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Abstract

:

This numerical simulation work investigates the basic physical mechanisms of single events induced in a target layer composed of silicon carbide exposed to natural radiation with atmospheric neutrons at the terrestrial level. Using direct calculations and extensive Geant4 simulations, this study provides an accurate investigation in terms of nuclear processes, recoil products, secondary ion production and fragment energy distributions. In addition, the thorough analysis includes a comparison between the responses to neutron irradiation of silicon carbide, carbon (diamond) and silicon targets. Finally, the consequences of these interactions in terms of the generation of electron–hole pairs, which is a fundamental mechanism underlying single-event transient effects at the device or circuit level, are discussed in detail.
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1. Introduction


Silicon carbide (SiC) is a wide-bandgap semiconductor material that offers numerous advantages and exceptional performance characteristics, which make it ideal for various applications [1,2,3,4,5,6,7,8]. Silicon carbide has excellent thermal conductivity and can withstand extremely high temperatures, even exceeding 600 degrees Celsius. Unlike silicon (Si) devices, SiC remains resilient, making it a game changer in industries with extreme heat requirements, such as the aerospace and energy industries [4]. In addition, SiC’s tolerance for high temperatures allows for more compact and lightweight systems, critical in space- and weight-constrained applications. For these properties, silicon carbide is used for applications in high-temperature environments such as power electronics and automotive industries [9,10,11]. Another outstanding feature of SiC devices is their ability to withstand much higher breakdown voltages than their Si counterparts [11]. This feature makes them indispensable in applications requiring robust voltage tolerance, like high-voltage power transmission and electric vehicle management [4,12]. Since it exhibits high breakdown voltage and low power losses, SiC is extensively employed in power electronics [12,13,14], such as inverters and converters. In addition, the fast-switching speed of silicon carbide and its high-frequency capabilities [14,15] make it suitable for RF systems, wireless communication and radar applications. Furthermore, SiC’s compatibility with Si processing techniques facilitates its integration into existing semiconductor manufacturing processes.



From the point of view of resistance to radiation, a large number of studies published in the literature have shown that silicon carbide exhibits excellent radiation hardness, withstanding high levels of radiation without significant degradation. It maintains its mechanical and thermal stability under irradiation, ensuring its effectiveness in nuclear reactors and space environments [4,16,17,18,19]. Most of the research conducted in this field concerns the response to radiation of devices and circuits made from SiC, especially power devices [9,10,20,21,22,23,24,25,26,27]. Few works have been carried out to examine the effects of neutron radiation at the material level on bulk SiC (i.e., not integrated into electronic devices). For example, some previous studies [28,29] have investigated the vulnerability of several materials from group IV or compound III–V materials, including SiC. However, these results are limited in terms of (i) energy of secondary charged particles (also called secondary products) issued from atmospheric neutron interactions with the material (due to a limiting energy threshold, considered in [28]), (ii) event statistics [28], because a relatively low number of incident neutrons impacts the simulation results, and (iii) energy of incident neutrons, since the study in [29] concerns only monoenergetic incident neutrons (deuterium–deuterium or deuterium–tritium fusion neutrons). In the present work, we extensively explore the fundamental physical mechanism of single-event generation within a target layer composed of SiC induced by high-energy (>1 MeV) atmospheric neutrons at sea level. In contrast to previous works, this study was conducted without any restrictions on the energy of secondary products, covering a wide energy range and a significant number of incident neutrons. We examine the initial stages of atmospheric neutron-induced single-event effects (SEE) production in the target material. These single-event effects occur due to interactions between neutrons generated in atmospheric cascading showers and a bulk material target exposed to the natural neutron flux at ground level. Neutron interactions lead to the generation of secondary charged particles, which deposit their energy in the material and create electron–hole pairs along their trajectory [30]. The main objective of this work is to accurately quantify the intrinsic response of silicon carbide bulk material to neutron radiation, free from any external influences introduced by devices or circuits. However, in the forthcoming discussion, we will show that quantitative data obtained from these initial steps at the material level can provide valuable insights into the radiation susceptibility of electronic devices based on silicon carbide when exposed to atmospheric neutron flux at ground level. Since silicon carbide can be considered a mixture of carbon and silicon, we also considered carbon and silicon targets submitted to the same neutron irradiation as the silicon carbide target. Then, a meticulous and systematic comparison was conducted between the response of silicon carbide to neutron irradiation and the response of carbon and silicon targets. We used the Geant4 toolkit [31,32,33,34] to create a specific source of atmospheric neutrons and to compile extensive databases comprising the interaction events between neutrons and semiconductor target materials resulting from tens of thousands of interactions and representing 2.5 × 107 h of irradiation in the natural background at sea level. The paper is organized as follows: in Section 2, we present the properties of the materials investigated here, the numerical atmospheric neutron source used in the simulation, along with details concerning direct calculations of the number of events and more sophisticated Monte Carlo numerical simulation of neutron–target interactions. Section 3 reports the extensive results of these simulations regarding the number of interactions, the number and nature of secondary products as well as their energy, linear energy transfer (LET) and range, the deposited energy, the generation of electron–hole pairs and the subsequent deposited charge. In Section 4, we thoroughly discuss all these results, particularly concerning the neutron susceptibility of SiC-based CMOS devices and circuits. This section also includes a comparative evaluation of their radiation resistance when compared to more conventional silicon-based devices.




2. Materials and Methods


2.1. Materials Properties


In this study, we consider semiconductor materials with isotopic compositions mimicking the natural abundance of nuclides. Table 1 provides a summary of the isotopes and their natural abundance for carbon and silicon, while Table 2 shows several characteristics, such as density, number of atoms per cm3, energy bandgap and energy value for electron–hole pair creation in bulk materials, of the semiconductors under study. Silicon has three isotopes, whereas carbon has two isotopes. However, it is reasonable to consider natural carbon as consisting entirely of the 12C isotope, since the minor isotope of carbon is a negligible fraction (about one percent). Both carbon and silicon carbide materials exhibit a higher density compared to silicon (2.329 g/cm3) owing to their atomic composition and crystallographic structure. Furthermore, they have a much larger number of atoms per cubic centimeter than silicon. This issue can directly impact the frequency of neutron interactions per unit volume of the material, as will be discussed in the following. In addition, both carbon and silicon carbide have a larger energy bandgap compared to silicon, resulting in higher energy required for electron–hole pair creation (3.6 eV for silicon) [35]. The electrical implications of this key parameter will be addressed in Section 4.




2.2. Atmospheric Neutron Source


To begin, it is important to recall that the Earth’s upper atmosphere experiences interactions between primary cosmic rays and atmospheric particles, leading to the formation of atmospheric showers that generate secondary particles that reach sea level [36]. Neutrons are the second most prevalent type of particle at sea level, after muons. Among these secondary particles, high-energy neutrons (usually above 1 MeV) constitute by far the most significant risk to ground-level electronics. This is primarily because these particles are not charged, making them highly intrusive and capable of deeply penetrating circuit materials. Within these materials, they can interact with atoms, producing charged products such as recoil nuclei or secondary ions, as explained below.



In order to simulate the atmospheric neutron source, the differential flux of high-energy neutrons induced by cosmic rays, as measured by Goldhagen in Yorktown Heights [37] and shown in Figure 1, has been adopted as the reference input spectrum in this work for the calculation of neutron interactions with the materials under investigation. This differential flux was previously modeled by Gordon et al. [38] using an analytical fitting function given by:


    d φ   d E   = A × e x p   B     l n E    2  + C l n  E    + D × e x p   F     l n E    2  + G l n  E     



(1)




with A = 1.006 × 10−6, B = −0.35, C = 2.1451, D = 1.011 × 10−3, F = −0.4106 and G = −0.667. This model will be used in the following for the atmospheric spectrum.




2.3. Classification of Neutron Interactions


Neutron interactions with atomic nuclei can be classified into two primary mechanisms: scattering and capture. Scattering can be further divided into two types: elastic and inelastic scattering [36,39]. Elastic scattering occurs when the interacting particles remain unchanged, resulting in the recoil nucleus being the same as the target nucleus (Si or C in this case). Inelastic scattering is similar to elastic scattering, except that the target nucleus undergoes an internal rearrangement, leading to an excited state and eventual radiation release. In addition to scattering, an incident neutron can also be absorbed or captured by the nucleus of the target material. Such interactions give rise to a range of possible reactions and the emission of various particles. These interactions are commonly referred to as nonelastic interactions.




2.4. Direct Calculation of the Number of Interactions


To rapidly evaluate the vulnerability of the materials under investigation to atmospheric neutrons, one can make a rough assessment by directly calculating the reaction rate in a target that represents a microelectronic circuit [35]. This calculation can be accomplished through analytical methods using data from a neutron cross-section library. In this work, we used the TENDL nuclear data library [40], which provides neutron cross-section information up to 200 MeV. Figure 2a,b illustrate the total, elastic and inelastic cross-sections for the predominant carbon and silicon isotopes, respectively.



The nuclear reaction rate (number of reactions per second), denoted as Rn, occurring in a material layer with an area of S = 1 cm2 and a thickness of ttarget = 20 µm, can be directly calculated by:


   R n  = N  t  t a r g e t     ∫    E  m i n      E  m a x     σ  E    d φ   d E   d E  



(2)




where N is the number of atoms per cm3 of the considered material (see Table 2), σ(E) is the neutron cross-section of the material, dφ/dE is the differential neutron flux (MeV−1·cm−2·s−1), Emin and Emax are the limits of the energy domain considered and ttarget is expressed in cm. In our case, Emin = 1 MeV and Emax = 200 MeV. The differential neutron flux is given by Equation (1).



The number of reactions for a given time duration is simply given by Rn multiplied by the duration in seconds. In this study, we considered a total fluence of 5 × 108 atmospheric neutrons per cm2, which corresponds to an irradiation duration of 2.5 × 107 h, equal to 9 × 1010 s.




2.5. Geant4 Simulation Details


Following this quick calculation of the number of interactions, a significantly more meticulous examination was conducted to acquire comprehensive insights into the mechanisms of neutron–material interactions. This analysis concerned not only the count of events but also explored in-depth aspects of the interaction process, such as discerning the nature of interactions (elastic, inelastic, nonelastic), determining the quantity and characteristics of reaction products, and investigating their energy distribution in detail. For this purpose, Monte Carlo simulations of the interactions between atmospheric neutrons and the materials under investigation were performed using Geant4 [31,32,33,34], following a methodology employed in previous studies [35,41,42]. Targets of pure bulk material, one for each material (silicon carbide, carbon, and silicon), were generated for the simulations. Every target has a parallelepiped geometry, with a surface area of 1 cm2 and a thickness of 20 μm. The dimensions of the target were carefully selected to mimic the typical dimensions of the sensitive volume within an integrated circuit. More specifically, a thickness of 20 µm was chosen, as any reaction product generating electrical charge beyond this depth would not drift or diffuse towards the active area (which refers to the sensitive region of the circuit located near the semiconductor surface). As a result, these reaction products would not contribute to the incidence of single events within the circuit [42].



In the simulation, we subjected every target to virtual neutron irradiation. The neutrons arrive perpendicularly to the surface and follow an energy distribution described by the atmospheric neutron spectrum at sea level, shown in Figure 1 and modeled by Equation (1). To accurately simulate the irradiation, and as previously indicated, we simulated the impact of 5 × 108 neutrons which is equivalent to a cumulative irradiation time of 2.5 × 107 h under the natural atmospheric neutron flux at sea level.



The simulations were performed using Geant4 version 4.9.4 patch 01. The physical processes used for these simulations are based on the standard package of physics lists, called QGSP_BIC_HP [33,34]. Further details concerning the simulations can be found in [28,35]. The outputs of each simulation include a series of files that contain exhaustive information regarding the interaction events between neutrons and the target material. This information contains, for every event, the type and coordinates of the interaction’s vertex, the energy of the incident neutron and a detailed list of all secondary particles generated during the interaction. Additionally, the energy and emission direction vectors for every emitted particle are recorded for each event.



In order to focus on particles with significant ionizing properties that have a noticeable impact on electronics in terms of electron-pair generation and single-events, we have deliberately excluded from the simulation particles with slight ionizing properties. As a result, the computed databases do not include electrons, positrons, gamma photons, neutral pions, neutrons or mesons. We have also excluded from the databases rare secondary particles, like charged pions. Instead, the resulting databases exclusively consist of protons, alpha particles and ionizing products with an atomic number (Z) greater than 2 (Z > 2).





3. Results


3.1. Number of Interactions


In Figure 3a, we present the simulation results, comparing the number of interactions obtained from the TENDL nuclear data library with those obtained through Monte Carlo simulations using Geant4. As mentioned above, for both types of simulation, we consider 5 × 108 incident atmospheric neutrons and targets with a surface area of 1 cm2 and a thickness of 20 µm. The graph illustrates the total number of interactions, as well as the number of interactions attributed to specific mechanisms, namely elastic, inelastic and nonelastic interactions. For the calculations using TENDL, the number of nonelastic interactions is determined by subtracting the sum of elastic and inelastic interactions from the total number of interactions. Figure 3b shows the same results but in terms of the percentage of the total number of interactions for each type of mechanism. This allows for a relative comparison and understanding of the contribution of each interaction type to the overall number of interactions. The results indicate a very good agreement between the two calculation approaches, using TENDL and Geant4, for the three materials under study. The number of interactions is systematically slightly higher in Geant4 simulations compared to TENDL calculations, with an increase of approximately 3% for SiC and around 6% for C and Si. The reason for this difference is that the TENDL library is restricted to energies up to 200 MeV. However, the general trends remain consistent, and the percentage values associated with each mechanism type are very close (Figure 3b), with differences of less than 10%.



Figure 3a illustrates the disparity in the total number of interaction events among the three materials investigated in this study. Silicon exhibits the lowest interaction events (85,758 events in Geant4 simulations), whereas carbon presents a significantly higher count (195,839 events), more than double that of silicon, which results from an extremely high number of elastic events compared to silicon. Of the total number of carbon interactions, 80% are elastic interactions, while this percentage is 70% for silicon, as shown in Figure 3b. In particular, carbon experiences more than 2.5 times as many elastic interactions as silicon. This difference can be attributed to carbon’s exceptional neutron moderating capabilities, which consist of slowing down fast neutrons [43]. Carbon is an effective neutron moderator mainly because its low atomic mass and limited number of protons make it easier for fast neutrons to transfer kinetic energy to carbon atoms, thereby slowing them down.



When examining silicon carbide, which can be seen as a composite of silicon and carbon at the atomic level, as explained before, its behavior lies between that of silicon and carbon. Silicon carbide exhibits a total of 136,151 events, which represents a 58% increase in the number of reactions compared to silicon. However, a large majority of these events correspond to elastic reactions, accounting for approximately 75% of the overall reaction count for silicon carbide. Silicon carbide presents approximately 70% more elastic events compared to silicon, primarily attributed to the inclusion of carbon atoms within its structure. The large percentage of elastic reactions for silicon carbide can lead to less aggressive SEEs than for silicon, as explained later in the discussion.




3.2. Number and Nature of Secondary Products


Each interaction between an incoming neutron and the target material leads to the production of one or more secondary products. The number of secondary products resulting from a nuclear reaction is called “secondary product shower multiplicity” because each event can be seen as initiating a cascade of ionizing products. When the multiplicity is 1, indicating the emission of a single product, it corresponds to elastic or inelastic events. Higher multiplicities indicate the occurrence of nuclear reactions resulting in the production of two or more secondary products and correspond to nonelastic interactions. It is important to remember that, as explained in Section 2.4, products such as electrons, positrons, gamma photons, pions, neutrons and mesons are excluded from the databases and then from the multiplicity calculation. Figure 4 illustrates the number of events for each shower multiplicity and for the three target materials investigated in this work.



The data indicate a consistent trend across all three targets, where an increase in multiplicity results in a decrease in the number of reactions. Above certain values of multiplicity, specifically M = 7 for carbon, M = 14 for silicon and M = 15 for silicon carbide, the number of reactions becomes zero. The percentage of events for different values or ranges of multiplicity is detailed in Table 3.



The results show that reactions leading to a single product are by far the most numerous for all materials. In terms of multi-fragment reactions, those with a multiplicity of four or higher constitute a small yet noteworthy portion of the events for all semiconductors: 2.5% for C, 2.7% for SiC and almost 3% for Si. These high-multiplicity events hold significance as they can generate single events that potentially impact multiple sensitive areas within a component or circuit. Once the multiplicity exceeds 11, the statistical significance of the events reduces notably and possibly depends on the number of incident neutrons, as previously indicated in [28].



A comprehensive analysis of the generation of these secondary ions is presented in Figure 5, focusing on their dependence on the atomic number of the products. The range of atomic numbers (Z) considered spans from 1 (proton) to the highest atomic number found in the target material (here 6 for carbon and 14 for silicon and SiC), as is generally the case in neutron–matter interactions [44]. However, rare transmutation reactions can lead to products with larger atomic numbers (for example, 30Si is activated during irradiation by the capture of a thermal neutron and is converted into stable 31P with a half-life of 2.6 h). Due to the very high number of incident neutrons (500 million) considered in our simulations, this case clearly appears in our results (Figure 5) for a few carbon nuclei transmuted in nitrogen and for Si transmuted in P.



For the three materials, the most frequently produced secondary particles are recoil products resulting from the elastic interactions between neutrons and the nuclei of the semiconductor lattice. In the case of silicon carbide, the recoil nuclei correspond to two distinct species, Si and C. Following closely in second place are protons for silicon carbide and silicon and alpha particles for carbon. The third most frequently produced particles are alpha particles for SiC and Si and protons for carbon. Comparatively, all other particle types are consistently generated in smaller quantities than these three categories of products. Then, in the rest of this analysis, we classified the produced particles into the following categories: recoil nuclei, protons, alpha particles and other products.




3.3. Energy, LET and Range of Secondary Products


Figure 6a shows a histogram of the energy of the secondaries produced in the interactions between neutrons and silicon carbide target. As explained previously, the secondary products were classified into five categories for SiC according to their atomic number: protons (Z = 1), alpha particles (Z = 2), carbon recoil nuclei (Z = 6), silicon recoil nuclei (Z = 14) and other products (with all the remaining atomic numbers Z). These curves show the energy range covered for each type of particle and the energy position of the maximum of the distributions. Figure 6b presents the energy mapping for secondary products in silicon carbide. In this diagram, every colored dot represents a distinct secondary product. The horizontal position of each dot corresponds to the energy of the incident neutron that led to its formation, while the vertical position represents the kinetic energy of the secondary product after it is released from the reaction. Since the maximum energy of the secondary products cannot exceed that of the incident primary neutron, it is evident that all points are logically located below the diagonal line y = x, as illustrated in this figure. For comparison, Figure 7 and Figure 8 present curves and diagrams like those of Figure 6a,b, illustrating neutron interactions with carbon and silicon targets, respectively. The energy histograms in Figure 6a, Figure 7a and Figure 8a show the same information as in Figure 6b, Figure 7b and Figure 8b, respectively, but in a more compact and quantitative form. The energy mappings of the products depicted in Figure 6b, Figure 7b and Figure 8b facilitate a visual comparison and highlight the similarities and differences between the three materials studied in terms of vulnerability to atmospheric neutrons. Specifically, they provide insights into the distributions of protons, alphas, recoil nuclei and other products for the three target materials.



The results in Figure 6a show that, among these secondary products, protons have a broad distribution with a maximum around 6 MeV and a large tail distribution of up to 2 GeV. A similar distribution is found for protons in carbon and silicon (Figure 7a and Figure 8a). For carbon, the distribution maximum is situated at 10 MeV and for silicon, is at 5 MeV. Protons clearly outnumber all other particles for secondary product energies from about 3 MeV for silicon carbide and silicon (20 MeV for carbon) up to 1 GeV. As can be seen in Figure 6b, Figure 7b and Figure 8b, there are fewer protons in the reaction products for SiC (15.97%) than for silicon (19.26%). This is due to the presence of carbon, for which the interaction with neutrons results in reaction products with a low proportion of protons (11.48%). This is a positive aspect for SiC-based circuits because, as will be shown below, protons travel a long distance through matter before undergoing significant interaction, either by nuclear interaction with the nucleus for high-energy protons or coulombic forces for low-energy protons.



Alpha particles exhibit a clear peak distribution, ranging from several tens of keV to several tens of MeV, and reaching its highest value around 6 MeV for the three materials. Beyond a product energy of 10 MeV, alpha particles and protons become the most numerous particles. In the secondary products, silicon carbide has a higher abundance of alpha particle content compared to silicon, with proportions of 7.43% for SiC and 3.16% for Si. This disparity can be attributed to the presence of carbon, for which alpha particles are more abundant (14% of the total number of secondary products).



The recoil products systematically have a distribution peaking at low energy (0.3 MeV for carbon and 0.2 MeV for silicon) and varying between 1 keV and 20 MeV for carbon and 1 keV and several MeV for silicon. The higher the atomic number Z, the lower the energy limit of the recoil nuclei distributions. Also, the heavier the recoil nuclei, the lower the energy of the distribution maximum. For neutron interactions with the silicon carbide target, the Si recoils arise in a proportion of 38.85% and the C recoils at 26.74%. Other products (with atomic numbers other than 1, 2, 6 and 14) show a less broad distribution than recoil nuclei, with a maximum range of close to a few MeV (2 MeV for silicon carbide and silicon and 5 MeV for carbon) to up to a few tens of MeV. In silicon carbide, the proportion of other products is 10.98%, which is lower compared to silicon (14.3%).



From the energy data for the secondary products of the neutron–SiC interactions presented above, we have deduced the LET and range distributions for all the secondary products. We remind the reader that the linear energy transfer (LET) of a charged particle refers to the electronic part of its stopping power, which denotes the energy dissipated per unit length as a result of electron collisions [36]. This quantity is typically expressed in units such as MeV/(mg/cm2) or keV/μm. The range is the distance covered by a charged particle from its emission point until it completely decelerates and stops in the matter. The LET and range values essentially depend on factors such as the particle type, the initial energy and the medium (i.e., the target material) through which the particle passes. To calculate the LET and range of secondary products in silicon carbide, we used the reference code SRIM (Stopping and Range of Ions in Matter) [45,46]. The particles considered are protons, alpha particles and carbon and silicon recoil nuclei. The LET and range curves as functions of the secondary product energy are illustrated in Figure 9 for silicon carbide, as well as for carbon and silicon, for easier comparison.



As expected, the variation in the LET with energy is the same for all particles. The LET initially increases as the particle energy increases until it reaches its maximum at the Bragg peak [36]. Beyond the Bragg peak, the LET decreases as the energy of the particle continues to increase. It should also be noted that secondaries with higher atomic numbers (Z), indicating higher charge, have higher stopping power and Bragg peaks. Concerning the range curves, we observe that the range increases continuously with the energy of the secondary product. As expected, for a given energy level, lighter particles exhibit longer ranges.



Figure 10, Figure 11 and Figure 12 present the histograms in LET and range for silicon carbide, carbon and silicon, respectively. The results indicate that protons, being the lightest yet most energetic particles, have the lowest LET values, ranging from a few 0.001 to a few 0.1 MeV/(mg/cm2). Additionally, high-energy protons can travel the longest distances, up to 1 m. These observations apply to the three materials under investigation. Alpha particles exhibit moderate LET values, with a peak distribution centered approximately at 6–8 MeV/(mg/cm2). Like protons, alpha particles are light particles and so are characterized by very long ranges. The most energetic alpha particles can reach distances of a few hundred microns in the case of silicon and up to 1 mm in the cases of silicon carbide and carbon. The LET values of the Si and C recoil nuclei are distributed according to a sharp distribution in all the targets, with a peak centered around 3 MeV/(mg/cm2) for silicon and 1 MeV/(mg/cm2) for carbon. The heavy secondary products composed of recoil nuclei (Si and C) and fragments other than protons and alpha particles exhibit the highest LET values, reaching up to about 10 MeV/(mg/cm2). Moreover, these recoil products (Si, C and other heavy products) have the shortest ranges, spanning from tens to hundreds of nanometers and up to a maximum of 300 microns.




3.4. Deposited Energy


Results presented in previous sections were used to estimate the energy deposited in the semiconductor by neutrons interacting with SiC, C and Si targets. An average energy per interaction was calculated as the ratio between the total energy deposited by all products and the number of events. The results of these calculations, presented in Figure 13, indicate that the deposited energy is slightly reduced in silicon carbide compared to silicon (by approximately 9.5%) but is higher than in carbon. To provide a deeper analysis, we have conducted calculations to determine how different types of interactions contribute to the overall values. Our examination involved two types of interactions: (1) elastic or inelastic reactions, and (2) nonelastic reactions. It was found that elastic or inelastic reactions result in relatively small energy deposition for all materials (0.36 MeV for SiC). In contrast, nonelastic reactions deposit significantly higher energies, surpassing several tens of MeV (48.1 MeV for SiC). In the case of silicon carbide, the energy deposited in nonelastic reactions is more than 130 times greater than the energy deposited through elastic or inelastic events. However, as shown earlier, nonelastic reactions occur significantly less frequently compared to elastic or inelastic reactions. This disparity in occurrence accounts for the total average values remaining below 10 MeV for all materials.



In addition to the previous results, we have evaluated the proportion of total energy deposited by various types of secondary products in bulk semiconductors. Figure 14a presents the obtained values, which indicate that protons account for over 75% of the total energy deposition in all target materials, with percentages of 84% for SiC, 76% for carbon (C) and 90% for silicon (Si). Following protons, alpha particles occupy the second position, with 7.7% for SiC and 14% for C. Recoil nuclei and other products contribute separately to no more than 5% for SiC and C. Regarding silicon, other products represent approximately 5% of the energy deposition, while alphas only contribute 3%. Since protons and alphas exhibit large ranges, this result demonstrates that most of the energy is deposited far from the location of the point of interaction of the incident neutrons (also referred to as the reaction vertex). The fraction of the total initial LET deposited per type of secondary for all interaction events in the different materials can also be analyzed. The results of Figure 14b show that, for all materials, between 67.9% and 86% (minimum for Si, maximum for C) of the total initial LET values correspond to recoil nuclei. The other products represent 31% for Si, 22.8% for SiC and 9.8% for C. The contribution of protons and alpha particles, less than 5% for all materials, is negligible in this total initial LET. This implies that the charge deposited within the first few tens of nanometers around the reaction vertex is predominantly attributed to the recoil nuclei.




3.5. Generation of Electron–Hole Pairs and Deposited Charge


In order to determine the consequences of the results presented above on the operation of SiC-based CMOS devices and circuits subjected to neutron radiation, it is important to estimate the impact of neutron–SiC interactions on the creation of electron–hole pairs, which is a fundamental phenomenon underlying the occurrence of single-event effects. After being released following the neutron–matter interaction, the charged secondary products mainly interact with the electrons and nuclei of the target material [36]. The main mechanism that leads to energy loss and the slowing down of the charged particle is the ionization process. Ionization induces the generation of many excited energetic electrons (delta-rays), which generally have sufficient energy to ionize other atoms. These electrons produce a cascade of secondary electrons, which thermalize and create electron–hole pairs along the particle path. In a semiconductor, a large amount of the deposited energy is thus converted into electron–hole pairs. The energy necessary for the creation of an electron–hole pair, Eeh, depends on the material bandgap (values for SiC, C and Si are given in Table 2).



The number of electron pairs created per interaction is calculated as the ratio between the average deposited energy per interaction and Eeh for each material. Figure 15a shows that the number of electron–hole pairs is considerably lower in silicon carbide than in silicon, with about 58% fewer pairs being created in silicon carbide compared with silicon. This is mainly due to the higher energy required to create an electron–hole pair, 7.8 eV in silicon carbide versus 3.6 eV in silicon. This is a positive issue for silicon carbide from the point of view of single-event effects, as discussed in Section 4.



An additional noteworthy analysis involves the assessment of the charge Qdep deposited within the immediate vicinity of the reaction vertex points, specifically within the initial few nanometers. This value is calculated based on the initial LET of the particles immediately after their release, as described in reference [30]:


   Q  d e p   = K × L E T   MeV ×   cm  2  / mg   ×  t  l a y e r    



(3)




where tlayer is the thickness of the thin layer of material in which the charge Qdep is deposited, and K is a numerical factor that depends only on the density of the semiconductor material ρ and the value of Eeh (see Table 2) and is given by:


  K =   16.02 × ρ   g /   cm  3       E  e h      



(4)







Using Equation (3), we estimate the charge deposited within the initial few nanometers surrounding the reaction vertex, considering all the secondary products across all interaction events in each material. The results for a distance of 10 nm are presented in Figure 15b, along with the current minimum critical charge requirement for standard SRAM memory cells in the 14 nm CMOS technology node [47]. For memory, the critical charge Qcrit is defined for memory circuits as the minimum amount of collected charge that will cause a device node to change its logical state and result in a single event upset [48]. The results demonstrate that silicon carbide exhibits a lower deposited charge Qdep compared to silicon, and the values for all three materials are below the critical charge threshold for the 14 nm CMOS technology node. The implications of these results will be discussed below.





4. Discussion


The results presented above allow us to discuss the impact of neutron interactions with silicon carbide on single-event effects and the radiation resistance of SiC-based CMOS devices and circuits, and to compare them with the reference silicon material. We begin by recalling the mechanisms underlying the effects of single events in devices following the creation of electron–hole pairs after neutron–matter interactions. The released carriers are rapidly transported and collected by reverse-biased junctions. Additionally, the deposited charges may recombine with other mobile carriers existing within the lattice. Charge transport relies on charge drift in electrically active areas and charge diffusion in neutral zones. The collected charges induce parasitic current transients, causing disturbances in the impacted device and in the related circuit, commonly referred to as single-event effects. These effects depend on the intensity of the current transient and the number of affected circuit nodes. High current levels can cause permanent damage like gate rupture or device latch-up. In low-power circuits, the transient current usually results in temporary changes in logical states, known as cell upsets. At this level, we can distinguish different cases: (i) a single-cell upset (SCU), where only one cell or logic element (latch, flip-flop, etc.) is upset [48]; (ii) a multiple-cell upset (MCU), which corresponds to a single event that induces several cells (e.g., memory cells or flip-flops) in an IC to flip their state at one time [48].



Returning to the present study on silicon carbide subjected to neutron irradiation, the number of interactions is found to be significantly higher compared to silicon. However, most of these interactions are elastic, resulting in a single reaction product, which is a recoil nucleus. Our results also indicate that recoil nuclei and other heavy products (excluding protons and alpha particles) have the potential to trigger single events within a short distance from where they are emitted, demonstrating a relatively high efficiency, but preferentially for SCUs. This is primarily attributed to their initial high LET values. Conversely, protons and alpha particles possess lower LET values but exhibit longer ranges in silicon carbide material. As a result, these particles can trigger single events at greater distances from their emission point and potentially induce a larger number of MCUs compared to heavy fragments. In consequence, single-event effects may be less severe in terms of MCUs when only a single reaction product is involved, in contrast to situations where multiple reaction products are generated, often including protons or alpha particles.



Another important observation pertains to the generation of electron–hole pairs in silicon carbide. The results indicate a considerable reduction in the number of electron–hole pairs created in silicon carbide compared to silicon. This disparity primarily arises from the higher energy required for the creation of an electron–hole pair in silicon carbide than in silicon. Then, the deposited charge available to be collected by collection structures will be comparatively lower for silicon carbide than for silicon. In addition, silicon carbide exhibits lower carrier mobility and shorter carrier lifetimes, with the latter factor leading to increased carrier recombination compared to silicon. Taking all these issues into account, current transients in SiC-based CMOS devices are expected to be weaker than those observed in silicon devices. Single-event effects may therefore be softer in SiC-based devices compared to Si devices. Nevertheless, it is important to note that a comprehensive and accurate analysis should also include the influence of the electric field on the collected charge and current transients and also consider carrier recombination mechanisms to effectively validate these observations. This would involve simulations conducted on given devices, which go beyond the scope of the current paper.



Finally, these remarks are supported by the earlier presented results on the charge deposition within the first 10 nm, which demonstrate that SiC exhibits a significantly lower deposited charge compared to Si. This implies that integrated electronics based on SiC are likely to experience reduced susceptibility to single-event effects caused by neutron exposure, in contrast to their silicon-based counterparts. Additionally, the observed charge level is below the critical charge threshold of SRAM memories in the 14 nm CMOS node. This observation suggests that SiC could potentially be integrated into CMOS technology down to the 14 nm scale. However, it is important to note that this prediction would need to be experimentally validated once silicon carbide-based CMOS devices and circuits are accessible for testing under neutron radiation conditions.




5. Conclusions


In this paper, we investigated the basic physical mechanisms of single-event generation in a target layer composed of SiC exposed to the natural radiation of high-energy atmospheric neutrons (>1 MeV) at the terrestrial level. This work was performed using direct calculations and Monte Carlo simulations with Geant4 to compile extensive databases of interaction events between neutrons and semiconductor materials resulting from tens of thousands of interactions. The simulation results showed that the silicon carbide undergoes significantly more interactions than a silicon target, but most of these interactions are elastic and result in only one reaction product. This product is a recoil nucleus that has the potential to trigger single events at a short distance from its emission point, preferentially a single-cell upset. This is different from multi-product reactions, which often include alpha particles and protons, because these light particles can trigger single events at greater distances from their point of emission and can potentially induce a greater number of multiple-cell upsets compared to heavy fragments. Since SiC undergoes more elastic interactions than Si (70% more elastic events in SiC than in Si), the effects of a single event may be less severe in terms of multiple-cell upsets because a single reaction product (heavy fragment) is more likely to be involved. Our results also indicate a significant reduction in the number of electron–hole pairs created in silicon carbide, with 58% fewer pairs compared to silicon. This difference is primarily due to the higher energy required to create an electron–hole pair in silicon carbide than in silicon. Considering the lower carrier mobility and stronger recombination in silicon carbide compared to silicon, the current transients induced by interactions with neutrons are expected to be weaker in silicon carbide than in silicon. This may be an indication of softer SEEs in SiC than in Si, although a more in-depth and accurate analysis is necessary, taking into account the influence of the electric field in a given device. Finally, the results show that SiC has significantly less charge deposited in the first 10 nm than Si. This suggests that SiC-based integrated electronics are likely to be less sensitive to the effects of single events caused by neutron exposure than their silicon-based counterparts.
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Figure 1. Differential flux of atmospheric neutrons as function of particle energy: experimental data measured by Goldhagen [37] at sea level in New York City and analytical fitting function from Equation (1). Experimental data courtesy of Paul Goldhagen (U.S. Department of Homeland Security). 
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Figure 2. High-energy (>1 MeV) neutron cross-sections for the main isotopes: (a) Carbon; (b) Silicon. Data from the TENDL nuclear data open library [40]. 
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Figure 3. Calculated number of nuclear interactions in 25 × 106 h induced by high-energy (>1 MeV) atmospheric neutrons at sea level in a layer of material (SiC, C and Si) obtained from TENDL nuclear data library and from Geant4 simulation: (a) Total number of interactions and number of elastic, inelastic and non-elastic events; (b) Fraction of elastic, inelastic and non-elastic events in the total number of interactions. 
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Figure 4. Number of events as a function of the secondary product shower multiplicity for SiC, C and Si targets artificially irradiated with 500 million neutrons following an energy distribution described by the atmospheric neutron spectrum at sea level. 
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Figure 5. Number of secondary products as a function of their atomic number Z for SiC, C and Si targets artificially irradiated with 500 million neutrons following an energy distribution described by the atmospheric neutron spectrum at sea level. 
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Figure 6. Energy distributions for all the secondary products produced by interactions between atmospheric neutrons and the silicon–carbide target: (a) Energy histograms (1000 bins) of protons, alpha particles, recoil nuclei (C and Si) and other products as a function of the secondary product energy; (b) Secondary product energy mapping as a function of the incident neutron energy. 
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Figure 7. Energy distributions for all the secondary products produced by interactions between atmospheric neutrons and the carbon target: (a) Energy histograms (1000 bins) of protons, alpha particles, carbon recoil nuclei and other products as a function of the secondary product energy; (b) Secondary product energy mapping as a function of the incident neutron energy. 
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Figure 8. Energy distributions for all the secondary products produced by interactions between atmospheric neutrons and the silicon target: (a) Energy histograms (1000 bins) of protons, alpha particles, silicon recoil nuclei and other products as a function of the secondary product energy; (b) Secondary product energy mapping as a function of the incident neutron energy. 
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Figure 9. Linear energy transfer (LET) and range of protons, alpha particles and recoil products in the three materials studied here. Calculations performed with SRIM [44,45]. (a) Silicon carbide; (b) Carbon; (c) Silicon. 
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Figure 10. Histograms in initial LET (100 bins) and range for protons, alpha particles, recoil nuclei (C and Si) and other products produced by atmospheric neutron interactions with the silicon carbide target. (a) LET; (b) Range. 
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Figure 11. Histograms in initial LET (100 bins) and range for protons, alpha particles, carbon recoil nuclei and other products produced by atmospheric neutron interactions with the carbon target. (a) LET; (b) Range. 
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Figure 12. Histograms in initial LET (100 bins) and range for protons, alpha particles, silicon recoil nuclei and other products produced by atmospheric neutron interactions with the silicon target. (a) LET; (b) Range. 
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Figure 13. Average values of deposited energy per interaction for elastic and inelastic reactions and nonelastic reactions for all events. 
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Figure 14. Fraction of the total energy and fraction of the total initial LET deposited per type of secondary product for all interaction events: (a) Energy; (b) LET. 
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Figure 15. Number of electron–hole pairs per interaction estimated from all interactions of neutrons with the target material and average deposited charge in the first 10 nm from the reaction vertex. (a) Number of electron–hole pairs (in million); (b) Deposited charge. The minimum critical charge for the 14 nm node in CMOS technology for standard SRAM cells is also reported [47]. 
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Table 1. Natural abundance of C and Si isotopes studied in this work.
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Symbol

	
Atomic Number

	
Nuclide

	
Natural Abundance






	
C

	
6

	
6-C-12

	
98.93%




	
6-C-13

	
1.07%




	
Si

	
14

	
14-Si-28

	
92.20%




	
14-Si-29

	
4.70%




	
14-Si-30

	
3.10%











 





Table 2. Main properties of C, Si and SiC at 300 K.






Table 2. Main properties of C, Si and SiC at 300 K.





	Semiconductor
	Bandgap @ 300 K Eg (eV)
	Number of Atoms per cm3 (×1022)
	Density (g/cm3)
	Electron–Hole Pair

Creation Energy Eeh (eV)





	C (diamond)
	5.47
	17.6
	3.515
	12



	Si
	1.124
	5
	2.329
	3.6



	SiC
	3.23
	9.64
	3.21
	7.8










 





Table 3. Percentage of events as a function of the secondary products shower multiplicity.
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	Material
	Multiplicity = 1
	Multiplicity ≥ 2
	Multiplicity ≥ 4





	C
	85.78%
	14.22%
	2.56%



	Si
	82.13%
	17.87%
	2.98%



	SiC
	83.74%
	16.26%
	2.70%
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