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I. INTRODUCTION

Electron emission is a process of release of electrons from materials. A way to achieve it is via irradiation of the material by energetic species. Thus the process results from the energy transfer of the impinging energetic species (electrons, ions, atoms, photons) to the material surface. The electron emission is a complex phenomenon that depends on many parameters related to the primary particles (nature, energy, incident angle distribution, etc.) and to the studied material (nature, conductivity, surface state -morphology/roughness/contamination, etc.) [START_REF] Bruining | Physics and Applications of Secondary Electron Emission[END_REF][START_REF] Glavatskikh | [END_REF][3] This physical phenomenon is largely involved in scanning electron microscopy (SEM), [4][5][START_REF] Hren | Introduction to Analytical Electron Microscopy[END_REF] plasma physics, [START_REF] Raĭzer | Gas Discharge Physics[END_REF] space applications, [START_REF] Dunaevsky | [END_REF]9 particle accelerators, 10 among other fields, and lays down the principle of operation of many devices. [11][12][13][14] Given the large number of applications using electron emission for their operation, a lot of effort has been made during the last century to determine the electron emission yield from different materials, being conducting, semiconducting or insulating ones. [START_REF] Bruining | Physics and Applications of Secondary Electron Emission[END_REF][START_REF] Glavatskikh | [END_REF] However, due to some peculiarities related to the nature of materials, the electron emission phenomenon from thin dielectric layers remains an open field of research.

Without loss of generality, the analysis here is limited to electron irradiation. Under electron irradiation, the total electron emission yield (TEEY), encompasses backscattered electrons and secondary electron emissions, referred as BEEY and SEEY, respectively. The TEEY is defined as the ratio of total number of emitted electrons to the number of primary (incident) electrons. Depending on the energy of incident electrons, as well as the surface composition, morphology and physical properties of the material, the current emitted from the material can be larger or smaller than the incident beam current. Besides, due to the dielectric charging phenomenon, a particular attention is required when characterizing insulating materials. If neutrality cannot be restored instantaneously, as for the case of metals, the dielectric material gets either positively or negatively charged. In this way, the electron irradiation induces potential gradients that can reach thousands of Volts between the piece parts and trigger electrical discharges, with the latter leading to a damage of the device. Such process can entail important failures in space applications, for example. 15,16 Thus, the dielectric charging phenomenon has several consequences on the TEEY: (i) it modifies the energy of primary electrons, hence their penetration depth; (ii) it impacts the transport of secondary electrons in the dielectric and (iii) it alters their release to the vacuum. These features of dielectric materials make the experimental determination of the true TEEY (the one corresponding to an uncharged dielectric surface) delicate, and the modeling of TEEY difficult.

For illustration, the TEEY curve as a function of the energy of primary electrons is shown in Fig. 1. The typical TEEY curve, largely reported in the literature, is characterized by a maximum of the TEEY (at energy Emax) and two specific values called crossover energies (noted EC1 and EC2) for which the TEEY = 1, i.e., the number of emitted electrons equals the number of incident electrons. But for thin SiO2 layers (100 nm and less) the TEEY curve does not always follow this typical behavior. [17][18][19] Indeed, the TEEY curve exhibits a dip in the emission yield for energies between 500 and 1000 eV, which will be referred hereafter to as local minimum, and noted Ymin. The red curve in Fig. 1 shows the shape of such atypical TEEY curve. There exists a few reports in the literature about such anomaly of the TEEY curve of thin SiO2 layers 17,18 and spacecraft insulating materials 19 but the origin of this phenomenon has not been completely revealed. In some cases, it can be attributed to dielectric charging of the studied dielectric layers, as a consequence of continuous electron irradiation of the sample in the experiment. A competition between the penetration depth of primary electrons and the thickness of dielectric layer, again in relation with the dielectric charging phenomenon, could also be surmised as a factor leading to the appearance of a local minimum in the TEEY curve. [17][18][19] FIG. 1. Schematic representation of a typical shape of the TEEY curve (black curve) and an atypical shape of TEEY curve observed for thin dielectric layers (red curve).

Thus, the objective of this work is to shed light on the origin of the atypical TEEY curve of thin dielectric layers when irradiated by electrons. Our approach relies on combined experimental and theoretical (modeling) study of thin SiO2 layers. In the experiments, the beam of primary electrons is pulsed in order to limit the dielectric charging of the sample. A particular attention is paid to possible hysteresis phenomena that might arise due to the dielectric nature of the studied material. The modeling part of our work makes use of the well-known Dionne's model describing well the SEEY-curve parameters. 20 It also considers the advancements in the TEEY modeling, made for bulk dielectrics in relation with the dielectric charging effect. [21][22][23][24][25][26] Thus, after confirming the role of the dielectric layer thickness in the TEEY curve of thin SiO2 layers, a numerical model is developed to better understand the atypical shape of the TEEY curve of thin dielectric layers. The model accounts for the impact of Radiation Induced Conductivity (RIC), as well as for the contribution of the space-charge electric field induced by irradiation of the dielectric layer, and therefore for the Field Dependent Conductivity (FDC), to the TEEY curve in the studied energy range.

II. EXPERIMENTAL PART A. Sample elaboration

The samples under study were thin silica (SiO2) layers, 100 nm-thick, thermally grown on Si-substrates. Intrinsic or heavily doped (p-type, Boron, resistivity ρSi = 0.002 Ωcm) Silicon wafers, purchased from Sil'tronix, were used as substrates. Before being oxidized the Sisubstrates were chemically cleaned using Piranha solution (mixture of hydrogen peroxide (H2O2) and sulfuric acid (H2SO4)). Then the ultrathin native silica layer covering the Sisubstrates, and known for its very poor dielectric properties, was removed by chemical etching in hydrofluoric acid (HF). Each step in the cleaning procedure was followed by rinsing in deionized water. Immediately after cleaning the Si-wafers were conditioned for the thermal SiO2 growth. The latter was performed at 1100°C under slightly oxidizing controlled atmosphere using a N2-O2 gas mixture containing 1.0% of O2. The SiO2 layers with targeted thicknesses were then obtained after HF-chemical etching of the obtained thermal SiO2. After etching the samples were rinsed in deionized water until attaining zero surface conductivity on the SiO2 thin layers.

B. Structural and surface characterization of the SiO2 layers

Structural characterization of the SiO2 layers was carried out by applying various diagnostic methods. The thicknesses of the SiO2 layers were determined by spectroscopic ellipsometry (SE) using a Sopra GES-5 ellipsometer in the 250 -850 nm spectral range. The SE spectra were acquired with an incident angle of 75°, typical for Si-substrates. The recorded spectra were then modeled with Bruggeman's model 27 to extract the SiO2 layer thicknesses.

Optical data for the refractive index and the extinction coefficient, n and k, provided by the SOPRA library, 28 were used to perform the numerical analyses of the SE spectra.

Fourier Transform InfraRed (FTIR) spectroscopy has been performed for a structural analysis of the SiO2 layers before their thickness reduction. The used equipment was a Brucker Vertex 70 spectrometer. The spectra were recorded in a transmission mode. The latter was attainable due to the transparency to infrared light of the used intrinsic Si-substrates. The spectra were recorded under controlled atmosphere (N2) in the energy range from 400 to 4000 cm -1 with a 2 cm -1 resolution. The transmittance spectra of the SiO2 layers were obtained after dividing the acquired spectra by the spectrum of a blank Si-substrate recorded under the same conditions and then converted to absorbance spectra for representation.

The TEEY is a phenomenon that is mainly affected by the first few or tens of nanometers beneath the surface. 24 The contamination layer that usually builds up on the surface after air exposure has therefore a non-negligible impact on the TEEY. 29 To limit contamination, the time between SiO2-sample preparation and TEEY measurements has been reduced to a minimum.

The sample surface state was monitored by X-ray photoelectron spectrometry (XPS) to account for contamination. XPS measurements probe the first few nanometers of the sample, and thus provide information on the surface composition and contamination. The XPS electron source was mounted on the electron emission facility. The latter is equipped with an Omicron Nanotechnology EA125 hemispheric analyzer operating between 1 eV and 2 keV, associated with an X-ray source. Once the samples are being installed in the vacuum chamber, both the XPS and the TEEY measurements were performed with no additional manipulation.

C. Total Electron Emission Yield (TEEY) measurements

Experimental arrangement and methodology

The TEEY curves were studied in the low energy range, using an electron gun Kimball ELG-2 operated in the energy range 1 eV -2 keV and provided the possibility of continuous or pulsed beam generation of the primary electrons (Fig. 2a). The measurements were performed under ultra-high vacuum (5 × 10 -7 Pa). More details on the TEEY measurement facility can be found elsewhere. 29,[START_REF] Rigoudy | IEEE 2nd Int. Conf. Dielectr. ICD[END_REF] The applied for TEEY measurement methodology is based on simple considerations (Fig. 2). According to the current conservation law, the incident electron current I0, the emitted current IE and the current IS that flows through the sample to the ground obey:
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)
For a given energy of the primary electrons, the TEEY measurements are performed in two steps: In a first step the incident electron current I0 is determined (noted in blue on Fig. 2a). The sample holder is polarized at +27 V which leads to collection of the low energy emitted electrons back to the dielectric layer surface due to the surface potential barrier. The measured current in this situation IS is very close to and is considered as I0. [START_REF] Zhang | [END_REF] The emitted electron current IE is determined (in red on Fig. 2a) in a second step. During this step the sample holder is polarized at -9 V, impeding recollection of the emitted electrons. Knowing IE and I0, the TEEY is deduced using the following expression:

0 0 S E 0 I -I I TEEY = I I  . ( 2 
)
The TEEY curves are thus obtained over the whole energy range 0 -2000 eV and for different incident angles of the primary electron beam (Fig. 2b). Normal incidence is adopted as 0° angle.

The other reported incidence angles are measured with respect to the normal incidence. 

Particular considerations when measuring the TEEY from dielectric materials

Generally, the dielectric materials can locally trap electrical charges. Under irradiation, the primary electrons received by the dielectric, as well as the generated secondary electrons can be trapped after thermalization. Holes can get trapped following electron-hole pairs generation. Those trapped electrical charges impact the motion of incoming primary and outgoing secondary electrons through electrostatic interactions. According to the conventional total yield approach, 22 when a continuous electron beam impacts a dielectric, the measured TEEY increases at first and then decreases to converge toward 1; an equilibrium state being reached with increasing the energy of the primary electrons. As the dielectric gets charged, the measured yield is no more representative of that of the neutral dielectric material. Therefore, in order to limit the dielectric charging, the use of pulsed electron beam is mandatory when evaluating the TEEY over the whole energy range. Those pulses should be short enough such that the injected charges do not influence further measurements. 24 With using too long electron pulses, a hysteresis charging effect can be observed for the measured TEEY from dielectric materials, [START_REF] Rigoudy | IEEE 2nd Int. Conf. Dielectr. ICD[END_REF] leading to a lower TEEY when repeating the experiment. For the TEEY measurements to be representative of the natural (uncharged) dielectric material, it is therefore appropriate to use minimum quantities of the primary electrons (short pulse durations) but sufficient ones to provide a favorable signal-to-noise ratio. In a previous work, we have found that for thin SiO2 layers, the pulses of primary electrons should be between 10 and 100 µs duration, sent as a single pulse or in bursts of 10 pulses according to the resulting signal-tonoise ratio. [START_REF] Rigoudy | IEEE 2nd Int. Conf. Dielectr. ICD[END_REF] For similar reasons the energy step should be chosen wisely too. A small energy step results in more measurement points over the entire energy range. However, such consideration increases the overall deposited electrical charge and influences the obtained results by lowering the measured TEEY.

Step of around 20 eV is small enough to precisely visualize the global shape of the TEEY curve while the dielectric charging is reduced to minimum. A smaller step, like 10 eV, provides more accurate information around the inflection points, but due to dielectric charging it lowers the nominal value of the measured TEEY and shifts its maximum toward lower energies.

III. MODELING APPROACH

To improve our understanding of the observed electron emission phenomena from thin dielectric layers, a 1D-model of TEEY has been developed. As mentioned earlier, our approach is based on the Dionne's model because of the reported good agreement between simulation and measurements of the SEEY from bulk SiO2 materials in the low energy range. 20 Besides, the Dionne's model is related to physical considerations of the basic properties of the materials.

It demonstrates that the first crossover energy EC1 can be very dependent on the surface properties of the material and the maximum yield is entirely controlled by the bulk properties of the material, in particular its conductivity and work function (in the case of insulators and semiconductors the sum of band gap and electron affinity). However, a detailed description of the TEEY from dielectric materials requires consideration of additional effects like charge build-up and space-charge electric field generation. The existent models in the literature for dielectrics account to some extent for these particular effects [21][22][23][24][25][26] but similarly to Dionne's model they concern mainly bulk dielectrics and fail to explain the experimentally observed atypical shape of the TEEY curve of thin dielectric layers.

A. Dionne's model providing the typical shape of Secondary Electron Emission Yield curve

According to the Dionne's model 20 the SEEY can be expressed by the product of three distinct contributions:

SEEY . . G T B  , ( 3 
)
where the G-term represents the generation of secondary electrons, the T-term describes the transport of secondary electrons from their generation point to the surface of the material and the B-term provides the probability of secondary electrons to escape the material. Consideration of these three contributions suffices to represent the physical situation of electron emission from metals. Schematically they are represented in Fig. 3a, including the part accounting for backscattered electrons. The generation of secondary electrons (G-term) depends on the absorption of the energy of primary electrons, accounting also for their maximum penetration depth Pr(E):
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where ξ is the ionization energy that can be approximated by the work function if the material is a metal and by the ξ = χ + Eg, if it is a semiconductor or a dielectric, with χ being the electron affinity and Eg the gap energy of the dielectric material. Aa is the energy absorption coefficient of primary electrons, related to the material density. 32 The energy of primary electrons is by experiments. 20 The quantity λe represents the mean escape depth of secondary electrons, which is actually considered equal to the mean free path of electrons in the material in the Dionne's model.

The maximum penetration depth of primary electrons depends on their energy Pr(E)

through the energy-range relation: 33
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where m [g/cm 3 ] is the mass density of the dielectric, A is a constant, with the appropriate unit, characteristic of the material and related to the stopping power for the SiO2. 33 The stopping power is larger for heavy materials, like Au, Pt, Pb, etc., and much smaller for light materials, as for the studied here SiO2. The constant A is calculated here for SiO2 (A = 98). The calculation is based on Bethe's equation 34 and considering relativistic, and Nguyen-Truong 35 corrections.

Bethe's corrected equation provides the stopping power of a material while taking into account the energy of primary electrons, the mean excitation energy and the atomic number of the material. The power factor b is considered constant, equal to 1.35, in the entire energy range. 36,37 The transport of secondary electrons (T-term) is expressed by the probability of a secondary electron, generated between the maximum penetration depth of primary electrons

Pr(E) and the material surface, to reach the surface: 

The escape of secondary electrons, i.e., their possibility to overcome the energy barrier at the material surface (B-term) is expressed by:

SE χ 1 E B      . ( 7 
)
The escape probability is related to the to the fraction of transmitted secondary electrons via their incident energy SE E . The remaining fraction of secondary electrons is considered reflected. 38 Finally, the SEEY is expressed by:

  e 1 1 1 λ e e SE 1 χ SEEY . . λ 1 1 ξ λ E r P b r b a P G T B A b e                                       . ( 8 
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It gives the relation between the parameters of the SEEY curve and the variables which describe some of the electronic and chemical properties of the material.

B. This work proposal: Dionne's model adapted to thin dielectric layers

In an attempt to gain further insight in the TEEY curve of thin dielectric layers, it is appropriate to examine more carefully some of the quantities of Eq. ( 8). To that end we have adapted the Dionne's model to thin dielectric layers. In the proposed here model the studied sample is represented by a stratified structure (Fig. 3b), following the main lines in some of the earlier works on TEEY from dielectrics reported in the literature. [21][22][23][24]26 As demonstrated in those works, a stratified structure of the model leads to a straightforward expression of the surface potential VS which can be experimentally measured. 22 The stratified model, alongside with the electrostatic equations, successfully explains the sign of the surface potential for the first moment of irradiation, as well as in steady state. It also leads to a better explanation of the nominal value of TEEY and of the position in energy for the second crossover (EC2), including its disappearance for some materials. Moreover, it emphasizes the necessity to consider the interaction of incoming (primary) electrons with previously trapped charges. Such consideration is made in this work to express the space-charge electric field generated from the positive layer near the surface and the negative layer beneath it, and to evaluate its impact on the TEEY.

The proposed here model is 1D, because the SiO2-layers under study are very thin (less than 100 nm), i.e., their thicknesses are much smaller than their lateral dimensions and the irradiated area (diameter of the spot 4 ± 1 mm). One can consider in this case that no lateral effects significantly impact the electron emission. Such assumption keeps the model simple and the computational time very short, however providing the essential information on TEEY.

Limiting the system describing the irradiated sample to one dimension is an approximation that already has been approved by other authors. 23,26 In order to compare with experimentally obtained TEEY curves, the proposed here model includes the backscattered electron emission yield (BEEY), which is considered constant in the studied energy range, with a fraction of 20% ( = 0.2). 39 Finally, the TEEY is obtained from:

TEEY BEEY + SEEY  . ( 9 
)
The working hypothesis of the model is that the secondary electrons are originated from approximatively the first 10 nm beneath the surface. Consequently, this region can be considered as populated in majority by positive charges. Below this layer, the primary electrons are trapped, and the secondary electrons are too far from the surface to be emitted, so the corresponding layer is populated in majority by negative charges. Thus, the physical situation that we wish to describe, including the studied dielectric layer of thickness d, can be represented by 5 media (numbered from 0 to 4, in Fig. 3b). The vertical axis in Fig. 3b indicates the depth within the dielectric layer, with z = 0 corresponding to the surface of the SiO2 layer:

 Medium 0 is the vacuum separating the primary electron source (electron gun) from the SiO2 surface.

 Medium 1 is delimited by the surface of the sample and the mean escape depth of secondary electrons λe. This is the region where the charge density is positive (noted ρ+). Accumulation of electrical charges leads to the build-up of an electric field inside the dielectric material and at its surface. This space-charge field drives the charges in the dielectric, and may notably impact the transport of secondary electrons toward the surface as it appears accelerating for them. Field dependent effects should therefore be included in the model. Previous works addressed different aspects of the contribution of an electric field to the SEEY. 40,41 Through Monte-Carlo calculations based on the Fröhlich theory, Fitting and Boyde 40 have studied the modification of secondary electrons emission when SiO2 material is subjected to an external electric field F (positive or negative). It has been established that the mean escape depth of secondary electrons increases exponentially in field direction (F > 0) and diminishes in opposite direction (F < 0). In the electric field range -2 × 10 8 -+2 × 10 8 V/m the field dependence of λe follows the general rule:

-
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where λe0 [nm] is the mean free path of electrons inside SiO2 with no electric field and β is an experimentally determined constant, taking value of β = 3.6 × 10 -9 [m/V] for SiO2. 40 Such electric field dependence is implemented in our model to account for the variation of the escape depth of secondary electrons λe as function of the space-charge generated electric field. As previously suggested, 42 additional contributions like lowering of the Schottky barrier at the interface material/vacuum and the electrons/holes recombination 43 constitute second order effects and may be neglected in a first approximation for the low energy range of primary electrons when the surface of the studied samples is flat. The energy range of primary electrons applied here (E < 2 keV) and the good flatness of the studied SiO2 samples (roughness Ra < 1 nm 44,45 ) perfectly meet these requirements.

 Medium 2 extends from the mean escape depth of secondary electrons λe(F) to the maximum depth reached by the primary electrons Pr(E). In this zone, the negative charges form the majority (the charge density being noted ρ-). The cumulated charged part of the dielectric layer thus increases with the penetration depth of the primary electrons Pr(E) and is directly related to the energy of incident electrons via the energyrange relation Eq. ( 5).

 Medium 3 expands beyond the maximum penetration depth of primary electrons Pr(E) down to the substrate, i.e., it involves the non-irradiated part of SiO2. This part might entirely disappear for very thin samples, for which the maximum penetration depth of primary electrons is comparable to their thickness.

 Medium 4 is the substrate (highly doped silicon wafer in this work).

The electrostatic equations in each medium are derived from Poisson's equation:

2 0 ρ () εε r div F V    , (11) 
applying the boundary conditions at the interfaces between the different media. Thus, we obtain expressions for the potential and electric field at each position z in depth of the SiO2 layer. In Eq. ( 11)  is the total charge density, 0 is the vacuum permittivity and r is the relative permittivity of the dielectric. The collector, located at position z = -w, is connected to the ground defining Vcoll(-w) = 0 V, while the sample holder is polarized with potential VSH(d) = -9 V. The electric field (indexed to the corresponding medium) as function of the position z is written:
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Fc is determined based on the condition for the potential set to the holder:

  0 ε d SH c r d V F z dz F w          for zd  (15) 
In addition to the above described phenomena of electron irradiation of dielectrics, we take into account in the model the phenomenon of Radiative Induced Conductivity (RIC). Our reasoning to consider RIC in the model relies on balance considerations: the model shall take into account competition between charging and discharging processes. The RIC, occurring in Media 1 and 2 (Fig. 3b), favors a discharge of the irradiated sample. In general, RIC depends on the interaction between an ionizing radiations and a dielectric material, as well as on the intrinsic electrical properties of the dielectric. The increase in conductivity of a dielectric material under irradiation is given by: 46,47

p 2 RIC SiO σ σ dD dt         , ( 16 
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where σSiO2 is the conductivity of the material without irradiation, D is the radiation dose (calculated from the averaged deposited energy over the maximum penetration depth of the electrons) and dD/dt is the radiation dose rate. The power factor Δp in Eq. ( 16) is an unitless parameter. It is related to the shape of the charge traps distribution in dielectric materials. It depends on the nature of the dielectric material and varies in the range 0.5 -1. 46 For the SiO2 layers, studied in this work, it is estimated to Δp = 0.7, based on the methodology developed for charge properties of dielectric materials applied for space devices. 47 Because of the space-charge effect, the generated electric field inside the dielectric material can be very high. In order to account for the evolution of the conductivity of the studied material as a function of the space-charge field, i.e., the field dependent conductivity (FDC), the applied expression considers non-linear charge transport mechanisms, among others the Poole-Frenkel formalism. [START_REF] Kao | Electrical Transport in Solids: With Particular Reference to Organic Semiconductors[END_REF] Beyond a threshold electric field, Fth, The FDC reads: , representing the threshold of non-linear electric field behaviour, as measured for SiO2-thin layers. [START_REF] Rigoudy | IEEE 3rd Int. Conf. Dielectr. ICD[END_REF] The other quantities in relation (18) are as follows: q is the elementary charge, k is the Boltzmann constant and T is the temperature, considered here T = 300 K. Without loss of generality, the constant FDC is defined here as intermediate between the constant for the Schottky limit and the Poole-Frenkel constant accounting for the electronic part of the relative permittivity of the dielectric material, moreover that the difference between the electronic part of the relative permittivity of SiO2,  = 2.24, [START_REF] Villeneuve-Faure | [END_REF]51 as extracted from SE measurements and the low-frequency part of it, r = 3.9, as defined at 1 kHz, 51,52 is small. Such consideration implies multiple-type field dependent conductivity in the dielectric material. [START_REF] Kao | Electrical Transport in Solids: With Particular Reference to Organic Semiconductors[END_REF] To represent the above described processes an equivalent circuit accounting for the electron irradiation of a thin SiO2 layer is given in Fig. 3c. The region where RIC and FDC are occurring extends until the maximum penetration depth of primary electrons, Pr (E). This region is characterized by a resistance R1,2, while the resistance of the remaining, non-irradiated part of the dielectric layer is given by R3, with the sum of both defining the equivalent Req of the circuit:

  1,2 3 1,2 3 1 1 , , r r eq RIC FDC FDC d P P R R R R R S S          , (19a, b, c)
where S represents the irradiated by electrons area. The capacitance in the circuit is calculated according:

0 r S C d    . ( 20 
)
The irradiated area considered here is of S = 12.6 mm 2 which gives a value of the capacitance in the order of nF depending on the SiO2 layer thickness (C = 4.82 nF for d = 90 nm).

Flow-chart of the proposed Dionne's model adapted to thin dielectric layers is shown in The numerical procedure involves the following steps:

(1) Determination of the charge source For a given energy of the primary electrons, from the electron gun parameters, i.e., beam current and pulse duration, the quantity of primary electrons (Q0) is determined. Based on their energy, the maximum penetration depth of the primary electrons (Pr(E)) is found after Eq. ( 5).

(2) Estimation of the charge density and the space-charge electric field Once a pulse of electrons reaches the dielectric layer, a fraction of them is considered backscattered, the remaining part penetrates the layer. The secondary electron emission associated with the electron pulse produces a variation of the trapped positive charge, calculated using the TEEY obtained for the current energy value and existing charge distribution and escape depth. For the energy E0 the initial TEEY0 corresponds to the one extracted from the Dionne's model with no electric field (Eq. ( 8)). The positive charge density is considered constant in the region [0 -λe]. Part of the trapped positive and negative charges is evacuated to the substrate by conduction, involving notably RIC and FDC nonlinear mechanisms (Eqs. ( 16) -( 18)). New charge densities '+ and 'are produced, considering:

exp t                , ( 21 
)
where τ is the time constant of the RC-circuit (Fig. 3c), defined by Eqs. ( 19) - (20). The electric field distribution is calculated then from '+ and 'using Eqs. ( 12) -( 15).

(3) Mean escape depth and TEEY Then, the mean escape depth of secondary electrons, function of the space-charge electric field, is calculated from Eq. ( 10), using the maximum of the space-charge electric field near the dielectric surface. Finally, the TEEY function of energy is computed via eq. ( 9). The energy is increased by an amount E and the loop is repeated. At each step, the energy of the primary electrons is increased and another pulse of electrons is sent. 

E i (eV) = E 0 + (i -1)∆E Electron gun parameters & IC (F = 0, E 0 , λ e0 ), i = 1  N TEEY i P r F(z)  FDC (F)  RIC (D)

IV. RESULTS AND DISCUSSION

A. Thickness, structural characterization and surface state of the thermal SiO2 layers

As the current study is on the TEEY from very thin dielectric layers, SiO2-samples with thicknesses in the range 10 -100 nm were prepared and used. Tight control on the thickness and structural properties of the SiO2 layers is essential to evaluate the dependence of TEEY on the dielectric layer thickness, especially for very thin layers, like the ones studied here. It strengthens the analysis on different mechanisms and their contributions to the measured TEEY. Moreover, it is important to control the layer thickness over a surface larger than the irradiated area defined by the spot of the primary electron beam to verify the assumption made for the 1D-model developed here. To that end, the SiO2-layer thickness was measured, for each sample, using spectroscopic ellipsometry on the entire surface, using mapping.

Figure 5 shows the layer thickness obtained by spectroscopic ellipsometry (SE) for one of the as-grown SiO2 layers. Map of the point distribution, used to scan the layer, is given on Fig. 5a. There are 37 points arranged in polar coordinates with a step of r = 7 mm in radius and an angle  = 30°. The solid black line shows the sample limits. Such organization of the scanning point provides less points in the sample periphery but more points in the central part where characterization of the TEEY curve is performed. The thickness map reported in Fig. 5b applies only for the scanned region. The reported value of the thickness is averaged over the measured surface. The obtained averaged thickness of this SiO2 layer is 120.6 1.5 nm d   , revealing a low thickness dispersion of the SiO2 layers with only 3 nm difference between the lowest and the highest values over a surface of 13.85 cm². Given the very small area of the electron beam spot (S = 0.126 cm 2 ) one can consider that the thickness of SiO2 layers under the irradiated area is identical even for the very thin layers. ; to easily locate the zones of further measurements for all measured SiO2 samples the Sisubstrate was positioned with the primary flat at 270°.

Ellipsometric angles (tan() and cos()) of the recorded spectra (dots) for four different

SiO2 layers, after reduction of their thicknesses to the targeted ones, are shown in Fig. 6 where the SE measurements apply for the central point of each sample. The proceeded spectra (lines) are presented on the same figure as well. The deduced sample thicknesses are reported on the figure. As it can be noticed, the goodness of the fit is very high (confidence level R 2 = 0.999) for all measurements, with a standard deviation of the SiO2-layer thickness of only ± 0.1 nm. Structural characterization of the as-grown thermal SiO2 layers was performed by FTIR spectroscopy in transmission mode and one of the recorded spectra is shown in Fig. 7. We recall here that the FTIR measurements were performed on the SiO2-layers grown on intrinsic Sisubstrates, because of the transparency of the latter to infrared light. The obtained spectrum (Fig. 7) is typical for SiO2 material. 56,[START_REF] Devine | Structure and Imperfections in Amorphous and Crystalline SiO₂[END_REF] One can clearly see the three major transverse-optic (TO) vibrational modes which are characteristic of SiO2. Each of these three TO absorption bands can be described by a particular vibrational mode of the oxygen (O) atoms with respect to the paired silicon (Si) atoms, necessary to form the bridge Si-O-Si. The lowest-frequency TO band centered at 457 cm -1 in the spectrum in Fig. 7 characterizes the rocking (R) vibrational behavior of the O-atom above an axis passing through the two Si atoms. Symmetrical stretching (SS) of the O-atom along a line crossing the axis formed by the two Si atoms characterizes the vibrational mode of the middle TO band centered at 810 cm -1 . The third TO band centered at higher frequency 1079 cm -1 , belongs to an asymmetrical stretch (AS) motion in which the Oatom moves back and forward along a line parallel to the axis through the two Si atoms. The AS vibration actually gives rise to two modes: 1) an AS mode in which adjacent O-atoms execute the AS motion in phase with each other, and 2) an AS mode in which adjacent O-atoms move at 180° out of phase with each other. Deconvolution of this AS vibration (insert in Fig. 7) allows to distinguish the two components, the main peak at 1079 cm -1 and a shoulder positioned at 1200 cm -1 . The narrow band peaking at 1079 cm -1 has a Full-Width Half-Maximum (FWHM) of only 76 cm -1 indicating that the as-grown thermal SiO2 layers are structurally well organized.

The obtained in this study spectral positions of the three TO vibrational modes, as well as the value of FWHM of the AS band are in full agreement with values reports in the literature for thermally grown SiO2 layers. 56,[START_REF] Devine | Structure and Imperfections in Amorphous and Crystalline SiO₂[END_REF] Evaluation of the surface state of the studied SiO2 layers is of utmost importance since the electron emission is considered to originate mainly from the first 10 nm beneath the layer surface. The performed XPS measurements, in order to check for potential contamination of the SiO2-layer surface, were realized shortly after reduction of the SiO2 layer thickness and just after positioning the sample in the facility to make the TEEY measurement. It is worth recalling here that the XPS system is an integral part of the facility for TEEY measurements and allows for correlation between of surface state analyses and TEEY measurements. The few minutes of exposure of the samples to ambient air, after their elaboration, actually do not cause contamination of the SiO2-layer surface that may deviate the TEEY. The carbon peaks in the obtained XPS survey spectrum (not shown) are indistinguishable from the background noise.

Their intensity is less than 0.5 % of the detection threshold of the XPS configuration.

B. TEEY of thin SiO2 layers

Influence of SiO2 thickness on the TEEY

To study the influence of the dielectric layer thickness on the TEEY for thin SiO2 layers, the four samples presented earlier were selected. The thinnest one is of only 9.6 nm. Such thickness is very close to the mean free path of electrons in SiO2, λe0 = 7.0 nm. 55 The second layer is 25.0 nm thick. Thickness of the dielectric layers in the range 25 -30 nm is usually associated with a transition in their structural and optical properties toward the characteristic ones of bulk materials. The two other SiO2-samples are with thicknesses of 59.7 nm and 89.9 nm. These are thicknesses of dielectric layers typically used for insulation and cover layers in electronic devices, with the latter one presenting antireflective properties, in addition. 

FWHM

Measured TEEY curves of these four SiO2-layers are presented in Fig. 8 for the energy range of primary electrons 0 -2000 eV. All four curves reveal behaviour different from the typical shape of TEEY (Fig. 1). Instead of a quick increase of TEEY, followed by a maximum for energies above the first crossover energy EC1 and then a slow decrease for higher energies of the primary electrons, the TEEY curve presents an atypical shape with a dip (local minimum)

after the first crossover energy EC1 and then an increase to attain a shape identical to the typical TEEY curve. It is worth noticing here that the atypical shape of TEEY has only been observed

for thin dielectric layers (order of 100 nm and less). Moreover, the TEEY shape depends on the dielectric thickness; the atypical shape of the TEEY curve is less pronounced for the very thin SiO2 layers (9.6 nm and 25.0 nm) compared to the thin SiO2 layers (59.7 nm and 89.9 nm). The interception value and the slope of TEEY at the first crossover energy EC1 are identical for all samples, revealing identical surface state (composition and contamination level) of the SiO2 layers. Except for the 25.0 nm-thick sample, for which the behaviour is more complex, for the other SiO2 samples the maximum value of TEEY is attaint for the same energy of primary electrons (E = 540 eV). The maximum value of TEEY is much higher than 1, as expected for dielectric materials. It is as high as 4. Although the local minimum appears at the same energy of primary electrons (E = 1000 eV) there is a substantial difference in its depth as function of the SiO2-layer thickness. However, there is no linearity in the local minimum depth as function of the layer thickness. One shall state that for thicknesses up to 25 nm the reduction of TEEY at the local minimum is of 35% from the maximum TEEY and for thicknesses above 60 nm it is as much as 70%. It suggests a threshold dependent behaviour of the value of Ymin according to the dielectric layer thickness. The rebound of the TEEY after the local minimum is moderate for thicknesses of 9.6 nm and 25.0 nm, whereas it is more important for 59.7 nm and 89.9 nm.

It might be explained in terms of comparison between the maximum penetration depth of primary electrons and the dielectric layer thickness. The thinner the SiO2 layer is, the less energy is needed for the primary electrons to transit it and to reach the substrate. By comparing the TEEY of SiO2-samples of different thicknesses, between 10 nm and 90 nm, issued from Monte Carlo based simulation of electrons trajectories in solids made under CASINO software, [START_REF] Drouin | [END_REF] it appears that the TEEY is increased when the energy of primary electrons, i.e., the maximum penetration depth of primary electrons is similar to the sample thickness. For higher energies of the primary electrons (E > 1500 eV) the TEEY becomes independent from the SiO2layer thickness, converging toward the same value for all samples (Fig. 8).

As reported in early works on very thin SiO2 layers 17,18 reasons for the local minimum in the TEEY curve could be the dielectric charging phenomenon due to continuous electron irradiation of the dielectric or the dielectric layer thickness in cases for which the latter is larger than the maximum penetration depth of primary electrons. The results obtained here not only confirm the dielectric charging phenomenon as origin of the appearance of a local minimum in the TEEY but go beyond. They show that even though the primary electron beam is pulsed, thus limiting the dielectric charging, the atypical shape of the TEEY curves appears and the local minimum depth depends on the thickness of the dielectric layer. The observed atypical shape of TEEY curves results from a balance between the processes of chargingdischarging occurring in the dielectric layer upon electron irradiation.

FIG. 8. TEEY of SiO2 thin layers of different thicknesses.

Influence of incident angle of the primary electrons

To emphasize the effect of the thickness over the TEEY curve, we have performed a study focusing on the incident angle of primary electron beam. The results are shown in Fig. 9 for two SiO2-layers, one very thin (d = 25.0 nm) and one thin layer (d = 89.9 nm), and for three incident angles: normal incidence and incident angles of 45° and 60°. The atypical shape of the TEEY curve is observed for all incident angles of the primary electron beam. The TEEY curve globally increases with increasing the incidence angle. Indeed, for the very thin layer (Fig. 9a), with a larger incident angle, the primary electrons remain longer near the surface, therefore more secondary electrons are likely to escape, which contributes to the global increase of the TEEY curve. The global increase of the TEEY curve is more noticeable for the very thin layers than for the thin SiO2-layers (Fig. 9). The most probable explanation is a refueling of the holes generated by the secondary electron during their escape due to a recombination induced by penetrating from the substrate electrons in the case of very thin layers. Moreover, the initial slope of TEEY curve, as function of the energy of primary electrons, is steeper for larger incident angles and the maximum TEEY is achieved for higher energies of the primary electrons. One also observes a shift of the local minimum of TEEY (Fig. 9a), following the raise of the angle of the incident beam. This inclination increases the distance, and reduces the probability of the primary electrons to reach the substrate. Other interesting feature for the largest incident angle studied here (60°) is that after the local minimum, the TEEY achieves even higher values before starting to slowly decrease for high energies of the primary electrons.

The TEEY curve conserves the atypical shape in the case of thin layers but does not show any particular features (Fig. 9b). The maximum achieved TEEY for thin dielectric layers is much smaller, with a factor of 1.5, compared to that from very thin SiO2-layers. 

Application of an external electric field by polarization of the sample holder or of the collector

Since the electrons are charged particles, applying an external electric field should produce modification of the deposited charges, which in turn will result in modification of the TEEY curve. Two ways of polarization are possible in the employed in this study experimental setup, 1) of the sample holder and 2) of the collector.

The TEEY curves shown in Fig. 10 were obtained for different polarization voltages of the sample holder only. For all polarization voltages of the sample holder, the atypical shape of the TEEY curves is preserved, following the behaviour defined by the thickness of the SiO2layers, discussed earlier in Sec. IV.B.1. For layers with thickness d = 9.6 nm and 59.7 nm, (Figs. 10a and10b), increasing the applied polarization voltage leads to a global increase of the TEEY curve with a maximum TEEY going up to around 6 for the 9.6 nm-thick layer. However, polarization of the sample holder of -18V is enough to empty out the secondary electrons available in the very thin layers. Beyond that value the TEEY curves become independent of It is possible to apply a stronger field by polarizing the collector when studying the effect of an external electric field. The associated TEEY measurements are shown on Fig. 11 for two SiO2-layer thicknesses (d = 25.0 nm and 89.9 nm). Regardless the dielectric layer thickness, when increasing the electric field by polarization of the collector, the shape of the TEEY curve gets closer to the typical one. This finding is in agreement with the reported results by Yu et al. 17 One can suggest that an applied external electric field has a direct impact on the charges and therefore on the TEEY curve, presumably by promoting the secondary electron emission through energetic assistance. For the very thin SiO2-layer (d = 25.0 nm, Fig. 11a), the shape of the TEEY curve reaches the typical one for a polarization of the collector of Vcoll = 200 V, in the current geometrical configuration, and remains unchanged for voltages beyond that value. This result can be achieved if all available electrons are extracted from the dielectric layer. For the thin SiO2-layer (89.9 nm) a much higher polarization should be applied in order to complete the transition to the typical shape of the TEEY curve. It is worth noticing that the non-regular shape of the TEEY curve of the 25.0 nm-thick SiO2-layer without polarization of the collector is not an artefact of the measurement but represents a transition, most likely toward the characteristic properties of bulk materials. Such transition becomes visible at polarizations by at least Vcoll = 700 V for the 89.9 nm-thick SiO2-layer. In addition, the position of the local minimum slightly shifts to higher energies with the raise of externally applied electric field (Fig. 11). This is because a higher electric field assists the charge transport and allows deeper secondary electrons to be extracted. We hereby highlight that the electron emission is an internal effect of the dielectric layer under electron irradiation and that the electric field plays a major role on the shape and values of the TEEY curve. 

C. Physical phenomena leading to the atypical shape of the TEEY curvemodeling results

General trends of the TEEY curve

Aiming at a better understanding of the physical phenomena at the origin of the atypical shape of the TEEY curve and their relative contributions we have analyzed results from the The Dionne's model adapted for thin dielectric layers that we propose here to describe the atypical TEEY curve reproduces adequately the experimentally observed shape but has several approximations. It includes estimations of the backscattered electron emission yield which is considered constant ( = 0.2, Eq. ( 9)) but also of the absorption coefficient of the primary electrons at its maximum value (Aa, in Eq. ( 4)). However, it allows to identify the main mechanisms at the origin of the observed atypical shape of the TEEY curve with the appearance of a well-pronounced dip at energy of the primary electrons of about 1 keV, namely the induced space-charge field and the increased material conductivity, including both FDC and RIC mechanisms.

Electric field distribution for a given energy of the primary electrons

The incident electrons increase the population of both negative and positive charges within the thin SiO2 layer during irradiation. However, the populations of positive and negative charges are localized at different depths in the irradiated dielectric, depending on the energy of incident electrons, and therefore generate an electric field variable with the irradiation history. The sign of the space-charge electric field is positive when oriented along the z axis, i.e., in the same direction as the incoming primary electrons, and negative when oriented toward the vacuum. The electric field in the dielectric bulk is maximum at λe0 = 7.0 nm, corresponding to the limit escape depth of secondary electrons. The magnitude of the space-charge electric field firstly increases with the incident energy (Fig. 13a and13b), then decreases (Fig. 13c) when the material conductivity associated with FDC and RIC mechanisms causes a progressive discharge of the thin SiO2 layer.

The very low values of electric field in the vacuum and near the dielectric layer surface (of only 90, -340 and 170 V/m for cases (a), (b) and (c), respectively), are due to the large distance (w = 10 cm) that separates the sample surface to the ground (Fig. 3b). A negative value (field reversal) is observed only for the case corresponding to the TEEY minimum. Such field reversal situation is often reported in the literature, notably for the case of metal-coated surfaces. 43,59 Occurrence and in-depth position of the field inversion are dependent on various factors: potential applied to the substrate, position of the top electrode, and density, and position of stored charges. The only case of field inversion occurs here for electron energy corresponding to the minimum of TEEY (Ymin) and maximum of positive charges density. The position of the field inversion is very close to the surface (<< 0.1 nm). This behavior results from both the large distance of the ground from the sample surface (w = 10 cm) compared to the sample thickness (d = 90 nm) and the moderate charging expected using pulsed irradiation conditions. Consideration of the potential profiles of Fig. 13d confirms this 'moderate' charging: the potential variation introduced by space-charge effects remains smaller than the applied potential except for the case of Ymin. Note here that the potential varies linearly from the sample surface to the ground situated at 10 cm away to the left (Fig. 13).

Competition between dielectric charging and discharging phenomena along electron irradiation

The electron irradiation increases the space-charge field, which reduces the mean escape depth of secondary electrons and consequently influences the TEEY curve. From the layered structure approximation, the calculated space-charge field is introduced into the Fitting's equation to calculate the mean escape depth of secondary electrons (Eq. ( 9)). The simulated values of the maximum space-charge electric field and mean escape depth of secondary electrons (e) defined by the penetration depth of primary electrons (Pr) as function of the energy of primary electrons during electron irradiation are presented on Fig. 14.

Increasing the space-charge field reduces the mean escape depth of secondary electrons, which means that less generated secondary electrons are able to reach the surface and get emitted from the sample. This decrease of e therefore reduces the value of TEEY. The charge accumulation in the SiO2-layer creates a space-charge field that might be sufficiently high to halve the mean escape depth of secondary electrons (Fig. 14b). The non-linear process of FDC switched on by the threshold electric field required for SiO2 and reinforced by the RIC mechanism, outweighs the charge buildup in the dielectric layer and thus marks the limitation of the space-charge field effect on the TEEY curve. It is found to appear at energy of the primary electrons of 1.03 keV. As a result, the mean escape depth of secondary electrons starts to increase so does the magnitude of TEEY, to finally reach the typical TEEY-values for high energies of the primary electrons.

As already commented the evacuation of the trapped electrical charges is favored by the FDC mechanism, with a small input from the RIC process. In fact, the RIC process brings only a weak contribution to the anomalous TEEY behavior compared to the FDC process. The most likely reason is that the deposited dose is rather mild (D = 20 kGy for incident electron energy of 1 keV) while relatively high fields can be reached (nearly 3 × 10 8 V/m according to Fig. 14a). On Fig. 15 is plotted the resistance of the irradiated part of the SiO2-layer, noted R1,2, the non-irradiated part of the SiO2-layer, noted R3 and the resistance of the equivalent circuit, noted Req, as a function of the energy of primary electrons (equivalent circuit shown in Fig. 3c).

R1,2 and R3 are calculated from Eqs. (19a, 19b, 19c), considering the corresponding maximum penetration depth of primary electrons (Pr), for each energy of primary electrons, and the irradiated area (S). The maximum penetration depth of primary electrons (Pr) increases with the incident energy, so does the value of R1,2 until the switch on of the FDC. This increase of R1,2 is also due to a decrease in irradiation dose upon increase of the irradiation energy. Since less and less dielectric part remains non-irradiated, R3 decreases. All considered, the equivalent resistance decreases. When the induced space-charge electric field exceeds the threshold field for FDC which appears at energy of the primary electrons of 750 eV, R3, so does the equivalent resistance, starts to decrease significantly. The resistance R1,2 achieves its maximum for a bit higher energy of the primary electrons, at E = 820 eV, compared to the energy for FDC. One can consider that this delay gives an estimation of the RIC input to the discharge process. At the crossing point of the two resistances (E = 1.03 keV) the equivalent resistance of the SiO2layer is significantly lower than the initial resistance, i.e., the one of a non-irradiated SiO2-layer, in this case 7 orders of magnitude. The R1,2 involving FDC and RIC mechanisms becomes low enough to trigger a discharge of the sample leading to an increase of TEEY. The space-charge induced electric field decreases to zero and the TEEY defined by the model adapted to thin dielectric layers reaches the regular TEEY value, as obtained from the Dionne's model. At an energy of primary electrons of 1.75 keV and higher, the maximum penetration depth of primary electrons becomes equal to the SiO2 thin layer thickness (R3 = 0) and then conduction mechanisms, induced by irradiation, totally dominate and determine the equivalent resistance. 

D. Comparison between experimental and modeled TEEY curves

V. CONCLUSION

The main objective of this work is to experimentally determine the electron emission yield from SiO2 layers of thickness below 100 nm. To that end thermally grown SiO2 samples are studied. The TEEY curves are measured for low energies of the primary electrons, in the range [0, 2000 eV]. For all studied samples an atypical shape of the TEEY curve exhibiting a local minimum has been found. To confirm the inherent nature of the recorded atypical shape of the TEEY curve of thin dielectric layers, several precautions have been undertaken during the experiments: (i) the thickness of each SiO2 layer is precisely measured, including a mapping procedure having contribution to the performed analysis of possible inhomogeneity-induced effects related to the thickness of the dielectric layers, (ii) the structural properties of the studied SiO2 dielectric layers are studied and defined for each sample, (iii) the surface contamination has been measured just before the TEEY measurements, (iv) the primary electrons are sent by bunches of short pulses to limit the dielectric charging phenomenon, and (v) the energy of primary electrons is increased by steps large enough to prevent residual dielectric charging from previous electron pulses. The observed atypical shape of the TEEY curves is found to depend on the thickness of the SiO2-layers. The TEEY local minimum is more pronounced for samples with thicknesses larger than 25 nm, scaling down to approximately TEEY  1. The atypical shape of the TEEY curves is maintained also when applying an external electric field. To get inside the observed phenomenon a 1D-model of TEEY, based on the well-known Dionne's model but adapted to thin dielectric layers, has been developed. The model reveals that the When the space-charge electric field becomes larger than the one inducing non-linear charge transport, the FDC mechanism switches on, and compensates the accumulated in the dielectric layer charges by electrical discharges through the substrate. When the conducting path opens and the sample gets partially discharged, a lowering of the space-charge electric field is observed, resulting in an increase of the mean escape depth of secondary electrons, and therefore of the TEEY. For higher energies of the primary electrons, the RIC mechanism strengthens the FDC one. The contribution of RIC to the material conduction, although nonnegligible, remains limited due to the relatively low doses of primary electrons used in the performed experiments. This atypical shape of the TEEY curve and the studied physical phenomena can be applied to prevent electrostatic discharges appearing in neighbor dielectric parts of devices for space applications. Depending on the nature of the dielectric material, for example, for a given dielectric layer, a tuning of its thickness would lead to setting a specific electron emission yield under irradiation, and therefore allow a strict control of the dielectric charging phenomenon at the required energy of primary electrons. 
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 2 FIG. 2. (a) Schematic representation of the facility for TEEY and XPS measurements, (b) sketch of the incident angles of the electron gun used in the study; the reported angles are with respect to the normal incidence.

FIG. 3 .

 3 FIG. 3. Schematic representation of the charge distribution during electron irradiation: (a) Dionne's model and (b) proposed in this work Dionne's model adapted to thin dielectric layers and (c) equivalent circuit of the processes of electron irradiation in a thin SiO2 layer.
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 3 absorbed in the material according to a power law with b being its exponent (b > 1), set to 1.35 

Fig. 4

 4 Fig. 4 and all required parameters are summarized in the Table below. Input parameters of the model are the electron beam current density, the pulse duration and the initial energy of the incident electrons E0. As shown in the flowchart the model starts with initialization of the variables; i is an integer, accounting for the step increase in the energy of primary electrons to obtain the TEEY curve in the entire energy range.

FIG. 4 .

 4 FIG. 4. Flow-chart for the Dionne's model adapted for thin dielectric layers.

FIG. 5 .

 5 FIG. 5. (a) Measurement point distribution in polar coordinates; the solid black line shows the Si-wafer limits and (b) thickness map of an as-grown SiO2 layer with averaged, over the sample surface, thickness of 120.6 1.5nm d  

FIG. 6 .

 6 FIG.6. Recorded ellipsometric spectra (dots) and Bruggeman's simulated spectra (lines) for the studied SiO2 layers.

FIG. 7 .

 7 FIG.7. FTIR spectrum of SiO2 layer (thickness of 91.5 nm). Insert: deconvolution of the asymmetric stretching peak at 1079 cm -1 and the shoulder 1200 cm -1 .
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FIG. 9 .

 9 FIG. 9. TEEY curves of (a) very thin SiO2 layer of 25.0 nm and (b) thin SiO2 layer of 89.9 nm thickness at different electron beam incident angles.

  FIG.10. TEEY of SiO2 layers of thickness (a) 9.6 nm, (b) 59.7 nm and (c) 89.9 nm under a 45° incident electron beam, for different polarization voltages of the sample holder.

FIG. 11 .

 11 FIG. 11. TEEY curves of (a) very thin SiO2 layer of 25.0 nm and (b) thin SiO2 layer of 89.9 nm thickness for different polarization voltages of the collector.

Dionne's modelFIG. 12 .

 12 FIG.12. Simulations of the TEEY of a 90 nm thick SiO2 thin layer: (i) Typical TEEY curve calculated according the Dionne's model (black curve), (ii) Effect of the space-charge induced electric field on the TEEY (green curve) and (iii) Switch on of the increased material conductivity, due to FDC and RIC mechanisms (red curve).

  FIG.13. In-depth distributions of the electric field and the charge densities (positive chargesred curves and negative chargesblue curves) for energies of the primary electrons at specific points of the TEEY curve shown in figure12:(a) first TEEY maximum, (b) TEEY minimum, Ym, (c) second TEEY maximum and (d) potential profiles.

FIG. 14 .

 14 FIG. 14. (a) Space-charge electric field and (b) mean escape depth of secondary electrons as function of the energy of primary electrons during electron irradiation.

FIG. 15 .

 15 FIG.15. Resistance extracted from the model: the resistance of irradiated (R1,2) and non-irradiated (R3) parts of a 90 nm-thick SiO2-layer, and the resistance of the equivalent circuit (Req).

Figure 16

 16 Figure16shows a comparison between the modeled TEEY curve for a SiO2 layer (d = 90.0 nm) and an experimentally obtained one for SiO2-layer (d = 90.3 nm). One can state that taking into account the space-charge electric field as well as the FDC and RIC mechanisms in the Dionne's model adapted to thin dielectric is sufficient to faithfully reproduce the atypical shape of TEEY curves of thin dielectric layers both qualitatively and quantitatively.Comparison between the modeled and the measured TEEY curves shows that at low energies of primary electrons the slope of the modeled TEEY curve is less steep than the experimental one. This discrepancy most likely stems to originate from the considered constant BEEY in the model. An energy dependent relation for the BEEY would improve the fit for energies of the primary electrons up to 100 eV. The maximum of the TEEY curve appears for a bit higher energy of primary electrons (E = 325 eV) compared to the measured one. The maximum values (first maximum of TEEY) of the modeled and experimentally measured TEEY are identical. This only confirms that the model considers the main mechanisms at play. It should be recalled here that the proposed model is 1D with coarse treatment of dose and charge profiles. The local minimum Ymin of the modeled TEEY is less deep than the one obtained experimentally, suggesting a stronger space-charge electric field in reality. Additional physical phenomena like lowering of the Schottky barrier at the interface material/vacuum and the electrons/holes recombination43 might improve the comparison. The position of Ymin however, is in fair well agreement. Although simple, the Dionne's model adapted to dielectrics that we propose here is

  measurements, d = 90.3 nm Dionne's model adapted to thin dielectric layers, d = 90.0 nm atypical shape of TEEY from thin dielectric layers is due to a space-charge electric field induced by the remaining non-compensated positive electric charge in the region, just beneath the sample surface where the secondary electrons are originated, and the irradiated by primary electrons part of the sample. The local TEEY minimum appears because of the created spacecharge electric field that substantially reduces the mean escape depth of secondary electrons.
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Table .

 . List of quantities and parameters used in the Dionne's model adapted for thin dielectric layers

	Quantity/Parameter	Value	Nature	Reference
	d -sample thickness	10 -100 nm	Experimental	This work
	εr -relative permittivity of SiO2	3.9	Experimental	51
	Eg -energy of optic gap of SiO2	9.0 eV	Experimental	51
	χ -electron affinity of SiO2	0.9 eV	Experimental	54
	σSiO2 -low field conductivity of SiO2	10 -16 Sm -1	Experimental	54
	ρm -mass density of SiO2	2.33 g/cm 3	Experimental	54
	Aa -absorption coefficient of primary electrons	40.8 eV b /nm	Estimation	This work
	b -power factor in Eqs. (4) and (5) and (8)	1.35	Experimental	20
	SE E -mean energy of secondary electrons	7.0 eV	Theoretical	23
	η -fraction of backscattered electrons -BEEY	0.2		39
	λe0 -mean free path of electrons inside SiO2 with no electric field, Eq. (10)	7.0 nm	Theoretical	55
	β -coefficient of attenuation in Eq. (10)	3.6 × 10 -9 m/V	Theoretical	40
	Δp -RIC power factor in Eq. (16)	0.7	Estimation	This work
	Fth -Field threshold for non-linear conductivity	2 × 10 8 V/m	Experimental	49
	I0 -incident current	2.0 µA	Experimental	This work
	S -irradiated surface	12.6 mm 2	Experimental	This work
	Δt -pulse duration	100 µs	Experimental	This work
	h -distance e-gun to sample	5 cm	Experimental	This work
	w -distance collector-sample	10 cm	Experimental	This work
	VSH -potential of the sample holder	-9, -18 or -27 V	Experimental	This work
	Vcoll -potential of the collector	0 -800 V	Experimental	This work
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