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Geant4 physics processes for microdosimetry and secondary electron emission simulation: Extension of MicroElec to very low energies and 11 materials (C, Al, Si, Ti, Ni, Cu, Ge, Ag, W, Kapton and SiO 2 )

Introduction

Monte Carlo simulated ion track structures have been used for the study of Single-Event Effects in electronic components [START_REF] Raine | Effect of the Ion Mass and Energy on the Response of 70-nm SOI Transistors to the Ion Deposited Charge by Direct Ionization[END_REF][START_REF] Raine | Impact of the Radial Ionization Profile on SEE Prediction for SOI Transistors and SRAMs Beyond the 32-nm Technological Node[END_REF], with the free open source Geant4 toolkit [3][START_REF] Allison | Recent developments in Geant4[END_REF][START_REF] Allison | Geant4 developments and applications[END_REF]. Some studies have underlined the limits of the Geant4 ionization models for very integrated technologies applications [START_REF] Raine | Effect of the Ion Mass and Energy on the Response of 70-nm SOI Transistors to the Ion Deposited Charge by Direct Ionization[END_REF][START_REF] King | The Impact of Delta-Rays on Single-Event Upsets in Highly Scaled SOI SRAMs[END_REF][START_REF] Raine | Improved Simulation of Ion Track Structures Using New Geant4 Models-Impact on the Modeling of Advanced Technologies Response[END_REF], due to the recommended production threshold of 250 eV for secondary electrons. The MicroElec project, which is a Geant4 extension for incident electrons, protons and heavy ions in silicon, aims to implement lower energy ionization models in Geant4 to improve track structures simulation. MicroElec has been used for microdosimetry and Single-Event Effects applications [START_REF] Caron | New SEU Modeling Method for Calibrating Target System to Multiple Radiation Particles[END_REF][START_REF] Inguimbert | Electron Induced SEUs: Microdosimetry in Nanometric Volumes[END_REF] and is based on the already existing framework of the Geant4-DNA extension [START_REF] Incerti | The geant4-dna project[END_REF][START_REF] Incerti | Review of Geant4-DNA applications for micro and nanoscale simulations[END_REF].

GEANT4 offers a wide selection of physical models, which are grouped in physics lists. For electromagnetic physics (EM), there are standard EM processes, above 1 keV, and low energy EM processes, valid down to ~250 eV for electrons and gamma rays. In GEANT4, we can distinguish for electrons, four different electromagnetic physics lists applicable in different energy ranges:

-G4eIonization (STANDARD) -G4LivermoreIonisationModel (LIVERMORE) -G4PenelopeIonisationModel (PENELOPE) -G4MicroElec (MICROELEC) G4eIonization (STANDARD) physics is a continuous energy loss model valid above 1 keV. Similarly, according to the GEANT4 documentation, the Livermore continuous ionization model can be used down to few tens of eV. The PENELOPE (PENetration and Energy LOss of Positrons and Electrons) model is also a continuous ionization process which is valid down to ~50 eV [START_REF] Baró | PENELOPE: An algorithm for Monte Carlo simulation of the penetration and energy loss of electrons and positrons in matter[END_REF]. These continuous inelastic models must be combined with some elastic interaction models to account for the scattering of particles on nuclei. These later processes can be a discrete (Single Scattering : SS) or a Multiple SCattering (Msc) process. According to the nature and the energy of the incident particles, GEANT4 provides some scenarii combining inelastic and elastic models.

For instance, the G4EmStandardPhysics_option4 uses the PENELOPE continuous ionization model with the multiple scattering. The accuracy is increased by replacing the multiple scattering by the single scattering model for large deviation angles. Similar options are proposed based on the G4LivermoreIonisationModel. The best accuracy can thus be reached by using discrete models for both ionization and elastic scattering, as provided by Microelec.

The first version of the module (Geant4.9.6) was presented in [START_REF] Valentin | Geant4 physics processes for microdosimetry simulation: Very low energy electromagnetic models for electrons in silicon[END_REF][START_REF] Valentin | Geant4 physics processes for microdosimetry simulation: Very low energy electromagnetic models for protons and heavy ions in silicon[END_REF] and validated for electrons of 16.7 eV up to 50 keV and incident protons and ions of 50 keV/nucleon -23 MeV/nucleon in silicon material. Later improvements (Geant4.10.0) [START_REF] Raine | Geant4 physics processes for silicon microdosimetry simulation: Improvements and extension of the energy-range validity up to 10 GeV/nucleon[END_REF] have been added to extend the high-energy range of the models up to 100 MeV for electrons and 10 GeV/nucleon for protons and ions, with the inclusion of relativistic corrections. In this paper, the latest improvements and additions to MicroElec for very low energy particles are presented. These allow the Geant4 extension to be used for the tracking of electrons, protons and heavy ions in several new materials, for microdosimetry and secondary electron emission applications.

Inelastic interaction processes for electrons, protons and heavy ions 2.1 Modeling of the Energy Loss Function

In MicroElec, the inelastic interactions for incident electrons, protons and heavy ions are handled by the classes G4MicroElecInelastic and G4MicroElecInelasticModel. The cross sections (XS) calculations are based on the complex dielectric function theory of Lindhard and Ritchie [START_REF] Ritchie | Electron excitation and the optical potential in electron microscopy[END_REF] and the modeling of the energy loss function (ELF), following the work of Akkerman et al. [START_REF] Akkerman | Monte Carlo calculations of electron transport in silicon and related effects for energies of 0.02-200 keV[END_REF] on silicon and the Geant4-DNA package. This approach is widely used to model the radiation transport at low energy, and has also been used to compute inelastic mean free paths by Flores-Mancera et al. [START_REF] Flores-Mancera | Electron Inelastic Mean Free Paths for LiF, CaF 2 , Al 2 O 3 , and Liquid Water from 433 keV down to the Energy Gap[END_REF], de Vera and Garcia-Molina [START_REF] Vera | Electron Inelastic Mean Free Paths in Condensed Matter Down to a Few Electronvolts[END_REF], and Montanari et al [START_REF] Montanari | Calculation of energy-loss straggling of C, Al, Si, and Cu for fast H, He, and Li ions[END_REF].

The ELF is expressed as 𝐸𝐿𝐹(ℏ𝜔, 𝑞 ⃗) = 𝐼𝑚 [-1 𝜀(𝜔,𝑞 ⃗⃗) ] , with 𝜀(𝜔, 𝑞 ⃗) the complex dielectric function, and ℏ𝜔, 𝑞 ⃗ the energy and momentum transferred by the primary particle to an electron of the material. At the limit 𝑞 ⃗ = 0 ⃗⃗ , the ELF is called the Optical Energy Loss Function 𝑂𝐸𝐿𝐹(ℏ𝜔, 0 ⃗⃗ ) = 𝐼𝑚 [-1 𝜀(𝜔,0 ⃗ ⃗⃗ ) ], and can be deduced from experimental measurements of optical data on various metals, insulators and semi-conductors. Several peaks and discontinuities can be seen on the OELF, which correspond to the energy losses induced to the primary particle by volume plasmons, interband transitions, or core shells.

In the previous version of MicroElec, the OELF was fitted with a sum of extended Drude functions [START_REF] Ritchie | Electron excitation and the optical potential in electron microscopy[END_REF] 𝐼𝑚 [-1

𝜀(𝜔, 0 ⃗⃗ ) ] = ∑ 𝐷 𝑗 (ℏ𝜔) 𝑗 ( 1 
)
With 𝐷 𝑗 the expression of the Drude function for the 𝑗 𝑡ℎ peak

𝐷 𝑗 (ℏ𝜔) = 𝐸 𝑝 2 𝐴 𝑗 𝑤 𝑗 ℏ𝜔 (ℏ 2 𝜔 2 -𝐸 𝑗 2 ) 2 + (𝑤 𝑗 ℏ𝜔) 2 (2) 
The parameters 𝐴 𝑗 , 𝑤 𝑗 and 𝐸 𝑗 are respectively the amplitude, width, and energy of the peak, and 𝐸 𝑝 is the plasmon energy. Finally, the 𝐸𝐿𝐹(ℏ𝜔, 𝑞 ⃗) was obtained with the dispersion relation 𝐸 𝑗 (𝑞) = 𝐸 𝑗 + ℏ 2 𝑞 2 2𝑚 0 . In the new version of MicroElec, to be released in a future version of Geant4, the OELF is fitted with a sum of Mermin dielectric functions following the approach given by Abril et al. [START_REF] Abril | Dielectric description of wakes and stopping powers in solids[END_REF]:

𝐼𝑚 [- 1 𝜀(𝜔,0 ⃗ ⃗⃗ ) ] = ∑ 𝐹(𝜔)𝐴 𝑗 𝐼𝑚 [- 1 𝜀 𝑀 (𝜔,0 ⃗ ⃗⃗ ,𝐸 𝑗 ,𝛾 𝑗 ) ] (3) 
𝑗 with the fitting parameters 𝐴 𝑗 , 𝛾 𝑗 = 𝑤 𝑗 and 𝐸 𝑗 . A simple step function 𝐹(𝜔) cuts the peak below a threshold energy 𝐸 𝑡ℎ . The Mermin function [START_REF] Mermin | Lindhard Dielectric Function in the Relaxation-Time Approximation[END_REF] 𝜀 𝑀 (𝜔, 𝑞 ⃗) = 1

+ (1 + 𝑖 𝛾 𝜔 ⁄ )[𝜀 𝐿 (𝑞 ⃗, 𝜔 + 𝑖𝛾) -1] 1 + (𝑖 𝛾 𝜔 ⁄ ) [𝜀 𝐿 (𝑞 ⃗, 𝜔 + 𝑖𝛾) -1] [𝜀 𝐿 (𝑞 ⃗, 0) -1] ⁄ (6)
is expressed in terms of the Lindhard dielectric function [START_REF] Abril | Dielectric description of wakes and stopping powers in solids[END_REF][START_REF] Lindhard | On the properties of a gas of charged particles[END_REF] 𝜀 𝐿 (𝑞 ⃗, 𝜔) = 1 + 𝜒 2 𝑧 2 [𝑓 1 (𝑢 ⃗⃗, 𝑧 ⃗) + 𝑖𝑓 2 (𝑢 ⃗⃗, 𝑧 ⃗)] ( 5)

Where 𝑢 ⃗⃗ = 𝜔 𝑞 ⃗𝜐 𝐹 ⁄ , 𝑧 ⃗ = 𝑞 ⃗ 2𝑞 ⃗ 𝐹 , ⁄ the density parameter 𝜒 2 = 𝑒² (𝜋ℏ𝜐 𝐹 ), ⁄ the Fermi velocity of the target valence electrons 𝜐 𝐹 , 𝑞 ⃗ 𝐹 = 𝑚 𝑒 𝜐 𝐹 ℏ ⁄ , the functions

𝑓 1 ⃗⃗⃗⃗ (𝑢 ⃗⃗, 𝑧 ⃗) = 1 2 + 1 8𝑧 ⃗ [𝑔 ⃗(𝑧 ⃗ -𝑢 ⃗⃗) + 𝑔 ⃗(𝑧 ⃗ + 𝑢 ⃗⃗) (6) 𝑓 2 ⃗⃗⃗⃗ (𝑢 ⃗⃗, 𝑧 ⃗) = { 𝜋 2 𝑢 ⃗⃗, 𝑧 ⃗ + 𝑢 ⃗⃗ < 1 𝜋 8𝑧 ⃗ [1 -(𝑧 ⃗ -𝑢 ⃗⃗) 2 ], |𝑧 ⃗ -𝑢 ⃗⃗| < 1 < |𝑧 ⃗ + 𝑢 ⃗⃗| 0, |𝑧 ⃗ -𝑢 ⃗⃗| > 1 (7) And 𝑔(𝑥) = (1 -𝑥 2 ) ln | 1+𝑥 1-𝑥 | (8)
An interesting feature is that the dependence in both energy and wave vector is included in the Mermin dielectric function. As a result, no separate dispersion relation needs to be applied as a post treatment, contrary to the extended Drude model. The improvement of the Mermin approach over the Drude approach, especially for low energy particles, can be seen on the stopping powers computed in section 4.1.

The peaks can be fitted to the different transitions observed on the OELF by tweaking the three parameters, as shown in Figure 1, where the peaks for different shells and transitions are shown. This method has been used by Denton et al. [START_REF] Denton | Energy loss of swift H and He projectiles in Al, Si, Ni and Cu targets[END_REF] and Da et al. [START_REF] Da | Extended Mermin Method for Calculating the Electron Inelastic Mean Free Path[END_REF] to fit the OELF for silicon and some metals. In the case of silicon, our OELF fit is similar to the previous fit from Valentin et al [START_REF] Valentin | Geant4 physics processes for microdosimetry simulation: Very low energy electromagnetic models for protons and heavy ions in silicon[END_REF], while our Kapton fit is based on the work of de Vera et al. [START_REF] Vera | Inelastic scattering of electron and light ion beams in organic polymers[END_REF]. Our fit parameters for all materials shown in this work are given in Annex I, the reference OELFs are taken from the database of Sun et al. [START_REF] Sun | Calculations of Energy-Loss Function for 26 Materials[END_REF]. The accuracy of our fit is verified using the average ionization potential I, and P-and Z-sum-rules as used by Tanuma et al. [START_REF] Tanuma | Use of sum rules on the energy-loss function for the evaluation of experimental optical data[END_REF]: The values so obtained for the sum rules are shown in Table 1, and compared with data from Mukherji et al. [START_REF] Mukherji | Calculation of the mean ionization potentials of the elements for stopping-power computations[END_REF], SRIM [START_REF] Ziegler | SRIM -The stopping and range of ions in matter[END_REF], ICRU [START_REF] Icru | Stopping Powers for Electrons and Positrons[END_REF] and Vera et al. [START_REF] Vera | Inelastic scattering of electron and light ion beams in organic polymers[END_REF]. The target value (Z) for Z eff is the atomic number for a monoatomic material, or the total number of electrons per molecule for a compound. There are some non-negligible errors in the sum rules for some materials, as we have defined our fits to be the closest to the experimental OELF. We have also chosen to validate their correctness by favoring the agreement with stopping power and SEY data over the sum-rule values. This implies that for some materials, we have chosen to degrade the OELF fit to improve the stopping powers at low energies. In the case of Ni, Cu, Ge, W, SiO2, the stopping powers and SEY are still satisfying despite the errors in the sum rules, as shown in Sections 4 and 5, though these adjustments show the limitation of our methodology, as they are necessary to mitigate the absence of low-energy corrections for the dielectric function theory.

𝑃 𝑒𝑓𝑓 = 2 𝜋 ∫ 𝐼𝑚 [-
The differential cross section (DXS) for an incident particle of energy E [MeV] and mass 𝑀 [MeV/c²] is then calculated from the fitted ELF and using the following relationship, by summing the partial DXS for each j th shell:

𝑑𝜎 𝑑(ℏ𝜔) (𝐸, ℏ𝜔) = 𝑍 𝑒𝑓𝑓 2 𝜋𝑁𝑎 0 𝐸 ′ ∫ ∑ 𝐹(𝜔)𝐴 𝑗 𝐼𝑚 [- 1 𝜀 𝑀 (𝜔,0 ⃗ ⃗⃗ ,𝐸 𝑗 ,𝛾 𝑗 ) ] 𝑗 𝑑𝑞 𝑞 𝑞+ 𝑞- (11) 
with the atomic density N [#/cm 3 ], the Bohr radius 𝑎 0 , the electron mass 𝑚 𝑒 , 𝐸 ′ = 𝑚 𝑒 𝑀 𝐸, and 𝑍 𝑒𝑓𝑓 the effective charge, equal to 1 for electrons and protons. For other particles, the effective charge was previously calculated using the Barkas formula [START_REF] Barkas | Nuclear research emulsions, v.2 : Particle behavior and emulsion applications[END_REF]:

𝑍 𝑒𝑓𝑓 = 𝑍[1 -exp(-125𝛽𝑍 -2 3 ⁄ )] ( 12 
)
where 𝛽 = √1 -(1 + 𝐸 𝑀𝑐 2 ⁄ ) -2 . Nevertheless, at low incident ion velocity, the target electron velocities cannot be neglected. Brandt and Kitagawa (BK) theory provides an expression for describing the effective charge, connecting the charge state of the projectile and the Fermi velocity of the target. Some suggestions can be found in [START_REF] Ziegler | SRIM -The stopping and range of ions in matter[END_REF] to improve the BK formulation compared to data analysis. The original expression of the effective charge given by BK is (in atomic units): Where Λ 0 is the screening radius, treated as a variational parameter in the BK theory and expressed as:

𝛬 0 = 0.48 (1 -𝑞) 2 3 𝑍 1 3 (1 - 1 -𝑞 7 ) (14) 
𝜁 is generally assumed to be ∼ 0.5 [START_REF] Klein | Local electron concentration-dependent electronic stopping power model for Monte Carlo simulation of low-energy ion implantation in silicon[END_REF][START_REF] Brandt | Effective charges of ions and the stopping power of dense media[END_REF] and 𝑞 = (𝑍 -𝑁)/𝑍 is the fraction of the electrons that have been stripped from the moving ion (𝑁 being the number of electrons still bound to the projectile). An improved formulation of the screening radius is given by Kaneko [START_REF] Kaneko | Energy loss and straggling of lowvelocity heavy atoms in matter[END_REF]:

𝛬 = 𝛬 0 1 + 𝑓𝛬 0 ( 15 
)
Where the relation giving 𝑓 can be found in [START_REF] Kaneko | Energy loss and straggling of lowvelocity heavy atoms in matter[END_REF]. 152.4 [START_REF] Mukherji | Calculation of the mean ionization potentials of the elements for stopping-power computations[END_REF] 166 [START_REF] Ziegler | SRIM -The stopping and range of ions in matter[END_REF] 160.3 [START_REF] Mukherji | Calculation of the mean ionization potentials of the elements for stopping-power computations[END_REF] 171 [START_REF] Ziegler | SRIM -The stopping and range of ions in matter[END_REF] 235 [START_REF] Ziegler | SRIM -The stopping and range of ions in matter[END_REF] 321 [START_REF] Ziegler | SRIM -The stopping and range of ions in matter[END_REF] 255 [START_REF] Mukherji | Calculation of the mean ionization potentials of the elements for stopping-power computations[END_REF] 332 [START_REF] Ziegler | SRIM -The stopping and range of ions in matter[END_REF] 335 [START_REF] Ziegler | SRIM -The stopping and range of ions in matter[END_REF] 349.3 [START_REF] Mukherji | Calculation of the mean ionization potentials of the elements for stopping-power computations[END_REF] 488 [START_REF] Ziegler | SRIM -The stopping and range of ions in matter[END_REF] 618 [START_REF] Mukherji | Calculation of the mean ionization potentials of the elements for stopping-power computations[END_REF] 735 [START_REF] Ziegler | SRIM -The stopping and range of ions in matter[END_REF] 139 [START_REF] Icru | Stopping Powers for Electrons and Positrons[END_REF] 82.4 [START_REF] Vera | Inelastic scattering of electron and light ion beams in organic polymers[END_REF] Table 1 : Sum rules values deduced from the OELF fits, for all materials, in the new version of MicroElec al. [START_REF] Ziegler | SRIM -The stopping and range of ions in matter[END_REF] have proposed the following relation for describing 𝑞:

𝑞 𝑍𝑖𝑒𝑔𝑙𝑒𝑟 (𝑍, 𝑣 𝑟 ) = 1 -exp (-𝑐 ( 𝑣 𝑟 𝑍 2 3
-0.07)) [START_REF] Ritchie | Electron excitation and the optical potential in electron microscopy[END_REF] with 𝑐 a constant close to 1 (𝑐 = 0.95 in our calculations) and 𝑣 𝑟 the relative velocity of the incident particle and a target electron. A complete expression of 𝑣 𝑟 is given by Kreussler et al. [START_REF] Kreussler | Target dependence of effective projectile charge in stopping powers[END_REF]. In addition, Ziegler et al. have suggested a modified value of ζ to adjust the effective charge results to extensive data analysis [START_REF] Ziegler | SRIM -The stopping and range of ions in matter[END_REF]:

𝑍 𝑒𝑓𝑓,𝑡ℎ𝑖𝑠 𝑤𝑜𝑟𝑘 (𝑍, 𝑞, 𝑣 𝐹 ) = 𝑍 𝑒𝑓𝑓,𝐵𝐾 (𝑍, 𝑞, 𝑣 𝐹 , 𝜁 𝑍𝑖𝑒𝑔𝑙𝑒𝑟 ∼ 1 2𝑣 𝐹 2 ) (17)
Finally, our expression of the effective charge depends on the atomic number, the Fermi velocity of the target and the incident velocity, through the relative velocity. This description is used in the new version of MicroElec. It does not however account for the charge modifications of the incident projectile, unlike the charge fraction approach used in CasP [START_REF] Grande | Convolution approximation for the energy loss, ionization probability and straggling of fast ions[END_REF] and by Moreno-Marin et al. [START_REF] Moreno-Marín | Electronic energy loss of swift H+ and He+ ions in solids with material science applications[END_REF], Behar et al. [START_REF] Behar | Energy loss of proton, α particle, and electron beams in hafnium dioxide films[END_REF] or Heredia-Avalos et al. [START_REF] Heredia-Avalos | Energy loss of H+ and He+ in the semiconductors GaAs, ZnSe, InP and SiC[END_REF]. Although the charge fraction description is more accurate, it is much less convenient to use in the code as the modification of the inelastic MFP needs to be handled for each charge state, which could significantly slow down the simulations. We have chosen to not use charge fractions in the new version of MicroElec as a compromise between accuracy and ease of use. Moreover, the effective charge description is much more complete than the previously used Barkas formula.

The relativistic corrections detailed in [START_REF] Raine | Geant4 physics processes for silicon microdosimetry simulation: Improvements and extension of the energy-range validity up to 10 GeV/nucleon[END_REF] by Raine et al. are also applied to the expression of the DXS and its integration limits. The effect of these corrections is directly visible on the stopping powers in section 4.1 computed with the Mermin approach. The comparison of these stopping powers with literature data is used as a validation metric for the inelastic cross sections. This has been done for seven metals (C, Al, Ag, Ti, Ni, Cu and W), two semi-conductors (Si and Ge) and two insulators (SiO 2 , Kapton), considerably extending the simulation capabilities of MicroElec. Low energy electron transportation in insulators does however require additional energy loss models, detailed for SiO 2 in section 3.3.

The main purpose of our optimizing method to define the parameter of the simulations was guided by one of our main targeted applications i.e. the modelling of the secondary electron emission. In that scope the use of experimental SEY data was found to be interesting. A trade of between three elements was used to define the parameters of the model:

-The best OELF fit, -The best low energy Stopping Power, -The best SEY, But this approach gets its own limitations, since all physical mechanisms are not included. There are other corrections to the dielectric function theory at low energy that needs to be taken into account. for instance, the exchange effects and plasmon decay, detailed by Salvat & Fernandez-Varea in [START_REF] Salvat | Overview of physical interaction models for photon and electron transport used in Monte Carlo codes[END_REF], have not been included in our work. We have assumed that the dampening of the plasmon always leads to the production of a secondary electron, which may decrease the accuracy of our calculations at very low energies. Although the comparison with low energy experimental data is still satisfying, exchange effects are considered for future versions of MicroElec, following the method of Ochkur [START_REF] Ochkur | Ionization of the hydrogen atom by electron impact with allowance for the exchange[END_REF] and its implementation in other works, such as Fernandez-Varea et al. [START_REF] Fernández-Varea | Cross sections for electron interactions in condensed matter[END_REF] or de Vera et al. [START_REF] Vera | Inelastic scattering of electron and light ion beams in organic polymers[END_REF]. These corrections are expected to improve the accuracy of our methodology at low energy, so that we get a better agreement in both sum rules and reference data instead of adjusting the former to increase the agreement with the latter.

Other modifications in MicroElecInelasticModel

In the last version of MicroElec (Geant4 10.0), the energy 𝑄 transferred by the primary particle was calculated from the differential cross sections per shell via rejection sampling. The use of cumulated DXS per shell and direct sampling has been validated for the new version and set as the default sampling method, considerably improving computation time. A secondary electron of energy 𝐸 𝑠𝑒𝑐 = 𝑄 -𝐸 𝑏 is generated, where 𝐸 𝑏 is the binding energy of the selected shell.

For interactions with weakly bound electrons, namely plasmon and interband transitions, the initial energy of the weakly bound electrons has been added along with the band gap in insulators and semi-conductors. In this case, the secondary electron is generated with energy 𝐸 𝑠𝑒𝑐 = 𝑄 -𝐸 𝑔𝑎𝑝 -𝐸 𝑖𝑛𝑖𝑡 where 𝐸 𝑔𝑎𝑝 = 0 for metals.

The introduction of an initial energy 𝐸 𝑖𝑛𝑖𝑡 for weakly bound electrons is based on the Monte-Carlo code OSMOSEE for low energy electrons [START_REF] Roupie | The study of electron emission from aluminum in the very low primary energy range using Monte Carlo simulations[END_REF][START_REF] Pierron | Modèle de transport d'électrons à basse énergie (~10 eV-2 keV) pour applications spatiales (OSMOSEE, GEANT4)[END_REF]. This energy was introduced to improve the physical coherence of these interactions, so that we do not consider that all weakly bound electrons set into motion come from the top of the valence band, or the Fermi level in a metal. In OSMOSEE, 𝐸 𝑖𝑛𝑖𝑡 is selected from the conduction band below the Fermi level for metals, or the valence band for semi-conductors and insulators. This selection is done for each individual interaction with weakly bound electrons by rejection sampling of the density of states (DOS). The DOS used for sampling is an approximation of the real DOS with the free electron gas theory.

In this work, we have reintroduced this initial energy as a unique value 𝐸 𝑖𝑛𝑖𝑡 chosen for each material. It is defined as the statistical median value of the density of states, which corresponds to the average outcome of a random sampling of the DOS. In this method, we can also use an approximated DOS with the free electron gas theory, or a value from the actual density of states. While more approximate than a complete sampling of the DOS, this new approach considerably improves computation time while remaining statistically consistent. Finally, Auger transitions are included for core shells using the class G4AtomDeexitation, and the shell data for each material is loaded from external data files.

Extension of other MicroElec

processes for low energy electrons

Elastic interaction

Elastic processes for electrons are handled in MicroElec by the classes G4MicroElecElastic and G4MicroElecElasticModel. In the previous version (Geant4 10.0), the total and differential elastic cross sections for Si in the 50 eV -100 MeV range were extracted from the ICRU database [START_REF] Wambersie | [END_REF]. These cross sections were completed by ab-initio cross sections from Bettega et al. [START_REF] Bettega | Elastic scattering of lowenergy electrons by carbon disulphide[END_REF] from 16.7 eV to 50 eV. However these calculations were originally made for CS 2 , and had to be adapted for Si following the approach of Akkerman et al. [START_REF] Akkerman | Monte Carlo calculations of electron transport in silicon and related effects for energies of 0.02-200 keV[END_REF].

In the new version, the elastic cross sections are calculated with the Partial Wave Analysis (PWA) method and the code ELSEPA [START_REF] Salvat | ELSEPA-Dirac partial-wave calculation of elastic scattering of electrons and positrons by atoms, positive ions and molecules[END_REF], an approach also followed by the Geant4 DNA team [START_REF] Shin | Development of a new Geant4-DNA electron elastic scattering model for liquid-phase water using the ELSEPA code[END_REF]. Since ELSEPA can be used down to 10 eV for compounds and monoatomic materials, this new approach allows us to use a single model on the whole energy range to compute the elastic cross sections for all materials. This improves the consistency of the simulations and avoids the use of individual adjustments when required for a given material. The elastic cross sections are computed in this work for all elements up to uranium and down to 0.1 eV, covering all corresponding monoatomic materials. Although the model validity is limited to 10 eV, computing the cross sections to lower energies gives us some extrapolation points that can be used to track electrons down to the energy of the surface barrier, which is about a few eVs. This is detailed in the next section.

The elastic cross sections for compounds can be computed with the ELSEPA module for molecular cross sections, which are then converted to cross sections per atom, or by computing the average of the monoatomic cross sections, weighted by the stoichiometry. These two approaches are compared for SiO 2 in Figure 2, as it is currently the only compound whose elastic cross sections have been validated in MicroElec. For energies higher than 1 keV, the difference between the Total Cross Sections (TXS) given by the two approaches is negligible. Below 1 keV however, the silicon atoms seem to have a stronger interaction probability than the oxygen atoms, as the molecular TXS follows the Si TXS. This would indicate that the free-atom approximation used with the weighted average is invalid, as low energy electrons may be subject to a stronger coupling with the lattice and/or aggregation effects from the molecule, as suggested in [START_REF] Salvat | ELSEPA-Dirac partial-wave calculation of elastic scattering of electrons and positrons by atoms, positive ions and molecules[END_REF]. Consequently, the molecular cross section approach has been chosen for SiO 2 . 

Interaction with the surface

At the vacuum/material boundary, the periodic potential of the crystal is disturbed by the discontinuity induced by the interface, which can be expressed as a potential barrier [START_REF] Bouchard | The surface potential barrier in secondary emission from semiconductors[END_REF]. The energy reference for an electron in vacuum is set as the vacuum level. However, the energy reference for an electron inside of the material is the lowest unoccupied state, namely the Fermi level for a metal, or the bottom of the conduction band for an insulator. Due to this change of reference illustrated in Figure 3, an electron penetrating in the material will lose potential energy; this loss is transformed into a gain of kinetic energy. An electron exiting the material will, on the contrary, gain potential energy and lose kinetic energy. In both cases, the gain or loss is equal to the value of the potential barrier, taken as the work function 𝑊 for metals, or the electron affinity 𝜒 for insulators and semiconductors. The energy modifications for an electron going through the surface are illustrated in Figure 3. In both cases, a free electron has a positive energy. Captured or bound electrons of the material have a negative energy, such as the weakly bound electron energy used for plasmon transitions in 2.2. The electron needs to have a greater energy than the surface barrier to be emitted outside of the material.

In MicroElec, the surface has been added as an exponential potential barrier, based on the model of the Monte-Carlo code OSMOSEE [START_REF] Roupie | The study of electron emission from aluminum in the very low primary energy range using Monte Carlo simulations[END_REF]. This gives the following expression of the transmission probability for an electron of energy 𝐸 and incident angle 𝜃: 𝑇(𝜃, 𝐸) = 1 -sinh 2 (𝜋𝑎(𝑘 𝑖 -𝑘 𝑓 ))

sinh 2 (𝜋𝑎(𝑘 𝑖 + 𝑘 𝑓 )) [START_REF] Flores-Mancera | Electron Inelastic Mean Free Paths for LiF, CaF 2 , Al 2 O 3 , and Liquid Water from 433 keV down to the Energy Gap[END_REF] with the pre-and post-transmission wave vectors [nm -1 ]: difference between the thresholds of the two materials as a first approximation.

𝑘 𝑖 = √(2𝑚 0 𝑒) ℏ √(𝐸
If not transmitted, the electron is reflected by the surface. The post reflexion angle, with respect to the normal to the surface, is then taken equal to the pre reflexion angle, as it is the case with optical reflexion, and the energy is unchanged. Finally, an electron traveling near the surface may interact with a surface plasmon, as opposed to the volume plasmons treated by the inelastic process, the interaction probability depending on the depth of the electron. Although the interaction has not been implemented, the secondary emission yields given by the code in section 5 are still in good agreement with experimental data.

The surface processes for electrons are included in Geant4 in the class G4MicroElecSurface, a discrete process called at each interface and based on the class G4OpBoundaryProcess for optical photons. G4MicroElecSurface handles Vacuum/Material and Material/Material interfaces. This allows the simulation of simple multi-layer structures using the supported materials, even though the basic model for Material/Material interfaces may need further refinement.

The surface processes allow the electron tracking limit to be extended down to the work function or electron affinity of the material, which corresponds to energies of a few eVs.

Electron-phonon interactions in SiO 2

Due to the wide band gap in insulators (8-9 eV in SiO 2 ), the inelastic mean free paths (MFP) shown in Figure 4 become divergent as the electron energy approaches the band gap, and ionization becomes impossible. The transport of electrons at this energy level (<~ 10 eV) is thus dominated by other processes. This is especially true for insulators that have large band gaps. New physical processes for the interaction of low-energy electrons with optical and acoustic phonons have been added to MicroElec for the insulator SiO 2 , following the work of Schreiber and Fitting [START_REF] Schreiber | Monte Carlo simulation of secondary electron emission from the insulator SiO2[END_REF]. These processes have not been added to the other materials, since they were not as necessary for low energy electron transportation as in the case of SiO 2 . Indeed, electron-phonon interactions have been shown to be negligible for metals as their MFP is much higher than electron-electron interactions, except in the case of conductivity calculations for thermalized electrons with a very low energy. For semiconductors, Akkerman et al. [START_REF] Akkerman | Electron-phonon interactions in silicon: Mean free paths, related distributions and transport characteristics[END_REF] have applied the same phonon models used in our work and have shown that electron-phonon interactions become significant in silicon below 5 eV. As we have chosen to kill all electrons below the electron affinity of 4.25 eV for Si, phonon interactions have not been implemented for this material. Despite this approximation our SEY calculations are still in good agreement with experimental data, as shown in section 5. Finally, the SEYs for Kapton are also satisfying despite phonons not being supported. While it is also an insulator, we can assume that the case of this material is similar to Si, as its work function (4.7eV) is higher than its energy gap (2.05eV).

Optical phonons

An electron can interact with a Longitudinal-Optical (LO) Phonon, of vibration mode 𝜔 𝐿𝑂 , and either absorb or create a phonon. Phonon absorptions or emissions are respectively a gain or a loss of energy for the primary electron, the value of which corresponds to the phonon vibration mode ∆𝐸 = ±ℏ𝜔 𝐿𝑂 . This interaction has been described by Fröhlich [START_REF] Fröhlich | Theory of electrical breakdown in ionic crystals[END_REF] [54], and used by Fitting et al. [START_REF] Fitting | Monte-Carlo Studies of the Electron Mobility in SiO2[END_REF] in SiO 2 , Akkerman et al. [START_REF] Akkerman | Low-energy electron transport in alkali halides[END_REF] in alkali halides, and Ganachaud et al. [START_REF] Ganachaud | Theoretical study of the secondary electron emission of insulating targets[END_REF] in Al 2 O 3 . Optical phonons have also been implemented in PENELOPE, though with a different formalism based on an integration of the ELF in the infrared range [START_REF] Narayan | Monte Carlo simulation for the electron cascade due to gamma rays in semiconductor radiation detectors[END_REF]. In the Fröhlich formalism, the scattering rates 𝑓 [s -1 ] for the absorption (-) or emission (+) of a LO phonon by an electron of energy 𝐸 are given by [59]

𝑓 ∓ (𝐸) = 𝑒 2 4𝜋𝜖 0 ℏ 2 • (𝑁 𝐿𝑂 + 1 2 ∓ 1 2 ) • ( 1 𝜖(∞) - 1 𝜖(0) ) • √ 𝑚 * 2𝐸 • ℏ𝜔 𝐿𝑂 • ln [ 1 + 𝛿 ∓1 ± 𝛿 ] ( 19 
)
With 𝛿 = √1 ± Since phonon emission is much more probable than phonon absorption in SiO 2 [START_REF] Schreiber | Monte Carlo simulation of secondary electron emission from the insulator SiO2[END_REF], the latter has been neglected. The effective mass 𝑚 * is assumed to be equal to the free electron mass 𝑚 0 . The angular deflection 𝜃 of the primary electron is calculated with a random number 𝑅 ∈ [0; 1] following the angular distribution from [START_REF] Fitting | Monte-Carlo Studies of the Electron Mobility in SiO2[END_REF]:

cos(𝜃) = 𝐸 + 𝐸 ′ 2√𝐸𝐸 ′ (1 -𝐵 𝑅 ) + 𝐵 𝑅 𝐵 = 𝐸 + 𝐸 ′ + 2√𝐸𝐸 ′ 𝐸 + 𝐸 ′ -2√𝐸𝐸 ′ ; 𝐸 ′ = 𝐸 -ℏ𝜔 𝐿𝑂
The mean free path can be obtained as 𝑀𝐹𝑃 = √2𝐸/𝑚 0 𝑓 ± ⁄ . As can be seen in Figure 4, the interactions with LO phonons will be the main energy loss process for electrons under 15 eV in SiO 2 . Indeed, the LO phonon MFP becomes lower than the inelastic MFP below 15eV, as the latter becomes divergent. Below the energy gap, the energy loss by LO phonon is also the only possible energy loss interaction for electrons.

Acoustic phonons

As pointed out by Akkerman [START_REF] Akkerman | Monte Carlo calculations of electron transport in silicon and related effects for energies of 0.02-200 keV[END_REF] or Valentin [START_REF] Valentin | Geant4 physics processes for microdosimetry simulation: Very low energy electromagnetic models for electrons in silicon[END_REF], the validity of the Partial Wave Analysis (PWA) cross sections for the elastic interaction of electrons becomes questionable below 50 eV. In SiO 2 , this phenomenon is especially noticeable as the elastic MFP, given by the molecular cross sections, is inferior to the inter-atomic distance below 50 eV. It is thus recommended to switch to an acoustic phonon-electron interaction model at lower energies. In such a model, the interaction between the electrons and the lattice and their behaviour as Bloch electrons should be more realistic [START_REF] Schreiber | Monte Carlo simulation of secondary electron emission from the insulator SiO2[END_REF]. The interaction has first been described by Sparks for alkali halides [START_REF] Sparks | Theory of electron-avalanche breakdown in solids[END_REF]. It is considered here as quasielastic with no energy loss for the electrons. The scattering rates 𝑓 𝑎𝑐 [s -1 ] used in MicroElec follow the development of [START_REF] Fitting | Attenuation and escape depths of low-energy electron emission[END_REF]: and their energy ℏ𝜔 𝐵𝑍 = ℏ𝑐 𝑠 𝑘 𝐵𝑍 [eV]. The expression includes the screening parameter 𝐴 [eV] that comes from the correction suggested by Bradford [START_REF] Bradford | Electron-acoustic phonon scattering in SiO2 determined from a pseudo-potential for energies of E≳Ebz[END_REF]. A linear fit is applied between the two energy regions. The angular distribution is assumed to be isotropic, and this model replaces the PWA model in SiO 2 for energies below 100 eV. Parameters are given in Table 2. The value of A has been modified, in comparison with the parameters given by Schreiber [START_REF] Schreiber | Monte Carlo simulation of secondary electron emission from the insulator SiO2[END_REF] (5*E BZ ), to improve the acoustic MFP convergence to our PWA elastic MFP at 100 eV. The stopping power 𝑆(𝐸) [MeV/mm or MeV. cm 2 / g] for a particle of energy 𝐸 is related to the differential cross section according to the following relation:

𝑓 𝑎𝑐 = 𝜋𝑘 𝑏 𝑇

𝒌

𝑆(𝐸) = 𝑁 ∫ ℏ𝜔 𝑑𝜎 𝑑(ℏ𝜔) (𝐸, ℏ𝜔)𝑑(ℏ𝜔) (22) 
𝐸 𝑚𝑎𝑥 0

It can be used to check the validity of our modelling and fit of the ELF. The stopping powers given by the new version of MicroElec for silicon are plotted in Figure 5. They are compared with previous versions of MicroElec, namely Geant4 9.6 for electrons and Geant4 10.0 for protons. The effect of the relativistic corrections introduced in [START_REF] Raine | Geant4 physics processes for silicon microdosimetry simulation: Improvements and extension of the energy-range validity up to 10 GeV/nucleon[END_REF] is visible on the stopping powers, with a better agreement observed at high electron energy with the ESTAR data from NIST [START_REF] Berger | Stopping-Power & Range Tables for Electrons, Protons, and Helium Ions[END_REF]. In the low energy range, the Mermin model (This work) leads to a better agreement with the experimental data of Luo et al. [START_REF] Luo | Experimental determinations of electron stopping power at low energies[END_REF] for the stopping powers of electrons (Figure 5(a)) than the extended Drude model (MuElec), thanks to its better estimation of the plasmon lifetime. This phenomenon is even more noticeable on the stopping powers of protons (Figure 5(b)), where the Drude model fails to reproduce the SRIM [START_REF] Ziegler | SRIM -The stopping and range of ions in matter[END_REF] data below 30 keV. The stopping powers computed for 18 Ar ions (Figure 5(c)) with the Mermin approach are also compared with data from SRIM and MSTAR [START_REF] Paul | Empirical stopping power tables for ions from 3Li to 18Ar and from 0.001 to 1000 MeV/nucleon in solids and gasesq[END_REF] in Figure 5. the improvement of the Kaneko (B-K) [START_REF] Kaneko | Energy loss and straggling of lowvelocity heavy atoms in matter[END_REF] approach over the Barkas [START_REF] Barkas | Nuclear research emulsions[END_REF] formula for 𝑍 𝑒𝑓𝑓 is clearly visible below 30 keV/nucleon. The validation of the new version of MicroElec for all other materials is shown for the stopping powers of electrons in Annex II.

Ionizing dose calculations

The calculation of the ionizing dose-depth profile for an incident particle gives information on the energy deposited in the material and its uniformity. It can thus be used as another verification for the inelastic process. The ionizing dose given by the new version of MicroElec is compared in Figure 6 with data from SRIM and the standard physics processes of Geant4 which include continuous and multiple scattering processes. Both rejection sampling and direct sampling methods give the same results for MicroElec, but with significantly improved computation time for direct sampling.

The good agreement between MicroElec, SRIM and the Standard physics models in the case of 10 keV protons is another validation of the inelastic processes. However, due to the exclusive use of discrete processes, MicroElec is about 4 times slower than the standard physics in this case, with a time difference that may vary depending on the configuration used. In the case of low energy electrons (the example of 200 eV electrons is shown here), the standard physics underestimate the range of electrons. Indeed, the range given by the stopping powers of Luo et al. [START_REF] Luo | Experimental determinations of electron stopping power at low energies[END_REF], using the continuous slowing-down approximation for 200 eV electrons (8.9 x 10 -6 mm) is greater than the range given by the standard physics (5.5 x 10 -6 mm) and closer to MicroElec (1.1 x 10 -5 mm). The plateauing of the extrapolated range under 1 keV has been illustrated with the code OSMOSEE and the Weber formula extended to very low energies in [START_REF] Inguimbert | Extrapolated Range Expression for Electrons Down to 10 eV[END_REF]. This effect does not seem to be modelled by the standard physics as the extrapolated range continues to decrease with the energy, as shown in Figure 7 for aluminum below 1 keV. Experimental practical range data from Kanter & Sternglass [START_REF] Kanter | Interpretation of Range Measurements for Kilovolt Electrons in Solids[END_REF] is also included in Figure 7. These results exhibit the increased accuracy of discrete processes compared to continuous processes. Finally, the introduction of the initial energy for weakly bound electrons does not modify the dose profile. A more detailed comparison between the different Geant4 ionization models regarding dosimetry applications for microelectronics will be published in another study. Firstly, the TEY of silicon obtained with MicroElec is compared with simulated data from OSMOSEE [START_REF] Pierron | Electron emission yield for low energy electrons: Monte Carlo simulation and experimental comparison for Al, Ag, and Si Electron emission yield for low energy electrons: Monte Carlo simulation and experimental comparison for[END_REF] and experimental data from Bronstein [START_REF] Bronshtein | VTORICHNAYA ELEKTRONNAYA EMISSIYA[END_REF] in Figure 8. Three options of MicroElec are plotted to show the effect of the different corrections:

 (a) includes all processes and corrections previously mentioned,  (b) is without an initial energy for weakly bound electrons,  (c) is without initial energy or surface processes.

Option (b) shows how the initial energy of weakly bound electrons acts as a slight reduction of the TEY while it did not have a significant effect on the dose profile. As a result, this energy can be used as a tweakable parameter to fit the TEY to experimental data. The importance of surface processes is clearly visible in (c), with the total yield being much higher than the experimental data (about a factor of 2). Finally, version (a) with all processes shows a good agreement with our experimental reference data [START_REF] Bronshtein | VTORICHNAYA ELEKTRONNAYA EMISSIYA[END_REF].

MicroElec has a secondary electron production threshold of a few eVs, which is much lower than in other Geant4 modules (about 250 eV, or 50eV for PENELOPE). Indeed, this threshold is set at the energy of the surface potential barrier of the material (see Table 3), or the energy gap if it is higher than the potential barrier, as is the case for SiO 2 with a gap of 8.8 eV. However, since the energy of secondary electrons is under 50eV, the benefit of MicroElec for SEY applications is direct.

Emission yields computed with MicroElec for Al, Cu and SiO 2 are shown in Figure 9, and for other materials in Annex III. The yields are compared with experimental data from the SEY and BEY database of Joy [START_REF] Joy | A database on electron-solid interactions[END_REF], data from Bronstein [START_REF] Bronshtein | VTORICHNAYA ELEKTRONNAYA EMISSIYA[END_REF], and EEY measurements from ONERA [START_REF] Gineste | Investigation of the electron emission properties of silver: From exposed to ambient atmosphere Ag surface to ion-cleaned Ag surface[END_REF][START_REF] Balcon | Secondary Electron Emission on Space Materials: Evaluation of the Total Secondary Electron Yield From Surface Potential Measurements[END_REF]. Simulated data from other M-C codes, such as OSMOSEE [START_REF] Pierron | Electron emission yield for low energy electrons: Monte Carlo simulation and experimental comparison for Al, Ag, and Si Electron emission yield for low energy electrons: Monte Carlo simulation and experimental comparison for[END_REF] are also added as references. The TEYs for metals and semi-conductors show good agreement with literature and experimental data. The BEY for SiO 2 is also consistent with the data from Schreiber and Fitting [START_REF] Fitting | Attenuation and escape depths of low-energy electron emission[END_REF]. However, a significant discrepancy can be seen for the SEY of SiO 2 between MicroElec, the Monte-Carlo codes of Ohya et al. [START_REF] Ohya | Monte Carlo study of secondary electron emission from SiO2 induced by focused gallium ion beams[END_REF], Schreiber and Fitting [START_REF] Schreiber | Monte Carlo simulation of secondary electron emission from the insulator SiO2[END_REF], and the experimental data of Bronstein. All MC simulations overestimate the SEY. One can notice in Figure 9 that our simulations are in relatively good agreement with those of Ohya et al [START_REF] Ohya | Monte Carlo study of secondary electron emission from SiO2 induced by focused gallium ion beams[END_REF]. There is a factor of two between our calculation and Schreiber and Fitting's one [START_REF] Schreiber | Monte Carlo simulation of secondary electron emission from the insulator SiO2[END_REF].

The difference between the results got with M-C codes could be attributed to the different approaches used for the processes. Indeed, the inelastic cross sections have been computed by Schreiber and Fitting with an impact ionization model instead of the dielectric function theory, and the M-C code from Ohya et al. does not use the acoustic phonon model at low energies. However, the parameters of the acoustic phonon model are quite difficult to successfully evaluate, as noted by Arnold et al. [START_REF] Arnold | Theory of high-field electron transport and impact ionization in silicon dioxide[END_REF]. In fact, different values for the same parameter can be found in the literature, and some parameters can only be estimated by scaling or fitting methods. As a result, many adjustments can be made to the model and its energy application domain to improve the SEYs. This was done by Schreiber et al. [START_REF] Schreiber | Monte Carlo simulation of secondary electron emission from the insulator SiO2[END_REF] by introducing a scaling parameter into the scattering rate to modify its influence on the SEY. Our modification of the screening parameter to improve the transition between the elastic models also lowered our SEY curves. Most importantly, all simulated SEY shown on the graph do not include charge or recombination effects. This is equivalent to a fresh unirradiated and uncharged sample, which is not the case for experimental data related to insulators. The electron generation cascade can be disrupted by the trapping of low energy electrons, reducing the escape probabilities and the SEY. The creation and motion of positive and negative charges in the insulator can also generate internal and external electric fields which can dynamically evolve during the irradiation. These fields modify the trajectories of low energy electrons inside and outside of the material, and their penetration depths. As these effects significantly alter the electron cascade in insulators, this explains the discrepancy between simulated and experimental data. Further developments are planned in order to address this issue and extend MicroElec to other insulators, such as Al 2 O 3 .

Conclusion

Several A model for the vacuum/material and material/material interfaces has been added, handling the interaction of electrons with the interfaces and the transition between the different materials of the simulation. Although the module is slower than the standard physics of Geant4, it has an increased accuracy for low energy electrons under 1 keV. As the secondary electron production threshold and the low energy tracking limit for electrons are set to the value of the surface barrier, MicroElec can be used for secondary electron emission applications. The processes have been modified to allow the use of nine new supported materials. Although a simple model is used for material/material interfaces, it already allows the simulation of basic multi-layers. The refinement of the model and the addition of more oxides to the supported materials would open many possibilities for MicroElec within the study of surface or layer effects.

The new processes have been validated using multiple data. The inelastic process has been validated with the electron and proton stopping powers, which have shown good agreement with literature data. The low secondary electron production threshold in MicroElec also gives improved dose profiles. The secondary electron yield has been used to verify the complete transportation model for electrons, underlying the importance of the surface potential barrier for electron emission modeling. Satisfying agreement with experimental TEY data is observed, despite surface plasmons and exchange effects not being supported, which could decrease the accuracy of our calculations at low energies. 
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 1 Figure 1: Fitted OELFs for a metal (Ag), a semi-conductor (Si), and an insulator (SiO2) supported by MicroElec. Each colored smooth curve is attributed to a core shell/plasmon/interband transition.

  𝑍 eff,BK (𝑍, 𝑞, 𝑣 𝐹 , 𝜁) = 𝑍[𝑞 + 𝜁(1 -𝑞) ln(1 + (2Λ 0 𝑣 𝐹 )2 )][START_REF] Valentin | Geant4 physics processes for microdosimetry simulation: Very low energy electromagnetic models for electrons in silicon[END_REF] 
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 2 Figure 2: Comparison of molecular and averaged elastic Total Cross Sections for SiO 2

  cos 2 𝜃), 𝑘 𝑓 = √(2𝑚 0 𝑒) ℏ √(𝐸 + 𝐸 𝑡ℎ ) cos 𝜃 𝐸 the post-transmission refraction angle 𝜃 𝐸 = asin (√ 𝐸 𝐸 + 𝐸 𝑡ℎ sin 𝜃) 𝑎 = 0.5 × 10 -10 m, and 𝐸 𝑡ℎ [eV] = 𝑊 or 𝜒. For an interface between two materials, 𝐸 𝑡ℎ is taken as the
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 3 Figure 3: Energy changes for an electron going through the surface barrier in the case of a metal or an insulator. The energy reference in the material is highlighted in red.
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 4 Figure 4: Calculated Mean Free Paths for the simulated processes in SiO 2 , including interactions with acoustic phonons. Interactions with Longitudinal-Optical (LO) phonons are simulated for the two dominant vibration modes (63 and 153 meV).

  /𝑘 𝑏 𝑇 -1 the Bose-Einstein distribution of the population of phonons for the mode 𝜔 𝐿𝑂 and the temperature 𝑇 [K], 𝜖(∞) = 2.25 and 𝜖(0) = 3.84 the optical and static dielectric constants for SiO 2 . Two phonon modes ℏ𝜔 𝐿𝑂 = 63 and 153 meV are considered.
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 56 Figure 5: Stopping powers of electrons (a), protons (b) and 18 Ar ions (c) in Si
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 7 Figure 7: Comparison of the extrapolated ranges of electrons in Al
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 8 Figure 8 : Effects of the corrections implemented in MicroElec for low energy electrons on the TEY of silicon
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 9 Figure 9 : Comparison of the TEYs calculated for Cu and Al, and BEYs and SEYs obtained for SiO 2
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Table 3 : Energy parameters for low energy electrons
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  additions and improvements have been brought to MicroElec regarding the transportation of low energy electrons, protons, and ions in ten materials (Si, Al, Ag, Cu, Ti, Ni, C, Ge, W, SiO 2 ). The Energy Loss Function fitting model has been switched from the extended Drude model to the more accurate Mermin approach. The inelastic model for ions and protons is now valid down to 1 keV/nucleon, and the inelastic and elastic models for electrons are now provided down to a few eVs. Computation time is improved using cumulated DXS.

Table of fitting parameters for the Mermin functions of all materials

  Finally, electron-phonon interactions have been added for insulators and used to simulate electron transportation in SiO 2 . The inelastic stopping powers and the BEY have been validated, but the SEY calculations do not match experimental data since charge and recombination effects are not modelled. Consequently, further developments are planned in order to add more processes to MicroElec, with the aim of improving the simulation of low energy electrons and including new insulators, such as Al 2 O 3 . In the Mermin theory the OELF is approximated by the relation 𝜀 𝑀 (𝜔, 0 ⃗⃗ , 𝐸 𝑗 , 𝛾 𝑗 ) ] 𝑗 with the fitting parameters 𝐴 𝑗 , 𝛾 𝑗 = 𝑤 𝑗 and 𝐸 𝑗 . A simple step function 𝐹(𝜔) cuts the peak below a threshold energy 𝐸 𝑡ℎ .
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	48,4	21,22		1		0,22		19		5	3,8	0,15
	47,6	100		1		1,04E-01		8,3		4	3,8	0,35
	20	10		1		0,7		3,8		0,21	0,1	0,07
			Ni							W
	8302	5000,19		8302		2,00E-06		76000		30000	75000	1,00E-08
	901	600,19		901		1,30E-03		10000		4000	10000	3,00E-06
	163,26	76,19		1		6,67E-03		2000		1500	2000	5,00E-04
	93,06	149,11		1		0,116		220		300	70	0,0275
	78,91	40,82		60		8,38E-02		90		500	50	0,2
	31,56	32,65		1		0,743		51		8	0	0,2
	10	4		1		0,15		42		3	0	0,08
	4	3		1		0,03		30		5	0	0,06
								24		3	0	0,3
			Cu					15		4	0	0,105
	8943,2	3000		8800		2,00E-06		9,5		1,5	0	0,03
	950	300		950		0,001		4,2		1,5	0	0,008
	149	100		125		0,035		2,6		3	0	0,02
	90	90		1		0,15		1,5		1	0	0,01
	27	40		2,15		0,8			
	8,5	1		1		0,04			
	4,2	1		1		0,02			

Annex II: Electron stopping powers for all new materials

The electron stopping powers have been compared with data from ESTAR [62] , Shinotsuka et al. [75], Ashley et al. [76], de Vera et al., and experimental data from Joy's database [70].

Annex III: Electron Emission Yield validation with experimental data

In this annex, electron emission yields computed with MicroElec are compared with data from the experimental SEY database of Joy [START_REF] Joy | A database on electron-solid interactions[END_REF], Bronstein [START_REF] Bronshtein | VTORICHNAYA ELEKTRONNAYA EMISSIYA[END_REF], and EEY measurements from ONERA [START_REF] Gineste | Investigation of the electron emission properties of silver: From exposed to ambient atmosphere Ag surface to ion-cleaned Ag surface[END_REF][START_REF] Balcon | Secondary Electron Emission on Space Materials: Evaluation of the Total Secondary Electron Yield From Surface Potential Measurements[END_REF].