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 Abstract — In this paper a compendium of InGaAs 
irradiation test results is presented. These photodiodes were 
irradiated either with γγγγ-rays, protons, neutrons, electrons, pions, 
alpha particles or carbon ions of various energies. The 
displacement damage dose formalism was found to be effective in 
describing the radiation-induced dark current increase of any of 
the studied InGaAs photodiodes. The exploitation of capacitance-
bias voltage and current-bias voltage measurements also allows 
to deduce a damage factor that can be used to assess the 
radiation-induced dark current in a great number of radiation 
environments. 
 
 Index Terms — Photodiodes, indium gallium arsenide 
devices, dark current, displacement damage. 
 

I. INTRODUCTION 

 
N the space domain, indium gallium arsenide (InGaAs) 

photodiodes are of primary interest to address a number of 
applications dealing with intra- and inter-satellite 
communications [1], remote sensing [1], imaging [2]-[3], on-
board metrology and satellite attitude control [4].  

However, when these devices are operated in space their 
performance can be significantly impacted by the radiation 
space environment.  Indeed, even if these photodiodes are not 
very sensitive to ionizing effects [5], their dark current is 
strongly impacted by displacement damage [5], [10]-[14], 
[16], [17], [19], [20] and [24]. It is therefore of high 
importance to characterize the behavior of this technology of 
photodiode with respect to non-ionizing radiation. In this study 
we analyze the impact of displacement damage on the dark 
current of various references of photodiode irradiated with 
different types of particles and for a broad range of energies. 

 
O. Gilard and M. Boutillier are with the French Space Agency CNES, 18 av 
Edouard Belin, 31401 Toulouse Cedex 4, France (email: 
olivier.gilard@cnes.fr, mathieu.boutillier@cnes.fr). 
L. S. How and A. Delbergue are with AdvEOTec, ZAC Clos Pois, 6 Rue de la 
Closerie, 91090 Lisses, France (email: lipsunhow@adveotec.com, 
audreydelbergue@adveotec.com). 
C. Inguimbert and T. Nuns are with  ONERA-DPhIEE,  31055  Toulouse, 
France (e-mail: christophe.Inguimbert@onera.fr, thierry.nuns@onera.fr). 
J. Barbero and J. Moreno are with ALTER Technology, Madrid, Spain (e-
mail:juan.barbero@altertechnology.com, juan.moreno@altertechnology.com ) 
L. Bouet and S. Mariojouls are with Airbus Defence and Space, 31 Rue des 
Cosmonautes, 31400 Toulouse, France (email : louis.bouet@airbus.com, 
stephane.mariojouls@airbus.com) 
 

 
  

Based on these data we introduce and characterize a damage 
factor related to the dark current produced by radiation-
induced generation centers in the bulk depleted region. This 
damage factor, similar to the one defined by J.R. Srour et al. in 
silicon-based devices [6], can be used to assess the radiation-
induced dark current of InGaAs photodiodes in a great number 
of radiation environments. 

II. TYPICAL PHOTODIODE STRUCTURE 

The ternary alloy In0.53Ga0.47As with a band gap of about 
0.75 eV is the choice material for detection in the1.3-1.55 µm 
range. It is perfectly lattice matched to indium phosphide (InP) 
which is used as substrate material. As shown in Fig. 1 a 
typical planar InGaAs/InP photodiode consists of a lightly N-
doped InGaAs absorption layer deposited on top of the N-type 
InP substrate. An InP cap layer is grown on the absorber. The 
P-N junction is obtained by diffusion of P-type dopant zinc 
atoms through the cap layer and up to the absorption layer. 
Due to its high absorption coefficient in the near infrared 
region, the InGaAs layer is typically a few micrometers thick 
which is convenient to achieve full depletion at relatively low 
reverse bias voltage, generally between to 2 to 5 V. The 
structure of the various photodiodes studied in this paper is not 
known in detail but is believed to be similar to the one shown 
in Fig. 1. 

 
 

 
Fig. 1. Schematic cross-section of a typical planar InGaAs/InP photodiode. 
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on commercial off-the-shelf InGaAs photodiodes and we 
compare these results with data found in the literature.  

III.  IRRADIATION TEST RESULTS 

A. Irradiation test conditions 

The tables given in the Appendixes summarize the 
irradiation conditions for the photodiodes tested in this study 
(Appendix I) or whose sensitivity to radiation has been already 
characterized elsewhere (Appendix II). These photodiodes 
were irradiated either with γ-rays, protons, neutrons, electrons, 
pions, alpha particles or carbon ions of various energies. 

B. Dark current measurements 

The dark current was measured before and after irradiation. 
Unless indicated in the tables in the Appendixes, the 
measurements were made at room temperature and for a 
reverse bias of 5 V. All the available information regarding the 
irradiation and the measurement conditions are also reported in 
these tables. 

In Fig. 2 the variation of the dark current density, i.e., dark 
current increase divided by the photosensitive area, is plotted 
as a function of the displacement damage dose defined as the 
product of the Non Ionizing Energy Loss (NIEL) by the 
particle fluence. Figure 2 (a) shows the new results obtained in 
this study while Fig. 2 (b) gives an overview of the full data set 
reported in Appendixes I and II. 
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Fig. 2. Dark current density increase as a function of the displacement 
damage dose. Figure 2 (a) shows the results obtained in this work while 
Figure 2 (b) also includes the data from the literature. The dark current was 
measured at a reverse bias of -5 V unless otherwise mentioned in the 
Appendixes. The dashed line, shown as a guide to the eye, has a slope equal 
to 1 in this log-log plot. The dark current density before irradiation ranges 
between 10-8 and 10-7 A/cm2. 

 

C. NIEL calculations 

The NIEL values used to calculate the displacement damage 
dose deposited in the In0.53Ga 0.47As active region are also 
shown in the Appendixes. Most of them have been computed 
using the SR-NIEL [7] code and the NEMO [8] package of 
OMERE [9]. For SR-NIEL calculations the threshold energy 
value implemented by default in the calculator, i.e., 21eV, has 
been selected for Ga, As and In. Regarding the NEMO 
computations, a threshold energy of 10 eV was preferred for 
both Ga and As while for In a threshold of 15 eV was retained. 
The spread in the NIEL values calculated under different 
assumptions with two distinct codes gives an indication of the 
uncertainty attached to this parameter. With a few exceptions 
pointed out in the Appendixes, the NIEL values calculated 
with NEMO were used to plot the data in Fig. 2.  

The Compton electrons scattered during the interaction of γ-
rays with matter can also induce displacement damage. The 
displacement damage dose generated by these Compton 
electrons was calculated using a NIEL value provided in [21]. 
In this reference the NIEL of 60Co γ-rays have been calculated 
for GaAs. Using a threshold displacement energy of 10 eV for 
both Ga and As, El Allam et al. found a NIEL value for GaAs 
of 8.53x10-8 MeV.cm2/g which is also close to the values given 
in  [22] for GaAs, (9.7x10-8 MeV.cm2/g)  and Si (1.07x10-7 
MeV.cm2/g). Since γ-rays NIEL values in InGaAs compounds 
have not yet been published, the GaAs NIEL was used to plot 
the data in Fig. 2 even if it can lead to a source of uncertainty. 
To calculate the displacement damage dose deposited by γ-
rays, their fluence also needs to be known. The γ-rays fluence 
Φ was assessed using  
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ρ
µ

E

D=Φ                             (1) 

where D is the ionizing dose (MeV/g), E the energy per 

photon (MeV), and 
ρ
µ

the mass attenuation coefficient at the 

energy E expressed in cm2/g. 
The value of the mass attenuation coefficient depends on the 

nature of the irradiated material and the energy of the photons. 
Nevertheless, mass attenuation coefficients are very similar for 
a wide range of materials. For the γ-rays emitted at 1.17 and 
1.33 MeV from a 60Co source a value of about 0.05 cm2/g can 
be used [23]. 

A damage factor of about 1x10-13 was determined from Fig. 
2 assuming a linear relationship.  Although deviations are 
observed by nearly a factor of 10 in some cases, there is still 
good agreement over more than 6 orders of magnitude 
regardless of the actual photodiode or the nature of the 
incident particles. This consistency in the results suggests that 
the same dark current generation mechanism is working over 
the entire range of dose.  

It is also worth noting that above 1011 MeV/g for very high 
displacement damage doses, the dark current increase tends to 
become non-linear. The deviations from linearity are either 
related to the formation of defect clusters affecting the dark 
current increase or due to carrier removal. 

D. Dark current sources 

To characterize the defects at the origin of the dark current 
increase in the linear degradation regime, 5 photodiode 
references from the ones listed in the Appendixes have been 
characterized at different temperatures ranging from -10°C to 
70°C before and after proton exposure. For each of these 
devices, the activation energy related to dark current has been 
extracted. Its variation with respect to the displacement 
damage dose is shown in Fig. 3. 
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Fig. 3. Dark current activation energy as a function of the displacement 
damage dose. Because of the log scale, displacement damage dose of 105 

MeV/g corresponds in reality to pre-irradiation results. The pre-irradiation 
dark current was not subtracted from the current measured after irradiation.  
 

Overall, we observe a decrease in the activation energy with 
the displacement damage dose.  For 3 references out of 5, the 
impact of radiation is rather small, with an energy value close 
to the In0.53Ga0.47As midgap energy whether it be before or 
after irradiation. Such a small value indicates that the dark 
current is likely dominated by generation-recombination 
mechanism in the depleted absorber region. 

For the two other devices, the activation energy prior 
irradiation is close to the In0.53Ga0.47As bandgap value meaning 
that the dark current is, in this case, diffusion limited. The 
subsequent introduction during irradiation of recombination 
centers tends to enhance the generation-recombination current 
and therefore to decrease the value of the activation energy to 
a value close to midgap. 

As shown in Fig. 3, the results obtained on proton irradiated 
devices are fully consistent with those reported in [20] after 
electron irradiations. Indeed after a 1 MeV electron exposure, 
the activation energy of ETX-3000-T5 photodiodes from 
Epitaxx was found to range between 0.43 and 0.45 eV in close 
agreement with our results. Deep Level Transient 
Spectroscopy measurements also carried out in [20] reveal the 
presence of a defect in the InGaAs layer, labeled E2, located at 
0.46 eV from the valence band edge. This energy value agrees 
well with the dark current activation energies. Even if the 
nature of the E2 defect is not known, the authors in [20] 
mention that it could be related to a relatively simple As 
vacancy/impurity complex.  

Finally, to complete the picture we also add in Fig. 3 the 
results obtained after the irradiation with γ-rays of a 1931 
SGM photodiode from 3SPhotonics. This device was 
characterized at 0°C, 25°C and 70°C before and after a 50 
krad irradiation. Here again we observe a decrease in the dark 
current activation energy which is consistent with the trend 
previously noted. 

 

E. NIEL scaling 

The linear relationship between the dark current density 
increase and the displacement damage dose shown in Fig. 2 
seems to confirm the relevance of the underlying NIEL scaling 
hypothesis. To validate this assumption, the NIEL spectra for 
protons, electrons and neutrons have been plotted and scaled 
with the dark current density per unit of fluence. Results are 
shown in Fig. 4. 
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Fig. 4. Relative comparison between NIEL spectra and dark current density 
increase per unit of fluence for proton (a),  electron (b) and neutron (c) 
irradiated devices. The NIEL spectra were roughly scaled to be in close 
proximity to the measured data. The scaling factors are 1.2x10-13 for proton 

and neutron data and 2x10-13 for electron data.  Note that in Figure 4 (a) the 
data at the far right of the plot correspond to the results from CERN obtained 
on an Epitaxx photodiode after a 23 GeV proton irradiation [16]. As far as 
possible the total NIEL spectra were calculated with NEMO. The SR-NIEL 
code was used to calculate the elastic part of the proton NIEL. The data 
corresponding to the non-linear regime shown in Fig. 2 i.e. >1011 MeV/g, 
have not been reported in these figures.  

 
At first sight, the correlation between the measurements and 

the NIEL seems to be confirmed. For proton irradiated 
photodiodes, the change in the slope of the curve at several 
tens of MeV (Fig. 4(a)) seems to be correlated to the total 
NIEL rather than with the elastic NIEL. However, this 
conclusion based on the relative comparison between the 
NIEL and the damage factor needs to be tempered by the fact 
that only few devices have been irradiated with a full set of 
particles (electron, proton, and neutron) on a wide energy 
range. The relative comparison of the damage factor of 
electrons and protons measured on an identical component is 
the only way to check accurately the reliability of the NIEL 
scaling approach. Regarding electrons and neutrons, quite 
large differences in the data are observed within a given 
energy range, and even if it seems that the NIEL scaling 
approach can be used, additional data would be necessary to 
confirm this presupposition. 

IV.  DARK CURRENT DAMAGE FACTOR 

Hereupon it is of interest to quantify the impact of 
displacement damage on InGaAs photodiodes by introducing a 
damage factor able to describe the generation mechanism 
responsible for the dark current increase. The most appropriate 
formalism to do that has been proposed by J.R. Srour et al. for 
silicon-based devices in [6]. Following the same approach, we 
have 
 

darkdd KqWDJ =∆                   (2) 

 

where dJ∆ is the dark current density increase, q  the 

electronic charge, W  the depletion region width in the 

absorber, dD  the displacement damage dose and darkK the 

dark current damage factor.  
This equation assumes that the dark current density increase 

is related to generation processes in the depleted InGaAs layer 
which is supported by the results given in Section III.D. 
 

To determine darkK , capacitance-bias voltage (CV) and 

current-bias voltage (IV) measurements were performed on 5 
photodiode references irradiated either with protons or with γ-
rays. 
 The capacitance C of a photodiode is given by 
 

pj CCC +=                           (3) 

 

where jC and pC  are the junction and package capacitance 

respectively. 
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 We have 

 

pC
W

A
C += ε

                     (4) 

 
where ε is the permittivity of InGaAs and A the junction area. 
 
Combining Eq. (2) and (4), we get 
 

darkd
p

d KD
CC

A
qJ

−
=∆ ε

               (5) 

 
and therefore 
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The parameter 
d

d

J

D

∆
 is plotted in Fig. 5 as a function of 

Aq

C

ε
 for the 5 photodiodes.  
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Fig. 5. 

d

d

J

D

∆
 versus 

Aq

C

ε
 for proton irradiated PM1R (a), 1931SGM (b), 

GAP394 (c) and G8195 (d) photodiodes. Figure (e) gives the results obtained 
on 1931SGM photodiodes irradiated with γ-rays. In figure (f) the data given 
in [24] have been reported for an InGaAs photodiode (unknown reference) 
irradiated by CERN also with γ-rays. IV and CV were measured at room 
temperature. The capacitance was measured at a frequency of 1 MHz. The 
scattered results obtained on photodiodes G8195 are related to the 
capacitance measurements. Indeed, due to its relative small sensitive area, this 
reference features a capacitance about 1 pF at the limit of the capacitance 
meter resolution.  

 
The linear trend observed in Fig. 5 confirms that Eq. (6) is 

relevant to explain the dark current increase after irradiation. 

For each irradiated step, darkK  and pC  have been extracted 

from these plots by calculating the slope and the intercept of 
the best linear fit. The outcomes are given in Table I. 

Table I : darkK  and pC  extracted from the plots given in Fig. 5. 

 
PM1R Fluence 

(p/cm2) 
Energy 
(MeV) 

Kdark (cm-3s-1 MeV g-1) Cp(F) 

  1x1010 60 4.83x108 9.38x10-12 

  1x1011 60 3.87x108 7.52x10-12 

  1x1012 60 3.91x108 6.46x10-12 

 

1931SG
M - 
protons 

Fluence 
(p/cm2) 

Energy 
(MeV) 

Kdark (cm-3s-1 MeV g-1) Cp(F) 

  5x1010 30 1.59x109 4.36x10-12 

  1x1011 30 1.82x109 4.01x10-12 

  5x1011 30 2.02x109 3.97x10-12 

  1x1012 30 9.86x108 3.96x10-12 

 
1931SGM 
– γ-rays 

Fluence 
(p/cm2) 

Dose 
(krad) 

Kdark (cm-3s-1 MeV g-1) Cp(F) 

  3.8x1012 3.8 1.24x109 3.63x10-12 

  5x1012 5 2.92x109 2.25x10-12 
  2x1013 20 6.51x108 2.80x10-12 
  5x1013 50 2.53x109 2.85x10-12 

 
GAP394 Fluence 

(p/cm2) 
Energy 
(MeV) 

Kdark (cm-3s-1 MeV g-1) Cp(F) 

  1x1010 60 3.19x108 6.17x10-12 

  1x1011 60 2.06x108 4.67x10-12 

  1x1012 60 2.93x108 3.93x10-12 

 
G8195 Fluence 

(p/cm2) 
Energy 
(MeV) 

Kdark (cm-3s-1 MeV g-1) Cp(F) 

  1x1010 60 1.67x109 1.76x10-13 

  1x1011 60 1.47x109 5.70x10-13 

  1x1012 60 1.22x109 6.11x10-13 

 
Unkown 
ref. 
(CERN) 
[20] 

Fluence 
(p/cm2) 

Dose 
(krad) Kd (cm-3s-1MeVg-1) Cp (F) 

  1x1016 100000 6.94x108 5.08x10-13 

 

To validate the extraction methodology for darkK , two 1 cm2 

S1337-1010 silicon photodiodes from Hamamatsu have been 
irradiated with 60 and 100 MeV protons up to a fluence of 
1x1011 p/cm2. IV and CV measurements were carried out. The 

associated 
d

d

J

D

∆
 versus 

Aq

C

ε
 plot is given in Fig. 6. 

 

1.50x1021 3.00x1021 4.50x1021 6.00x1021

0

1x1016

2x1016

3x1016

4x1016

S1337-1010
 Φ=1011 p(100 MeV)/cm2

 Φ=1011 p(60 MeV)/cm2

 
 

D
d
/ ∆∆ ∆∆

J d

C/(qεεεεA)  
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Fig. 6. 

d

d

J

D

∆
 versus 

Aq

C

ε
 for the S1337-1010 silicon photodiode from 

Hamamatsu. 

 
The damage factor calculated after linear regression 

modeling was found to be equal to 1.69x105  and 2.39x105 cm-

3s-1MeVg-1 for the 60 and the 100 MeV proton-irradiated 
photodiodes respectively. These values are in good agreement 
with those given in [6] for silicon-based detectors 

( ( ) 5
, 106.09.1 ×±=SidarkK cm-3s-1MeVg-1). 

Furthermore, it is obviously of great interest to check 
whether the InGaAs damage factor calculated for protons and 
γ-rays is also valid for other types of particles. To do so, we 
considered the data obtained from 1-MeV electron irradiations 
carried out on ETX-3000-T5 photodiodes from Epitaxx [20]. 
For a fluence of 8x1013 cm-2 and a reverse bias of 5 V, the dark 
current density increase was 5.6x10-5 A/cm2. CV 
measurements done prior irradiation allow deducing the 

doping concentration in the InGaAs layer ( 15102×≈DN cm-

3) as well as the junction built-in voltage ( 3.0≈biV V). 

Therefore it is possible to calculate the depletion width W . 
We have 

 

( )bi
D

VV
qN

W += ε2
                   (7) 

 
For a reverse bias of 5 V we obtain ≈W 2µm. Hence, using 

Eq. (2) we get 91034.1 ×=darkK  cm-3s-1MeVg-1 which is 

consistent with the values previously obtained from proton and 
γ-rays irradiations. 

Finally, a mean value of the damage factor can be calculated 
together with a standard deviation. We found 

( ) 9108.02.1 ×±=darkK  cm-3s-1MeVg-1.  

To assess the confidence interval for the mean we used the 
Bootstrap method proposed by B. Efron [25]. This statistical 
method based on data resampling with replacement, can be 
used to estimate confidence intervals of a population 
parameter like a mean value when the statistic's distribution is 
unknown which is the case here. The 19 values of 

darkK previously determined constitute the initial dataset that 

was resampled 1000 times. For each new sample a mean value 
was calculated and the 95% confidence interval of the mean 
was deduced. We found 8.32x108 cm-3s-1MeVg-

1 ≤≤ darkK 1.53x109 cm-3s-1MeVg-1. 

Despite the relatively large uncertainty associated with the 

estimated value of darkK , it is worth emphasizing that the 

sensitivity to displacement damage of InGaAs photodiodes is 
about three orders of magnitude higher than that of silicon 
photodiodes. One can also point out that in InGaAs the NIEL 

scaling holds for high energetic particles to low energetic 
electrons or γ-rays irradiation which is not the case in silicon. 
 

V. CONCLUSION 

A compendium of InGaAs photodiode irradiation test 
results has been presented. The data either obtained in this 
study or already published in the literature, show that, 
regardless of the nature of the irradiation and the photodiode 
design, the dark current density increases linearly with the 
displacement damage dose following the same trend over more 
than 6 decades of dose. 

IV and CV characteristics were also analyzed to derive a 
dark current damage factor in InGaAs photodiodes similar to 
the one proposed by J. R. Srour et al. in silicon devices [6]. 
Knowing the extension of the depleted volume this damage 

factor darkK  allows the calculation of the dark current 

increase due to displacement damage in any InGaAs 
photodiode. With 9102.1 ×=darkK  cm-3s-1MeVg-1 we found 

that InGaAs photodiodes are more than three orders of 
magnitude more sensitive to displacement damage than 
silicon-based photodiodes. Additional IV and CV 
measurements on other InGaAs photodiode references using 
different irradiation particles of several energies would be of 

great interest to confirm the universality of the value of darkK  

found in this study. 
Furthermore, the high sensitivity of InGaAs photodiodes to 

atomic displacement and the linearity of their dark current 
increase with the displacement damage dose can be valuable 
for dosimetry purpose. Indeed, these relatively inexpensive 
photodiodes will be used more and more often in space 
especially in optical telecommunication payloads. The 
periodic measurement of their dark current can be easily 
carried out and can provide useful data to better characterize 
the space radiation environment without the necessity of 
implementing specific on-board dosimeters. Dedicated 
dosimetry experiments including the characterization of 
annealing effects would therefore be welcome to characterize 
the potential of this photodiode technology. 
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APPENDIXES 
Irradiation conditions, NIEL values and dark current density increases. 

APPENDIX I 
The table below shows the results of the irradiations carried out in this work. All the exposures were made at room temperature with the devices short-circuited. 

Unless indicated in the last column, the photodiodes were not delidded for the irradiations. The dark current was measured between 20°C and 25°C using a 
Keithley picoammeter (model 6485 or 6430). The NIEL values used to plot the data in Fig. 2 are highlighted in bold. 

 
Refs. Manufacturer Device 

reference 
Estimated 
photosensitive 
area diameter 
(µµµµm) 

Particle 
type 

Energy 
(MeV) 

Total NIEL (elastic + 
inelastic) in 
In0.53Ga0.47As  
(MeV.cm2/g)  

Fluence 
(particle/cm2) 
 

dJ∆  

(A/cm2) 
at -5 V 

Comments 

This 
work 

Hamamatsu G8195 80 Protons 60 3.58x10-3 [7] 
4.00x10-3 [8] 

1x1010 3.21x10-6 • The 
measurements 
were made 1 
month after the 
irradiation for the 
lowest fluence and 
3 months after for 
the other ones. 
 

1x1011 2.8x10-5 

1x1012 2.74x10-4 

This 
work 

II-VI laser 
Enterprise 

PM1R 320 Protons 60 3.58x10-3 [7] 
4.00x10-3 [8] 

1x1010 2.16x10-6 • The 
measurements 
were made 1 
month after the 
irradiation for the 
lowest fluence and 
3 months after for 
the other ones. 

1x1011 2.02x10-5 

1x1012 1.98x10-4 

This 
work 

GPD 
Optoelectronic
s 

GAP394 300 Protons 60 3.58x10-3 [7] 
4.00x10-3 [8] 

1x1010 3.23x10-6 • The 
measurements 
were made 1 
month after the 
irradiation for the 
lowest fluence and 
3 months after for 
the other ones. 

1x1011 2.67x10-5 

1x1012 2.98x10-4 

This 
work 

Lumentum EPM605L
L 

55 Protons 60 3.58x10-3 [7] 
4.00x10-3 [8] 

1x1010 5.78x10-6 • The 
measurements 
were made 1 
month after the 
irradiation for the 
lowest fluence and 
3 months after for 
the other ones. 

1x1011 8.37x10-5 

1x1012 6.76x10-4 

This 
work 

Lumentum HRS 300 Protons 60 3.57x10-3 [7] 
4.00x10-3 [8] 

4.3x1010 2.24x10-5 

1.87x10-5 

1.47x10-5 

1.63x10-5 

1.63x10-5 

1.37x10-5 

• The 
measurements 
were made on-site 
soon after the 
irradiation. 

7.8x1010 3.76x10-5 

3.11x10-5 

3.32x10-5 

3.42x10-5 

3.53x10-5 

3.11x10-5 

1.3x1011 6.02x10-5 

4.80x10-5 

5.64x10-5 

5.12x10-5 

5.93x10-5 

5.14x10-5 

This 
work 

3SPhotonics 1931SGM 270 Protons 30 4.23x10-3 [7] 
3.99x10-3 [8] 

5x1010 2.89x10-5 

2.86x10-5 
• The 
measurements 
were made on-site 1x1011 5.3x10-5 
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5.46x10-5 soon after the 
irradiation. 5x1011 2.7x10-4 

2.88x10-4 
1x1012 3.52x10-4 

3.44x10-4 
80 3.46x10-3 [7] 

3.97x10-3 [8] 
5x1011 3.52x10-4 

1.09x10-4 
190 3.2x10-3 [7] 

3.67x10-3 [8] 
5x1011 9.39x10-5 

8.30x10-5 
This 
work 

Excelitas 
Technologies 

C30618 350 Protons 60 3.58x10-3 [7] 
4.00x10-3 [8] 

3x1011 2.42x10-4 • The 
measurements 
were made on-site 
soon after the 
irradiation. 

170 3.23x10-3 [7] 
3.7x10-3 [8] 

3x1011 2.32x10-4 
5x1011 3.96x10-4 
6.3x1011 4.95x10-4 

This 
work 

Excelitas 
Technologies 

C30618 350 Electrons 0.5 6.704x10-6 [7] 
6.6x10-6 [8] 

1x1012 9.85x10-7 • The 
measurements 
were made on-site 
soon after the 
irradiation. 
• The 
photodiodes were 
delidded for the 
irradiation. 

2.5x1012 2.25x10-6 
1.5 2.89x10-5 [7] 

2.5x10-5 [8] 
5x1011 4.25x10-6 
2x1012 1.59x10-5 

6 6.47x10-5 [7] 
5.9x10-5 [8] 

1.18x1012 2.65x10-5 

20 9.34x10-5 [7] 
8.9x10-5 [8] 

7.16x1011 3.56x10-5 

This 
work 

Excelitas 
Technologies 

C30618 350 Neutrons 2 5.5x10-4 [this work] 3.32x1011 8.11x10-5 • The 
measurements 
were made on-site 
soon after the 
irradiation. 

1.11x1013 2.64x10-3 

This 
work 

3SPhotonics 1931 
SGM 
 

270 γ-rays 
(Cobalt 
60) 

1.17 and 
1.33 
MeV (γ-
rays 
energy) 

γ-rays NIEL values in 
InGaAs compounds 
have not yet been 
published. 
However NIEL of 60Co  
γ-rays have been 
already calculated for 
GaAs in [21]. It is 
supposed to be very 
close to InGaAs NIEL. 
Using a threshold 
displacement energy of 
10 eV for both Ga and 
As leads to a NIEL 
value of 8.53x10-8 

MeV.cm2/g. 

3.8x1012 

(3.8 krad) 

2.08x10-8 • The 
measurements 
were made 2 
weeks after the 
irradiation. 

5x1012 

(5 krad) 
4.28x10-8 

2x1013 

(20 krad) 

1.49x10-7 

1.49x10-7 

5x1013 
(50 krad) 

4.07x10-7  

2.5x10-7 

 
 
 
 

APPENDIX II 
The table below gives an overview of the results already published in the literature. All the available information regarding either the irradiation or the 

measurement conditions has been reported in the last column. The NIEL values used to plot the data in Fig. 2 are highlighted in bold. 
 
 

Refs. Manufacturer Device 
reference 

Estimated 
photosensiti
ve area 
diameter 
(µµµµm) 

Particle 
type 

Energy 
(MeV) 

Total NIEL (elastic + 
inelastic) in 
In0.53Ga0.47As  
(MeV.cm2/g) 

Fluence 
(particle/cm2) 
 

dJ∆  

(A/cm2) 

Comments 

[10] Mitsubishi PD7006 300 Protons 5 1.22x10-2 [7] 
1.12 x10-2 [8] 

5x1010 

 
1.11x10-4 • The 

photodiodes were 
delidded for tests 
with proton 
energies below 40 
MeV. 

10 7.02x10-3 [7] 
6.5x10-3  [8] 

5x1010 

 
6.44x10-5 

15 5.49x10-3 [7] 
4.9x10-3 [8] 

5x1010 

 
4.85x10-5 

30 4.23x10-3 [7] 
3.99x10-3 [8] 

5x1010 

 
3.95x10-5 

60 3.58x10-3 [7] 
4.00x10-3 [8]  

5x1010 

 
3.96x10-5 
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[1] 
 

Discovery DSC30 30 Protons 35 4.04x10-3 [7] 
3.9x10-3 [8] 

9.3x1010 1.12x10-4 

1.32x10-4 
• The 
photodiodes were 
not delidded for 
the irradiation. 
• The 
photodiodes were 
biased at – 2 V 
during the 
irradiation. 
• The 
measurements 
were made on-site 
soon after the 
irradiation. 
• The dark 
current was 
measured at  -2V. 
 

1.85x1011 1.23x10-4 

2.46x10-4 

2.78x1011 1.47x10-4 

3.66x10-4 

[2] 
 

Atmel Spot 4 MIR 
detector 

22 µm x 45 
µm 

Protons 9.1 7.5x10-3 [7] 
6.9x10-3 [8] 

2x109 9.55x10-7 • The devices 
were irradiated 
unbiased. 
• Measurements 
have been carried 
out at 5°C; the 
dark current was 
extrapolated at 
25°C using the 
0.44 eV activation 
energy given in 
[2]. 
• The dark 
current was 
measured at  -1 V. 

10.55 7.01x10-3 [7] 
6.49x10-3 [8] 

3x108 1.43x10-7 

2x109 1.11x10-6 

17 5x10-3 [7] 
4.5x10-3 [8] 

2x109 6.36x10-7 

1x1010 3.98x10-6 

35.8 4.02x10-3 [7] 
3.89x10-3 [8] 

2x109 6.36x10-7 

63.5 3.55x10-3 [7] 
3. 99x10-3 [8] 

2x109 5.09x10-7 

1x1010 3.18x10-6 

100 3.39x10-3 [7] 
3. 93x10-3 [8] 

1x1010 1.43x10-6 

200 3.17x10-3 [7] 
3. 66x10-3 [8] 

1x1010 2.86x10-6 

300 3.14x10-3 [7] 
3. 66x10-3 [8] 

1x1010 1.67x10-6 

[11] Hamamatsu G6849-01 
(quadrant-
type) 

1000 Protons 105 3.39x10-3 [7] 
3.91x10-3 [8] 

5x109 3.26x10-6 • The 
measurements 
were made on-site 
soon after the 
irradiation. 
 

1.5x1010 1.20x10-5 

3.3x1010 2.87x10-5 

8x1010 8.04x10-5 
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[16] 
Epitaxx Reference 

unknown 
(tested by 
CERN) 

75 Protons 23 000 The NIEL for 23 GeV 
protons in InGaAs has 
not been calculated yet. 
Some attempts have 
been done in [17] using 
FLUKA for GaAs and 
InGaAs but with some 
discrepancies with 
respect to the results 
published in [18] for 
GaAs. The values given 
in [18] for 23 GeV 
protons are four-times 
lower than the values 
obtained by FLUKA 
simulations. Hence, to 
assess the NIEL for 23 
GeV protons in InGaAs, 
the NIEL obtained for 
GaAs in [18], i.e. 
2.8x10-3 MeV.cm2/g,   
was multiplied by the 
ratio of the NIEL 
calculated in [17] for 
GaAs and InGaAs, i.e. 
NIELInGaAs/NIELGaAs=1.
25, and we obtain 
3.5x10-3 MeV.cm2/g. 

1x1013 6.79x10-3 • The irradiations 
were carried out at 
room temperature. 
• The dark 
current was 
periodically 
monitored during 
the irradiation at 
various reverse 
bias voltages up to 
10 V. 
 
 
 

1.5x1013 1.13x10-2 

2.5x1013 1.58x10-2 

4x1013 2.49x10-2 

6.5x1013 7.92x10-2 

1x1014 2.26x10-1 

1.5x1014 6.79x10-1 

2.5x1014 2.04 

[13] 
 

IMEC No 
commercial 
reference 

300 Electrons 1 1.94x10-5 [7] 
1.65x10-5 [8] 

1x1014 2.22x10-5 • The irradiations 
were carried out at 
room temperature 
with devices 
unbiased. 
• The 
photodiodes were 
not delidded for 
the irradiation. 
• Based on the 
current-bias 
characteristics 
given in [13] the 
dark current 
values have been 
extrapolated up to 
-5V. 
 

1x1015 2.22x10-4 

[20] Epitaxx ETX-3000-
T5 

3000 Electrons 1 1.94x10-5 [7] 
1.66x10-5 [8] 

8x1013 5.65x10-5 • The irradiations 
were carried out at 
room temperature 
with devices 
grounded. 
 

[13] IMEC No 
commercial 
reference 

300 
Neutrons 1 

5.82x10-4 [15] 
3.01x10-4 [this work]  

1x1012 2.22x10-5 • The irradiations 
were carried out at 
room temperature 
with devices 
unbiased. 
• The 
photodiodes were 
not delidded for 
the irradiation. 
• Based on the 
current-bias 
characteristics 
given in [14] the 
dark current 
values have been 
extrapolated up to 
-5V. 

1x1013 3.33x10-4 

1x1014 8.89x10-3 

[16] Epitaxx Reference 
unknown 

75 Neutrons 6 1.1x10-3 [8] 1x1013 4.53x10-4 • The irradiations 
were carried out at 1.5x1013 6.79x10-4 
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(tested by 
CERN) 

2.5x1013 9.05x10-4 room temperature. 
• The dark 
current was 
periodically 
monitored during 
the irradiation at 
various reverse 
bias voltages up to 
10 V. 

4x1013 1.58x10-3 
6.5x1013 2.26x10-3 
1x1014 6.79x10-3 
1.5x1014 1.36x10-2 
2.5x1014 1.81x10-2 
4x1014 6.79x10-2 
6x1014 1.58x10-1 
1x1015 6.79x10-1 

[12] IMEC No 
commercial 
reference 

300 Carbon 
ions 

220 2.3x10-2 [12] 
0.145 [7] 
0.12 [8] 

1x1011 3.89x10-4 • The irradiations 
were carried out at 
room temperature 
with the glass 
cover removed. 
• No bias was 
applied to the 
photodiodes 
during the 
irradiations. 
• Based on the 
current-bias 
characteristics 
given in [12] the 
dark current 
values have been 
extrapolated up to 
-5V. 

1x1012 4.44x10-3 
1x1013 1.11x10-1 

[14] 
 

IMEC No 
commercial 
reference 

300 Alpha 
particles 

20 1.3x10-2 [14] 
5.583x10-2 [7] 
5x10-2 [8] 

1x1010 7.78x10-6 • The irradiations 
were carried out at 
room temperature 
with the glass 
cover removed. 
• Based on the 
current-bias 
characteristics 
given in [14] the 
dark current 
values have been 
extrapolated up to 
-5V. 

1x1011 1.00x10-4 

1x1012 2.22x10-2 

[19] Epitaxx Reference 
unknown 
(tested by 
CERN) 

75 Pions π+ 330 NIEL values for pions 
in InGaAs are not 
available; however it 
has been shown in [18] 
that in both Si and 
GaAs, the NIEL for 
protons and pions for 
an energy of about 300 
MeV are similar. We 
assume that it is also 
the case for InGaAs. 
Hence, a value of 
3.25x10-3 MeV.cm2/g 

[7] corresponding to the 
NIEL of 330 MeV 
protons in InGaAs has 
been retained for 
displacement damage 
dose calculation. 

4x1012 1.13x10-3 • The irradiations 
were carried out at 
room temperature. 
• The dark 
current was 
periodically 
monitored during 
the irradiation at 
various reverse 
bias voltages up to 
10 V. 
 

1x1013 3.40x10-3 

5x1013 2.72x10-2 
1x1014 1.58x10-1 
2x1014 6.79x10-1 
4x1014 4.53 

[24] 
 

Unknown Reference 
unknown 

70 
Remark: the 

Gamma 
rays 

1.17 and 
1.33 

8.53x10-8 (see previous 
comment in Appendix I 

1x1016 

(104 krad) 
3.90x10-5 • Based on the 

current-bias 
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(tested by 
CERN) 

order of 
magnitude 
of the 
diameter was 
assessed 
based on 
capacitance 
measuremen
t results 
given in 
[24]. 

(Cobalt 
60) 

MeV (γ-
rays 
energy) 

for γ-rays irradiated 
photodiodes). 

1x1017 

(105 krad) 
5.59x10-4 characteristics 

given in [24] the 
dark current 
values have been 
extrapolated up to 
-5V. 
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