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Abstract 

Non Ionizing Energy Loss (NIEL) is the metric conventionally used to scale displacement damage degradation of irradiated 

semiconductor materials. Degradation of many electrical parameters is scaled according to this average parameter. But some 

deviations from NIEL scaling approach are observed from time to time. The stochastic nature of irradiation is often ignored. But, 

the degradation is not necessarily proportional to the average degradation level given by NIEL. The scatter of the irradiation 

degradation level is studied in this paper. This analysis provides some hints in order to interpret some discrepancies observed 

between measurements and predictions made with NIEL. Reliability of NIEL scaling method, applied to dark current 

degradation, is discussed for Silicon and Gallium Arsenide optoelectronic devices. 
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1. Introduction 

 

Energetic particles passing through the matter are sources of degradation for electronic devices. Protons or electrons of space 

environment interact with atoms’ nuclei, displacing them, and producing electrically active defects, that degrade the functioning 

of devices used in space missions [1,2]. Fluxes of particles encountered in space are big enough to produce significant 

degradations, that is a matter of concern for space projects. The sensitivity of different electrical parameters of many devices has 

been extensively studied over the years [1-28]. The ion implantation process, widely used in semiconductor industry, has also 

lead to many studies [29-37]. Computer simulations have also been performed over the years to provide a scientific 

understanding of radiation effects in semiconductor materials [38-45]. Generally speaking, optoelectronic components are 

particularly sensitive to the amount of defects produced by irradiations. The increase in dark current of photodiodes is a simple 

example of degradation. Solar cells open circuit voltage, or short circuit current have also been extensively studied over the years 

[4]. 

The radiation induced degradation level differs from a particle type to another; or for a given type of particle, it differs from an 

energy to another. This is a concern for space projects operating in a complex space radiation environment involving different 

kind of particles with wide energy range. That makes it difficult to predict the End Of Life (EOL) characteristics of a device 

during a space mission. For semiconductor material, the best metric to scale irradiation degradations has been found to be the 

Non Ionizing Energy Loss (NIEL [46-50]) i.e. the energy deposited by unit of path of the incident particle, proportional to the 

number of atomic displacements. This parameter is found to be proportional to the amount of defects produced by an irradiation. 

Multiplied by the incident fluence (), it gives the Displacement Damage Dose (DDD [51]). Both DDD and NIEL depend on the 

nature and the energy of the incident particle (E), making them the best parameters to scale degradations related to atomic 

displacements. At first approximation, DDD is comparable to KERMA (Kinetic energy released per unit mass) otherwise used. 

The degradation level of electronic devices related to displacement damage is commonly scaled according to DDD [1,2,51]. 

When scaled per unit of incident fluence, according to the so called “NIEL scaling approach” [1-27], the experimentally 

measured degradation level can be directly compared to NIEL. When the considered degraded parameter, for instance increase in 

dark current (Idark), is linear with the fluence (), the experimental damage factor (KDark), defined as the slope of the degradation 

by unit fluence (Idark/is proportional to NIEL and can be directly compared to it [1]: 
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where V is the volume of the depleted region of the device. Many damage factors are therefore directly compared to NIEL. The 

well-known “NIEL scaling approach” is shown to work quite well in most cases [1-14], apart from some deviations observed for 

electrons [15,16,28] in Si, GaAs and InGaAs, for high energy protons in GaAs [17-22] and for neutrons in GaAs [23]. Some 

authors also report that NIEL has to be used very carefully and is not shown to be valid for changes in depletion voltage of 

oxygenated and standard Silicon detectors [24]. Experimental damage factors for GaAs devices [19-21] are plotted against the 

proton incident energy in the Fig. 1 ([52]). The deviation from the expected value provided by NIEL (red line) is obvious. 

 

 
Fig. 1. GaAs damage factors coming from literature [19-21], have been reported on calculated NIEL vs. incident energy curve (red line, equation 2). Data from 
Barry, Anspaugh and Walters come respectively from references, [19], [20] and [21].Different damage factors coming from [19,21] are normalized according to 

10 MeV protons’ NIEL. Black dots [19] show the relative degradation of LEDs minority carrier lifetime, black squares [20] represent the relative degradation of 

solar cells open circuit voltage, grey triangles [20] are the relative damage degradation of solar cells short circuit current, and grey dots [21] show the relative 
degradation of light output intensity of QW LEDs. 

Some interpretations have been given in the past to explain such kind of discrepancies. In the case of the deviations illustrated 

in the Fig. 1, discrepancies could be attributed to large size clusters where strong annealing processes could take place. Some 

geometrical effects, related to the homogeneity of the degradation were also discussed [19]. But the stochastic nature of 

irradiation damage processes has never been addressed in detail. Nonetheless, it is important to be considered as mentioned by 

Nordlund [45]. 

This is the main goal of this work. A detailed analysis of the statistical scatter of damaging process is performed thanks to 

dedicated Monte Carlo calculations. This analysis provides some hints to interpret deviations from NIEL scaling laws, observed 

for high energy protons. After some generalities about the radiation interaction process, a brief description of the employed 

Monte Carlo toolkit is provided. Then, in the three following sections, the statistical spread of the damaging process is discussed 

in detail for respectively, protons, electrons and neutrons. Both concept of damage distribution and Dark Current Non Uniformity 

(DCNU) will be introduced. Eventually, the reliability of the NIEL scaling approach is discussed in terms of the presented 

statistical analysis. 

 

2. Generalities about NIEL concept 

 

As reminded in the introduction, for a particle of a given type and energy, the displacement damage dose (DDD) is the product 

of NIEL by the incident fluence (). It is proportional to the number of atomic displacements produced by the irradiation. It is 

analogous to Total Ionizing Dose (TID), which quantifies ionizing processes. The NIEL is defined as an average energy loss by 

unit path length according to the following integral: 
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d/dQ is the probability distribution of recoil energies. Q is the recoil energy imparted to nuclei of the medium. Equation (2) is 

exactly the definition of the average energy imparted to recoil particles. But, the probability of interaction with nuclei () is very 

low (Table 1). Along the path of an incident proton, the distance between two nuclear interactions (1/is quite large (Table 2). 

This is very different from ionizing processes for which the mean free path is of few nanometers. Despite this low mean free path 

values, it is known [53] that ionizing energy loss presents some statistical distributions (straggling), which in turn induces some 

statistical variations of ionization in particle detectors of various dimensions. That imposes severe constraints to design of 

particle detection systems. In the case of nuclear interactions, this mean free path could reach, depending on the energy and the 

type of interactions, several millimetres (Table 2). Contrary to ionization, for which average stopping power is reliable over short 

distances, NIEL cannot reasonably be determined below a particle path of some tens of micrometers. In a volume, the average 

degradation level, proportional to NIEL, can only be reached if the number of interactions is large enough (Table 3) in order to 

allow the reliable calculation of an average. 
 

Table 1 

Proton+Si interaction cross sections for energies ranging from 1 MeV up to 300 MeV (Coulombian, nuclear elastic & inelastic interactions). Calculations have 
been performed with NEMO code [49]. 
 

 Cross sections 

E 

MeV 

Coulombian 
cm² 

nuclear elastic 

cm² 

nuclear inelastic 

cm² 

1 2.0 10
-20

 4.5 10
-24

 0.0 

10 2.2 10
-21

 7.4 10
-25

 1.13 10
-24

 

60 3.8 10
-22

 1.95 10
-24

 5.9 10
-25

 

100 2.3 10
-22

 1.76 10
-24

 5.2 10
-25

 

200 1.15 10
-22

 1.04 10
-24

 4.9 10
-25

 

300 8.5 10
-23

 9.3 10
-25

 4.9 10
-25

 
 

 

Table 2 

Proton+Si interaction mean free paths for energies ranging from 1 MeV up to 300 MeV (Coulombian, nuclear elastic & inelastic interaction). Calculations have 

been performed with NEMO code [49]. 
 

 Mean free path 

E 

MeV 

Coulombian 

mm 

nuclear elastic 

mm 

nuclear inelastic 

mm 

1 0.01 44.84 - 

10 0.09 270.01 177.74 

60 0.53 102.62 338.23 

100 0.87 113.40 385.36 

200 1.74 193.06 402.41 

300 2.35 214.89 404.40 
 

Table 3 

Average number of proton+Si interactions induced by 10+09 protons/cm² in a volume of 100 µm x 100 µm x 10 µm (Coulombian, nuclear elastic & inelastic 
interactions). 
 
 

 Number of interactions 

E 

MeV 
Coulombian nuclear elastic nuclear inelastic 

1 100000.0 22.3 - 

10 11000.0 3.7 5.6 

60 1900.0 9.7 3.0 

100 1150.0 8.8 2.6 

200 575.0 5.2 2.5 

300 425.0 4.7 2.5 



 

Three kind of particle+nucleus interactions can produce atomic displacements: Coulombian, nuclear elastic and nuclear 

inelastic interactions. The most probable mechanism is the long-range Coulombian interaction, which cross sections are of 

several hundred of Barns (Table 1). Nuclear interactions (elastic and inelastic) cross sections are rather in the order of Barn. 

These cross sections lead to mean free paths of respectively, hundreds of micrometers in the case of Coulombian interactions and 

several hundreds of mm for the two others interaction types (Table 2). These values, even for Coulombian interactions, remain 

large compared to the size of current devices. In Silicon,  100 MeV incident proton produces in average, a Coulombian 

interaction each mm. 1 MeV proton produces an interaction in average each ~10 µm. It is far smaller. But it remains quite large 

compared to the range of this proton which is around ~16 µm. It means that along its whole range an incident proton of 1 MeV 

will produce most of time a single interaction. This shows clearly that, under a distance of few micrometers, NIEL has no 

meaning for a single particle. At this scale (~10 µm) NIEL must be regarded as an average parameter that makes sense only for a 

large enough number of incident particles, producing a number of interactions sufficiently large to allow the accurate calculation 

of the average value of energy loss. As can be seen in Table 3 the number of nuclear interactions produced by a fluence of 

10
+09

 protons/cm², in a Silicon volume of 100 µm x 100 µm x 10 µm, is in average lower than one. In this volume, which in itself 

constitutes a quite large photodiode, this low number of interactions is very inadequate to calculate properly an average number 

of atomic displacements (proportional to NIEL). This is not the case for Coulombian interactions which produce even at high 

energy a sufficient number of interactions to get a damage level representative of NIEL. This means that, depending on both the 

size of the sensitive region and the incident fluence, the damage level will or won’t be representative of NIEL or DDD. This is 

especially true for nuclear (elastic & inelastic) part of NIEL. This statistical spread is studied in more details for protons, 

electrons and neutrons in the rest of the paper. It has been studied thanks to Monte Carlo simulations. The damage distributions 

are calculated for both different fluence levels and different incident energies. Detailed calculations are performed for Silicon 

volumes representative of depleted regions of Si photodiodes. Some calculations have also been performed for GaAs micro-

volumes. The reliability of NIEL scaling approach is discussed at the end of the paper. First, a brief description of the Monte 

Carlo calculation is provided in the following section. 
 

3. Monte Carlo simulations 
 

The damage level of an isolated photodiode is the consequence of stochastic processes described in the previous section. This 

damage cannot be predicted exactly. It depends on the number of interactions (Coulombian, nuclear elastic and nuclear inelastic) 

occuring in the photodiode. 

 

Fig. 2: Damage distribution for 50 MeV incident protons as a function of different fluence level. 

In addition, each interaction neither produces exactly the same number of atomic displacements, increasing the statistical 

spread. The number of interactions is driven by a Poisonian process that can be simulated thanks to a Monte Carlo algorithm 

(Fig. 3). 



 

A large set of identical photodiodes irradiated with a given fluence of identical particles, having the same energy will not show 

exactly the same degradation level. The scatter of degradation levels follows a distribution, that depends on both a Poisonian 

process, and on the shape of the interaction cross section which it depends (Fig. 2). These damage distributions evolve with the 

incident applied fluence, and depend on the type and the energy of the incident particles. They can be calculated according to a 

Monte Carlo algorithm [54-57]. As can be seen on the Fig. 2 it tends little by little toward a Gaussian function, whose average is 

defined as NIEL [55]. But the average degradation is reached only for large enough fluences [55]. 

The damage distribution is an interesting function commonly evaluated for image sensors radiation hardening analysis. The 

dark current increase, whose dispersion is called theDark Current Non Uniformity (DCNU) has been extensively studied, and 

over the years different numerical methods have been developed for its evaluation [54-64]. It finds a particular interest for 

radiation evaluation of star trackers, which functioning can be strongly disturbed by hot pixels, presenting high induced dark 

current [57]. In addition image sensors (Charge Coupled Devices (CCD) or Active Pixel Sensors (APS)) are particularly 

interesting test vehicles, which allow irradiating a large set of identical photodiodes. Employing a DCNU Monte Carlo toolkit, in 

order to evaluate radiation induced damage distributions, could provide interesting hints to know which degradation level could 

be expected when an isolated photodiode is irradiated with a given fluence. 

We have developed a Monte Carlo based model [54-56] well suited for the statistical analysis proposed here. The only 

difference with DCNU prediction, is that here, the calculation is limited to the evaluation of distribution of damage. The dark 

current, which is assumed to be proportional to DDD, is simply not calculated. We thus obtain a damage distribution which 

average is equal to NIEL. The principle of calculation of damage distribution by this Monte Carlo toolkit can be found in 

references [54-56]. It can be summarized with the algorithm of Fig. 3. 

 

Fig. 3: Algorithm of the damage distribution calculation. 

The principle is to compute the number of atomic displacements in each pixel i of the irradiated array. The number of 

interactions of type t for the pixel i, i,t, is randomly drawn in a Poisonian law. The nuclear elastic, nuclear inelastic and 

Coulombian interactions are treated sequentially. For a given pixel, damage induced by each interaction is summed whatever 

their nature. The number of atomic displacements, produced by nuclear interactions (elastic, inelastic), are modelled thanks to 

GEANT4 Monte Carlo toolkit [51-56]. GEANT4 is a C++ library dedicated to transport of particle through matter. It offers a 

wide selection of physical models on a wide range of energy. The Binary cascade model of GEANT4.9.3 patch 03 has been 

chosen to compute nuclear interactions for both elastic and inelastic processes [65]. The 3D structure of pixels is modelled to 

account for border crossing effects (i.e. damage cascades getting out/in the pixel).  



 

A database of degraded pixels is pre-calculated with GEANT4, and called within the loop of Fig. 3. Differently, Coulombian 

scattering recoil nuclei are directly computed thanks to analytical cross section expressions [51-56]. Finally, the Si damage 

distribution is estimated. Dark current distribution can be estimated simply assuming proportionality between the dark current 

and the number of atomic displacements [51-56]. Thermal emission rate of defects can also be modelled in an improved version 

that also takes into account electric field enhancement effect [66]. But here, one just needs to calculate the initial damage 

distribution. It is shown for 50 MeV protons for different applied fluences in Fig. 2. In the rest of the paper, these damage 

distributions will be represented using a color scale on mappings going from few MeV up to 300 MeV (incident energy = X axis, 

damage level  = Y axis, colour scale = probability). This will allow the probability of damage to be compared with average value 

of NIEL (white lines on mappings). First, calculations are made for Silicon volumes. Gallium Arsenide (GaAs) volumes are also 

addressed during a second phase. The method has been adapted for compound materials by evaluating the number of displaced 

atoms of each species separately. The final number of atomic displacements is simply the sum of displaced atoms of each 

species. 
 

4. Damage distributions 

 

4.1 Incident protons 

 

Fig. 4. Damage distributions for a silicon photodiode of  100 µm x 100 µm x 0.5 µm irradiated with 10+08 protons/cm². Damage probability distributions are 

plotted in color scale as a function of incident particle energy. Comparison is made with Silicon total NIEL and its Coulombian part (white lines).The most 

probable damage level is far lower than total NIEL. 
 

Damage distributions of 1 million of Silicon photodiodes of 100 µm x 100µm x 0.5 µm have been calculated for incident 

protons ranging from 0.1 MeV up to 300 MeV. Dimensions of simulated volumes are representative of common Silicon 

photodiodes. The change of these distributions has been assessed as a function of the applied incident fluence that goes from 

10
+08

 p/cm² up to 10
+11

 p/cm² (Fig. 2, Fig. 4). Distributions obtained for 10
+08

 p/cm², are mapped on Fig. 4 with a color scale. The 

Y axis represents the damage level of the distribution. It is expressed in NIEL unit (MeV/g.cm²). The damage probability is 

distributed along a vertical column and shown in color gradient. These distributions are provided for 19 incident energies 

selected in a log scale in the range [0.1 MeV, 300 MeV]. The final mapping represents, on the energy range of interest, the 

probability to get a given damage level at a given fluence level. The dark blue represents a probability of 10
-06

 with a  100 % 

uncertainty for a single count. The uncertainty for the blue sky color is in the order of few percent. Fig. 4 clearly shows that the 

distribution of damage can present a large width. At low fluence level (< 10
+09

 p/cm²), standard deviations are comparable to the 

average value of these distributions (Table 4). ~0.004 MeV/g.cm² for a 100 µm x 100 µm x 0.5 µm volume irradiated with 

10
+09

 p/cm² 50 MeV protons. 

It shows that a single photodiode has actually a very low probability to be damaged at a level exactly equal to the average 

represented by total NIEL (actually 1 in 40 chance for 50 MeV protons). And one can even see on this figure, that the maximum 

of probability is obtained for significantly lower damage level (3 times lower than the NIEL for 50 MeV protons (Fig. 2, Fig. 4)). 



 

When a fluence of 10
+09

 protons/cm² is applied on this photodiode, one get 1 in 5 chance to measure a degradation level 3 times 

lower than value predicted by NIEL, while the chance is solely of 1 in 40 to measure a degradation level proportional to NIEL. 
 

Table 4 

Both average and maximum damage level along with the standard deviation are given for a volume of 100µmx100µmx0.5µm irradiated with 50 MeV protons of 

various fluences [10+08 p/cm², 10+11 p/cm²]. 

Fluence  p/cm² 10
+08

 10
+09

 10
+10

 10
+11

 

Mean Nb. of 

interactions per pixel 

Coulomb 10 100 1000 10000 

elastic 0.05 0.5 5 50 

inelastic 0.015 0.15 1.5 15 

Mean (NIEL) MeV/g.cm² 0.0038 0.0039 0.0039 0.0038 

Maximum MeV/g.cm² 0.0005 0.0013 0.0032 0.0037 

Std. 

deviation 
MeV/g.cm² 0.0395 0.0040 0.0013 0.0004 

Mean/Max  7.67 3.00 1.19 1.03 

 

As can be seen on Fig. 4, the damage is closer to Coulombian part of NIEL than to total NIEL. The fluence is low enough so 

that most of photodiodes are not impacted by a nuclear reaction (elastic or inelastic). Indeed the average number of nuclear 

interactions can be significantly lower than 1 at low fluence level (Table 3). For instance, a ~10
+08

 protons/cm² fluence leads to a 

probability of nuclear reaction in this volume of ~0.01. 99 photodiodes in 100 will not undergo any nuclear interactions. In that 

case, degradation of 99 photodiodes in 100 will be proportional to Coulombian part of NIEL. The similarity with the 

experimental data of Fig. 1 is obvious. It shows that an irradiated device is very unlikely to depict a degradation level 

representative of average NIEL if the chosen applied fluence is too low. The degradation becomes comparable to NIEL for 

increasing fluences. Fig. 2 is a cross section of Fig. 4 at 50 MeV (dashed line). In Fig. 2, the change of damage distribution with 

fluence level is shown from 10
+08

 p/cm² up to 10
+11

 p/cm². The damage distribution tends little by little to a Gaussian curve and 

becomes increasingly narrower [55]. As can be seen in Fig. 2, the maximum of probability tends progressively towards the 

average value of NIEL. For the simulated volume (100 µm x 100 µm x 0.5 µm) the convergence to NIEL is achieved for a 

fluence level greater than 10
+11

 p/cm². 

Damage distributions are given in Fig. 4 to Fig. 6 for three different fluences (10
+08

 p/cm², 10
+10

 p/cm², 10
+11

 p/cm²).The 

statistical spread of the damage level is higher with increasing energies. This is the consequence of the decrease of Coulombian 

interaction cross sections. At low energy (< 10 MeV), degradation is dominated by the huge number of Coulombian interactions 

occurring in the volume. The damage level follows a Gaussian distribution centered on Coulombian NIEL. The standard 

deviation of this distribution is relatively small due to the high number of interactions [56]. 

 
Fig. 5. . Damage distributions for a Silicon photodiode of 100 µm x 100 µm x 0.5 µm irradiated with 10+10 protons/cm². Damage probability distributions are 

plotted in color scale as a function of the incident particle energy. The total NIEL and its Coulombian part are shown in white lines. The damage level is 

distributed homogeneously between total NIEL and its Coulombian part. 



 

 
Fig. 6. Damage distributions for a Silicon photodiode of 100 µm x 100 µm x 0.5 µm irradiated with 10+11 protons/cm². The damage level tends to the value of 

total NIEL, which corresponds to the average of the distribution. 
 

At higher energy degradation is dominated by nuclear interactions that are able to produce at each time an important number of 

atomic displacements. But nuclear interaction cross sections remain relatively small, leading to a relative limited number of 

events, and thus to a relatively large scatter of the damage level. The overestimation of the degradation level by NIEL is due, at 

low fluence level, to this very low number of nuclear interactions (Table 3 & 4, elastic and inelastic) that prevents damage level 

to converge toward the average value of the distribution (i.e. nuclear NIEL). This shows that the number of nuclear interactions 

per sensitive volume is a fundamental parameter that has to be accounted for to evaluate properly the damaging process of a 

device. This value depends on both the incident fluence and dimensions of the sensitive region of the device. 

According to Fig. 4 to Fig. 6, it is obvious that damage level tends with the fluence, toward average NIEL by lower values. The 

most probable damage level is always lower than the average damage level, because of the most important probability to get low 

energy recoil particles, and thus lower damage levels. Indeed, recoil energy distributions are, generally speaking and specially 

for Coulombian interactions, decreasing functions. Values of mean and maximum damage are provided in Table 4 for 50 MeV 

incident protons on a 100 µm x 100 µm x 0.5 µm photodiode. For low fluence values, NIEL can overestimate the most probable 

degradation level up to a factor of ~8 (fluence 10
+08

 p/cm²). 
 

4.2 Incident neutrons 

 

The case of neutrons is interesting because, they produce solely nuclear reactions. The statistical spread observed for protons, 

mix the contribution of two processes (Coulombian + nuclear), while for neutrons the spread in damage levels is the only 

consequence of nuclear processes. For the same fluence level (10
+10

 particles/cm²) the spread of the damage level is far higher for 

neutrons (Fig. 7) than for protons (Fig. 5). This is the consequence of the high number of Coulombian interactions that exist for 

protons and not for neutrons. Neutrons produce only nuclear (elastic and inelastic) interactions far less numerous, in the order of 

few units for the considered volume and fluence (100 µm x 100 µm x 0.5 µm irradiated with 10
+10

 neutrons/cm²). The 

consequence is a very large statistical spread of the damage level (Fig. 7). A significant convergence of the damage distribution 

is reached for 10
+11

 n/cm². As can be seen in Fig. 7 (b), at 300 MeV the full-width half maximum of the distribution (6x10
-

04
 MeV/g.cm²) is in the order of the mean of the distribution (4x10

-04
 MeV/g.cm²), while this level of convergence is reached for 

protons for a ten times lower fluence of 10
+10

 proton/cm² (Fig. 5). Analogously to protons, increasing the fluence reduces the 

standard deviation of damage distributions, which converge slowly to NIEL (Fig. 7b, Fig. 9, Fig. 10 and Fig. 11). Below 1 MeV, 

where elastic nuclear process dominates, this phenomenon is obvious in Fig. 9. But above 1 MeV where nuclear inelastic 

reactions make the biggest contribution, the damage level seems to converge to a lower value than NIEL. This underlines another 

phenomenon. 

 



 

 
(a) 

 
(b) 

 
Fig. 7. Damage distributions for a Silicon photodiode of 100 µm x 100 µm x 0.5 µm irradiated with neutrons in the energy range [0.01 eV, 300 MeV]. On the 

left, damage density probability is plotted in color scale as a function of incident particle energy. A fluence of 10+10 neutrons/cm²  has been applied on a geometry 

having a 1 nm thick over-layer. On the right are plotted damage density probability functions for  300 MeV incident neutrons. Two fluences are compared 

(10+10 neutrons/cm² and 10+11 neutrons/cm²). For 10+11 neutrons/cm² two cases are also shown. The geometry with 1 nm Silicon over-layer is compared to the 
geometry having an over-layer of 3 µm. The thinner the over-layer is, the lower the damage level is. 

During a nuclear reaction, recoil nuclei are not emitted isotropically [55]. They are mainly ejected in forward direction. In 

addition, their ranges are in the order of few micrometers [55]. Typically, recoil nuclei produced by  100 MeV neutrons have 

average ranges of ~2 µm. Light nuclei (Z < 6) can travel distances of ~10 µm up to 100 µm, while heavy nuclei (Z > 6) have 

shorter ranges in the order of few micrometers. A significant part of these heavy recoil particles can reach distances of 10 µm. 

Characteristics of these particles, in term of ranges and angular emission, have consequences on damage produced in micro-

volumes. Indeed, a volume can be degraded homogenously, only if it is surrounded by sufficient thickness of material. In 

particular, the volume must be topped by a large enough over-layer. Recoil nuclei produced in this over-layer will enter into the 

studied volume. The produced damage will compensate losses due to recoil nuclei that escape the volume by the rear face (Fig. 

8). In the case of Fig. 7a, Fig. 9, and Fig. 10, the simulated volume is topped by a very thin layer of 1 nm of Silicon, too small to 

produce enough nuclear reactions capable to compensate losses. 

 
Fig. 8. In average, most of damage cascades are produced by nuclear reactions in the forward direction (red ellipses). Some of atomic displacement cascades, 

initiated close to a border, can produce damage outside the active region of the device. A top layer of material is necessary to compensate those losses associated 

to events that get out from the sensitive volume. 

The degradation cannot converge to NIEL value even at high fluence level. This phenomenon is not seen at low energy for 

elastic nuclear reactions that produce low energy recoils. Most of damage is produced by recoil nuclei generated in the volume. 

Enlarging the thickness of the over-layer from 1 nm to 3 µm raises significantly the damage level at high energy (Fig. 7 (b), Fig. 

10), making it tend closer to neutron NIEL. A larger thickness of ~10 µm would allow achieving the convergence toward NIEL. 



 

This kind of steady state phenomenon is commonly accounted for when dealing with ionizing dose effects and especially during 

gamma ray irradiations [67]. International test standards require the use of equilibrium material to minimize dosimetry errors. 

This mechanism is demonstrated here to play also a significant role in displacement damage processes. In that case the lack of 

over-layers on the sensitive volume (depleted region of a photodiode) can lead to an underestimation of the degradation level. 

 
Fig. 9. Damage distributions for a Silicon photodiode of 
100 µm x 100 µm x 0.5 µm topped with a 1 nm thick overlayer. Fluence is 

equal to 10+11 neutrons/cm². Comparison is made with Silicon neutron NIEL. 

 
Fig. 10. Damage distributions for a Silicon photodiode of 
100 µm x 100 µm x 0.5 µm topped with a 3 µm thick overlayer, Fluence is 

equal to 10+11 neutrons/cm². Comparison is made with Silicon neutron NIEL. 

4.3 Incident electrons 
 

As can be seen on following figures (Fig. 11, Fig. 12), the behavior of electrons is quite different from the case of protons and 

neutrons presented formerly. In our energy domain of interest electrons produce exclusively Coulombian interactions. Ddamage 

distribution tends regularly to the NIEL of electrons. At a fluence of 10
+10

 e-/cm² distribution is consistent with NIEL. The low 

value of electron NIEL might have suggested a behavior comparable to the one of protons. Actually, compared to protons, low 

NIEL value of electrons is not due to low cross section values, but to the low energy of elastic Silicon recoil nuclei produced by 

the e-+Si Coulombian interactions. For instance, a 10
+10

 e-/cm² electron fluence produces a mean value of ~75 interactions in a 

volume  100 µm x 100 µm x 0.5 µm (e-(1MeV)+Si Coulombian  interactions ~3x10
-23

 cm²). This number of interactions is large 

enough to make the damage level converging toward the average value of NIEL. 

 
Fig. 11. Damage distributions for a Silicon photodiode of 100 µm x 100 µm x 0.5 µm irradiated with 10+09 electrons/cm². Damage level probability is plotted in 

color scale as a function of incident particle energy. Comparison is made with Silicon NIEL (white line). 



 

 
Fig. 12. Damage distributions for a Silicon photodiode of 100 µm x 100 µm x 0.5 µm irradiated with 10+10 electrons/cm². Damage level probability is plotted in 

color scale as a function of incident particle energy. Comparison is made with Silicon NIEL (white line). 

By decreasing the fluence down to 10
+09

 electrons/cm², the standard deviation of the damage distribution increases, but the 

maximum of probability remains superimposed with its average i.e. NIEL of electrons (Fig. 11). The maximum value of the 

distribution becomes far lower than NIEL only when the incident electron fluence reaches 10
+08

 electrons/cm² (0.75 interactions 

in the volume). But usually, electronic devices are tested to DDD with fluences larger than 10
+13

 electrons/cm² representative of a 

real spatial radiation constraint. For instance, during one year spent on a geostationary orbit, a satellite will receive a total fluence 

of electrons having energies larger than 500 keV close to ~8x10
+13

 electrons/cm² (AE8max [57]). 

 

 

5. Case of protons in Gallium Arsenide 

 

The statistical effect highlighted in this work is independent on the nature of materials. However, in order to compare to 

experimental damage measurements found in the literature, calculations have been extended to a GaAs volume 

( 100 µm x 100 µm x 0.5 µm) irradiated with incident protons. This statistical effect depends only on the average number of 

interactions occurring in the volume, which is a function of both applied fluence and dimensions of this volume. Calculations 

(not shown here) performed using a 100 times smaller volume (V/100) and a 100 times bigger fluence (x100), lead to results 

identical to those obtained with the volume V and the fluence . In both cases, the average number of interactions per volume 

remains the same. That allows a comparison with experimental measurements obtained on various devices of different 

dimensions. 

As can be seen in Fig. 13, the convergence toward NIEL value is reached after a 10
+11

 protons/cm² fluence has been applied. 

This is comparable to the case of Silicon. Interaction cross sections of Si and GaAs are in the same order of magnitude. 100 MeV 

proton Coulombian, nuclear elastic and inelastic interaction cross sections are respectively for Ga atoms: CoulGa = 9.3x10
-22

 cm², 

ElaGa = 3.11x10
-24

 cm², IneGa = 8.7x10
-24

 cm². These cross sections are slightly higher than those of silicon material (Table 1). 

The atomic density of both materials are also comparable (5.10
+22

 Si atoms/cm
3
, 4.44x10

+22
 atoms/cm

3
 in GaAs). 

As can be seen in Fig. 14, the spread of data is far more important for a fluence of 10
+10

 protons/cm². With this fluence level an 

average of ~5 nuclear (elastic+inelastic) interactions has been produced in the 100 µm x 100 µm x 0.5 µm GaAs volume, which 

is too low to get a tight distribution with a quite small standard deviation. It is interesting to note that the statistical spread of 

experimental data [19-21] presented in Fig. 1 is consistent with the probability distribution calculated by the Monte Carlo 

method (Fig. 14). 



 

 

Fig. 13. Damage distributions for a GaAs photodiode of 100  µm x 100 µm x 0.5 µm irradiated with 10+11 protons/cm². Damage distribution probability is plotted 

in color scale as a function of incident particle energy. At this dose level convergence toward GaAs total NIEL is achieved. 

 
Fig. 14. Damage distributions for a GaAs photodiode of  100 µm x 100 µm x 0.5 µm irradiated with 10+10 protons/cm². Damage distribution probability is plotted 

in color scale as a function of incident particle energy. Damage level is homogeneously distributed between total GaAs NIEL and its Coulombian part. 

Experimental data obtained in GaAs devices [19-21] and presented in Fig. 1 are reported here for a qualitative comparison. Similarities between calculation and 

experimental data is obvious. 

Let’s push further the analysis of the data from Walters et al [21]. This paper gathers their own measurements of the 

degradation of the light output intensity of GaAs LEDs, with data of two other references [19,20]. There are the open circuit 

voltage and the short circuit current degradation measurements performed by Anspaugh [20] on GaAs/Ge solar cells. There is 

also the lifetime damage constant measured by Barry et al. [19] in GaAs LEDs. The most interesting data are this latter from 

Barry et al., because they have been performed with relatively low fluence levels, ranging from 5x10
+08

 p/cm² up to 

6x10
+09

 p/cm². According to our work, an overestimation of experimental data by total NIEL is expected for these set of data. 

Dimensions of the sensitive volume of the LED are not provided, but dimensions of this “old” technology are expected to be in 

the same order of magnitude as those used in our calculations. According to this hypothesis the experimental data are more likely 

expected to follow coulombian NIEL than total NIEL. And this is what is observed in Fig. 14. 

On his side, Walters [21] used InGaAs quantum well emitting diode having a sensitive volume of 460 µm x 260 µm x 0.07 µm, 

6 times smaller than the volume used in our calculations. According to calculations, the convergence of the damage factor to 

total NIEL could be expected with a fluence of  ~ 6x10
+11

 p/cm². As can be seen on Fig. 14, the damage factor is not so far from 

the total GaAs NIEL. The measurements have been performed up to 10
+13

 p/cm². In that sense the damage factor is expected to 

be close to total NIEL. However, the extraction of this damage factor depends closely on how the fitting procedure is applied. If 

the adjustment of the damage vs. fluence function is optimized to best fit the low fluence part of this curve, the damage factor 

could be slightly underestimated. 



 

For Solar cells, the damage factor extraction procedure is similar to the one of the light output intensity for LEDs. It depends 

on how the damage vs. fluence curve is adjusted. As the active region of GaAs solar cells can be quite large, the damage factor is 

expected to follow total NIEL. But it was not possible to find an enough detailed description of data of Anspaugh [20] to draw 

any clear conclusion. In conclusion, most of these data seems to be consistent with the statistical analysis proposed here.  

 

6. Discussion 

 

This work first highlights the fact that NIEL, which is commonly used to scale the displacement damage induced degradation 

in electronic devices, might lack of precision in some cases, because this mean parameter does not take into account the 

stochastic nature of damaging process. For instance, the scatter of damage observed for proton irradiated GaAs devices is 

consistent with the damage probability of Fig. 14, and might be interpreted as a simple statistical spread. However, some other 

effects may explain these observations for high energy protons (Fig. 1, Fig. 14) [2,68]. It has been shown that higher energy 

protons (E ≥ 10 MeV) could introduce very active recombination centers that are electrically and structurally different than those 

produced by lower energy protons. Energetic particles can produce clusters of defects, changing some electronic properties of 

irradiated devices as compared to effects of isolated defects [2]. Clusters of defects may consists of amorphous pocket regions or 

may present high concentrations of bond defects, leading to different recombination rates, and thus different final damage levels 

[2,45]. Both dopant and impurity types with their respective concentrations are also sensitive parameters. NIEL scaling approach 

is more debatable for electrical parameters such as recombination-lifetime exhibiting several functional dependences (injection 

level, resistivity…)[2]. Thus, several cautions must be taken when implementing NIEL scaling in practice. The fact that NIEL 

does not take into account the statistical spread of damaging process is another one. 

This kind of statistical effect is well known for ionization process. In radiation sensors, the shift of the most probable ionization 

value with respect to the sensor thickness or to the applied fluence has been extensively studied in the particle accelerator 

community [24,53] (and references therein). The phenomenon shown here is analogous but applied to displacement damage 

effects. This dispersion can be the result of two different mechanisms. It can simply be due to a too low average number of 

interactions per pixel at low fluence level. The fluence level at which the degradation converges toward NIEL depends of course 

on the dimensions of the irradiated volume. The statistical spread can also be regarded as an issue related to the homogeneity of 

the damage dose. The steady homogeneous degradation of the depleted region of a device can be reached only if the sensitive 

volume is buried at a sufficient depth. Otherwise, the damage cascade escaping the volume by its rear face cannot be 

compensated by those entering this volume through the upper layer (cf. section, V & Fig. 8). The consequence is a degradation 

level lower than the value predicted by NIEL (Fig. 9, Fig. 10). This effect is significant for smaller volumes having dimensions 

less than the average range of recoil nuclei (~5 µm for nuclear interactions). Generally speaking, sensitive regions of GaAs 

devices are significantly smaller than for Silicon devices. That could explain, the more preferably observation, of underestimate 

damage factors in GaAs than in Silicon. The physical mechanism highlighted here is of course expected to be more important for 

smaller devices. The progressive scale reduction of devices could lead this effect to become dominant and thus diminishing the 

relevance of NIEL parameter. In addition, as we have seen in section 4, when dimensions become in the order of the ranges of 

recoil nuclei (< 10 µm), the deviation from NIEL can be enhanced by the presence or not of a thick over-layer. 

This statistical effect can be observed during experiments when no attention is paid to the chosen applied fluence level. But 

from a more practical point of view, one might also question the importance of this mechanism for onboard devices. The first 

thing to underline is that NIEL remains a worst case and thus qualification methods based on NIEL are conservative. Let us take 

a photodiode with typical dimensions of those of a CCD: 13 µm x 7.5 µm x 6 µm (CCD4720 e2v [69]). Now, let us assume that 

this device remains 10 years on the Low Earth Orbit (LEO) of JASON satellite (1336 km altitude, 66° inclination) shielded by 

few centimeters of aluminum [54]. In that case, the total received fluence (~5 x 10
+10

 p/cm²) [54] gives a quite small average 

number of nuclear interactions per photodiode. On average, ~2.5 (1 nuclear elastic + 1.5 nuclear inelastic) nuclear interactions 

are produced by protons of nearly ~60 MeV. The most probable degradation level is estimated to be half of the NIEL value. In 

that case, NIEL is not suited to predict the final damage level. The lack of accuracy of NIEL will be smaller for less shielded 

devices for two reasons. The level of fluence is higher, reducing naturally the statistical spread. The average energy of particles 

crossing the device will also be lower. In that case, degradation will be dominated by low energetic particles for which nuclear 

interactions play a minor part. The statistical effect may be more a concern for missions facing harsher environment, such as 

Jovian missions, presenting an important population of energetic protons. 

In space, importance of the homogeneity of damage degradation is another question. The underestimation of the degradation 

related to the presence or not of an over-layer on the sensitive volume is less acute in space, where irradiation is isotropic 

compared to experiments performed with normal incident beams. Our calculations, performed with normal incident particles, 

entering the sensitive region by the upper-face covered with a quite thin over-layer, are not exactly representative of space 

environment. This specific condition is a kind of worst case that reinforces the role of the upper-layer. Indeed, in space, particles 

do not penetrate the sensitive region solely by the upper-face, but they come also from lateral and back sides of the device, which 

naturally makes the irradiation more homogenous. In addition electronic devices are shielded naturally by the structure of the 



 

satellites, which changes the shape of the incident energy spectrum and the role of secondary particles in formation of the 

damage distribution [70]. On orbit, that will tend to minimize the mechanisms described here. 

  

For neutrons that do not produce any Coulombian interactions, the statistical effect is by nature more obvious. According to the 

used geometry, above 1 MeV, degradation is overestimated by NIEL even with a fluence of 10
+11

 neutrons/cm² (Fig. 10). This is 

due in particular to the fact that it is difficult to get a steady damage level, because of the high energy of nuclear reactions recoil 

nuclei. Degradation of any device not topped with a relatively thick over-layer will be systematically lower than the value 

predicted by NIEL. This effect, quite important for neutrons can affect any physical parameter related to the surface of the 

material (shallow depleted regions in ICMOS, surface conductivity of materials…). Some deviations from the NIEL scaling 

approach are reported even in the ASTM E722-14 neutron test standard [71]. For incident neutrons in GaAs material, the 

Lindhard energy partition function [72] is corrected by a damage efficiency that reduces beyond 0.1 MeV the value of NIEL 

(KERMA) [71]. This behavior presents some similarities with results of Fig. 9 for which at high energy, NIEL overestimates the 

experimentally measured damage factors. 

In this work, the amount of damage estimated by MC calculations is based on the classical theory of damage production. The 

number of atomic displacements produced by a recoil nucleus is given by the Lindhard energy partition function [72], which lays 

on Binary Cascade Approximation (BCA). But the damage produced in cascading regions introduces different kinds of defects 

which can also influence the degradation of electrical parameters. This is observed in case of electrons, which experimentally 

measured damage factors often deviate from NIEL predictions [25,73]. More informative data of defects structure can be 

obtained by Molecular Dynamic (MD) calculations. These simulations include the crystalline structure of the device material, 

which is not considered in MC calculations. Moreover, defects created by recoils with energies less than the threshold energy are 

only obtained by MD calculations. MD simulations can be used to reformulate the energy partitioning, including sub-threshold 

damage effects [25,73]. But these mechanisms are neglected in this work. One can see in Fig. 11 and Fig. 12 that calculated 

damage levels tend toward “classical” NIEL at high fluences. 

 

Reliability of NIEL scaling approach will become more and more debatable for more integrated technologies having smaller 

sensitive regions. Engineers that conduct electronic devices qualifications need to ensure that the applied fluences are compatible 

with the definition of NIEL before any extrapolation using this parameter. The size of the sensitive region of devices and the 

level of fluence of the mission have to be accounted for. For typical photodiodes of several thousands of µm
3
, the minimum 

fluence to be applied to get degradation consistent to NIEL is something in the order of 10
+10

 p/cm². In the case in which the 

radiation level of the mission becomes too small, NIEL loses its relevance and another parameter such as the Most Probable Non 

Ionizing Energy Loss (NIELMP) could be defined and used instead of NIEL. This later parameter could be gainfully used with the 

standard deviation of the deposited energy, within confidence level methods, to increase the reliability of qualification 

procedures. These parameters can be deduced from damage distributions presented in this work. This may be the subject of 

further work. 

 

7. Conclusion 

 

For an irradiated volume of a given size, if the induced number of nuclear interactions is too low, the final degradation will not 

be proportional to the expected value of NIEL. Displacement damage factors are thus demonstrated to depend on the applied 

fluence. The degradation follows a distribution whose standard deviation increases with the decreasing applied fluence. The most 

probable degradation level can be significantly lower than the average damage level given by NIEL. It is known that cautions 

must be taken when using NIEL scaling approach. Measured degradations may deviate from NIEL values for many reasons. It 

depends on materials’ parameters (doping, impurities, …), nature of produced defects (isolated defect, clusters…), the functional 

dependence of measured electrical parameters. But this work shows also that it depends on the applied fluence. Some deviations 

observed from NIEL scaling law for both energetic protons and neutrons, seems to be consistent with uncertainties related to the 

stochastic nature of damaging process. 

Even if NIEL is demonstrated to remain a worst case, this stochastic effect will become increasingly important with the 

reduction in size of devices. Space projects can gain margins using more reliable degradation scaling methods. The Most 

Probable Non Ionizing Energy Loss (NIELMP) parameter, in conjunction with confident level methods based on damage standard 

deviation, could alternatively be employed. 
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