizing and nonion-
izing effects [36], may lead to inaccuracies when compared
directly with the NIEL. Gamma-ray radiation is used as a
benchmark to evaluate the maximal ionizing contribution for
proton and electron irradiation, using the strong assumption
that the dark current increase in gamma radiation is only
due to ionizing damage. This approach allows us to consider
the worst case. According to Figs. 10-12, the dark current
increase for protons at a TID of 237 krad is approximately
0.3 pA, in contrast to less than 1 nA for gamma irradiation
under identical QPD type and TID conditions. Thus, the ion-
izing contribution for protons (<1%) is considered negligible.
On the other hand, electron irradiation results in a 550 pA
increase in dark current at a TID of 105 krad for a 1.5-mm
JP QPD versus a 350 pA increase from gamma irradiation.
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Fig. 16. Damage factor from dark current measurement at Vyj,s of 5 V and
at 20 °C of JP QPDs irradiated under 20- and 60-MeV protons versus applied
fluence.
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Fig. 17. Damage factor from dark current measurement at Vjpi,s of 20 V
and at 20 °C of NL QPDs irradiated under 20- and 60-MeV protons versus
applied fluence.

This suggests that in the worst-case scenario, ionizing damage
from electron irradiation could account for up to 60% of the
damage observed. Hence, the impact of ionization damage
could be significant and cannot be neglected as for proton,
potentially resulting in an overestimation of displacement
damage assessments. However, the LET curve for electrons
in InGaAs decreases from 500 keV to 1.0 MeV and Fig. 11
reveals a higher increase in dark current at 1.0 MeV compared
with 0.5 MeV, suggesting displacement damage predominates
over ionizing damage. Nevertheless, precisely quantifying dis-
placement damage’s exact contribution continues to pose a
significant challenge.

In Figs. 16-18, damage factors were plotted as a function of
the fluence for QPDs exposed to proton irradiation at 20 and
60 MeV, and electron irradiation at 0.5 and 1.0 MeV. Damage
factors were computed for all irradiation steps, with fluence
levels detailed in Table III. For 60-MeV proton irradiation,
the damage factor showed relative stability, with an average
increase of around 19% from the initial to the final steps.
In contrast, QPDs irradiated at 20 MeV exhibited a more
substantial increase, around 50%. Ideally, damage factors
should remain consistent regardless of fluence levels. While
statistical effects can cause an increase in damage factor with
fluence [40], [41], this study’s focus on large-diameter QPDs
indicates such fluctuations are more prominent at lower fluence
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Fig. 18. Damage factor from dark current measurement at Vy;,s of 5 'V and at
20 °C of JP QPDs irradiated under 0.5- and 1.0-MeV electrons versus applied
fluence.

TABLE IV

K parxk FROM THE LITERATURE OF INGAAS PDs
IRRADIATED UNDER PROTONS

Ref Devices Energy Fluence  Kidark
(MeV) _ (plem®) __ (pA/p)
[16] FCIQ1000 60 1.0x10"2  3.62x10*
C30168 3.0x10°!" 7.55x10*
[42] G8195 60 1.0x10*2  2.74x10*
PMIR 1.0x10*2  1.98x10*
GAP394 1.0x10*2  2.98x10*
EPM605SLL 1.0x10*2  6.76x10*
HRS 1.3x10"""  3.95x10*
C30168 3.0x10°"  8.07x10*
[43] Cactus 49.3 3.0x10""  1.70x1073
[29] 1.0mm QPD 30 2.3x10"""  3.82x107
2.0 mm QPD 2.3x10""" 3.98x107

levels, below 1 x 107! p/cm? [41] suggesting a different
cause. Conversely, for electron irradiation, the damage factor
remained stable.

Table IV summarizes the damage factors from previous
studies [16], [29], [42], [43]. In [29], the damage factors were
derived using the damage factor formula from (3) and the dark
current results reported in this article. Compared with [16],
[42], and [43], the damage factors presented in Figs. 16 and 17
are notably lower by a factor of at least 5.

These discrepancies may be attributed to the potential use
of dual depletion region (DDR) QPD technology [28], [29]
in JP and NL QPDs. Indeed, Joshi and Datta [29] utilized
DDR QPDs reported values close to ours. In addition, these
discrepancies might be due to the impact of doping levels on
the damage factor [44]. The QPDs used here have low doping
levels, below 1 x 10T cm™3, 70 times lower than those
in [43].

B. NIEL Scaling Approach

The NIEL scaling approach, founded on the linear relation-
ship between the NIEL and the dark current damage factor,
provides a framework for estimating and predicting radiation
damage in semiconductor devices. It applies the concept that
the impact of radiation can be scaled based on the NIEL,
allowing for more accurate predictions of device behavior

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 71, NO. 8, AUGUST 2024

-3 ]
TS
§ ax10- ] oo :
o 5 | = (p+) SR'NIEL —
S 3x10 i - (p+) SR-NIEL coutemb 5
]

o | — (p+) NEMO
2 2x107 > (p+)JP 1.0 mm @1V P
d <1 (p+)JP 1.5 mm @1V
= A (p+)JP 2.0 mm @1V

1073 1 (p+) NE 1.5 mm @1V
2x 10! 3x10' 4x10! 6 x 10!
Energy (MeV)
Fig. 19. Comparison between the NIEL spectra and dark current damage

factor from proton irradiation. NIEL calculation performed with NEMO and
SR-NIEL with E; = 15 eV for In and 10 eV for Ga and As.
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Fig. 20. Comparison between the NIEL spectra and dark current damage

factor from electron irradiation. NIEL calculation performed with SR-NIEL
and NEMO with E; = 15 eV for In and 10 eV for Ga and As. E; for
SR-NIEL Edmin is based on E gy, from [47].

under various radiation conditions [12], [13], [14], [16], [31],
[32], [33], [34], [35], [371, [38], [39], [41], [42], [45], [46].

NIEL values for protons were calculated using both
NEMO [20] and SR-NIEL [24] software, employing displace-
ment thresholds of 15 eV for indium and 10 eV for gallium
and Arsenic, which align with prior research [42]. In addition,
NIEL was computed using the more recent threshold value
Egmin from [47]. Fig. 19 presents the NIEL results from
both SR-NIEL and NEMO, encompassing a total NIEL which
includes Coulombic and Hadronic contributions. Fig. 19 also
displays normalized experimental damage factors for JP and
NL QPDs, plotted against incident particle energy, in conjunc-
tion with their corresponding NIEL values. The scaling factor
used was for JP QPDs 1.49 x 10~'* A . g/MeV/cm? and for
NL QPDs 1.38 x 107A . g/MeV/cm?. While the data for NL
QPDs align with the general NIEL trend, the JP QPDs exhibit
a distinct behavior, matching more with the Coulombic NIEL
predictions. This deviation is mirrored for one InGaAs device
(1931SGN detectors) discussed in [42], where the damage
factor ratio is ~2, like the JP QPDs. In contrast, a ratio of
~1.3 is observed for NL QPDs and similar for detectors like
PD7006 and the Spot 4 MIR cited in [42].

Fig. 20 represents the results from electron irradiation
using the same NIEL scaling approach as previously used for
proton irradiation. A notable deviation from the NIEL values
for low-energy electrons is evident, consistent with findings
in [35] and [36].
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with E4 for Eg,y and E g from [47] and from SR-NIEL [37], [38] for default.

In Fig. 21, our data match also with new values of NIEL
obtained using SR-NIEL and new threshold displacement
energy from experimental data [37], [38], [47]. Precisely,
in Fig. 21, E 4,y and E 5 are from [47] and “SR-NIEL default”
values correspond to the default threshold from SR-NIEL,
derived from experimental data on irradiated solar cells [37],
[38]. This suggests that the discrepancy regarding the NIEL
for electron and experimental data is not limited just our study.

These experimental deviations to the NIEL are interpreted
by references [48], [49], [50], which suggest that the tradi-
tional model predicated by a sudden onset of atom ejection
beyond a specific energy threshold may not accurately describe
low-energy interactions. Molecular dynamics simulations pro-
pose a gradual change in atom ejection probability. When
it comes to low-energy electrons that generate numerous
low-energy PKA or primary knock-on-atom, the classic model
could substantially overstate NIEL values.

C. NIEL Scaling Approach Applied for Responsivity Result

The NIEL scaling approach was applied to the responsivity
results using the same methodology as that for the dark
current. Therefore, the damage factor for responsivity Kg,
is defined by the following eequation:
_R(CD)@ R(0) @
where R(®) represents the responsivity of the QPD measured
at the fluence ® and R(0) represents the responsivity measured
before irradiation. Fig. 22 shows a deviation from the previous
NIEL curve in Fig. 19, obtained from dark current results. This
difference may be due to several factors: the antireflective layer
on the QPDs, the precision of the responsivity measurement,
and different annealing rates between NL and JP QPDs since
the post-irradiation measurements took place six months after
the irradiation campaign.

Kg =

D. Influence of the Electric Fields on the Damage Factor

Figs. 23 and 24 illustrate the damage factor derived from
dark current in JP and NL QPDs irradiated with 20- and
60-MeV protons, plotted against reverse bias voltage. These
figures suggest that the bias voltage influences the damage
factor, aligning with the phenomena in [43], where the electric
field intensifies thermal carrier generation in InGaAs PDs
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due to Shockley—Read-Hall generation centers. To minimize
the consequences due to radiation, a low reverse bias is
recommended for space applications.
From dark current measurements, the activation energy (E,)
was calculated for 1.5-mm JP and NL from the Arrhenius law
I = Ae it (5)
where A is a prefactor, k is Boltzmann’s constant, and
T 1is the temperature. The E, values are the average
across all four channels. Distinct behaviors were observed.
JP QPDs irradiated under 20-MeV protons at a Vi, of S V
exhibit minimal changes in E,, varying from 0.63 to
0.58 eV after irradiation, with similar results for QPDs
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under 60-MeV protons. This observation indicates a sustained
generation-recombination mechanism. In contrast, the NL
QPDs irradiated under 20 MeV at a Wu,s of 20 V, expe-
rienced a significant E, shift from 0.79 to 0.49 eV after
irradiation, with similar results for NL QPDs under 60-MeV
protons. This observation indicates a shift from diffusion
limited to generation—recombination-dominated dark current,
as also observed in [43], where the electric field effects
intensify carrier generation in irradiated InGaAs QPDs. Those
two behaviors can also be found in [42] with 1931SGM
and G8195 detectors. The activation energy was observed to
decrease with increased reverse bias. Pre-irradiation JP QPDs
show a variation of E, from 0.7 eV at 1 V to 0.60 eV
at 5 V and for NL QPDs from 0.85 eV at 1 V to 0.55 eV
at 30 V. Similar observations to NL QPDs are reported in [43],
where E, decreased with the reverse bias with a range from
approximately 0.88-0.58 eV. However, our study’s limitations
must be acknowledged. The absence of detailed data on
depletion thickness, exact doping levels, and electric field
profiles prevents a full comparison with [42] and [43]. Future
work will focus on this point.

This dependence also impacts the NIEL scaling approach,
as illustrated in Figs. 25 and 26 and [51]. The range of
these factors extends from the Coulombic component at the
lowest bias to the total NIEL at the highest. This variation
is likely influenced by the electric field’s magnitude in the
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depleted region, where defects were created during irradiation.
However, a definitive explanation for this behavior remains to
be established.

V. CONCLUSION

The InGaAs QPDs have showcased robust radiation toler-
ance, with no breakdown under various radiation types, such
as proton, electron, and gamma rays. Their resilience was
confirmed up to a TID of 237 krad and a DDD of 4.8 x
1072 MeV/g. Dark currents exhibited a consistent rise, peaking
at ~0.5 pA for the 2-mm JP QPD under 20-MeV proton
irradiation at 20 °C but remained within LISA’s specifications.
While capacitance and noise largely remained unchanged, a
0.16-pA/,/Hz uptick was seen in the same 2-mm QPD post-
20-MeV irradiation, likely due to the rise in dark current.
Even with a maximum responsivity drop of ~9%, the levels
still exceed LISA’s 0.7-A/W requirement, reaffirming QPDs’
suitability for space applications like LISA.

The damage factors derived from both proton and electron
results exhibit distinct behaviors. While the proton-induced
damage aligns with the total NIEL predictions obtained from
the SR-NIEL software, electron-induced damage indicates
potential inaccuracies in traditional models at low energies.
In addition, our study and works [43], [51] highlight the
electric field impact on the damage factor and its role in the
NIEL scaling approach.
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