
 

 

SRIM-Based Investigation of Heavy-Ions 238U, 132Xe, 84Kr, 56Fe and 40Ar Energy 1 

Loss and Penetration in Silicon devices. 2 

 3 

 4 

Summary (Abstract) 5 

This article investigates the impact of heavy ions (³⁸U, ¹³²Xe, ⁸´Kr, µ¶Fe, ´⁰Ar) on silicon device, 6 

which are essential in electronic and photovoltaic technologies. These devices, vulnerable to 7 

ionizing radiation (particularly in space or nuclear facilities), have their electrical and optical 8 

properties altered by interactions between the ions and the crystal lattice. Using the SRIM 9 

(Stopping and Range of Ions in Matter) software, the study simulates the energy loss of the 10 

ions to distinguish the contributions of electronic losses, dominant at high energy, and 11 

nuclear losses, responsible for crystal defects at low energy. It also determines the 12 

penetration depth, an important parameter for optimizing the thickness of a silicon device. 13 

 14 
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1. Introduction 16 

Semiconductor materials, such as silicon, play an important role in modern technologies, 17 

particularly forsilicon devices like solar cells. However, when exposed to extreme 18 

environments such as space or nuclear facilities, their performance can be significantly 19 

impaired by damage induced by ionizing radiation. This damage results primarily from the 20 

interaction between incident ions and the crystal lattice of the semiconductor material, 21 

leading to a degradation of the electrical and optical properties of silicon devices[1] [2] . 22 

In this context, studying the energy loss mechanisms of heavy ions in silicon allows us to 23 

assess the impact of these ions on the material's structure and to model their influence on 24 

the production of crystal defects [3] [4] . Ionic energy losses can be electronic or nuclear in 25 

nature. 26 

In this work, we investigate the interaction of heavy ions ²³⁸U, ¹³²Xe, ⁸´Kr, µ¶Fe, and ´⁰Ar with 27 

a silicon device using the SRIM (Stopping and Range of Ions in Matter) software. We will first 28 

quantify the respective contributions of electronic and nuclear energy losses as a function of 29 

the incident ion energy, and then determine the stopping power and penetration range of 30 

these ions in silicon, in order to assess their depth of interaction with the material. [5] [6] [7] 31 

[8] [9].  32 

2. Study of the loss of ionic energy in the silicon device 33 

When heavy ions enter the silicon device, they cause two types of energy loss: 34 

The loss of electronic energy,which corresponds to the transfer of energy from the ion to the 35 

electrons of the target material. 36 

The loss of nuclear energy, characterized by direct collisions between the ion and the atomic 37 

nuclei of the crystal lattice. 38 



 

 

These mechanisms, whose relative importance varies with the incident energy, jointly 39 

determine the degradation of the silicon performance. They can be characterized by the 40 

following two relationships: [9][10] 41 
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Where 
dE

dx
: is the energy deposited by the ionizing particle when it passes through the 44 

material (silicon). 45 
r : is the density, that is, the mass per unit volume. 46 

The LET consists of two fundamental parts: one due to electronic interactions, the other to nuclear 47 
interactions. [11] 48 
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 51 

a. Electronic energy losses: 52 

The electronic energy losses of heavy ions in silicon arise mainly from inelastic interactions 53 

between the incident ion and the electrons of the crystal lattice. 54 

During their passage, these ions transfer a significant fraction of their kinetic energy to 55 

electrons in the target (silicon), causing excitation and ionization processes. [12] 56 

This transfer is described, in SRIM, by a modified form of the Bethe equation, adapted to 57 

heavy ions through the introduction of a dynamic effective charge: [13] [14] [15] [16] 58 
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Or en is the electron density of silicon, I ≈ 173 eV its average ionization potential,
v

c
  the 60 

reduced velocity of the ion, and the effective charge given by effZ Ziegler's semi-empirical 61 

expression : [17] 62 
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Or 1Z is the atomic number of the ion 64 

This intense electronic braking generates a high energy density along the ion's trajectory, 65 

leading to the creation of numerous electron- -hole pairs. When this density exceeds a 66 

critical threshold, it can induce irreversible changes in the crystal structure: formation of 67 

point defects, dislocations, and in some cases, local amorphization of silicon. 68 

Beyond -structural effects, these electronic losses also alter the electrical properties of the 69 

semiconductor. They lead to a decrease in carrier mobility, the appearance of non-radiative 70 

LET LETnucleaire LETelectronique= +



 

 

recombination centers, and a degradation of overall conductivity. These changes are 71 

particularly critical for microelectronic and photovoltaic devices, whose performance relies 72 

on material stability. [18] 73 

We also studied nuclear losses, which result from direct collisions between heavy ions and 74 

silicon nuclei. 75 

b. Nuclear energy losses 76 

Nuclear energy losses in silicon result from direct elastic collisions between incident ions and 77 

the material's nuclei. Unlike electronic losses, which involve electrons in the crystal lattice, 78 

these nuclear interactions transfer some of the ion's kinetic energy to the silicon atoms, 79 

causing them to move out of their crystal sites. This mechanism leads to the formation of 80 

point defects such as vacancies and interstitials, disrupting the crystal order. [19] 81 

In SRIM, nuclear braking is described by the universal ZBL (Ziegler–Biersack–Littmark) model, 82 

based on an interaction potential. 83 

Nuclear loss is written: [20] [21] 84 
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where 1Z and 2Z are the atomic numbers of the ion and silicon, 1M And 2M their masses, E the 86 

kinetic energy of the ion, and  nS  the reduced nuclear braking function, given by: 87 
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with the reduced energy parameter: 89 
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 91 

This model allows us to describe the energy transfer during ion-nucleus collisions, taking into 92 

account the electron screening effect which modifies the short-range Coulomb interaction. 93 

Displaced atoms can initiate cascades of collisions, where each ejected atom in turn 94 

transfers energy to its neighbors, amplifying damage in a localized area. These processes 95 

lead to the formation of complex defects, dislocations, and even amorphous zones or 96 

microcracks. 97 

Unlike electronic losses, which primarily affect electrical properties, nuclear losses mainly 98 

degrade the mechanical and crystallographic stability of the material. [16] 99 

It is also important to study the stopping power and penetration range of the ions, essential 100 

parameters for quantifying the energy deposited and the depth of interaction in silicon 101 



 

 

c. Ion stopping power and penetration range: 102 

The penetration range or pathrepresents the total distance traveled by an ion in a material 103 

before its complete immobilization, marking the integral transfer of its kinetic energy into 104 

the target material. It is expressed by the following relation: [9] 105 
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iE : is the initial kinetic energy of the ion when it enters the target material. 108 

E : the change in energy and x : is the change in position. 109 

 110 

After conducting a study on energy losses, stopping power and penetration range of ions, we 111 

first analyze the evolution of these losses for different heavy ions, before interpreting the 112 

results obtained and discussing the impact of irradiation on the performance of the silicon 113 

device. 114 

3. Results and Discussion 115 

The study of the interaction of charged particles with silicon allowed us to evaluate the 116 

electronic and nuclear losses of the charged particles and the stopping power of silicon. 117 

The results obtained are represented by tables showing numerical values of energy losses 118 

for various ions, at irradiation levels varying between 5 and 250 MeV. 119 

 120 

Tables III-1, III-2 and III-3 give the results obtained respectively for E = 5 MeV, E = 100 MeV 121 

and E = 250 MeV  122 

 123 
Table III-1 :Energy loss of ions (U, Xe, Kr, Iron and Ar) in Silicon for an irradiation energy of 5 MeV 124 
 125 

Particles Energy Electronic energy loss Energy lossnuclear  Total Energy Loss 
Uranium  

 
5 

1,193.101 1,014. 101 22,700 

Xenon 9,721.100 3,354.100 13,075 

Krypton 9,750.100 1,279.100 11,029 

Iron 1,115.101 5,405.10−1 11,690 

Argon 1,059 .101 2,169.10−1 10,807 
 

Table III-2 :Energy loss of ions (U, Xe, Kr, Iron and Ar) in Silicon for an irradiation energy of 
100 MeV 
 
 
 

Particles Energy Electronic energy loss Energy lossnuclear  Total Energy Loss 

Uranium  
 
100 

4,986.101 1,604. 100 51,464 

Xenon 4,844.101 3,912.10−1 48,831 

Krypton 3,780.101 1,282.10−1 37,928 

Iron 2,925.101 4,948.10−2 29,299 

Argon 1,719 .101 1,854.10−2 17,208 

 
 
Table III-3 :Energy loss of ions (U, Xe, Kr, Iron and Ar) in Silicon for an irradiation energy of 
250 MeV 
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 140 

 141 

The unit of irradiation energy is MeV and energy losses are in 2/ .Mev mg cm  142 

The analysis of these tables allows us to analyze the variation profiles of electronic and 143 

nuclear energy losses of the ions: U, Xe, Kr, Iron and Ar 144 

 145 
a. Analysis of Electronic Energy Losses 146 

The figure below shows the electron loss profile as a function of irradiation energy for 147 

different heavy ions (U, Xe, Kr, Iron and Ar) 148 
 149 

 150 
Figure III-1:Electron energy loss by U, Xe, Kr, Fe and Ar ions in silicon as a function of irradiation energy from 5 151 
to 300 MeV 152 

 153 

Figure III-1: shows a significant increase in electronic energy loss with ion energy for all 154 

elements considered. 155 

The increase in energy losses observed particularly for uranium is mainly explained by its 156 

high effective atomic number ( effZ ).While heavier ions reach a state of equilibrium charge 157 

more quickly and exhibit saturation or relative decrease. 158 

 

Particles Energy Electronic energy loss Energy lossnuclear  Total Energy Loss 

Uranium  
 
250 

8,145.101 7,879 .10−1 82,238 

Xenon 6,482.101 1,845 .10−1 65,005 

Krypton 4,066.101 5,918 .10−2 40,719 

Iron 2,540.101 2,253 .10−2 25,423 

Argon 1,244.101 8,351 .10−3 12,448 



 

 

The increased electronic energy loss means that when the ion passes through silicon at 159 

higher energies, it interacts more with the electrons in silicon, resulting in a greater energy 160 

loss. 161 

 162 
b. Analysis of Nuclear Energy Losses 163 

The figure below illustrates the nuclear loss profile as a function of irradiation energy for 164 

different heavy ions (U, Xe, Kr, Iron and Ar) 165 
 166 

 167 
Figure III-2:Nuclear energy loss by U, Xe, Kr, Fe and Ar ions in silicon as a function of irradiation energy from 5 168 
to 300MeV. 169 

Figure III-2 This shows that, unlike electronic energy losses, nuclear energy losses decrease 170 

with ion energy. This is because, as the energy of the charged particles increases, 171 

interactions with silicon nuclei decrease as the ion rapidly traverses the lattice, resulting in 172 

little efficient energy transfer with the nuclei. 173 

Uranium exhibits the highest nuclear energy loss at low energies ( 11.93 2/ .Mev mg cm at 174 

5MeV ), but it decreases rapidly as energy increases. 175 

For the other elements, nuclear energy losses are relatively low across the entire energy 176 

range. 177 

At higher energies, nuclear energy losses are negligible compared to electronic energy 178 

losses. This indicates that electronic interactions dominate the total energy loss of ions at 179 

higher energies. 180 

 181 

Figures III-1 and III-2 show how different ions lose energy when they enter silicon. This 182 

energy loss occurs through electronic and nuclear interactions. The relative importance of 183 

these two mechanisms depends on the energy and type of the ions. 184 

The analysis of electronic and nuclear energy losses leads us to consider the penetration 185 

path of ions in the target material. 186 

Indeed, these mechanisms directly influence the depth of interaction of particles in the 187 

medium they pass through. 188 



 

 

The following tables present numerical values of the penetration path for various ions, at 189 

irradiation levels of 5 MeV, 50 MeV, 100 MeV and 200 MeV obtained using the SRIM 190 

software. 191 

 192 
Table III-4: Penetration path of ions (U, Xe, Kr, Fe and Ar)for irradiation energies of 5 and 50 MeV 193 
 194 

 195 

 196 
 197 

 198 

 199 
 200 
Table III-5: Penetration paths of ions (U, Xe, Kr, Fe and Ar) for irradiation energies of 100 and 200 MeV 201 
 202 

 203 

 204 

 205 

 206 

 207 

 208 

 209 

The unit for irradiation energy is in megaelectronvolts (MeV) and the penetration length in 210 

µm  211 

 212 
c. Analysis of Ionic Penetration Profiles in Silicon: 213 

The following figure shows the penetration depth (path) of different ions (U, Xe, Kr, Fe and 214 

Ar) in silicon as a function of their energy, ranging from 5 to 300 MeV. 215 

 216 

 217 
Figure III-3: Penetration profiles as a function of energy of U, Xe, Kr, Fe and Ar ionsin silicon. 218 

 219 

The ion's range increases with increasing energy. The higher the ion's energy, the deeper it 220 

penetrates the silicon. 221 

Particles Energy Course  Energy Course 

Uranium  
 
5 
 

9892.10−4  
 
50 
 

08.22 

Xenon 1.82 09.62 

Krypton 2.60 11.07 

Iron 3.00 11.78 

Argon 3.03 14.43 

Particles Energy Course  Energy Course 

Uranium  
 
100 
 

13.34  
 
200 
 

20.11 

Xenon 14.61 22.34 

Krypton 17.14 27.90 

Iron 19.32 34.47 

Argon 26.32 54.46 



 

 

The path length varies considerably depending on the nature of the ion. Argon has the 222 

longest path length (89.05 µm), followed by Iron, then Krypton, Xenon and Uranium (25.37 223 

µm), which have much shorter path lengths for an irradiation energy range of 5 to 300 MeV. 224 

These results can be explained by the mechanisms of interaction between ions and matter: 225 

Heavy ions (Argon and Iron) lose their energy primarily through electronic interactions 226 

(excitation and ionization of silicon atoms). They experience less deflection and can 227 

therefore penetrate deeper. 228 

In contrast, heavier ions (Krypton, Xenon, and Uranium) undergo more nuclear collisions 229 

(scattering by the atomic nuclei of silicon), which slows their progress and reduces their 230 

distance. They also deposit their energy closer to the surface. 231 

 232 
d. Analysis of Electronic and Nuclear Energy Losses as a Function of Ion Penetration Depth: 233 

Electronic and nuclear energy losses are fundamental phenomena that determine the 234 

behavior of ions when they penetrate a target material (Silicon). 235 

 236 

The following tables present some numerical values of electronic, nuclear and penetration 237 

path losses for various ions, at various irradiation levels. 238 
 239 
Table III-6 : Electron loss, nuclear loss and penetration path of ions ( U, Xe, Kr, Fe and Ar) in siliconat irradiation 240 
levels of 5 MeV. 241 
 242 

 243 

 244 

 245 

 246 

 247 

 248 

 249 

 250 

 251 

 252 

 253 

 254 

 255 

 256 

 257 

 258 

 259 

 260 

 261 

 262 

 263 

 264 

 265 

 266 

The unit for irradiation energy is in megaelectronvolts (MeV), for ion energy losses in 267 
2/ .Mev mg cm and penetration length in µm. 268 

Particles Energy Electronic energyloss Energy lossnuclear  Course 

Uranium  
 
5 

1,193.101  1,014. 101  9892.10−4 
Xenon 9,721.100 3,354.100 1.82 

Krypton 9,750.100 1,279.100 2.60 

Iron 1,115.101 5,405.10−1 3.00 

Argon 1,059 .101 2,169.10−1 3.03 

 
  

Table III-7 : Electron loss, nuclear loss and penetration path of ions ( U, Xe, Kr, Fe and 
Ar) in siliconat radiation levels of 100 MeV . 
 

Particles Energy Electronic energy loss Energy lossnuclear  Course 
Uranium  

 
100 

4,986.101 1,604. 100 13.34 

Xenon 4,844.101 3,912.10−1 14.61 

Krypton 3,780.101 1,282.10−1 17.14 

Iron 2,925.101 4,948.10−2 19.32 

Argon 1,719 .101 1,854.10−2 26.32 

 

Table III-8: Electron loss, nuclear loss and penetration path of ions ( U, Xe, Kr, Fe and 
Ar) in siliconat irradiation levels of 250 MeV . 
 

Particles Energy Electronic energy loss Energy lossnuclear  Course 
Uranium  

 
250 

8,145.101 7,879 .10−1 22.85 

Xenon 6,482.101 1,845 .10−1 25.75 

Krypton 4,066.101 5,918 .10−2 33.18 

Iron 2,540.101 2,253 .10−2 42.69 

Argon 1,244.101 8,351 .10−3 70.95 



 

 

 269 
Figure III-4 :Loss of electronic and nuclear energy as a function of the penetration of U, Xe, Kr, Fe and Ar ionsin silicon 270 
 271 

We observed that the loss of electronic energy initially increases with the path length and 272 

then tends to stabilize or even decrease slightly after a certain distance. This contrasts with 273 

the loss of nuclear energy, which decreases rapidly with increasing path length for all the 274 

ions considered. 275 

However, these variations are explained by a strong interaction between the incident ion 276 

and the electrons of silicon at the beginning of its journey. This interaction gradually 277 

decreases as the ion loses kinetic energy, resulting in a change in its effective charge. 278 

 279 
e. Analysis of total energy losses as a function of the thickness traversed 280 

The evolution of total energy losses as a function of the thickness traversed allows us to 281 

identify the region of silicon where each ion deposits the majority of its energy before 282 

stopping. The following figure illustrates these variations for U, Xe, Kr, Fe, and Ar ions. 283 

 284 
Figure III -5: Total energy losses as a function of the thickness traversed for U, Xe, Kr, Fe and Ar ions in silicon. 285 
 286 

The profiles show that the ions lose more and more energy as they move through the 287 

material, then stop at a very specific depth: argon reaches 85.72 µm, iron 48.30 µm, krypton 288 

35.84 µm, xenon 27.18 µm, and uranium only 24.42 µm. 289 



 

 

These results confirm that the heavier the ion, the closer it deposits its energy to the surface, 290 

which is critical for the degradation of the active layers of silicon devices. 291 

 292 
f. Analysis of total energy losses as a function of ion velocity 293 

The ion's velocity directly influences the electronic and nuclear braking mechanisms. 294 

Studying the total losses as a function of velocity allows us to identify the dominant 295 

interaction regimes. 296 

 297 

 298 
Figure III -6: Total energy losses as a function of the velocity of U, Xe, Kr, Fe and Ar ions in silicon. 299 
 300 

Figure III -6shows two clear trends: for uranium, xenon and krypton, energy losses increase 301 

with speed due to the rise in their effective charge, which strengthens electronic 302 

interactions. 303 

Conversely, iron and argon show a peak followed by a decline, a sign of the transition from a 304 

regime dominated by low-speed nuclear collisions to a high-speed electronic regime. 305 

This maximum represents the point where their effective charge reaches its highest level 306 

before decreasing slightly at very high speed. 307 

 308 
g. Analysis of the evolution of the effective load as a function of speed 309 

The effective charge  effZ v is a key parameter in describing electronic losses. According to 310 

the modified Bethe equation, the electronic loss is proportional to  
2

effZ .  311 

The following figure illustrates its evolution as a function of speed. 312 



 

 

 313 
Figure III -7: Effective charge effZ of U, Xe, Kr, Fe and Ar ions as a function of velocity. 314 

 315 

Figure III -7shows that the effective charge increases with speed for all ions, but much more 316 

markedly for heavy ions such as uranium, xenon and krypton, which reach significantly 317 

higher values than iron and argon. 318 

Uranium actually exhibits the fastest growth, which explains its particularly high electron 319 

losses. 320 

Conversely, light ions show only a moderate increase in their effective charge, a sign of 321 

weaker ionization of silicon. 322 

The whole confirms that electronic losses dominate at high speeds, while nuclear losses 323 

remain predominant at low speeds, in accordance with the Bethe and ZBL models. 324 

5. Conclusion and Perspectives 325 

This study, using simulations performed with the SRIM software, analyzed the energy loss 326 

mechanisms and penetration range of heavy ions (²³⁸U, ¹³²Xe, ⁸´Kr, µ¶Fe, and ´⁰Ar) in silicon. 327 

The results highlighted several key points: 328 

the predominance of high-energy electronic losses, mainly related to Coulomb interactions 329 

with the electrons of the material; 330 

the increasing importance of low-energy nuclear losses, responsible for the creation of 331 

defects in the crystal lattice; 332 

     penetration depths vary depending on the nature and energy of the ions, which opens up 333 

perspectives for optimizing the thickness of electronics components and photovoltaic 334 

devices. 335 

 336 

These observations highlight both the properties of the incident ions and the characteristics 337 

of the target material in order to better predict and mitigate radiation-induced damage. 338 

To extend this work, several research perspectives can be considered: 339 

 validation of simulation results through controlled irradiation experiments; 340 



 

 

 the extension of the study to other ions or other semiconductor materials, such as 341 

GaAs or SiC, for specific applications; 342 

 the integration of multi-scale modeling approaches to establish a link between 343 

microscopic damage induced by irradiation and the macroscopic performance for 344 

photovoltaic applications for example. 345 

Thus, this work contributes to a better understanding of the effects of irradiation on 346 

silicon devices and paves the way for the development of more resistant and efficient 347 

electronics components and photovoltaic devices, particularly for applications in extreme 348 

environments. 349 

 350 
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