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Introduction

When high-energy radiations (hv, ions, e -) interact with matter, a high flux of secondary low energy electrons is produced. These electrons can then efficiently trigger various dissociative processes and chemical reactions. Interaction of molecular solids and radiation is ubiquitous in outer space and also here on earth in natural systems and laboratorycontrolled experiments. For instance, in certain regions in space, molecules in ice mantles coating interstellar dust grains can interact with high energy cosmic rays or ultraviolet (UV) light. These events have consequences in the composition, evolution, and origin of chemical species within the ice [1], [2]. Deoxyribonucleic acids (DNA) and cells encountering ionizing radiation either from natural or artificial sources, are susceptible to induce direct and indirect damages [3]. In the realm of surface chemistry, on the other hand, lithographic techniques also employ high-energy photons, ions, or electrons and takes advantage of their interactions with molecular systems to induce chemical modification in order for surfaces to be tailor-fitted for applications like sensing and coatings [4], [5]. These varied fields investigating scientific phenomena involving radiation-matter interaction cannot dispense the fact that the secondary electrons produced can also have dominant effects in mechanisms leading to the observed damages. In fact, in most of these systems, secondary electrons of low-energy (0-20 eV) are proposed to be the culprit for most of the observed chemistry [6], [7]. It is imperative therefore to profile the various processes that can be induced by low-energy electrons and as much as possible, explain the mechanisms and gauge quantitatively the efficiency of these processes within dense molecular systems and analogs. Our approach in studying these processes is schematized in Figure 0.1. Supported molecular films are irradiated with low-energy electrons and their reactivity is observed from the desorbing products and remaining residues. Desorbing neutral species are detected by a Quadrupole Mass Spectrometer (QMS) using a technique called Electron Stimulated Desorption (ESD) while the products remaining in the residues are probed using Introduction High Resolution Electron Energy Loss Spectroscopy (HREELS) and Temperature Programmed Desorption (TPD).

Studying electron-induced processes is difficult because typically, the products monitored can be produced by a variety of pathways. The immediate products can desorb, react, or dissociate further through various mechanisms especially in condensed phase, thereby complicating the process. Focusing on the low-energy regime (E < 20 eV), we can possibly isolate some of these channels especially if their thresholds and appearance energies do not significantly overlap or if their respective cross sections are higher than other expected processes in a given energy window. Chapter 1 will present the types of electron-induced processes, consequences of having condensed media, as well as mechanisms leading to the desorption of neutral species for a glimpse of the possible processes that can arise from electron irradiation.

In literature, measurements of cross sections are normally done in gas phase, in clusters, or in noble gas matrices detecting mostly the anions produced by dissociative electron interactions and on surfaces by techniques like X-ray Photoelectron Spectroscopy (XPS) and TPD [8], [9]. In this work, we focused our attention to the detection of desorbing neutral fragments and formed species in the residue. We developed means of generating quantitative data from these detected processes which can contribute into a more comprehensive profiling of electron-induced processes in condensed phase. Chapter 1 will continue with an overview of current practices in determining effective cross sections in condensed phase and Chapter 2 will detail the techniques and protocols utilized in preparing and studying the systems chosen for this work.

In the frame of tailoring surface properties by chemical grafting, Chapter 3 demonstrates the use of complementary spectroscopic techniques in characterizing potential precursors. Low-energy electron induced chemical reactivity is studied in multilayer films. The observed reactivity can then be used to functionalize surfaces by irradiation of a monolayer of the precursor deposited on an inert substrate. Benzylamine contains functional groups (phenyl, methylene, and amine groups) that can respond differently to low-energy electrons leading to opportunities for controlled activation, making it a viable precursor for surface functionalization. Benzylamine multilayer films were characterized by HREELS and ESD to identify the precursor's reactive behavior. We then demonstrated the possibility of covalently grafting functional groups from benzylamine precursors on the surface of hydrogenated diamond using low-energy electrons.

In Chapter 4, the homogeneous reactivity in molecular films induced by low-energy electrons was studied using supported NH3 films which are systems of interest in astrochemistry. It is one of the more abundant components detected in ice mantles covering interstellar dust grains. One of the interesting findings observed in electron-irradiated benzylamine was the production of N2 suggesting intermolecular reaction in condensed phase initiated by low-energy electrons at cryogenic temperature. NH3 may exhibit similar reactivity when encountering low-energy electrons and could therefore be involved in the origin of complex nitrogen-containing organic species. Furthermore, previous models cannot accurately predict the abundance of ammonia suggesting that some of it is converted either through thermal or non-thermal means. With exposure to radiation, we believe that the secondary electrons also play a role in these non-thermal processes that can eject ammonia from the ice. Chapter 4 will present the findings in the low-energy electron processing of NH3 multilayer films leading to significant NH3 desorption, fragmentation, and the complex chemistry arising from recombination and secondary processes further induced by reactive products.

Lastly, Chapter 5 moves closer into microscopic scale surface functionalization applications.

We studied the possibility of constraining the modifications to micron-sized dimensions with the help of the low-energy electron microscope (LEEM) and an illumination aperture to limit the beam spread. The feasibility of the technique in a well-known system was tested in terphenylthiol self-assembled monolayer (TPT SAMs) on gold. In the future, poly(methyl methacrylate) (PMMA), a thin film resist commonly used in lithographic applications will be tested using this technique. In this context, this chapter will also present preliminary results on macroscopic electron-induced modifications of PMMA films to understand the damaging and chemistry that arise from electron processing.

Chapter 1 1.

Chemistry Induced by Low-Energy Electrons (0-20 eV): Towards the Determination of Effective Cross-Sections in Condensed Phase

Interaction of low-energy electrons with molecules can trigger several dissociative processes depending on the electron energy. These channels can be exploited in a variety of applications as well as in explaining radiation damages especially in the following areas:

(a) Surface Functionalization: Low-energy secondary electrons contribute in the modification of surface chemistry and sample damage during irradiation of surfaces [10]- [12]. In this work, this is explored in the functionalization of a hydrogenated diamond substrate using benzylamine (Chapter 3) and in the irradiation of thin film resists (TPT and PMMA) (Chapter 5). (b) Processing of Astrochemical Ice Analogs: The role of low-energy electrons is important because they are known to induce chemical processes and are produced in copious amounts as secondary particles when high energy radiation hit condensed matter in cosmic dust [2], [13]. Experiments on low-energy electron irradiation of condensed NH3, a molecule of astrochemical significance, are presented in Chapter 4 and will zoom into electron-induced chemical and desorption processes.

This chapter will briefly discuss the various dissociative electron-induced processes in the low-energy regime (0-20 eV) especially electron attachment processes which are unique to electrons (Sections 1.1-1.2). The consequences of having a condensed medium is also presented here especially in facilitating additional secondary chemical pathways (Section 1.3). Desorption mechanisms that lead to neutral species desorption following (1) electron impact and (2) secondary processes (fragmentation, kick-off, and recombination) will also be tackled (Section 1.4). There are different ways of probing these processes through detection of desorbing species [14] and those that form and subsequently remain in the residue [15]- [17]. For all of the above applications, the need for cross-section values is crucial. Efficient control of surface functionalization can be realized by a gauge of cross sections of triggered processes. Similarly, explaining dominant mechanisms in ices following irradiation are better understood with available cross section data. In condensed phase, however, this is not always straightforward and current experimental practices towards cross-section measurements using surface science tools are detailed in Section 1.5.

Chapter 1: Chemistry Induced by Low-Energy Electrons

Dissociative Processes Induced by Low-Energy Electrons

Chemistry proceeds via bond dissociation, bond formation, and molecular rearrangement. Dissociation can result directly from inelastic collisions of low-energy electrons with molecules. The incident energy is of primary importance and can dictate which types of primary processes can be activated (Figure 1.1). These three types of processes have been shown to occur within the low-energy regime (0-20 eV) [6], [7], [18]:

Electron Impact Ionization Impact ionization takes place when the incident electron energy exceeds the ionization potential (EIP) of the molecule (Ei ≥ EIP) which is typically around 8-10 eV. In this process, an excited state cation (M)* + is formed which further dissociates into cationic (I' + ) and neutral (N) fragments: (M)* + → I' + + N depending on the molecule's intrinsic molecular dynamics.

Dissociative ionization (DI) is a direct, non-resonant process occurring within ~10 -16 s, the time required for an electron to cross the molecule. Above the ionization threshold, the cross section for this process is expected to increase until a maximum at around 60-100 eV.

Electron Impact Excitation

This process occurs when the incident electron energy surpasses the electronic excitation threshold (Eexc) of the molecule (Ei ≥ Eexc). This threshold is around 4-6 eV for most organic molecules. A neutral excited electronic state (M*) is produced from this process which can decay through several pathways. First, it may simply emit a photon or relax through nonradiative means (e.g. interaction with neighboring molecules): M* → M + Energy.

Dissociative decay pathways can also happen either through neutral dissociation (ND) where neutral fragments are formed (M* → N* + N'*) or through dipolar dissociation (DD) where charged fragments are formed (M* → I -+ I + ). Unlike photons, incident electrons transfer a part of their energy to excite the molecule with any excess remaining with the scattered electron; therefore, in the case of electron irradiation, electronic excitation is a non-resonant process. Above the excitation threshold, it is thus expected to increase in cross section until a peak at around 40-60 eV. Excitation associated with changes in spin (i.e. most often excitation from fundamental singlet states to triplet states) can also be induced by electron impact.

Dissociative Electron Attachment (DEA)

This dissociative process, which is unique to electrons of low energy, happens at narrow energy ranges below 15 eV. It starts with the formation of a transient negative ion [M] #-(TNI) through electron attachment. An incident electron occupies one of the previously unfilled low-lying orbitals of the molecule. The nature of the formed anionic molecular state is detailed further in Section 1.2. This process is resonant as it occurs only when the incident electron has an energy precisely within the limits defined by the Frank-Condon transition to form the transient negative ion assuming the existence of an available state. The commonly high cross section of this process is attributed to this resonant character. The TNI can either decay through autodetachment or through dissociation to form a stable anion and one or more neutral species: [M] #-→ I -+ N. The probability of dissociation over autodetachment depends on the lifetime of the TNI.

Figure 1.1: A schematic of the different electron induced dissociative processes occurring at low energy. The intensities of the hues correspond to the relative cross sections of the processes. It is interesting to note that in several energy windows, one process may dominate over the others [19].

The interplay of these three types of processes is illustrated in Figure 1.1. In the low energy regime, depending on the system, a process can be isolated by choosing the appropriate energy range where its probability or cross section is significantly higher than others. In particular, dissociative processes occurring below the ionization and excitation thresholds can only come from dissociative electron attachment. Between the excitation and ionization thresholds, excitation-driven processes may dominate if there is absence of DEA resonance. Above its threshold, ionization processes become rapidly dominant [18]. In real systems, of course, it is not as simple and more often, all three processes have contributions to observed chemical reactivity. Nonetheless, in the low-energy regime, it is possible for us to isolate, favor, and study closely these distinct processes.

Electron Attachment Resonances

A process unique to electrons of low energy is electron attachment. This results in the formation of a transient negative ion (TNI) and is considered resonant when the lifetime exceeds 10 -16 s, the approximate time it takes for an electron to complete a classical orbit [20]. As already mentioned in Section 1.1, there are two competing processes during the relaxation of the TNI. First is through autodetachment where the electron is simply expelled leaving the molecule in a vibrationally excited state (mechanism discussed in Chapter 2, Chapter 1: Chemistry Induced by Low-Energy Electrons Section 2.4) and another is through several bond breaking/formation mechanisms or molecular rearrangement resulting in anionic and neutral fragments. Figure 1.2 illustrates the competition of these processes through potential energy diagrams of a model diatomic molecule AB. The lifetime governs which path the TNI will take. When the electron attaches to the molecule, it destabilizes the system causing the nuclei to move from the equilibrium bond distance. Longer lifetimes (normally between 10 -12 to 10 -14 s) allow the TNI to be significantly distorted resulting more into dissociation since they generally follow a repulsive potential within the Franck-Condon region. These resonances can occur as either shape (open) or as Feshbach (close channel) resonances. When the TNI has an energy above that of the parent neutral molecule, the resonance is called shape resonance. For these types of resonances, when the effective potential of an electron-molecule system is followed with respect to the distance between the electron and the molecule, a centrifugal barrier is evident, and its shape determines the energy of the resonance. The electron is thus trapped by this barrier. 1 These resonances usually have very short lifetimes and can easily decay to the ground/excited state of the neutral molecule. A molecule can have plenty of these resonances as the incoming electrons can easily occupy all the empty orbitals accessible aside from the lowest unoccupied molecular orbital (LUMO). If, on the other hand, the energy of the TNI is lower than that of the parent neutral molecules, the resonance is said to be a Feshbach resonance. 2 For core-excited resonances, the TNI of this type cannot simply relax by ejecting the extra electron. Instead, it relaxes to a lower excited or fundamental state by transition of two electrons. Rearrangement of the electronic structure of the molecule is therefore necessary which elongates the lifetime of the resonance. 

Electron Induced-Processes within Condensed Systems

The electron-molecule interactions discussed earlier occur in gas phase as well as in condensed phase. The crucial difference between gas and condensed phase systems is that the density of molecules in condensed systems is significantly larger than in gas phase and in most cases, the supporting conducting substrate may also pose considerable 1 The following equation describes the relationship between the effective potential (Veff) and the distance (r) between the interacting electron and molecule in an electron-molecule system: V eff (r) = - l is the angular momentum of the electron-molecule system, α is the polarizability of the molecule and μ is the reduced mass. The first term corresponds to the attractive potential due to polarization and the second term corresponds to the repulsive potential due to the angular momentum. When l ≠ 0, the repulsive potential causes a barrier which can confine quasi-linked states. The electron can then leave these states through tunneling across the barrier.

Chapter 1: Chemistry Induced by Low-Energy Electrons consequences [6]. The high molecular density enables various relaxation channels when molecules are excited or fragmented during electron irradiation. Incident and secondary electrons with sufficient kinetic energy may also undergo multiple collisions leading to a cascade of processes. Reactive fragments formed can then further react with molecules or fragments in their vicinity leading to synthesis of new molecules [1].

Molecular films also form polarizable media. Incident electrons and other charged particles formed during irradiation can be influenced by surface potentials which can then shift the appearance energies of resonances and the kinetic energy distribution of fragments formed.

The substrate may also have significant effects on the reactivity of deposited molecules especially for thinly deposited molecular films (mono/submonolayer regime). The charged particles formed interact with the conductive substrates creating surface mirror attractive potentials which could then result in an additional desorption barrier. Generally, in the case of ion formation, the polarized medium also provides additional stability. A general schematic of the potential energy curve is shown in Figure 1.4 to illustrate the effects of the condensed medium on the stabilization of a transient negative ion (TNI) produced by an electron attachment mechanism. Collectively, this causes a red shift in the resonance observed in gas phase especially in the multilayer regime where the effects of the substrate are subtler [7]. The stabilization of the temporary anion could also increase the cross section of the DEA process. As seen in the potential energy diagram in Figure 1.4, the curve also shifts the crossing point between the neutral (M) and transient negative ion (M -) curves, closer to the equilibrium geometry of the ground state potential curve of the parent molecule. This increases the probability of the TNI to decay via DEA than autodetachment but may be opposed by energy or charge transfer to neighboring molecules or the substrate stabilization of the TNIs which no longer dissociate but still exist. The TNI gas phase PE curve (M -, black) is shifted to a much lower energy (M - solv, red) due to polarization effects from the medium [7].

Several studies have been performed detecting anions formed and desorbing from irradiated condensed systems [21], [22]. However, as presented in the earlier sections, electron-induced processes also produce neutral species. Detecting these formed neutral species will compliment results on anion formation for a more complete picture of the mechanisms of electron-induced processes [14]. This work will explore further these neutral desorption channels either the direct fragmentation following electron impact, or the formation of secondary neutral species formed from the multiple chemical processes occurring in condensed media.

Electron Stimulated Desorption of Neutral Species from Condensed Films

A good portion of species formed when electrons impinge on molecular solids are neutral. The desorption of these neutral species may result from the following processes:

-Primary dissociative processes (Section 1.1): DEA, neutral dissociation following electronic excitation, and dissociative ionization induced by direct electron impact all result in the formation of neutral fragments. -Secondary reactive processes: Additional processes can result from the reaction of charged and neutral species including reactive radicals and excited species that are formed from primary dissociative processes. -Sputtering or film erosion can also be observed as a consequence of the above processes due to energy transfer.

Studies on neutral desorption are however limited compared to their charged counterparts because of the difficulty in their detection as well as in the interpretation of their resulting ESD profiles due to various complex desorption mechanisms [14]. Neutral species are not susceptible to electrostatic attraction with the polarizable molecular film as opposed to ionic species and hence, in most cases have higher desorption probability compared to their ionic counterparts. Results on neutral species detection will compliment results on ion detection and both can provide a comprehensive evaluation of the mechanisms following electron impact.

In literature, several models have been proposed to explain desorption of neutral species by non-thermal means. They are referred to as DIET or Desorption Induced by Electronic Transition, regardless of the stimulus (photon, electron, or high energy particles). Here, we focus on working models which are relevant in explaining the mechanism of neutral species desorption by electronic excitation.

Chapter 1: Chemistry Induced by Low-Energy Electrons

Menzel-Gomer-Redhead (MGR) Model

A general framework explaining desorption induced by electronic transitions (DIET), this model was first introduced in 1964 by Menzel et al. Impinging electrons of sufficient energy can excite a molecule from the ground potential energy surface to a repulsive potential energy surface (either ionic or neutral) of a bonding mode of the adsorbate. In most cases, by relaxing through this repulsive potential barrier, the adsorbate moves away from the surface and with sufficient kinetic energy, they could eventually desorb [14]. This model typically works well to predict the excitation-induced desorption behavior in substrateadsorbate systems but can be similarly applied to molecule-molecule systems.

Figure 1.5: A schematic of potential energy curves of a hypothetical adsorbate A deposited on a substrate M. The x-coordinate refers to the distance of the molecule from the substrate. Electron collision with a molecule can excite it from the ground (G) to a neutral anti-bonding state (M+A)* or an ionic state M -+ A + in the Franck-Condon region. These states can be quenched by transferring energy or charge to the substrate visualized here by the crossings with shifted ground state curves. Those that are deexcited after the crossing desorb as neutral or charged species, with the excess energy converted into kinetic energy. Dissociation to various ionic and neutral species with sufficient kinetic energy is therefore possible after excitation to these higher repulsive states [23].

Figure 1.5 illustrates this model using potential energy curves for a hypothetical molecule A deposited on substrate M. Neutral desorption can result from neutral excited states or from ionic states via re-neutralization at the substrate interface. The threshold for desorption is given by the dissociation/adsorption energy M-A (Ha) and in this case, the desorption cross section is proportional to the excitation cross section. This mechanism also predicts isotope effects because of the mass-dependence of nuclear motion [24], as well as in moleculemolecule systems (van der Waals or covalently bonded) where the quenching/decay mechanisms are affected by neighboring molecules [14], [25].

Antoniewicz Model

This model proposes a modification of the MGR model in which the adsorbate is instantaneously ionized by the impinging electrons. The ionized adsorbate, or its ionic fragment then experiences an image charge potential that draws it towards the substrate where the probability of neutralization increases due to several possible quenching processes such as resonant tunneling or charge exchanges with the substrate. This quenching can bring the adsorbate or its fragments to a neutral ground state and with the subsequent disappearance of the image potential, the neutral species with sufficient kinetic energy, can rise further and can be effectively ejected off the film [26], [27].

Figure 1.6: Schematic for the Antoniewicz mechanism showing potential curves as a function of the distance of the molecule from the substrate. When the physisorbed molecule is ionized to a strongly bound state (M -+ A + ), it will then move towards the surface. Reneutralization is possible as the molecule crosses the excited state curve (M* + A) and with sufficient kinetic energy, this can lead to desorption [24].

DIET in Multilayer Films

The MGR and Antoniewicz Models were mostly built from observations in monolayer or submonolayer adsorbates in metallic or semiconducting substrates where the quenching and energy/charge exchange are mostly governed by substrate-adsorbate interactions more than intermolecular interactions and exclude secondary reactive processes. In condensed multilayers, the same mechanisms may occur, but the neighboring molecules Chapter 1: Chemistry Induced by Low-Energy Electrons can also provide the energy, momentum and additional decay pathways that lead to the expulsion of neutral and charged species from the surface.

Desorption may also be triggered by energy transfer from energetic excited states. When photon or electron bombardment induce excitation, the excited molecule can lose energy through various non-radiative means especially by energy transfer to a neighboring molecule resulting in a collision cascade. These mechanisms may or may not involve dissociation. If the irradiation energy cannot induce fragmentation processes, the excited molecules may rather induce lattice rearrangements in the solid film as they relax to the ground state thereby ejecting surface molecules.

This mechanism was demonstrated clearly with the use of UV photons in inducing desorption of CO from its condensed film composed of a monolayer of 13 CO deposited on a thick layer of 12 CO [28]. Desorption of 13 CO follows the expected excitation pattern of the bulk of the film ( 12 CO) instead of 13 CO which attributed the initiation of the process to the excitation of subsurface molecules. It was proposed to proceed through rearrangement of neighboring molecules surrounding the excited molecules resulting in excitation of intermolecular vibrational modes. The surface molecules that then receive enough kinetic energy are expelled from the surface. N2 was observed to exhibit the same desorption mechanism under UV irradiation [28]. This has also been found to be the most plausible mechanism for electron-stimulated desorption (before the ionization threshold) of CO and N2 from their respective multilayer films because the desorption cross-sections were found to be roughly proportional to that of net electronic excitation and that fragmentation was not particularly observed in both cases [29].

Indirect DIET may also involve dissociation and can be triggered by the following energytransfer mechanisms from the fragmented molecule or synthesized products: (a) exothermic recombination of reactive fragments; (b) energy transfer from a mobile fragment; and (c) decomposition of a more complex intermediate to reproduce the starting molecule in gas phase. This was demonstrated in studies on UV irradiation O2 [30] and methanol (CH3OH) [31] ices. The following have been proposed to be possible origins of desorbing O2 from its multilayer film under UV irradiation (below the ionization threshold):

- As presented in the above example where dissociation is apparent, the formation of mobile radicals can induce further chemistry in the film leading to the desorption of the intact molecule either as directly displaced or as reformed species. Often, these dissociation and recombination processes are the main causes of the desorption of intact molecules from their irradiated films [31] and thus, cannot be neglected. In the case of electron processing of NH3 (Chapter 4), similar chemical processes in the condensed film are paid in close attention to explain the observed desorption behavior.

Measuring Effective Cross Sections in Condensed Phase

Quantitative data (in terms of cross sections) are essential for applications like surface functionalization involving irradiation of compounds and precursors to compare efficiencies and eventually arrive at new insights. In condensed phase, however, obtaining this data is quite a challenge and thus, complementary approaches have been developed to estimate cross sections. This subsection introduces the concept of the effective cross section as utilized experimentally to gauge the efficiencies of electron-induced phenomena (Section 1.5.1). Measuring effective cross sections in condensed phase involves tracking the evolution of a species of interest using sensitive surface science tools. Further into this subsection (Section 1.5.2); we then present conventional techniques pertinent to this work that can be used to detect either reactant consumption or product formation and how the effective cross sections can be estimated by following these processes through increased electron exposure or dose. Reactants and products that remain adsorbed on the surface after electron irradiation can be directly probed using surface sensitive techniques like HREELS and X-Ray Photoelectron Spectroscopy (XPS) [15], [32]. Post-irradiation TPD can also be used to measure the quantity of residues on the surface [33]. ESD, on the other hand, can probe the evolution of desorbing products during electron irradiation [14], [34], [35].

Effective Cross-Section in Condensed Phase

The probability of a particular electron induced phenomena can be expressed in terms of the cross section, a concept derived from collision theory and describes the effective area for collision leading to a scattering event. Normally, gas phase studies are done to fundamentally determine the reactions undergone by isolated molecules with an absolute cross section often obtained by known calibration techniques [36], [37]. Studies of clusters in noble gas matrices could then follow to link the gas phase results with the condensed phase. These studies of clusters, however, do not translate directly to adsorbed molecular systems keeping in mind that the introduction of a substrate and the increased density of the films which serve as polarizable media can quench or in most cases, introduce new pathways. Furthermore, multiple scattering in condensed phase complicates the measurement of absolute cross sections per scatter. Electrons penetrating a film of molecules can scatter multiple times before being reflected into the vacuum. They could Chapter 1: Chemistry Induced by Low-Energy Electrons even be trapped by some electron capture mechanism. Thus, an effective cross section is used which describes the scattering of a group of molecules within the film [36].

The effective cross section of a reaction process at a given electron energy can be measured by tracing the depletion of reactants or the evolution of products from unique signals measured using various spectroscopic/characterization methods. Assuming pseudo-first order kinetics R + e -→ P + e -, the cross section for the loss of reactant (σloss) and the cross section of product formation (σP) can be calculated as [38]:

𝑑𝑛 𝑅 𝑑𝑡 = -𝜎 𝑙𝑜𝑠𝑠 𝑛 𝑅 𝐼 0 𝐴 𝑑𝑛 𝑃 𝑑𝑡 = 𝜎 𝑃 𝑛 𝑅 𝐼 0 𝐴
The parameter nR is the number density of the reactant while the current density of the electron beam is expressed in terms of the incident electron current within the irradiated area (I0/A). Integrating the above expression for reactant loss leads to the equation below which allows for obtaining a cross section value by plotting nR against the exposure (I0t/A):

𝑛 𝑅 = 𝑛 𝑅 0 exp (-𝜎 𝑙𝑜𝑠𝑠 𝐼 0 𝑡 𝐴 )
The cross section obtained from these measurements considers all processes which led to the depletion of reactant or the formation of products, whichever is being detected by the chosen technique. In the low-dose regime (at low current or at the early stage of irradiation), the evolution is quasi-linear: 𝑛 𝑅 ≈ 𝑛 𝑅 0 (1 -𝜎 𝑙𝑜𝑠𝑠 𝐼 0 𝑡 𝐴 ) with a cross-section derivable from the slope. The above estimations are built on the assumption of pseudo-first order kinetics but complex mechanisms involving reactive intermediates are possible leading to deviations to this model (Section 1.5.2.1). This is also evident with secondary processes observed for NH3 in this work leading to the formation of products such as N2 (Chapter 4 Section 4.4.2).

Estimating Cross-Sections by Surface Science Techniques

Different means of determining the effective cross section in condensed phase, especially those involving the production of neutral fragments, have been published in literature. As alluded to in the previous subsection, the measurable response of the system (reactant or product evolution) to the electron dose allows for the estimation of the cross section. Variation of electron dose is therefore crucial in these measurements. The total dose (d) is defined as the total number of electrons impinging on the surface during irradiation:

𝑑 = ∫ 𝐼 𝑡 (𝑡)𝑑𝑡 𝑒
where It(t) is the current measured on the sample, t is the irradiation time, and e is the effective charge of an electron. This can also be expressed in terms of exposure or fluence (𝛷) which is simply the dose received over the irradiated area (A):

𝛷 = 𝑑 𝐴 = ∫ 𝐼 𝑡 (𝑡)𝑑𝑡 𝐴𝑒
Increase in dose or exposure can be achieved by either keeping the current constant and increasing the time of exposure or by increasing the current while keeping the irradiation time the same for each step. These measurements are normally restricted in areas of homogeneous functionalization as the beam shape results in an electron dose distribution within the irradiated region.

Post-Irradiation Analysis of Supported Deposits/Residues

Increasing the electron dose can further the extent of the process occurring at a given energy but will eventually stabilize or saturate depending on the (a) available material in the supported samples or (b) in the case of functionalization, available sites on the substrate. Cross sections of these processes can thus be approximated by chemical characterization of the post-irradiated surface as a function of electron dose.

Electron Dose Variation Effect Monitored by XPS One method of surface functionalization is through the deposition of molecules containing the desired function that can be activated by impinging electrons. The irradiation can result in radical reaction products which then leads to the chemisorption of certain fragments on the substrate surface. For instance, oxidation of hydrogen-passivated Si [START_REF] Rejoub | Electron-impact ionization of NH3 and ND3[END_REF] substrates was achieved by depositing a few layers of H2O and subsequently irradiating the surface with low-energy electrons [15]. The irradiated systems were then characterized using XPS by observing the evolution of the O1s peak at 531 eV (physisorbed unreacted H2O) and at 533 eV (chemisorbed oxygen-containing terminal groups) as a function of electron dose.

Increasing the electron dose decreased the signal of the physisorbed H2O and increases that of the chemisorbed species. Figure 1.7 shows the evolution of these peaks during 11 eV irradiation where the most pronounced modifications were observed. Integrating the area (St) under the O1s peak corresponding to the chemisorbed species after processing with increasing electron dose (I0t) over a certain area (A), it is possible to monitor the extent of the functionalization process (Figure 1.7, right). The signal increases exponentially until a saturation limit (Sꚙ) which is proportional to either the number of physisorbed molecules or the number of available sites. The cross section of the chemisorption process (σch) can therefore be derived from an exponential fit:

𝑆 𝑡 = 𝑆 ∞ (1 -𝑒 -𝜎 𝑐ℎ 𝐼 0 𝑡 𝐴 )
Chapter 1: Chemistry Induced by Low-Energy Electrons With this technique the cross-section of the oxidation of hydrogenated Si(111) at 11 eV was estimated to be 5.0 x 10 -17 cm 2 . This process at 11 eV was proposed to be a result of electronic excitation either on the film or the substrate that yielded excited neutral and ionized states specifically those yielding the OH radical replacing the hydrogen on the surface, finally resulting in Si-OH groups. [START_REF] Rejoub | Electron-impact ionization of NH3 and ND3[END_REF] and propionaldehyde (PA) for comparison [39]. At 14 eV irradiation, PA as well as CO are expected to form from THF, with CO also expected to arise from the decomposition of the formed PA. After irradiation, EELS spectra of the films were acquired from 3-7.5 eV. By moving the sample in X and Y directions and acquiring EELS spectra for each 1.5 mm displacement, a variation of signal intensity attributed to formed PA (propionaldehyde) from THF films (3.6-4.6 eV excitation band) and to CO from PA at (5.9-6.7 eV) can be observed (Figure 1.8). Analysis of this signal variation of the products forming in the irradiated films revealed a triangular profile with the apex at the center of the irradiation region, having an estimated FWHM of 0.79 ± 0.10 mm and 0.39 ± 0.05 mm in the X and Y directions, respectively. This effectively signifies local dose distribution as a consequence of the beam shape. To estimate the cross section, the authors selected a central rectangular beam area and proceeded to an irradiation dose increase with irradiation time as in the previous example. By contrast, our study on benzylamine functionalization of hydrogenated diamond (Chapter 3 Section 3.3.1) made use of this apparent distribution to estimate the cross section by taking measurements at regions of varying effective doses. TPD is also a viable tool in obtaining effective cross sections of electron induced processes in condensed films. It requires a thermal ramp of the substrate temperature with a mass spectrometer detecting the desorbing products. The area under the TPD curve of a species being monitored is proportional to the quantity of that species in the film making it a good post-irradiation analysis technique to track the evolution of different species in the film and the depletion of starting material. Its capacity to detect more complex chemical species in the film after irradiation is useful to observe secondary products arising from the reactions of intermediates. The thermal ramp, however, may also be sufficient to activate chemical processes so this has to be considered when interpreting results.

Warneke et al. studied the irradiation of acetone at 23 eV where it was seen to deplete with increasing electron dose as the residual amount of acetone detected by TPD decays with dose and in this case, temperature (within the range of 35 K and 70 K) does not affect the desorption profile (Figure 1.9b) [40]. The decay is thus proposed to be influenced mainly by electron-induced processes such as the loss of acetone (desorption and destruction e.g. CO and CH3 formation) and formation of complex nonvolatile products which may shield the acetone from further irradiation. The latter is proposed to have some influence in the depletion of acetone because the decay curve cannot be fitted by a single exponential which is usually enough to describe the depletion of reactants in simpler systems. The rate of depletion of acetone can be described as an effect of these two factors described by the equations below. The -σAcnAc(x) component takes into account the depletion of acetone of time/dose-dependent residual concentration nAc(x) affected by direct desorption and fragmentation while cnR(x) takes into account the shielding effect of the nonvolatile product formed having a concentration nR(x). σR is the cross section of the destruction of the nonvolatile product during irradiation and a factor gR is proportional to the number of acetone molecules leading to the formation of the nonvolatile product.

𝑑𝑛 𝐴𝑐 (𝑥) 𝑑𝑥 = -𝜎 𝐴𝑐 𝑛 𝐴𝑐 (𝑥) + 𝑐𝑛 𝑅 (𝑥) 𝑑𝑛 𝑅 (𝑥) 𝑑𝑥 = -𝑔 𝑅 𝑑𝑛 𝐴𝑐 (𝑥) 𝑑𝑥 -𝜎 𝑅 𝑛 𝑅 (𝑥)
The numerical solutions to the above coupled system of differential equations was used to plot the graphs in Figure 1.9c. The formation of the product (nR(x)) is seen to influence the total decay of acetone (nAc(x)). Nonetheless, in the quasi-linear low-exposure regime, a cross section of 1.0 (± 0.1) x 10 -16 cm 2 is obtained from the slope. The high exposure regime is already heavily influenced by the formation of other products in the film and their general profiles can be predicted. This trend of product desorption has been observed to be the case during NH3 electron processing to be shown in Chapter 4.

Figure 1.9: The loss of acetone from its condensed multilayer following electron irradiation followed by TPD measurements. In (a) TPD spectra of acetone multilayers of increasing thickness after irradiation by 23 eV electrons (exposure: 2400 μC/cm 2 ) are shown. The area under the post-irradiation TPD of the 8 ML film at different exposures and at different temperatures is plotted in (b) where attempts to fit by a single exponential is shown to be unsuccessful (gray dashed lines). In (c), the fittings following the above equations for the formation of a more complex product (nR(x)) and the decay of acetone (nAc(x)) is shown [40].

Real-Time Analysis of Desorbing Fragments

Neutral species evolving from electron irradiation of molecules on substrates can desorb and can then be detected in gas phase by a mass spectrometer. This technique called electron stimulated desorption (ESD) is one of the tools used to track these desorbing products. It has been used to detect electron induced ligand fragmentation in obtaining purified deposits in focused electron beam induced deposition (FEBID) [35]. In our recently published study done during the course of this PhD project, a potential FEBID precursor composed of two copper atoms with amine and perfluorinated ligands was subjected to electron irradiation [34] (See annex at the end of this dissertation). Among the many neutral species seen to desorb during irradiation, CF3 showed particular resonance at 1.5 eV (Figure 1.10a). To determine the cross section of this process at 1.5 eV, temporal ESD was employed where the evolution of the CF3 species (m/z 69 Da) yield was monitored with increasing irradiation time or cumulative dose. An exponential function was fitted (Figure 1.10b) to simulate the depletion of CF3 from the precursor resulting in an estimated crosssection of ~7 x 10 -17 cm 2 . 

Summary

Electrons of low-energy interacting with molecules can induce various dissociative and desorption processes depending on the electron energy. Their dominance over one another at a certain energy interval is dictated by their respective cross sections. The advantage of focusing within the low-energy range (0-20 eV) is that it is possible to isolate some of these processes from the interplay of their cross sections in the low energy regime. This can lead to several applications including control of surface chemistry as well as understanding processes where high fluxes of secondary electrons are expected. Detection of neutral species is also important because, aside from the fact that studies on them are quite scarce, detecting neutral species captures most of the expected dissociative processes as well as DIET processes like molecular desorption and sputtering, and synthesis of new molecules.

The cross sections are therefore extremely helpful in unraveling the mechanisms involved in various electron-induced processes at a given energy. The process of determining cross sections, however, remains cumbersome as separating unique mechanisms and pathways is difficult especially in condensed phase when multiple scattering can result in a cascade of reactions. An effective cross section in condensed phase describing a group of processes leading to a single event (e.g. desorption, product formation, reactant depletion, etc.) can be measured with the help of surface science techniques by monitoring the depletion of reactants or formation of products in the residues or the evolution of desorbing products in gas phase.

Chapter 2 2. Experimental Set-Up and Analysis Techniques

This chapter contains a description of the experimental set-up and the different techniques dedicated to studying electron-induced processes within supported molecular systems.

Analyzing the molecular films before, during, and after electron irradiation (1-20 eV) facilitates the detection and evaluation of these processes (Figure 2.1). Complementary tools used to characterize molecular films will be discussed. This includes electron stimulated desorption (ESD) which utilizes the quadrupole mass spectrometer (QMS) to detect desorbing neutral products. Residues which are composed of unreacted components together with formed products that remain adhered to the surface were analyzed through high resolution electron energy loss spectroscopy (HREELS) and temperature programmed desorption (TPD). The combination of these techniques provides a more extensive profiling of the various electron-induced processes in supported molecular systems and a better understanding of electron-molecule interactions especially in the condensed phase. These techniques could also be used to estimate the effective cross sections (σeff) of processes which lead to product formation or reactant depletion. Throughout the course of this PhD work, the pre-existing experimental set-up has been developed and optimized following several improvements. First, a new gas introduction system was built to control the introduction of molecules in the chamber especially when coming from the liquid phase as in the case of benzylamine. Then, upon installation of new HREELS electronics, the polarization mode of the sample also changed prompting optimization of new sets of potentials in monochromators and lenses. The QMS was also upgraded by adding a protecting shroud limiting the inlet to a small aperture that can be brought closer to the sample thereby reducing the background signal and increase the sensitivity. Finally, TPD procedures to approximate the number of layers and detect neutral species in residues after irradiation were designed and gradually enhanced.

Experimental Set-Up

The ultra-high vacuum (UHV set-up) is partitioned into three main chambers -the preparation, principal, and HREELS chambers. A representation of this set-up is shown in Figure 2.2. The preparation or transfer chamber allows for the introduction of the sample without disrupting the UHV maintained in the other chambers. It is isolated from the other chambers by valves and contains compartments for samples as well as a load-lock sample transport mechanism for moving samples to the principal chamber.

At the principal chamber, a sample holder hangs onto a mechanical platform with adjustment knobs for the x and y direction, a rotatable plate to adjust the angle/orientation, and a vertical motor mechanism to displace the sample in the z direction. The latter is also equipped with a closed-cycle helium cryostat which enables temperature control within the range of 28 to 750 K. A calibrated silicon-diode sensor and a PT100 resistance thermometer (attached to a Lakeshore 335 Temperature Controller) are used to regulate and measure the sample temperature using a retro-control loop between the temperature and power released by a heater cartridge attached inside the sample holder just beneath the sample stage.

Gas molecules can be introduced into the chamber through a doser that can be brought close to the sample surface during deposition. The electron gun for irradiation and a quadruple mass spectrometer (QMS) for detection of desorbing species are also located in this chamber. These instruments will be utilized for ESD and TPD measurements where neutral fragments from the surface are detected during electron irradiation and during thermal processing, respectively. The HREELS chamber contains the OMICRON IB500 spectrometer. During the analysis, the sample is brought down from the principal chamber to the collision region inside this chamber. The sample is then oriented for optimal specular geometry with respect to the incident beam. This was done by turning the x and y adjustment knobs and slightly rotating the sample until the maximum number of electron counts is observed from the detector.

As low energy electrons are used, certain experimental conditions should be met. It is therefore necessary to maintain a pressure of around 10 -10 mbar inside the chamber to limit the interference of residual ambient gases. To achieve this, each chamber is equipped with primary and secondary pumps which are isolated from each other and could be independently controlled through a slide valve network. The secondary pumping systems are provided by turbo-molecular pumps (mechanical pump), ion pumps and titanium sublimation pumps (which trap gas molecules through chemisorption) [20]. Also, residual magnetic fields could disturb the trajectory of low energy electrons; hence, it is crucial to enclose the device in a chamber coated inside with double µ-metal and to ensure that the materials introduced in the chambers are non-magnetic. The wiring for temperature control and measurement is also electrically isolated by feedthroughs and ceramic multi-bore tubes, the part closest to the sample being well concealed by the metallic sample stage.

Molecular Film Preparation by Vapor Deposition

The molecular layers are condensed on substrates with controllable temperature (~20-300 K). The molecules in the gas phase pass through a doser brought close to the sample surface. A homemade doser was developed from a retractable nozzle whose outlet was modified to mimic the sample dimensions (Figure 2.3). A gas preparation line is then constructed outside of the UHV system to house the samples prior to dosing. This gas introduction system is connected to the doser nozzle by a leak valve which is the main manual control of the gas quantity being dosed. TPD calibration was done to estimate the quantity of deposited material taking note of the exposure time and the residual gas concentration monitored during the dosing procedure. The conditions that yield a multilayer film was adapted and will be described below for each sample. The quantification process will be discussed later in Section 2.5.

Chapter 2: Experimental Set-Up and Analysis Techniques At the center is a 4-way cross with a dedicated pressure gauge. A considerable amount of gas (typically 50-100 mbar) is first stored in this cross prior to dosing. A glass vial is attached to one branch to host liquid samples (e.g. benzylamine) while another branch is dedicated to compressed gases (e.g. NH3). Another entrance serves as the gate to the doser/main chamber regulated by a leak valve (Valve 4) while the other end is connected to a turbo pump. When fully evacuated, the pressure at the cross is normally around 5 x 10 -3 mbar. The gas line is always baked out at 60-80°C overnight prior to use. Benzylamine Dosing Procedure Benzylamine exists as liquid at room temperature and is stored in the glass vial reservoir of the gas introduction line. This liquid having a vapor pressure of ~1.3 mbar at 300 K [41] readily vaporizes at the ambient pressure inside the compartment (5 x 10 -3 mbar). It was purchased from Alfa Aesar with 98+% purity. No prior purification was performed although the reservoir is exposed to low pressure at least three times prior to deposition (pumping the cross out in between cycles) to reduce more volatile and dissolved components from air. During the deposition, the leak valve is carefully opened bringing gaseous benzylamine out of the dozer and into the sample. The sample is oriented at about 0.5 mm directly facing the dozer localizing the pressure in the vicinity of the sample to prevent excessive contamination of the rest of the chamber. A small amount of benzylamine is still released to the background and can be therefore detected in real time using the QMS to approximate the quantity of deposited matter. For a ~5-6 ML, this typically takes 45 s as calibrated from the resulting TPD spectra of deposited layers at various deposition times. The temperature of the sample is kept at 140 K which is already high enough to prevent unwanted deposition of a significant amount of ambient gas molecules but is still lower than the onset of desorption of benzylamine. This is to avoid deposition of typical vacuum pollution such as H2O and CO2 which could interfere with the measurements.

Ammonia Dosing Procedure

The ammonia gases were purchased from Euriso-Top with greater than 98% purity. The gas container with the isotopologue of choice is attached to the cross with a regulatory valve in between (Valve 3). The gas is stored inside the cross (50-100 mbar) and then released controllably in a similar fashion as benzylamine through the leak valve with the dozer drawn directly close to the substrate surface. Temperature of deposition was at the lowest temperature achievable by the cryostat (28 K as measured on the sample stage). Annealing to 60 K was done to crystallize the ice layers as desired by heating the sample at a constant rate (ramp rate: 25 K min -1 ) and allowing it to rest at 60 K for 2 min.

For a preliminary study of the isotopologue mixtures, a crude mixing procedure was developed to obtain mixed gases. The set-up can only support one gas bottle, so a procedure was improvised to mix gases in the cross and for the moment, avoid the installation of a second gas feeding line. A precise proportion of the gases cannot be expected for this procedure but for a preliminary investigation, it was seen to be adequate. Ammonia isotopologues 14 ND3 and 15 NH3 were used in this case. The first gas is stored in the glass vial before replacing the gas bottle with the second gas. A detailed procedure is described at the end of the chapter (Chapter 2 Annex). By using this technique, 30 mbar 14 ND3 and 15 NH3 were mixed in the cross at an assumed 1:1 ratio. The composition of the resulting mixed molecular layers can nevertheless be verified by TPD peak areas of both species which typically register 1:4 to 1:5, 14 ND3 to 15 NH3 ratio.
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Electron Irradiation

For the chemical modification experiments, an electron gun was used to irradiate the deposited molecular films and to probe electron-induced processes leading to material desorption (ESD). This section discusses the principles, parameters, instrumentation, and challenges related to the irradiation experiments, especially those concerning electron stimulated desorption.

Electron Gun

A Kimball Physics ELG 2A commercial electron gun is installed in the principal chamber for the irradiation experiments. It is composed of a Wehnelt electrode and an electrostatic lens system composed of beam-shaping anode lenses and deflection plates which enable the delivery of focused electron beams. A scheme is shown in Figure 2.5.

Electrons are produced from the cathode through thermionic emission. A current of 1.517 A is passed through a wire pin to achieve a temperature of about 1800 K. The electron source is a tantalum disk which is spot-welded on the filament to minimize variation of its welldefined potential that can be caused by current leaking from the heating mechanism. The Wehnelt cylinder encloses the cathode and has a fixed aperture which controls the release of electrons. The electric field between the Wehnelt and the cathode concentrates the release of electrons only at the center of the cathode. It is also possible to apply repulsive potentials on the Wehnelt to suppress the beam which is useful for electron stimulated desorption experiments (to be discussed in the following section).

The first anode is a three-aperture tube used to extract further the electrons released from the Wehnelt aperture. By increasing the potential of this anode, more electrons can be released and can eventually reach the sample, thereby increasing the incident current measured on the sample. The focus primarily alters the size and shape of the electron beam before it reaches the second anode connected to the ground. The beam then reaches the deflection zone consisting of four plates whose potential directs or deflects the electron beam away from the sample. These potentials can be controlled and varied through a LabVIEW program developed previously by Justine Houplin [19]. In essence, the electrons of energy Ei from the canon should reach the sample with the same energy since the sample and the set-up are both connected to the ground preventing the generation of perturbative electrostatic fields.

Irradiation Dose

The dose is calculated from the current transmitted (It) through the sample measured by a picoamperemeter over a desired time period (t). The dose expressed in number of electrons (Ne) is calculated as follows:

𝑁 𝑒 = ∫ 𝐼 𝑡 𝑒 𝑑𝑡
with e ≈ 1.6 x 10 -19 C, known charge of an electron.

The samples were carefully positioned at 19 mm in front of the gun which exposes the sample to a beam of about 6-7 mm in diameter at 11 eV. For a 1 eV irradiation, the gun can supply ~0.2 μA with about 500 meV resolution when the Wehnelt grid is set at 10 V. This corresponds to a total dose of ~10 15 electrons/cm 2 during a 30-minute irradiation. This current can be increased to ~1 μA when the Wehnelt grid is reduced to 1 V and the same dose can be achieved much faster (~6-7 min). Considering uncertainties in current measurement, irradiation time, and beam area, the uncertainty in the total dose is estimated to be around 10%. The pressure in the chamber is still within ~10 -10 mbar during the irradiation experiments. 

Electron Stimulated Desorption (ESD)

Detection of neutral fragments or species desorbing from condensed molecular layers during electron irradiation is key to profile electron-induced reactions undergone by these species. Electron-induced processes like DEA, neutral dissociation, and dissociative ionization produce both neutral and charged fragments. Depending on the system, neutral fragments could yield profiles more reflective of the electron-induced processes than their ion counterparts since, due to their lack of charge, their trajectories are not altered by electrostatic interactions from the sample and polarizability effects are minimized; however, the sensitivity to neutral species is generally weaker.
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In this technique, the electron gun is used to irradiate the sample and desorbing material is analyzed by a QMS in the main UHV chamber. Particular attention was given to the stability of pumping conditions which could affect tremendously the background conditions. A HIDEN Analytical QMS (Model HAL 301/3F) was used and it is optimized for low pressure detection of neutral species with a 70-eV ionization occurring at the inlet. This inlet is restricted to a small orifice by a metal shroud (Figure 2.3) and is drawn to a distance of 25 mm from the sample during ESD. It is capable of detecting a range of masses between 0-300 Da. The neutral fragments desorbing from the sample during electron irradiation enter the QMS inlet, become ionized and eventually fragmented by 70 eV electrons forming positive ions that can then be isolated by a quadrupole mass analyzer for further detection by channeltron electron multipliers. Due to the potential geometry in the QMS ionization head, it is not extremely sensitive to positive ions produced during irradiation and would therefore require special supplementary optics to observe them. Nonetheless, this was verified by performing irradiation experiments where the filament was turned off and therefore the ionization in the QMS head was stopped. Positive ions were not detected during these confirmatory experiments.

Electron irradiation was performed stepwise from 0.5 eV to 15 eV (could vary between experiments). The irradiation was also halted for 3 min in between the irradiation steps. The on/off irradiation sequences were done by changing the Wehnelt grid potential. For the irradiation intervals, a grid of 10 V (corresponding to 0.6-0.8 μA on the sample) is used while for the off sequence, this is changed abruptly to 30 V which is enough to suppress the beam (0 μA on the sample). The change in grid and the duration of each sequence is automatically controlled through a LabVIEW program. This program can also record the current through the sample simultaneously measured by a connected Kiethley picoamperemeter for an accurate calculation of the dose during each irradiation step. During the irradiation pauses, the QMS signal can be attributed to the background contribution of ambient residual gases inside the vacuum chamber. This can be subtracted from the obtained spectra to isolate the signal associated to the desorbed species alone. 

Energy Spread and Shifts

The electron energy during the irradiation is taken as the potential difference between the sample and the electron gun filament. Injection curves which plot the current measured on the sample with the incident electron energy, are collected during ESD experiments. Normally, a rapid onset in the current reading between 0-1 eV observed in injection curves is identified to be the vacuum level [43]. For certain systems, this could be clearer as in Figure 2.7a where the current after 1 eV becomes immediately stable varying only by ± 0.05 μA from the average current until 7 eV. But for some systems, especially molecular films that are not transparent to electrons, this rapid onset may not be obvious. For instance, sample charging may occur close to 0 eV due to possible electron attachment resonances which form transient anions and if they lead to eventual fragmentation (such as in DEA), the formation of anionic fragments. Consequently, the abrupt onset of the injection curve is obscured as transmission of electrons through the sample is perturbed by the charged species. In the case of NH3, on the other hand, the injection curve display structures which are possibly due to the density of states within the molecular layer. An example is shown in Figure 2.7b during an ESD experiment on 14 ND3 films. With this structuration, it is difficult to set exactly the boundaries of the rapid transition from zero current and define the beam spread. of copper complex precursor dip-coated on silicon [34]. The rapid onset is apparent between 0-1 eV since after 1 eV, the current immediately becomes stable up until 7 eV. This gives an estimated beam spread of δE ≅ 1.0eV. In (b) is the injection curve during the ESD of 14 ND3 (~10 ML) on Cu. The rapid onset is unclear due to the structured curve.

To estimate the dispersion and shift in energy therefore, we applied varying negative bias voltages on the sample and during irradiation, monitor the current through the sample as a consequence of the applied bias. An input incident energy for irradiation is chosen as the energy where the current is expected to be stable as observed from ESD injection curves.

As the negative bias is increased, the current decreases sharply until a zero point when the electrons are completely reflected away from the surface. Within this sharp decrease, the bias voltage is equal to the energy of the electrons impinging on the surface. An example is shown in Figure 2.8 where a retarding potential is applied on a multilayer film of 14 ND3. In ideal conditions, a monochromatic beam is expected to appear precisely at the input energy but for certain conditions, this could be displaced and broadened. The shift is estimated by a sigmoidal fit whose center is taken as the mean energy. It is about ∆E ≅ 0.6 eV less than the input energy (Ei). This shift could be due to the difference in work functions of the substrate and the source and contact potentials in between. The spread, assumed to have a gaussian distribution, can also be estimated from the FWHM of the derivative of the fit, within the interval of the transition, corresponding to about δE ≅ 1.0 eV. The calculated thermal energy spread for the cathode is δE ≅ 0.5 eV [42] and could have been amplified by charging effects previously described.

Figure 2.8: Current traversing through the sample consisting of a 14 ND3 multilayer film on Au, as a function of applied negative surface potential. The plot of the current derivative is also shown to approximate the energy beam spread.

HREELS

The High-Resolution Electron Energy Loss Spectroscopy resembles Raman Spectroscopy but instead of infrared photons, HREELS utilizes low energy electrons (1-20 eV). Chemical groups on sample surfaces are identified based on their vibrational spectra derived from energy losses of electrons after scattering on the sample surface. In this technique, an electron beam with incident energy Ei is first focused on the sample surface. The beam makes a well-defined angle θi with the surface normal and electrons that are backscattered to an angle θf are then analyzed according to their energy Ef. The number of electrons detected is then measured as a function of their energy loss: Eloss = Ei -Ef.

Although the spectral resolution is large in comparison to other techniques, HREELS has several advantages especially for chemical characterization of surfaces. It is a relatively nondestructive due to the low electron dose required to perform analyses (I ~ 100 pA on the sample surface) and is extremely surface sensitive with a limit of detection of up to 0.01% of a monolayer [44]. The scans can also be done through a wide range of energy, typically from 0-1000 meV which is not possible in standard infrared techniques. This could allow the detection of vibrational modes and phonons occurring at the lower energy part of this spectrum as well as vibrational overtones and signals of multiple scattering occurring at the higher energy portion. It is possible to see almost all vibrational modes expected for the system due to several excitation mechanisms that can be triggered depending on the incident electron energy.

Inelastic Scattering Mechanisms

Inelastic scattering mechanisms can either occur through dipolar or impact excitation. In dipolar excitation, the electric field created by the incident electrons interacts with the dynamic dipoles from vibrations of chemical bonds or phonons inherent in the surface. In this case, infrared active modes are observed as resulting excitation transitions are governed by dipolar selection rules. Furthermore, the conducting substrate limits the detectable vibrations to those with dynamic dipole moments perpendicular to the surface due to image charge effects. Dipolar interactions are long-range (10 to 100 Å) and the probability of interaction decreases with the incident energy. Electrons stemming from this interaction are scattered within the vicinity of the specular direction (θi = θf) forming a narrow dipolar lobe. Fundamental losses are also favored over multiple losses. In impact excitation, on the other hand, the vibrational excitation relies on the direct scattering of incoming electrons by atomic potentials. It is a short-range interaction (1-10 Å) and the probability of interaction increases with the incident energy. The angular distribution is wide, and the selection rules are less restrictive than in dipolar interaction; hence, even infrared inactive modes may be observed. Multiple scattering is also apparent with this excitation mechanism. A particular type of inelastic scattering brought about by impact excitation is resonant scattering in which the electrons are temporarily captured via negative ion resonances or surface resonances. This occurs at a narrow energy range when the incident electron energy is resonant with temporarily populated energy states. Vibrational excitations by this scattering mechanism manifests in the enhancement of fundamental losses and corresponding overtones as a result of vibrational excitation through a lone inelastic scattering event (Figure 2.9) [45].

Spectrometer Components

The HREEL spectrometer consists of a double monochromator and a single analyzer, both consisting of 127° cylindrical condensers (model IB 500 by Omicron) [46]. The electron source for this spectrometer is a LaB6 cathode emitting electrons by thermionic emission at 1600 K (1.53 A). The electrons are then accelerated and selected through a series of monochromators to attain a single beam of spread δE ≤ 1.5 meV which is then focused on the sample using electrostatic lenses. Incident current on the sample is normally around 100 pA. Electrons backscattered from the sample are collected by another set of electrostatic lenses and a rotatable analyzer which directs the electrons to a channeltron detector. A scheme is shown below in 

Vibrational Spectra

Vibrational spectra of surfaces studied in this work were typically measured at low temperature (24-28 K); however, room temperature spectra were also obtained for example, in cleaned, annealed, or modified substrates. The measurements were done in specular geometry (θi = θf = 55°) with respect to the surface normal. Electron energy loss spectra were recorded at fixed incident electron energy (1-15 eV) with an overall resolution of 5-6 meV, measured as the full width at half maximum (FWHM) of the elastic peak Chapter 2: Experimental Set-Up and Analysis Techniques (Eloss = 0 meV). The number of detected electrons is measured as a function of the energy lost upon scattering. The spectra were measured over the extended range -15 ≤ Eloss ≤ 1200 meV as necessary and also, at different incident electron energies to observe possible spectral overtones.

Sample spectra are shown in Figure 2.11. The black line (b) shows the spectrum of a hydrogenated diamond surface. The phonon signal coming from the polycrystalline diamond layer can be seen an intense broad band at 150 meV with a corresponding double loss signal at 300 meV [47]. The sp 3 -CH stretch also appears in the spectra at the 360-370 meV regime. When a layer of benzylamine molecules is deposited on the surface, spectrum a is obtained showing both the vibrational modes associated with the substrate and the deposited molecule. The peaks characteristic of the substrate is attenuated by the introduction of the molecular layer whose own characteristic peaks already dominate the spectrum, illustrating the surface sensitivity of this technique. 

Temperature Programmed Desorption (TPD)

This technique is fundamentally thermal desorption probed by the QMS. It is mainly used to identify species that are adsorbed on sample surfaces and do not desorb during electron irradiation. In relation to this work, it has two main uses: (1) estimating the quantity of deposited material and (2) identifying species formed in irradiated samples from the residues especially those that are challenging to probe by HREELS due to sample charging.

In this technique, the sample is first oriented at a fixed distance directly in front of the QMS inlet. The sample is then heated at a constant rate (15-25 K/min) starting from the lowest temperature (~25 K) up until the multilayers are fully desorbed (around 250-400 K depending on the sample). The desorption profiles of the expected species are simultaneously monitored using the QMS. These profiles normally generate features of the monolayer and multilayer desorption [48], however, using our set-up, it was not always straightforward due to desorption from elsewhere between the sample and the cryostat as well as the sample vicinity which are not uniformly heated during the temperature ramp. This then led us to try different means in order to improve the dosing protocol in order to clearly identify peaks attributable to desorption from the sample.

Improvement of Dosing Procedure by TPD

In preliminary experiments, background deposition was first employed to create the layers due to easier control of sample thickness based only on the pressure inside the UHV chamber. In this case, the entire chamber is exposed to the gas and the deposited material can be quantified in terms of langmuirs (1 L is a 1 s exposure to 10 -6 torr of gas for a molecule with a sticking coefficient of 1). Given our set-up, this procedure however yields a complicated TPD spectrum. An example is shown in Figure 2.12a for background deposited 14 ND3 on Au. The multiple peaks plausibly arise due to heterogeneous heating of exposed parts of the set-up linked to the sample by conducting metal.

Deposition by a doser (described in Section 2.2) was then developed to remedy this. By dosing close to the sample surface and changing the nozzle geometry to match the exposed sample dimensions, the number of peaks was significantly reduced. A double peak is still observed in the TPD spectrum possibly due to desorption from the area just around the substrate which is also slightly exposed during the dosing (Figure 2.12b). This additional peak is then removed by completely removing the Au substrate and exposing directly the Cu sample holder surface. A cleaner TPD spectrum is then achieved as seen in Figure 2.12d with a clear desorption peak at around 110 K although a minute peak still appears at around 140 K. The additional peak at 140 K is most likely coming from the part above the sample. Another thermocouple placed in between the sample and the cryostat reads close to 100 K by the time the sample temperature reaches 140 K. Consequently, the latter deposition condition has since been applied to study the multilayer films of NH3 isotopologues. 

Estimating Film Thickness

Precise control of the quantity deposited is a persisting challenge but variations in sample thickness are minimized by keeping the deposition parameters the same (e.g. time of deposition, distance of the doser from the sample, etc.). To approximate the thickness, the integrated area of the peak corresponding to the full molecule desorption is compared with the area of the peak with the same desorption temperature range in the TPD spectrum of the layers deposited by background deposition. The intervals of comparison are shown as an example in Figure 2.12c (TPD spectrum of ~6 ML 14 ND3 deposited by background deposition on Cu) and Figure 2.12d (spectrum of deposited 14 ND3 multilayers by doser deposition). The additional peak at 150 K is probably of the same origin as proposed above for the 140 K peak of spectrum d. Nevertheless, it seems clear that the region between 70-120 K corresponds to the desorption from the sample surface. Comparing the intensities of the peak in this region, the doser-deposited multilayer intensity is almost twice that of the ~6 ML background-deposited film which renders the quantity of the former to ~12 ML. This takes 3 min of exposure and around 4000 cts/s of m/z 20 Da in the real-time RGA during deposition. This deposition condition was then kept constant for all the depositions of ND3 films. The same procedure was applied to the other isotopologues and isotopologue mixtures and the approximate thickness of the multilayers for all experiments thereafter is around 10 ± 5 ML, still well within the multilayer regime.

Theoretical Calculations

The Density Functional Theory (DFT) calculations were carried out to obtain a theoretical vibrational spectrum for the isolated benzylamine molecule necessary to aid in assigning vibrational modes to the peaks observed in the benzylamine HREEL spectra. The ADF 2013 code was implemented for this DFT calculation [49]. A B3LYP hybrid exchange correlation functional was used with a triple ζ+ polarization (TZ2P) basis set of Slater type orbitals. A dispersion correlation (DFT-D3-BJ) by Grimme was added to the total bonding energy, gradient, and second derivatives. The ground state equilibrium geometries of the molecules were optimized using 10 -3 Ha for energy and 10 -2 Å for bond length as convergence criteria leading to uncertainties of 0.5° on angles and 10 -3 Ha Å -1 on the energy gradient. Harmonic unscaled vibrational modes and infrared (IR) intensities were subsequently obtained from the optimized molecule. The resulting equilibrium geometry is asymmetric with respect to the phenyl ring plane 

Low-Energy Electron Induced Processes in Supported Benzylamine Films

Benzylamine is a molecule containing three functional groups which respond differently to varying electron irradiation energies -an aromatic ring, a methylene group, and an amine group (chemical structure in Figure 3.1). These three types of organic moieties have been studied under low-energy electron irradiation on different molecules. For instance, DEA has been observed for gaseous benzene at 8 and 9 eV [START_REF] Illenberger | Low Energy Electron Interaction with Molecules at Surfaces[END_REF] and in phenyl ringcontaining self-assembled monolayers (SAMs) of terphenylthiol (TPT) at 6 eV [START_REF] Amiaud | Low-energy electron induced resonant loss of aromaticity: consequences on cross-linking in terphenylthiol SAMs[END_REF]. On the other hand, in alkane-based SAMs containing a chain of methylene groups, production of H2 [START_REF] Rowntree | Electron Stimulated Desorption of H2 from Chemisorbed Molecular Monolayers[END_REF] and CxH2x+1 fragments [START_REF] Huels | Degradation of functionalized alkanethiolate monolayers by 0-18 eV electrons[END_REF] have been observed with a threshold at 7 eV showing destruction of the alkyl backbone. Lastly, amine fragmentation via DEA also occurs in gas phase at ~5 eV and ~7-9 eV which can shift depending on the type and number of substituents on the amine group [8], [START_REF] Ram | Dissociative Electron Attachment to Polyatomic Molecules-V: Formic Acid and Propyl Amine[END_REF]. One or few of these groups can be therefore activated by selecting the appropriate energy leading to more controlled synthesis and functionalization.

Benzylamine is a potent source of these C-or N-containing grafts such as benzyl, phenyl, and amine groups that can be introduced to semiconducting surfaces essential for the immobilization of biomolecules for sensing applications [START_REF] Härtl | Protein-modified nanocrystalline diamond thin films for biosensor applications[END_REF]. But before moving into specific applications, the energy-dependent electron-induced processes on deposited benzylamine should be profiled. In this Chapter, the electron-induced processes in condensed benzylamine will be first discussed as experimentally identified from electron irradiation experiments characterized using ESD and HREELS. Electron energies within the energy window of reactivity were then selected to functionalize hydrogenated diamond substrates.

Some of these processes, especially the thresholds for excitation and ionization, can be anticipated from gas and condensed phase spectrometric data. The optically allowed electronic excitation (Eexc) was experimentally determined at 4.4-4.8 eV for benzylamine [START_REF] Tournon | Intramolecular Charge-Transfer Interactions in Benzyl Derivatives[END_REF]. This value was also evident from the UV absorption spectra we obtained for liquid benzylamine in various solvents [START_REF] Gall | Etudes spectroscopiques d'un compose d'intérêt en chimie des surfaces: la benzylamine[END_REF]. The vertical photoionization threshold EIP was reported to be around ~8.6 eV, while the threshold for vertical dissociative photoionization was deduced from the appearance energy of the cation C6H5CHNH2 + (m/z = 106) observed Chapter 3: Low-Energy Electron Induced Processes in Supported Benzylamine Films at 9.14 eV [START_REF] Xie | Determination of absolute photoionization cross-sections of nitrogenous compounds[END_REF]. Calculated vertical ionization potential obtained from DFT simulations was 8.45 eV which is not far from the observed threshold.

HREELS Characterization of Benzylamine Ice

This section highlights the vibrational characterization of benzylamine multilayers particularly the identification of peaks corresponding to the different functional groups. Their behavior at different probing energies will also be discussed in search for resonances or perturbations that influence the reactivity of benzylamine. Knowledge of the vibrational signature of the molecule enables us to better analyze post-irradiation spectra and describe the chemical changes undergone by the film.

Vibrational Mode Attributions

Deposition of a multilayer of benzylamine (~5-6 ML) was done on a gold substrate using the procedure described in Chapter 2. HREEL spectra were then obtained and peaks pertaining to various vibrational modes of condensed benzylamine were identified. To propose attributions for well-defined peaks, we compared the different vibrational spectra obtained from literature and this work: (a) DFT simulations: A simulated harmonic IR spectrum of the isolated molecule using DFT obtained from this work is presented in Figure 3.2 (top panel) The intensities for each vibrational mode are calculated by the ADF software and a Lorentzian function is fitted with full width at half maximum (FWHM) fixed at 50 cm -1 to simulate typical HREELS resolution of around 6 meV. Videos of the vibrational modes are then automatically generated and extracted to reinforce the attributions and to check for coupled motions. Other parameters are discussed in Chapter 2. A DFT simulated IR spectrum obtained in literature for the most stable configuration (C1) is also presented in the same graph [START_REF] Melikova | Influence of hydrogen bonding on the conformation of ortho-aminomethylphenol[END_REF]. Overall, the vibrational modes and attributions match well for both spectra. (b) Liquid Phase vibrational spectra: The ATR-IR spectrum for liquid benzylamine from this work (Figure 3.2, middle panel) compared to the transmission IR spectrum of benzylamine from the US National Institute of Standards and Technology (NIST) Database [START_REF]Benzylamine[END_REF]. As seen in the figure, our obtained spectrum agrees with the transmission IR spectrum from NIST. The gradual decrease in intensity with wavenumber in the ATR-IR spectrum is because of reduced pathlength at higher wavenumbers [START_REF] Averett | Effective Path Length in Attenuated Total Reflection Spectroscopy[END_REF]. The attributions proposed in literature for the Raman and IR spectra of liquid benzylamine [START_REF] Leysen | Study of the infra-red spectra of a-substituted benzylamines[END_REF], [START_REF] Brittain | Vibrational Spectroscopic Studies of Cocrystals and Salts. 2. The Benzylamine-Benzoic Acid System[END_REF] (resembling the NIST spectrum) are presented in Table 3.1. (c) HREEL spectrum: Figure 3.2 (bottom panel) shows the HREEL spectrum taken at 3 eV for a benzylamine multilayer film at 28 K. The probing energy of 3 eV was the lowest attainable energy for this system below which, charging effects already obscure the spectrum. At low energies, dipolar mechanism prevails over impact mechanisms, favoring IR active modes (Chapter 2, Section 2 2.4). Indeed, the peak positions and relative intensities are close to the ones observed in liquid phase IR except for the peak at 379 meV which now towers over the 362 meV peak. The peak at 379 meV is identified to be from CH bond stretching modes, v(CH)ph, of the ring. This mode is shifted compared to the simulated harmonic IR spectrum of the isolated molecule due to the anharmonicity of the mode and is more intense than the neighboring 362 meV peak as impact excitation already begins to manifest even at 3 eV. The orientation/organization of the molecules in the film may also affect the intensity due to surface selection rules that favor modes that are perpendicular to the surface, but this was not explored in this work. Details on the behavior of this vibrational mode shall be discussed in the following sections.

Other peaks corresponding to the phenyl ring can be identified in the lower energy regime.

The aromatic stretching modes v(C=C), appearing at 199 meV is also prominent but has contributions from the δs(NH2) scissoring mode and the coupled vibration of both. Bending modes associated with the phenyl ring such as δ(CH)ph, γ(CH)ph, and δph have contributions that are difficult to separate from the methylene and amine-associated modes from 109 to 181 meV. The most intense peak at 91 meV, however, can be mostly attributed to the out-of-plane CH bending modes γ(CH)ph of the phenyl ring and out-of-plane deformation γph of the ring.

The methylene group is mainly characterized by v(CH2)sp3 at 362 meV. The peak at 181 meV is known for the CH2 scissoring mode but in the case of benzylamine, the δ(CH)ph in-plane phenyl CH bending mode is also contributing at this energy loss together with v(C=C) stretching of the CC bonds in the ring. For the amine function, the peak corresponding to v(NH2) modes appear in the 408-416 meV range, significantly broadened and red-shifted compared to the v(NH2) modes of the isolated molecule due to hydrogen bonding. Typically, for primary amines in liquid phase, 3 peaks are observed in this region corresponding to the asymmetric and symmetric v(NH2) stretching at 407 and 418 eV with a fermi resonance of the NH2 scissoring mode at 394 meV which are all contributing at the 408-416 meV peak in the HREEL spectrum. Simulations predict the v(NH2) signal to be a faint signal in gas phase and it has also been observed to be the case experimentally in HREELS studies of condensed amine systems [START_REF] Hamann | Functionalization of a Self-Assembled Monolayer Driven by Low-Energy Electron Exposure[END_REF]. It is seldom difficult to probe amine functions due to this inherent weak signal. The scissoring mode δs(NH2) which contribute at 199 meV (together with v(C=C) or a coupled vibration of both) could nonetheless help in probing changes associated with the amine function.

Although for the most part below 200 meV various modes are mixed and coupled and thus complicate the attributions, certain peaks can still be identified to be distinct contributions of the three different functional groups of benzylamine as discussed above. These peaks were paid close attention when describing chemical changes undergone by the film and, in functionalization experiments, probing fragments from the molecule that are subsequently grafted on the substrate.

Table 3.1. Main loss peaks observed in the HREEL spectrum of benzylamine multilayers on Au and the ATR-IR spectrum of liquid benzylamine (Figure 3.2). A list of proposed attributions found in literature for IR and Raman spectra of liquid benzylamine [START_REF] Leysen | Study of the infra-red spectra of a-substituted benzylamines[END_REF], [START_REF] Brittain | Vibrational Spectroscopic Studies of Cocrystals and Salts. 2. The Benzylamine-Benzoic Acid System[END_REF] is shown. Theoretical harmonic vibrational frequencies from DFT simulations of the isolated molecule from literature [START_REF] Melikova | Influence of hydrogen bonding on the conformation of ortho-aminomethylphenol[END_REF] and from this work are also marked to supplement peak attributions especially those that are beyond the range of experimental spectra in literature. The attributions from the simulations are matched within ± 6 meV of the peaks observed in HREELS and ATR-IR. Chapter 3: Low-Energy Electron Induced Processes in Supported Benzylamine Films

Anharmonic Effective Oscillator for the v(CH)ph Stretching Mode

As observed in Figure 3.2, the peak shifts are in good agreement looking at the simulated spectrum of the isolated molecule and HREEL spectrum of the multilayer film but are particularly displaced for certain peaks. The case of ν(CH)ph modes at 395 meV in the simulated spectrum shifted to 379 meV in the HREEL spectrum is the most notable. This is attributed to inherent anharmonicity of the considered mode. This peak is composed of the contributions from five vibrational modes associated with the CH stretch of the phenyl ring.

Following the procedure validated on aromatic SAMs [START_REF] Houplin | A combined DFT/HREELS study of the vibrational modes of terphenylthiol SAMs[END_REF], a single effective anharmonic oscillator is assumed to represent the experimental behavior. The vibrational term associated to this mode can be expressed in the 2 nd order approximation as:

𝐺(𝑣) = 𝜔 𝑒 (𝑣 + 1 2 ) -𝜔 𝑒 𝜒 𝑒 (𝑣 + 1 2 ) 2
The term ωe is the harmonic vibrational constant and ωeχe is the second order vibrational anharmonic constant while v is the vibrational quantum number. The energies of the fundamental transition Δv=1 (v=1 ← v=0), the first overtone Δv=2 (v=2 ← v=0), and the second overtone Δv=3 (v=3 ← v=0), can be expressed and subsequently calculated as:

𝜎 ∆𝑣=1 = 𝜎 1←0 = 𝐺(1) -𝐺(0) = 𝜔 𝑒 -2𝜔 𝑒 𝜒 𝑒 𝜎 ∆𝑣=2 = 𝜎 2←0 = 𝐺(2) -𝐺(0) = 2𝜔 𝑒 -6𝜔 𝑒 𝜒 𝑒 𝜎 ∆𝑣=3 = 𝜎 3←0 = 𝐺(3) -𝐺(0) = 3𝜔 𝑒 -12𝜔 𝑒 𝜒 𝑒
The scanning of the spectra was extended to 1200 meV to observe these overtones (Figure 3.3a). In the region within 700-840 meV, two losses can be resolved which both vary in intensity depending on the probing energy. The lower energy feature at 740 meV is due to the first overtone excitation of νCHph (∆v=2). The higher energy feature at 758 meV, on the other hand, is due to a twofold inelastic scattering process 2x∆v=1 (described in Section 2.4). The second overtone excitation (∆v=3) can be observed in the region around 1000-1200 meV. Given the signal to noise ratio of the spectra the losses in this region are obscured. Nonetheless, at 10 eV for example, the signal can still be distinguished as a bump at around 1089 meV.

The Birge-Sponer method can then be employed to deduce the spectroscopic characteristics of the model 1D anharmonic oscillator [START_REF] Atkins | Physical Chemistry[END_REF]. The energy difference between two successive vibrational transition can be expressed as a linear function with respect to the vibrational quantum number (v), with ωe and ωeχe immediately obtained from the linear constants:

𝜎 𝑣←0 -𝜎 𝑣-1←0 = 𝐺(𝑣) -𝐺(𝑣 -1) = 𝜔 𝑒 -2𝜔 𝑒 𝜒 𝑒 𝑣
The losses corresponding to the first three transitions visible from the extended HREEL spectra were used to trace the Birge-Sponer plot Figure 3.3b. The linear fit results in the following vibrational constants: ωe = 395.0 ± 0.4 meV, ωeχe = 8.2 ± 0.2 meV in remarkable accordance with the v(CH)ph (395 meV) in the DFT simulated vibrational spectrum of the isolated molecule. A 1D Morse potential curve, which illustrates the observed anharmonicity, was constructed using the values calculated for the vibrational constants 3 and is plotted in Figure 3.3c.

The characteristics of the oscillator are as expected, comparable to those reported for aromatic νCHph of the benzylamine polymer (ωe = 390 meV, ωeχe = 7.2 meV) [START_REF] Punnakkal | Overtone spectrum of polybenzylamine -analysis using local mode model[END_REF], TPT SAMS (ωe = 395 meV, ωeχe = 8.2 ± 0.3 meV) [START_REF] Houplin | A combined DFT/HREELS study of the vibrational modes of terphenylthiol SAMs[END_REF] and the isolated benzene molecule (ωeχe = 58.5 cm -1 = 7.25 meV) [START_REF] Rashev | On the Empirical Determination of Some Harmonic and Anharmonic Force Constants in Benzene[END_REF]. This illustrates that intermolecular forces among benzylamine molecules in the condensed film do not perturb significantly the CH bonds of the phenyl ring.

The pronounced overtone excitations for νCHph modes made possible the thorough analysis of this anharmonic oscillator. The resonant mechanisms under electron impact responsible for the expression of these overtones are indeed evident for this mode when we compared the spectra taken at different probing energies. The following section will further expound on this resonant behavior. 3 A Morse 1D potential curve modeling the anharmonicity can be plotted using the following equation:

𝑉(𝑅) = 𝐷 𝑒 (1 -𝑒 -𝛽(𝑅-𝑅 𝑒 ) ) 2
The bond dissociation energy (De) and the β parameter can be approximated from the vibrational constants derived from the Birge-Sponer plot:

𝐷 𝑒 ≅ 𝜔 𝑒 2 4𝜔 𝑒 𝜒 𝑒 ≅ 𝟒. 𝟖 ± 𝟎. 𝟏 𝒆𝑽 𝛽 = √ 8𝜋 2 𝑐µ 𝐶𝐻 𝜔 𝑒 𝜒 𝑒 ℎ = 𝟏. 𝟗𝟏 ± 𝟎. 𝟎𝟓 Å -𝟏
The derived De is close to the experimental value obtained in literature for the C-H bond in benzene (~4.8 ± 0.2 eV) [START_REF] Blanksby | Bond Dissociation Energies of Organic Molecules[END_REF]. The equilibrium bond length (Re = 1.09 Å) was taken from the optimized geometry of isolated benzylamine using DFT simulations described in Chapter 2, Section 2.6. 

Vibrational Excitation Functions

The vibrational excitation mechanisms initiated by electron impact interaction with the surface occur via dipolar or impact mechanism. Both have contributions in the observed peak intensities depending on scattering geometry and incident energy. The dipolar mechanism decreases in probability with electron energy while impact mechanisms typically increase. A special type of impact scattering mechanism called resonant scattering also occurs in certain energy windows suggesting the temporary capture of the incident electron to occupy an empty low-lying orbital. We therefore probed the film to observe the evolution of peak intensities with electron energy to identify these mechanisms especially resonant scattering which could have strong consequences in the reactivity of the molecule.

As briefly mentioned in the previous section, we observed manifestations of resonant behavior from extended HREEL spectra when multiple losses and overtone excitations appear especially those involving v(CH)ph. Shown in Figure 3.4 is the spectrum acquired for benzylamine at 10 eV, the probing energy where these effects have been most pronounced especially for the losses and overtones associated with the intense 379 meV peak attributed to the v(CH)ph modes. Overtone transitions, Δv = 2 and Δv = 3, can be seen at 740 and 1089 meV, respectively with the former having a contribution at 758 meV coming from the successive excitation of two v(CH)ph modes (2xΔv = 1) from different molecules. This strong resonant excitation also amplifies signals for multiple and/or combination losses. The shape of the peaks between 60-220 meV are replicated well at the 440-600 meV range. This comes from multiple and/or combined scattering events involving the v(CH)ph modes and any of the modes between 60-220 meV from the same electron. As these modes involve the v(CH)ph mode, the observed resonance will also amplify the signal associated with multiple loss events and overtone excitations. This effect can be clearly seen when the intensity of the 379 meV peak from each HREEL spectra taken at different energies is plotted with respect to probing energy (Figure 3.5). These plots are called vibrational excitation functions (VEF). The trends in VEF of the different vibrational modes when compared to the elastic peak trend give insights on the vibrational excitation mechanisms under electron impact (Chapter 2 Section 2.4). The intensity evolution of the v(CH)ph mode deviates strongly from the elastic peak trend as it increases with electron energy with a peak at 10 eV. This behavior is strongly related to resonant impact scattering which predominates over the dipolar contribution for the v(CH)ph mode. The observed enhancement of this peak in the HREEL spectrum compared to the simulated vibrational spectrum for isolated molecule and liquid phase IR spectrum is consistent with this behavior. The intensity of the overtone excitations at 740 meV (Δv=2) was also plotted in Figure 3.5 resulting in a trend that follows the excitation function of the 379 meV. Both peaks are centered to 10 eV when fitted with a Lorentzian function with an estimated resonance width of ~4 eV, close to the width of electron attachment resonances observed in aromatic systems [START_REF] Houplin | DOS and electron attachment effects in the electron-induced vibrational excitation of terphenylthiol SAMs[END_REF].

The same procedure can be applied to other resolvable vibrational modes. Representative peaks are plotted in Figure 3.5. The vibrational modes identified and resolved between 49-199 meV follow the elastic peak trend. The signal at 91 meV distinct to γ(CH)ph/γph modes is shown in Figure 3.5 (top center) to illustrate this effect. The intensities exhibit global decrease in intensity with electron energy following the elastic peak trend with local maxima at 6 and 10 eV related to regions of high reflectivity. The contribution from dipolar excitation mechanism is therefore the more dominant mechanism for this mode but is modulated by the surface reflectivity resulting in the observed maxima [START_REF] Houplin | DOS and electron attachment effects in the electron-induced vibrational excitation of terphenylthiol SAMs[END_REF], [START_REF] Amiaud | Low-energy electron scattering on deuterated nanocrystalline diamond films-a model system for understanding the interplay between density-ofstates, excitation mechanisms and surface versus lattice contributions[END_REF].

For the methylene group, the shoulder at 362 meV (not shown) is distinctly attributed to v(CH)sp3 mode but its intensity is heavily influenced by the strong 379 meV peak. We can however observe the peak at 181 meV corresponding to the CH2 scissoring mode although it is to be noted that δ(CH)ph modes from the phenyl ring also contribute in this loss. The trend also follows the elastic peak spectrum showing that dipolar mechanism is more dominant for these modes.

Finally, the v(NH2) peak is well isolated at 413 meV also with its own distinct trend, following a bell shape starting at 4 eV with a center at around 9 eV when fitted with a Lorentzian function of an estimated width of 2 eV. This also suggests a resonant scattering mechanism at 9 eV involving the amine group. A possible resonance mechanism could also be occurring below 4 eV.

In principle, by identifying these mechanisms especially the resonances, it is possible to select energies where reactive behaviors could occur. It will also help preempt and evaluate charging effects at different energies especially in regions where resonant electron attachment resonances are observed.

Low-Energy Electron Processing of Condensed Benzylamine Multilayers

Low energy electron processing of benzylamine films was first done to determine its reactivity in response to varying electron energies. A desorbing fraction of neutral species during electron irradiation was analyzed by ESD. The yield of these species as a function of electron incident energy bring insights into the processes involved such as DEA, ND, and DI which are directly induced and at the same time, subsequent reactions in the condensed film that lead to the formation of stable molecules. The film residue was also scanned by HREELS to detect new species that form and remain trapped in the film after irradiation.

Energy-Dependent Formation of Neutral Species

ESD experiments were done on a ~5-6 ML-thick benzylamine film deposited on gold substrate. Electron-induced fragmentation and synthesis of new molecules were observed by monitoring fragments associated with benzylamine following the most intense peaks in the fragmentation pattern of benzylamine obtained from NIST [START_REF]Benzylamine[END_REF] and from residual gas analysis of benzylamine dosed into the UHV set-up. As electrons (70 eV) are used to ionize the molecules in the QMS head to generate the mass spectra, the resulting fragments could be representative of the products of direct electron bombardment of the molecule. In condensed phase, however, reactive neutral fragments may encounter and react with one another; hence, yields of species like N2 were also measured as they are indicators of intermolecular reactions. ESD was performed at 140 K above the expected desorption temperature of the lighter fragments. This also alleviates charging effects caused by accumulation of charged species in the film. Shown therefore in Figure 3.6 are the ESD profiles of fragments that are identified to be representative of the different functional groups and whose signals rise well above background levels. A threshold at around 5-6 eV is seen for desorbed species of m/z 16 Da which could correspond to neutral CH4 or NH2 radical. This threshold is also apparent in the ESD of m/z 91 Da which corresponds to the benzyl radical (C6H5-CH2) after loss of the NH2 fragment following the breaking of the CN bond in benzylamine. For m/z 28 Da and 77 Da, the thresholds appear earlier at around 4-5 eV from rough extrapolation. Between 4-11 eV, it appears that the dominating process is neutral dissociation following electronic excitation. The process begins close to the expected excitation threshold for benzylamine (4.4-4.8 eV) [START_REF] Tournon | Intramolecular Charge-Transfer Interactions in Benzyl Derivatives[END_REF] and increases in intensity with electron energy. The trend changes at around 12-13 eV where the increasing probability of ionization begins to influence the production of the neutral species as it is already above the ionization threshold [START_REF] Xie | Determination of absolute photoionization cross-sections of nitrogenous compounds[END_REF]. Both neutral dissociation and dissociative ionization could be contributing in this regime. Below the excitation threshold, a resonant structure is observed at 2.5 eV for m/z 28 Da which is most likely due to N2 production and m/z 77 Da attributed to C6H5. This indicates an intermolecular reaction of neighboring benzylamine molecules in condensed phase. It begins with the attachment of an electron to a low-lying state of benzylamine to form a transient benzylamine anion which decays by dissociation (Section 1.2). This could probably lead to the rupture of the CN bond, the weakest bond identified within the molecule [START_REF] Carson | The enthalpy of formation of benzylamine[END_REF], [START_REF] Szwarc | The dissociation energy of the C-N bond in benzylamine[END_REF] Chapter 3: Low-Energy Electron Induced Processes in Supported Benzylamine Films to form a stable carbanion [C6H5CH2] -and the NH2 radical. 4 Since the resonance is not evident in the ESD, this radical must have immediately reacted. This is probable in hydrogenbonded benzylamine in condensed phase because the NH2 moieties are in proximity. A system with a network of NH hydrogen bonds (NH3 films) was also studied (Chapter 4) and production of N2 was observed possibly through NH2 recombination. In literature the production of N2 by recombination of NH2 radicals was also proposed through intermediates such as N2H4 [START_REF] Parent | The irradiation of ammonia ice studied by near edge x-ray absorption spectroscopy[END_REF], [START_REF] Zheng | Formation of Nitrogen and Hydrogen-bearing Molecules in Solid Ammonia and Implications for Solar System and Interstellar Ices[END_REF].

[C6H5CH2] -may react further to form a benzene-containing compound whose cracking in the QMS head space could contribute to the m/z 77 Da (C6H5) signal. Gas phase experiments can give insights into whether this resonance occurs in a single molecule or in dimeric/catameric form [START_REF] Allan | Electron Collisions with Formic Acid Monomer and Dimer[END_REF] C6H5CH2NH2 + e -(2.5 eV)

→ [C6H5CH2NH2] #-→ [C6H5CH2] -+ NH2 NH2 + NH2 → N2 + 2H2 NH2 + NH2 → N2H4 → N2 + 2H2 [75],[76]

N2 Formation Observed by HREELS

Complementary to ESD, HREELS was used to probe surfaces for signs of new products formed after irradiation of benzylamine films as some species remain trapped in the film especially at low temperature. To carry out these experiments, a thick layer of benzylamine (5-6 ML) is deposited on a gold substrate and the ice is subsequently irradiated at 28 K with low energy electrons of desired energy. From the ESD spectra (Figure 3.6), several electron energies show interesting results particularly, 2 eV (the region of the resonance peak for N2), 4.5 eV (close to the post-resonance threshold of N2 formation), 6 eV (close to the threshold of m/z 16 Da desorption), and at 11 eV (above the ionization threshold). We selected the electron energy for irradiation accordingly at comparable doses (~1.8 x10 15 electrons).

The results are shown in Figure 3.7. Notably, a well-isolated peak at 289 meV, previously absent in the pristine benzylamine vibrational spectrum, appears on some of the spectra. This peak matches the reported energy loss attributed to νN2 from condensed N2 [START_REF] Jacobi | Physisorption of N2 and CO on Al(111): a combined HREELS-UPS Investigation[END_REF]. The peak is faint, which may hint on the quantity produced, but also because N2 in general is difficult to detect. Being a homonuclear molecule, it is expected to be IR inactive. Moreover, being light and non-polar, it can readily desorb considering the lowest working temperature for the experiment. The minimum temperature achievable on the sample stage using our set-up is within 25-28 K which is close to the desorption temperature of N2 (Tat max = 30 K according to our TPD measurements) (Section 4.4.3.1). Nonetheless, probing several regions of the irradiated ice allows us to capture a part of the N2 trapped on the surface.

Being trapped in a condensed film of benzylamine, there could be several intermolecular interactions that distort the N2 symmetry amplified by the restricted motion in the cold solid. Furthermore, annealing to 40 K also led to the removal of the peak supporting its attribution to physisorbed N2 (Figure 3.8).

As seen in Figure 3.7, the HREELS results correlate with the previously observed ESD profile showing N2 formation at 2, 6, and 11 eV with a dip at around 4.5 eV. The evolution of its relative intensity compared to the benzylamine peaks also matches remarkably with the expected ESD yield except for the 11-eV irradiation. This may have been attenuated by excessive charging although this could have been affected also by the smaller dose applied as compared to the irradiation done at 2-6 eV.

The vibrational spectrum of benzylamine is still evident for post-irradiated films only changing in global intensity and signal-to-noise ratio due to charging effects. Expected high mass fragments such as phenyl, benzyl, and amine radicals are difficult to isolate from the spectra of irradiated samples. Their characteristic peak shifts are either too faint or are situated close to the peak shifts of corresponding vibrational modes of benzylamine and minute displacements are below the resolution of the obtained HREEL spectra. 

Summary of Electron-Induced Processes in Condensed Benzylamine

Based on the results pooled from ESD and HREELS, we can construct an energy map of the processes observed noting also expected thresholds for processes like electronic excitation and ionization in gas phase, which correlate with observed thresholds to produce neutral species like N2 from irradiated benzylamine in condensed phase. Their relative probabilities are expressed in Figure 3.9 in varying intensity gradients. This is useful to visualize processes induced at specific energies yielding different products and to be able to select certain energy windows where distinct processes dominate and to a certain extent, be used to control the electron-induced modification or activation of the film for various applications.

Three processes were identified during electron processing of benzylamine films: DEA at 2.5 eV which led to the production of N2 through an intermolecular reaction, neutral dissociation following electronic excitation with a threshold at 4-6 eV and dissociative ionization which starts to influence the production of neutral species from 12 eV (ionization threshold ~9 eV) together with increasing probability of neutral dissociation. From the profile, 3 energies can be selected for possible application: at 2.5 eV where a resonant process is observed, at 9 eV where neutral dissociation is the dominant process and at 11 eV with both neutral dissociation and ionization contributing. These energies were then tested on hydrogenated diamond for possible functionalization. 

Functionalization of Hydrogenated Diamond

Functionalization using electron-induced processes on molecular films deposited on inert substrates at cryogenic temperature have been already demonstrated previously in our group using acetonitrile (CH3CN) and hydrogenated diamond [START_REF] Lafosse | Electron induced functionalization of diamond by small organic groups[END_REF]. Hydrogenated diamond is a substrate of choice for biological sensors and molecular electronics due to its enhanced surface conductivity and negative electron affinity [START_REF] Laikhtman | Interaction of water vapor with bare and hydrogenated diamond film surfaces[END_REF] and priming the surface with small and easily modifiable functional groups bearing amines or sp/sp 2 -C is a good starting point for the immobilization of more complex biomolecules. In this section, we discuss how the reactivity observed in benzylamine films can be utilized for functionalization of surfaces like hydrogenated diamond. The core of the results is presented in the form of a manuscript found in the annex of articles at the end of this dissertation. Some specific points are further explained in this section.

Article on Grafting sp 2 -C Groups on the Surface of Hydrogenated Diamond Using Low-Energy Electrons and Benzylamine

This article presents the results of hydrogenated-diamond functionalization using lowenergy electron irradiation with a film of benzylamine deposited on the surface (See annex of articles at the end of the dissertation). The irradiations at 9 and 11 eV led to the grafting of sp 2 -C groups and were observed using HREELS. Irradiation at 2.5 eV was also performed but did not lead to any grafting process. The effective cross section of the grafting at 11 eV was then estimated (in a single exposure) from the variation of v(CH)sp2 signals taking

Chapter 3: Low-Energy Electron Induced Processes in Supported Benzylamine Films advantage of the electron beam profile. Neutral dissociation forming benzyl radicals is proposed to be the main contributing mechanism for this process.

Proposed Mechanisms by Bond Enthalpies

Comparison of net bond dissociation enthalpies was done to determine the most thermodynamically favorable products after low-energy electron processing of the precursor film. Plausible stable products were considered following recombination of neutral fragments produced through homolytic dissociations of the single covalent bonds without significant molecular rearrangement. Two possibilities are illustrated in Figure 3.10 concerning grafting of benzyl and phenyl moieties on the surface of hydrogenated diamond. The following bond energies obtained from literature were used to calculated the enthalpy change for the reaction leading to the formation of benzyl grafts (Figure 3.10a): El(C6H5CH2-NH2) = 3.1 ± 0.1 eV [START_REF] Blanksby | Bond Dissociation Energies of Organic Molecules[END_REF], [START_REF] Carson | The enthalpy of formation of benzylamine[END_REF], [START_REF] Szwarc | The dissociation energy of the C-N bond in benzylamine[END_REF], [START_REF] Dean | Lange's Handbook of Chemistry[END_REF]; El(Csubst-H) = 4.2 ± 0.1 eV [START_REF] Blanksby | Bond Dissociation Energies of Organic Molecules[END_REF], [START_REF] Okuyama | Overtones of the C-H stretch vibrations on C(001)(2×1)-H[END_REF] ; El(Csubst-CH2C6H5) = 3.3 ± 0.1 eV [START_REF] Blanksby | Bond Dissociation Energies of Organic Molecules[END_REF] ; El(NH2-H) = 4.7 ± 0.1 eV. [START_REF] Carson | The enthalpy of formation of benzylamine[END_REF], [START_REF] Dean | Lange's Handbook of Chemistry[END_REF], [START_REF] Leach | VUV Photodissociation of ammonia : a dispersed fluorescence excitation spectral study[END_REF]. The net energy release is 0.7 eV making the process exothermic and energetically favorable. The process resulting in the grafting of a phenyl group, on the other hand, cannot be entirely ruled out.

A slightly endothermic (almost athermic) reaction occurs with a gain of 0.1 eV calculated using the values also obtained in literature for the bond dissociation energies of the bonds involved: El(C6H5-CH2NH2) = 4.1 ± 0.1 eV [START_REF] Catanzarite | Dissociation of benzylamine ions following infrared multiple photon absorption, electron impact ionization, and UV multiphoton ionization[END_REF]; El(Csubst-H) = 4.2 ± 0.1 eV [START_REF] Blanksby | Bond Dissociation Energies of Organic Molecules[END_REF], [START_REF] Okuyama | Overtones of the C-H stretch vibrations on C(001)(2×1)-H[END_REF]; El(C6H5-Diam) = 4.3 ± 0.1 eV [START_REF] Blanksby | Bond Dissociation Energies of Organic Molecules[END_REF]; El(H-CH2NH2) = 4.1 ± 0.1 eV [START_REF] Wayner | C-H Bond Dissociation Energies of Alkyl Amines: Radical Structures and Stabilization Energies[END_REF].

Cross-Check Experiments on Substrate Activation Effects

As already discussed in the article, at 11 eV irradiation of benzylamine deposited on hydrogenated diamond, substrate effects were expected to be of minimal contribution because it is already close to the trough of the DEA curve of H -production from the hydrogenated diamond substrate [START_REF] Azria | Dissociative electron attachment in H-electron stimulated desorption from hydrogenated diamond surfaces[END_REF]. This was confirmed further by several experiments. Substrate sensitivity to low-energy electron was first tested by irradiating the diamond substrate at 11 eV. The resulting spectrum did not change significantly from the unirradiated substrate (Figure 3.11) showing that the irradiation did not cause significant chemical alterations on the surface. Chapter 3: Low-Energy Electron Induced Processes in Supported Benzylamine Films Although the surface is preserved, dangling radicals or reactive species (having sp 3 -C) could still be present on the surface following the possible H -production. Their presence on the surface is difficult to confirm directly with HREELS; however, their effect on the functionalization observed at 11 eV could be detected (if they were indeed present). To test this, another substrate was irradiated and then deposited with a monolayer of benzylamine.

The system was then annealed to 400 K to remove physisorbed species. The spectrum changed marginally as seen in Figure 3.12. This shows that the process at 11 eV is dominated by the electron-induced fragmentation in the film and that substrate activation has no major contribution. Benzylamine (~1 L) was then deposited, allowed to stay for at least 30 minutes and then subsequently annealed to 400 K to desorb weakly bound species (a, violet curve). The elastic peak intensities are within ~2.0-2.3 x 10 4 cts/s, with 5-

meV FWHM.

There is also a question of whether the processes either in the film or the substrate are thermally activated as annealing is involved to complete the treatment. Another cross-check experiment was therefore performed to address this by simply depositing benzylamine on hydrogenated diamond, leaving the film on the substrate with the same duration as the irradiation procedure for the functionalized substrates (~30 min) and then finally desorbing the film by annealing up to 360 K. The procedure was repeated on the same substrate with the annealing temperature increased to 470 K. Some residual benzylamine may be present as a minute bump on the νCHsp2 can be distinguished from the spectrum after treatment but overall, the spectrum did not change significantly showing that the annealing process alone does not have considerable effects in the functionalization process at 11 eV (Figure 3.13). 

Phenyl Ring Grafting

Enhancements in peak intensity corresponding to the vibrational modes of the phenyl ring or benzyl group were also evident when the difference between the irradiated and unirradiated spectra is taken. Compared to the HREEL spectrum of condensed benzene obtained in literature [START_REF] Göötz | High-resolution electron-energy-loss spectroscopy of molecular multilayer film growth and properties[END_REF], there is a good match with the subtracted spectrum in terms of the peak intensity gained after irradiation (Figure 3.14). There is a noticeable dip in the vCHsp3 at around 351-365 meV in the subtracted spectrum which could mean that some CHsp3 sites of diamond were converted or concealed by dangling phenyl groups after treatment. This is also consistent with the losses at 120 and 154 meV corresponding to the δ(CHx) and lattice phonons, respectively, which are obviously stronger in the exposed substrate. It is however difficult to confirm from this data treatment whether the dangling group is pure phenyl or benzyl in form or a mixture of both as quantification of vCHsp3 intensities (from the substrate and possible benzyl/alkyl grafts) in relation to the grafted vCHsp2 will yield at best, tentative results. Nevertheless, the comparison supports the dominance of the benzene ring in the grafts more than aliphatic alkenes. 

Conclusion

Electron-induced processing of benzylamine was done and its energy-dependent reactive behavior was observed and described. Notably, a DEA process occurs at 2.5 eV which leads to the production of phenyl-containing fragments and N2. This suggests intermolecular reaction resulting from the fragmentation of a couple of molecules within the condensed film. Electronic excitation then begins to occur at ~5 eV leading to the production of neutral species including N2. At ~9 eV, electron impact ionization starts but only begins to influence the desorption profile of neutral species production at ~12 eV (threshold for dissociative ionization).

This reactivity was then tested to functionalize hydrogenated diamond substrates. A monolayer of benzylamine was deposited on the substrate and was irradiated at 2.5, 9, and 11 eV. Only the 9 and 11 eV irradiations were effective in functionalizing the substrate by introducing sp 2 -C groups as confirmed by HREELS measurements. The process at 11 eV was more efficient and the effective cross section was estimated from the variation of the sp 2 -C signal in the sample map with the beam profile. The cross section was estimated to be ~8 x 10 -17 cm 2 . This can now be added to the database of electron-induced processes in benzylamine (Figure 3.15). Chapter 4 4.

Low-Energy Electron Processing of NH3 Multilayer Films

In the life cycle of nitrogen in interstellar media, the formation of hydrides is attributed to the hydrogenation of trapped nitrogen. One of these hydrides is ammonia (NH3) which has been detected to occur abundantly in ice mantles within molecular clouds reaching up to ~15% of H2O in certain regions [START_REF] Jones | The 3 μm ice band in Taurus: implications for interstellar chemistry[END_REF]. Predictions based solely on this current model of the nitrogen life cycle cannot account for the observed abundance of NH3 especially in high-mass protostars [START_REF] Brown | Chemical models of interstellar gas-grain processes. I-Modelling and the effect of accretion on gas abundances and mantle composition in dense clouds[END_REF]. Figure 4.1 shows a discrepancy between observed and predicted abundances [START_REF] Öberg | The Spitzer Ice Legacy: Ice Evolution from Cores to Protostars[END_REF], alluding to more complex chemistry happening with NH3. For instance, it is believed to participate in the chemical mechanisms that form other nitrogen-containing molecules on grain surfaces such as N2 and hydrides like N2H2 and N2H4. Formation of N2 from NH3 is important to examine because in ammonia-rich regions in space, irradiated NH3 could be the primary nitrogen source and could therefore be an indicator of N2 abundance [START_REF] Parent | The irradiation of ammonia ice studied by near edge x-ray absorption spectroscopy[END_REF]. These N2 abundance indicators are vital because N2 is infrared inactive and is therefore difficult to observe in interstellar media by infrared and even microwave techniques. It is normally indirectly detected from species like N2H + . Molecules condensed in dust grains could also desorb non-thermally when acted by UV and other forms of photon irradiation and cosmic rays that are ubiquitous in space. These Chapter 4: Low-Energy Electron Processing of NH3 Multilayer Films energetic radiation sources are known to produce copious amounts of low-energy secondary electrons when they interact with molecules on surfaces. Low-energy electrons (E < 20 eV) can also trigger energy-dependent chemical processes and molecular desorption and are often the ones responsible in initiating reactions that lead to the formation of reactive species and complex molecules in condensed phase [4], [START_REF] Göötz | High-resolution electron-energy-loss spectroscopy of molecular multilayer film growth and properties[END_REF]. This chapter will present experimental evidence of NH3 fragmentation and desorption induced by low-energy electrons from films of NH3 isotopologues ( 14 NH3, 15 NH3, and 14 ND3) as well as the consequent formation of stable neutral molecules (N2, H2) at different electron energies (Section 4.3). An efficient process was observed to occur at ~13 eV leading to the production of NH and NH2 species together with NH3 desorption and H2/N2 formation; thus, irradiation was performed at this energy (Section 4.4). ESD was also performed at a fixed energy in an attempt to estimate a cross section of NH3 desorption. TPD results also confirmed the formation of N2, H2 and hydrides like N2H2 and N2H4 from pure and mixed isotopologue films.

State of the Art and Research Approach

In colder and denser regions of interstellar media, non-thermal desorption processes are proposed to occur due to the high flux of UV and cosmic rays interacting with ices condensed on sub-micron sized dust grains. Having a gauge of the efficiencies of molecular desorption induced by these mechanisms facilitates accurate prediction of molecular gas abundances. Experimentally, molecules like CO, N2, and O2 have been shown to desorb from their respective pure ices through UV irradiation within the range of 7 to 13.6 eV [30], [START_REF] Fayolle | CO Ice Photodesorption: A Wavelength-dependent Study[END_REF]. The desorption can happen either through desorption induced by electronic transition (DIET) without dissociation as in the case of CO and N2 where excitation of subsurface molecules lead to the expulsion of the top layer, or through dissociation and subsequent recombination pathways as in the case of O2 [30]. The same can happen when these molecules are irradiated with low-energy electrons. It has been shown through ESD experiments that CO and N2 desorb without dissociation in the same energy range with thresholds at around 5.6 and 7.6 eV, respectively. Their desorption is also proposed to proceed also by DIET as the desorption cross sections are found to be roughly proportional to that of net electronic excitation [29].

For condensed NH3, DIET processes and formation of stable species were studied under irradiation using UV photons and high-energy electrons at different temperatures and film morphologies. For instance, desorption was observed through UV irradiation (6.4 eV) together with H2 and N2 suggesting photolysis occurring in the ice at 40 K [START_REF] Loeffler | Photolysis of solid NH3 and NH3-H2O mixtures at 193 nm[END_REF]. This was also observed to occur at 8 K during UV irradiation (~10 eV) of amorphous NH3 ice together with the formation of N2H4 which was detected through TPD measurements [START_REF] Martín-Doménech | UV photoprocessing of NH3 ice: photon-induced desorption mechanisms[END_REF]. The formation of N2 was also observed in significant amounts (~12%) using 150 eV photons at 20 K together with observed formation of NH2, N2H2, and N3 -from Near-Edge X-Ray Absorption Fine Structure (NEXAFS) analysis of the residues suggesting pathways involving such species [START_REF] Parent | The irradiation of ammonia ice studied by near edge x-ray absorption spectroscopy[END_REF]. Electron bombardment at 600 eV of NH3 multilayers on Pt [START_REF] Rejoub | Electron-impact ionization of NH3 and ND3[END_REF] resulted in desorption of H2 and N2 as observed from the gas phase mass spectra during irradiation showing evidence of fragmentation and subsequent recombination of reactive fragments [START_REF] Campbell | Observation of a novel electron beam effect: electron-stimulated associative desorption[END_REF].

Studies on Low-Energy Electron Irradiation (0-20 eV) of NH3

Secondary electrons of low-energy produced by photon irradiation could also initiate chemical modification and desorption of NH3. Various electron-induced processes have been identified for NH3 in literature following experiments in gas and condensed phases. These processes are presented in Figure 4.2 and are segregated into three types of primary mechanisms -dissociative electron attachment, dipolar or neutral dissociation by electronic excitation, and dissociative ionization. The fragments or desorbing molecules are also highlighted as well as expected excitation and ionization thresholds. The DEA resonances of NH3 are well known in gas phase occurring at ~5.7-5.9 eV and at ~10.2-10.5 deduced from the detection of either H -or NH2 -fragments [START_REF] Rawat | Absolute cross sections for dissociative electron attachment to NH3 and CH4[END_REF]- [START_REF] Ram | Dissociative electron attachment resonances in ammonia: A velocity slice imaging based study[END_REF]. 5 Electron impact dissociation of gas phase NH3 was also studied resulting in the formation of NH* and NH2* excited states with thresholds found to occur at around 9.5 and 7.5 eV, respectively [START_REF] Müller | Electron impact dissociation of the NH3 molecule: Absolute and relative cross sections for NH*(c1Π,A3Π), NH + *(C2Σ+, B2Δ, A2Σ-), and NH2*(Ã2A1) fragment emissions[END_REF]. The formation of N2 was observed by mass spectrometry on irradiated condensed NH3 mixed with ethylene at energies as low as 15 eV [16]. NH3 desorption together with N2 formation were also observed during temporal ESD of NH3 within the frame of study on 15 eV irradiation of NH3 condensed on 10-undecene-1-thiol SAMs [START_REF] Hamann | Functionalization of a Self-Assembled Monolayer Driven by Low-Energy Electron Exposure[END_REF].

Most of the studies on NH3 monitor anionic fragments and are done in gas phase. Studies on neutral species are scarce especially in condensed phase (Chapter 2, Section 1.3) due to the difficulty in detection as well as in untangling the mechanisms as plenty of possible processes can yield neutral species and this work plans to contribute in the study of neutral species. In fact, in the condensed phase, most of these processes do yield neutral species and thus would possibly result in a more extensive profiling of electron-induced processes that can help explain the desorption and conversion of NH3 in condensed phase.

Research Approach

The protocol for studying electron-induced processes in condensed NH3 follows the scheme presented Most of the lighter species desorb readily during electron irradiation but a cocktail of chemical species remains on the cold surface. Normally, HREELS analysis is performed to probe the residues but has been complicated due to (1) charging effects due to available states like electron attachment resonances and the fact that charged species are also formed simultaneously on the irradiated films (Chapter 2 Section 2.3), (2) if a spectrum is indeed obtained, the resolution is not enough to clearly separate the overlapping vibrational signatures of the expected products from that of NH3, and (3) homonuclear molecules that could form such as N2, are IR inactive and cannot be probed through dipolar excitation under electron impact. As a result, TPD has been used extensively to detect the neutral species formed in the residues.

As both techniques rely on the QMS, one of the main difficulties with ESD and TPD is the differentiation of species which have homologous m/z ratio (including those coming from the residual gas in the UHV chamber). Furthermore, the sensitivity suffers with the number of species being measured simultaneously. It is also less sensitive with higher mass species giving bias to lighter fragments. The study of the different isotopologues aims to find analogues to reinforce the attributions of the m/z signals detected and eventually untangle the mechanisms involved in the electron-induced chemistry in NH3 films. This study will investigate the electron-induced processes (0-20 eV) on crystalline 14 NH3 and two isotopologues 14 ND3 and 15 NH3 and a mixture of the latter, the estimated compositions of which are detailed in the following section. Particular attention is paid to the detection of different neutral products formed, either reactive radical fragments or synthesized molecules.

Two substrates were used in this case. The first attempts were done on Au but was later on changed to Cu. The change of substrate is mainly motivated by the desire to improve the TPD spectra as explained in Section 2.5. The use of Cu may affect the reactivity of the film through possible charge transfer or chemisorption of the film layer on the interface, but this still needs further study. However, this effect appears to be subtle as (1) we probe in the multilayer regime and (2) with regards to the ESD results, similar profiles are observed for 14 NH3 films deposited on both substrates. HREELS results on 14 NH3 films on Au are presented here due to the quality of the spectra but for ESD and TPD analysis hereafter, only the results of the processing of multilayer films on Cu are presented.

Film Characterization and Morphology

HREELS Characterization: Vibrational Spectra and Film Morphology

HREEL spectra were taken for the deposited ice at 28 K, E0 = 5 eV to characterize the film before irradiation. The spectra of the films of the different isotopologues are shown in Figure 4.4. The first spectra of 14 NH3 were observed on Au substrates and revealed the expected vibrational signature for solid 14 NH3. The peak attributions distinguished by comparing HREELS and IR results on NH3 from literature are listed in Table 4.1. The amorphous, asdeposited 14 NH3 film is normally characterized by four peaks attributed to intramolecular vibrational modes (accounting for 6 modes, two of which are doubly degenerated). It is to be noted that the molecules in this film are hydrogen-bonded. At around 421 meV is the peak corresponding to asymmetric vas(NH3), whose shoulder at 400 meV corresponds to the symmetric vs(NH3) vibration. At 204 meV is the signal corresponding to the asymmetric δas(NH3) bending mode while at 136 meV is the contribution from the umbrella mode δs(NH3). The region between 20-80 meV corresponds to the lattice mode region which in the amorphous film appears as a broad band peaking at around 55 meV. Once annealing is done at 60 K, the lattice mode features become more structured showing that it is possible to verify the morphology/crystallinity of the molecular layers using HREELS. This occurrence is consistent with IR studies on condensed ammonia [START_REF] Zheng | An infrared spectroscopy study of the phase transition in solid ammonia[END_REF], [START_REF] Holt | Infrared spectroscopy of the solid phases of ammonia[END_REF]. VUV spectroscopy studies of solid NH3 films also demonstrated this morphology change when the films are annealed to 65 K or above, after deposition at 25 K. The annealing process causes a blue shift of the absorption band (𝐴 ̃← 𝑋 ̃) at 177nm (7.0 eV) to 169 nm (7.3 eV) indicative of a more ordered hydrogen bonding compared to as-deposited films at 25 K [START_REF] Mason | VUV spectroscopy and photo-processing of astrochemical ices: an experimental study[END_REF], [START_REF] Dawes | Morphological study into the temperature dependence of solid ammonia under astrochemical conditions using vacuum ultraviolet and Fouriertransform infrared spectroscopy[END_REF].

Isotopologue Film Characterization

The spectra of 14 ND3 and 15 NH3 are expected to be composed of the same number of peaks shifted due to differences in reduced mass. 8 For the stretching modes, this is estimated to be ~0.73x and ~1.00x of the 14 NH3 losses. These shifts are indeed evident in the HREEL spectra of both isotopologues (Figure 4.4). For 14 ND3, it is possible to differentiate its peaks from that of 14 NH3; however, for 15 NH3, the HREELS resolution cannot differentiate the slight shift.

Furthermore, additional peaks in the 14 ND3 spectra are visible and correspond precisely with 14 NH3 vibrational modes and also those identified by IR spectroscopy in literature for 14 NDH2 and 14 ND2H [START_REF] Wolff | Infrared Spectra and Vapor Pressure Isotope Effect of Crystallized Ammonia and Its Deuterium Derivatives[END_REF] showing strong isotope exchange plausibly with hydrogen adsorbed along the metal dosing line.

Gas Purity/Composition of Deposited Films

Pure gases from the source container still encounter a network of metallic tubes before they reach the sample surface and thus, the composition of the resulting film cannot be assumed to be identical to the source gas. To address this issue, cracking patterns of the ammonia gases were recorded using the QMS at 70 eV electron impact as well as that of the resulting film via TPD. The intensities of HREEL stretching modes of the films were also considered. 4.2a come from the gas leaking out of the doser during deposition and may exactly correspond to the composition of the resulting film. TPD of pristine films is thus used to verify the composition of the deposited material. The intensities are shown in Table 4.2b. For 14 NH3 and 15 NH3, relative intensities of the NH2 TPD signal with respect to that of the parent molecule are almost preserved as in the pure gas dosed. As the signals are indicative of negligible change in composition during dosing and film desorption, films made from only 14 NH3 or 15 NH3 will be thus referred to in this work as "pure" films. These films were mainly used to track nitrogen-containing species formed during and after electron irradiation. 8 According to Hooke's Law, the frequency of vibrational modes 𝜈 is given by: ν

= 1 2πc √ k μ
where k is the force constant, c the speed of light and μ is the reduced mass. The reduced mass is expected to change between isotopologues [START_REF] Atkins | Physical Chemistry[END_REF]. For a stretching mode (e.g 𝜈(NH) in NH3), the reduced mass between two atoms (of masses mH and mN) is defined as:

μ NH = m H m N m H +m N
The ratio of the frequencies of the stretching vibrations for each isotopologue can be calculated from the ratio of reduced masses:

ν ND ν NH = √ μ NH μ ND = √ m H m N m H +m N × m N +m D m N m D = 0.730; ν 15NH ν 14NH = √ μ 14NH μ 15NH = √ m H m 14N m H +m 14N × m 15N +m H m 15N m H = 0.998 14 ND3:
In the case of 14 ND3, its composition is altered as alluded to in the HREEL spectrum of the film. This is also evident from the RGA analysis of the gas exiting the dosing line. The cracking pattern of this isotopologue is vastly different from the cracking patterns observed in the other purer isotopologues, the 14 NH3 mass spectrum from NIST, and observed ionization cross-sections at 70 eV for pure 14 ND3 gas [START_REF] Rejoub | Electron-impact ionization of NH3 and ND3[END_REF]. With the help of HREELS and TPD characterization, however, the composition of the resulting film can be approximated. When the ratio of the number of NH to ND bonds is estimated from the contributions of the different isotopologues in the film given the above composition, the resulting NH:ND ratio is 1.0:3.0. This is in close agreement with the v(NH):v(ND) ratio obtained from HREELS. From the HREEL spectrum, the area between 284-324 meV encompassing the peaks attributed to v(ND) from 14 ND3, 14 NDH2, 14 ND2H was compared to the area between 400-434 meV where the signature for v(NH) modes from 14 NH3, 14 NDH2, 14 ND2H is observed. The area ratio of v(NH):v(ND) is around 1.0:2.8 using this approximation.

Although it was impossible to obtain a pure ND3 film with our set-up due to the isotope exchange along the walls of the dosing line that led to the efficient formation of ND2H and NDH2, we are still able to affirm the type of species present and estimate their compositions. In this Chapter, therefore, introduction of 14 ND3 in the film preparation denote a mixture of deuterated ammonia isotopes with the above-mentioned estimated composition. These films will be referred to hereafter using the inclusive notation 14 NDxHy (x+y=3). Because of this mix, the interpretation of ESD and TPD results is complicated but the use of this isotopologue will provide strong evidence for the formation of H2 as signals for DH and D2 species are not drowned by background H2.

14 ND3/ 15 NH3 Mixed Film: For the mixed film created from dosing "pure 14 ND3" and pure 15 NH3, the gas preparation preempts a 1:1 ratio (Chapter 2 Section 2.2); however, as obviously observed in the TPD of the resulting film and the results of 14 ND3, the composition is altered along the route through the dosing line. The resulting film is a mix of 14 ND3, 14 ND2H and 14 NDH2 species and 15 NH3. A small quantity of 15 ND3 and 15 NDxHy species are also present as m/z 21 is detected corresponding uniquely to 15 ND3. Approximately 4x more 15 NH3 is detected compared to 14 ND3 in the mixed film using TPD. 9 This could however differ from the actual composition as the estimation assumes the same fragmentation probability for every isotopologue of 14 NHxDy (x+y=3). As observed in the cracking patterns of pure 14 NH3 versus the ionization cross sections of 14 ND3 in Table 4.2a, there is a marked difference in the figures. Furthermore, it has been observed elsewhere that fragmentation of NH bonds are more favorable than ND bonds in 14 ND2H and 14 NDH2 species due to lower dissociation energy and enhanced tunneling efficiency of the H atoms through the dissociation barrier [START_REF] Reid | Competition between N-H and N-D Bond Cleavage in the Photodissociation of NH2D and ND2H †[END_REF].

This distribution cannot be verified by HREELS because aside from observed charging in the films, the spectra cannot resolve 15 NH-related modes from 14 NH-related modes. The films made from this mixture will thus be referred to simply as a mixture of 15 NH3 and 14 NDxHy (x+y=3) and were mainly utilized to simultaneously detect N2 and H2 isotopologues that are not heavily influenced by background signals. 

Energy-Dependent Desorption of Neutral Species from Electron-Irradiated NH3 Films (1-25 eV)

Electron stimulated desorption (1-25 eV) was performed on films prepared from different isotopologues -14 NH3, 15 NH3, an isotopic mixture of 14 NDxHy (x+y=3), and another isotopic mixture consisting of 15 NH3/ 14 NDxHy (x+y=3) deposited on Cu. Plenty of fragments as well as synthesized molecules were detected desorbing from the film during irradiation at these energies. This section will discuss two notable phenomena observed from the ESD results:

(1) the desorption of NH3 and (2) desorption of other neutral species such as NHx (1-2) radical fragments and synthesized neutral species like H2 and N2. This section will also present experimental evidence for the said phenomena using ESD results from the films prepared from different isotopologues. As discussed before, the use of the isotopologues aims to reaffirm the attribution of signals detected from species possessing homologous m/z ratio with inevitable background contribution. Because of the small number of m/z ratios to deal with in such as small molecule which also happen to coincide with the m/z ratios of typical UHV residual gas signals, extracting individual contributions from signals with multiple possible attributions is a cumbersome process. We therefore select carefully the best signals from each isotopologue or isotopologue mixture (Table 4.3) to represent the observed phenomena. Finally, considering the various neutral species formed in the film, several mechanisms of formation and desorption shall be proposed.

NH3 Desorption

One notable result during ESD is the desorption of NH3 from the irradiated film. Evidences of this film erosion as well as accompanying amorphization of NH3 through ESD and HREELS results will be presented in this subsection. The effect of temperature and morphology will be briefly discussed although they were not observed to strongly affect the desorption profiles. Mechanisms of the desorption processes will finally be proposed taking into account the energy threshold of the observed desorption processes in comparison to desorption thresholds of different electron-induced processes expected to occur from electron-NH3 interaction that lead to the production of neutral species.

Electron Stimulated Desorption of Intact NH3

Desorption of NH3 from its film has been consistently observed during ESD experiments across all isotopologue systems. Data from pure 14 NH3 films and 14 NDxHy (x+y=3) are selected to illustrate this occurrence (Figure 4.5). The signal of 14 NH3 (m/z 17 Da) desorbing from its pure film is only mildly affected by the OH background signal while 14 ND3 desorbing from 14 NDxHy (x+y=3) films is uniquely contributing to the m/z 20 Da signal. The 14 NH3 desorbing from the latter is, however, impossible to separate due to the contributions of other species to the m/z 17 Da signal ( 14 NDH, OH background). Both 15 NH3 and 14 ND3 signal cannot be uniquely observed for the 15 NH3/ 14 NDxHy (x+y=3) mixture and 15 NH3 (m/z 18 Da) from the pure film is heavily influenced by background H2O. 

N2D4

Figure 4.5 shows the ESD profile of selected representative systems: (a) 14 NH3 from its pure film, (b) 14 ND3 from 14 NDxHy (x+y=3) films. The desorption threshold occurs at around ~6-7 eV for 14 NH3 desorbing from its pure film and this signal increases almost linearly until 15 eV. 14 ND3, on the other hand, does not desorb significantly with a threshold that is difficult to determine but seems to appear beyond 12 eV.

Possible Mechanisms: The desorption threshold of 14 NH3 is close to the dipole-allowed photoexcitation energy (6.4 eV) observed in the VUV spectrum of condensed 14 NH3 [START_REF] Mason | VUV spectroscopy and photo-processing of astrochemical ices: an experimental study[END_REF]. Electronic excitation could therefore be the trigger for this desorption as typically, the crosssection for electronic excitation is observed to increase from threshold up to about 30 eV in 14 NH3 (gas phase) [START_REF] Itikawa | Cross Sections for Electron Collisions with Ammonia[END_REF]. The possible mechanisms that could lead to this observed desorption can be due to the following:

(1) Desorption of unfragmented NH3 by energy transfer from excited NH3. This process is proposed to proceed by DIET mechanisms where surface molecules desorb following energy transfer from electronically excited molecules beneath. The MGR model (Chapter 1, Section 1.4) typically works in this case where excitation energy is converted to translational energy upon deexcitation. This model even predicts the differences in desorption probability of isotopologues. A modified MGR model considering vibration-mediated UV nondissociative photodesorption of NH3 predicts 4x less desorption for 14 ND3 compared to 14 NH3 [START_REF] Zhu | Dynamics of Ammonia Photodesorption from GaAs(100): A Vibration-Mediated Mechanism[END_REF], [START_REF] Zhu | Vibration-mediated uv photodesorption: Ammonia on GaAs[END_REF]. At the QMS inlet, the ionization cross sections at 70 eV electron impact of 14 NH3 and 14 ND3 are comparable (10% difference) [START_REF] Rejoub | Electron-impact ionization of NH3 and ND3[END_REF], [START_REF] Rao | Cross sections for direct and dissociative ionization of NH3 and CS2 by electron impact[END_REF]. The difference in intensities are therefore attributed mostly to isotopic effects.

(2) Desorption of resynthesized NH3 from recombination of radical species. To try to uncover the mechanisms resulting in the electron energy-dependent desorption of NH3 from radical species, we can separate the ESD profile into 3 regimes: 7-10 eV, 10-15 eV, and beyond 15 eV. At 7 to 10 eV, we are already above the expected excitation thresholds, while at 10 eV ionization already begins but dissociative ionization only occurs at energies higher than 15 eV.

(a) 7-10 eV: Fragmentation of NH3 yields reactive radicals NHx (x=0-2) also starting from ~6-7 eV where the NH3 desorption threshold is also observed with both plausibly driven by electronic excitation due to the threshold match. Evidence for this observed fragmentation will be presented in the following subsection. Furthermore, dissociation of NH3 to produce excited NH2 has been observed starting from 7.5 eV electron impact in gas phase [START_REF] Müller | Electron impact dissociation of the NH3 molecule: Absolute and relative cross sections for NH*(c1Π,A3Π), NH + *(C2Σ+, B2Δ, A2Σ-), and NH2*(Ã2A1) fragment emissions[END_REF]. DEA is expected at ~8 eV [START_REF] Tronc | Threefold differential electronstimulated desorption yields of Danions from multilayer films of D2O and ND3 condensed on Platinum[END_REF] but does not contribute significantly in the production of neutral fragments as resonant peaks do not manifest in the ESD profiles around this energy. Between 7-10 eV, excitation leading to neutral dissociation is therefore the main mechanism involved in the production of the detected neutral species. The NH3 desorption could proceed when NHx (x=0-2) radicals recombine with H radicals formed in the film. The excess energy from the exothermic process can expel NH3 molecules close to the surface by energy transfer:

H + NH2 → NH3 ΔHrxn = -4.7 eV (b) 10-15eV: Beyond 10 eV, ionization already begins to take part; however, dissociative ionization does not happen until ~15 eV (in gas phase) [START_REF] Locht | The dissociative electroionization of ammonia and ammonia-d3. I. The NH + and NH2 + dissociation channels[END_REF]. Shown below are the dissociative ionization thresholds for NH3 between 10 and 20 eV observed in gas phase [START_REF] Locht | The dissociative electroionization of ammonia and ammonia-d3. I. The NH + and NH2 + dissociation channels[END_REF]: As emphasized before, the ESD results presented were focused on crystalline NH3 films on Cu irradiated at 28 K. In the earlier phase of this work, the same experiments were done at 60 K as well as with amorphous films but the ESD profiles do not change significantly. This means that the effects could be subtle and given the sensitivity of the method, it is not enough to detect their effects in NH3 films. Temperature could affect the mobility of the species and provide additional energy for desorption which respectively result in shifts in threshold and increased desorption intensities. For ammonia, comparing results at 28 and 60 K (Figure 4.6), this was not apparent showing that, at least within this temperature range, the observed desorption is driven mostly by electron irradiation. A threshold for desorption is seen around 6-7 eV for the detected neutral species. The intensities then increase and eventually peak around ~16-17 eV for signals corresponding to NH3 and NH2 species. This fragmentation is most likely initiated by electronic excitation as already proposed in the previous subsection due to the threshold value. This electronic transition may lead to fragmentation although this may also trigger desorption of the unfragmented NH3 molecules by energy transfer especially to those that are close to the surface as previously discussed.

NH3 + → NH2 + + H (Ethresh =

NH2 Formation

As observed in Figure 4.7, signals corresponding to NH2 appear with a threshold around ~7 eV from both 14 NH3 and 15 NH3 films corresponding to m/z 16 Da and m/z 17 Da signals from each film, respectively. These signals can be attributed to NH2 formed during irradiation in the film as well as during cracking of NH3 in the QMS head. The contribution of NH3 can Chapter 4: Low-Energy Electron Processing of NH3 Multilayer Films be subtracted using the cracking patterns in the mass spectra of pristine films previously shown in Table 4.2:

[ 𝑁 14 𝐻 2 ] 𝑑𝑒𝑠𝑜𝑟𝑏 = [ 𝑁 14 𝐻 2 ] -0.65[ 𝑁 14 𝐻 3 ] 𝑑𝑒𝑠𝑜𝑟𝑏

The resulting profile for the corrected signal of 14 NH2, referred to here as [ 14 NH2]desorb to signify desorbing 14 NH2 from the film, is shown in Figure 4.8. Some 14 NH2 is obviously formed with yields dependent on the incident electron energy. The threshold for 14 NH2 production is now shifted to ~8-9 eV with a peak at ~13 eV suggesting an efficient 14 NH2-forming process. The corresponding signal in the 15 NH3 film is not reliable because of the erratic behavior of the m/z 18 Da signal; hence, [ 15 NH2]desorb cannot be directly obtained. Globally, however, the 15 NH2 profile in Figure 4.7 (right) seems to have an identical shape as the 14 NH2 suggesting that [ 15 NH2]desorb could also follow the same profile as [ 14 NH2]desorb. 

NH Formation

The signal for NH desorbing from the film is not as straightforward to disentangle from the ESD profiles as that of NH2. Only 15 NH (m/z 16 Da) from 15 NH3 can be used because the corresponding 14 NH from the 14 NH3 pure film is below pollution levels. To estimate the signal coming from desorbing 15 NH from the film (referred to here as [ 15 NH]desorb), we can deduct the estimated contributions of the 15 NH2 and 15 NH3 cracking inspired by data from 14 NH3 films.

[ 𝑁 15 𝐻] 𝑑𝑒𝑠𝑜𝑟𝑏 = [ 𝑁 15 𝐻] -𝑎[ 𝑁 15 𝐻 2 ] 𝑑𝑒𝑠𝑜𝑟𝑏 -𝑏[ 𝑁 15 The term a[ 15 NH2]desorb accounts for 15 NH resulting from the cracking of desorbing 15 NH2 which we cannot determine experimentally with our set-up. In this case, the factor a is taken from cross sections at 70 eV electron impact available in literature for ND3: σ(ND + /ND2)/σ(ND2 + /ND2) ≈ 0.59 [START_REF] Tarnovsky | Cross-sections for the electron impact ionization of NDx (x =1-3)[END_REF]. The term b[ 15 NH3]desorb, on the other hand, accounts for the 15 NH resulting from the cracking of 15 NH3 where the factor b can be readily obtained from the RGA measurements (Table 4. Similar to NH, the true N signal is complicated to extract from the ESD profiles as contributions from the cracking of NH3, NH2, NH, as well as N2 that form simultaneously need to be taken into account. 14 N and 15 N from 14 NH3 and 15 NH3 pure films, respectively, are unfortunately drowned by the signal of ambient hydrocarbon pollution. Their formation in the film cannot be nonetheless ruled out and they could still be involved in the synthesis of heavier nitrogen-containing species.

H2 and N2 Desorption

The formation of H2 and N2 is a strong proof of NH3 fragmentation and recombination. The observed NHx radicals do require the rupture of the N-H bond and the expelled hydrogen can readily encounter other H radicals as well as NH3 and its hydrogenated fragments to yield H2. These radicals can further react with each other forming N2 and H2. The observed desorption of these molecules during ESD of NH3 supports the mechanisms proposed earlier for the formation of different species with N2 and H2 as co-products. Here we present the energy-dependent formation of said molecules as well as proposed mechanisms for their appearance during electron irradiation of ammonia isotopologues from 1 to 25 eV. Looking at Figure 4.10, the delay in the threshold for D2 and DH is apparent when compared to that of H2. The threshold of D2 and DH desorption appear at around 9-10 eV, from which the yield increases until a peak at around ~18 eV in the case of the mixed film of 15 NH3 and 14 NDxHy (x+y=3). H2 formation from 14 NH3 and 15 NH3 pure films begin at 6-7 eV. Furthermore, structures between 0-3 eV and 7-9 eV are hinted at in the curve for HD desorbing from the mixture although this requires further investigation to ascertain (e.g. test for reproducibility and afterwards, irradiation experiments at 2 and 8 eV) as these were only observed in this system. The strong isotopic effects were consistent with that observed in the desorption of Proposed Mechanisms: H2 can come from direct electron impact on NH3 or through secondary reactions involving the mobile H and NHx (x=1,2) radical species produced:

-Direct fragmentation of NH3: NH3 can fragment into NH* and H2 following electron impact. This was observed in gas phase with a threshold at around 9.5 eV [START_REF] Müller | Electron impact dissociation of the NH3 molecule: Absolute and relative cross sections for NH*(c1Π,A3Π), NH + *(C2Σ+, B2Δ, A2Σ-), and NH2*(Ã2A1) fragment emissions[END_REF].

NH3 → NH* + H2 (Observed threshold: 9.5 eV), ΔHrxn = 7.7 eV [START_REF] Müller | Electron impact dissociation of the NH3 molecule: Absolute and relative cross sections for NH*(c1Π,A3Π), NH + *(C2Σ+, B2Δ, A2Σ-), and NH2*(Ã2A1) fragment emissions[END_REF] -H radical induced reactions: The production of H from neutral dissociation of NH3 could also be the initiating mechanism to produce H2. In gas phase, H and NH2* radicals can be produced during the fragmentation following electron impact with a threshold at around 7. Isotopic Effect: The same reactions proposed above can similarly drive the production of D2, but as noted earlier, the observed thresholds are clearly shifted to higher energy. In the 6-10 eV range, it appears that D2 does not form. D radicals may still be produced but probably due to reduced mobility, the processes they induce could be less efficient in this energy range. The NDx (x=1,2) yields from the 14 NDxHy (x+y=3) films can give insights regarding the fate of D radicals and the production of D2; however, due to the composition of the starting film (Section 4.2.2) and the possible products, it is difficult to reliably isolate NDx (x=1,2) signals. This isotope-dependent behavior can be relevant to the observed deuterium fractionation in grain surface reactions in interstellar space. The intervals where there is preferential H2 desorption over D2 can give insights regarding the distribution/partition of hydrogen and deuterium in gas and condensed phases in interstellar media [START_REF] Ceccarelli | Deuterium Fractionation: The Ariadne's Thread from the Precollapse Phase to Meteorites and Comets Today[END_REF].

N2 Desorption

Neutral species of masses corresponding to N2 isotopologues were detected during ESD of NH3 films. Figure 4.11a highlights m/z 28 Da species from 14 NH3 and m/z 30 Da species from 15 NH3 pure films. Desorption of m/z 28 Da species from 14 NH3 is observed but is tremendously affected by the strong background from residual N2 and CO pollutants. Nonetheless, the threshold at around 6-7 eV peaking close to 13-14 eV is consistent with that of H2 desorption from pure 14 NH3 and 15 NH3 films previously presented in N2 species from a mixture of 15 NH3/ 14 NDxHy (x+y=3) were also monitored during ESD. The m/z 28 Da species ( 14 N2) are once again detected with strong background interference but nonetheless follow the profile of that in pure 14 NH3. The m/z 30 Da species in this case, however, correspond to plenty of possible neutral species ( 15 N2, 14 N2H2, 14,15 N2H, 14 N2D) which could explain the differences in profiles when compared to the m/z 30 Da species from pure 15 NH3 films. The m/z 29 Da species has the least interference although it could be either 14,15 N2 or 14 N2H. The latter, however, is not expected to appear since it readily decomposes to 14 N2 and H [START_REF] Parent | The irradiation of ammonia ice studied by near edge x-ray absorption spectroscopy[END_REF], [START_REF] Dransfeld | Investigation of the Gas Phase Reaction N + NH2 → N2 + 2H at Room Temperature[END_REF]. Most of the m/z 29 Da signal is therefore assumed to come from 14,15 N2. The threshold of 14,15 N2 desorption is ~8 eV from which the yield slowly Chapter 4: Low-Energy Electron Processing of NH3 Multilayer Films increases to about 13 eV where it starts to increase much faster up to a peak at around 18 eV consistent with DH formation.

The similar profiles of N2 and H2 seem to indicate that they are triggered by similar processes which support the proposed mechanisms of radical recombination presented earlier for H2 production. Between 7-9 eV, the production of NH2 radicals could lead to the production of N2 after encountering NH2 or NH3 while beyond 9 eV, the process continues together with the secondary reactions induced by the production of NH.

N2 can also come from produced mobile N which, although difficult to detect with certainty, cannot be ruled out as a contributing process. Below are possible reactions of the N radical with other nitrogen containing species which are all exothermic and are favorable even at low temperature as N radicals do remain mobile [START_REF] Nourry | Formation of simple nitrogen hydrides NH and NH2 at cryogenic temperatures through N + NH3 → NH + NH2 reaction: dark cloud chemistry of nitrogen[END_REF].

N + NHx (x=1-3) → N2 + 𝑥 2 H2
x ΔHrxn (eV) The desorption of NH3 is affirmed by the ESD results. A threshold at around ~7 eV is observed for NH3 desorption with a peak at 15 eV and could be due to intact desorption (DIET) as well fragmentation and recombination processes since fragments were also detected such as NH2 and NH. Yields for NH2 and NH desorbing from the film were estimated from detected yields and their thresholds are slightly shifted to around ~8-9 eV with a peak at ~12-13 eV. The detection of N cannot be ascertained as its yield is below pollution signals. Isotopic effects involving deuterated species were observed and require further investigation which require the preparation of purer ND3 films.

Evidence of H2 and N2 desorbing from the film were also presented, reinforced by results from mixed isotopologue films which strongly demonstrate recombination reactions. Thresholds, however, differ between isotopologues. A 7-eV threshold for H2 and 14 N2 species is observed with a shift to ~9 eV for 14,15 N2, 15 N2, DH, and D2, the latter peaking at 18-20 eV. The efficient process at 18-20 eV is already beyond dissociative ionization thresholds; thus, it is complicated to unravel the mechanisms simply with data from neutral species detection.

Electron Processing of NH3 Films at 13 eV

At 13 eV, we can look into the interplay of cross sections of various expected electroninduced processes to try to discover possible mechanisms of observed chemistry and desorption. Literature data of cross sections for electron collisions with NH3 in gas phase have been compiled [START_REF] Itikawa | Cross Sections for Electron Collisions with Ammonia[END_REF] and values of the cross sections at 13 eV were extracted from this data. The values are summarized in Figure 4.12. The two dominating processes coming from inelastic electron-molecule collisions seem to be electronic excitation (X→A) having an estimated cross section of 2.0 x 10 -17 cm 2 and ionization with a total cross section of 1.8 x 10 -17 cm 2 . The latter is in this case non-dissociative because dissociative ionization begins at ~15 eV. Both processes, however, do not account for the total inelastic cross section (3.0 x 10 -16 cm 2 ) of electron collision with NH3. 10 The discrepancy could be due to neutral dissociation processes following electronic excitation whose data are still not available in literature.

Figure 4.12: Effective cross sections in cm 2 of electron-induced processes in gaseous NH3 at 13 eV extrapolated from literature data [START_REF] Itikawa | Cross Sections for Electron Collisions with Ammonia[END_REF] with the photoabsorption cross section at 13 eV displayed as reference [START_REF] Edvardsson | A photoabsorption, photodissociation and photoelectron spectroscopy study of NH 3 and ND 3[END_REF].

Following the energy-resolved ESD profiles during irradiation, a consistent structure at 13 eV is observed for the NHx (x=1-2) fragments, N2, and H2 alluding to an efficient process accompanied by strong desorption of NH3. We therefore zoomed into the processing at 13 eV to try to untangle the mechanisms that lead to the observed desorption behavior and formation of different species at this energy. Typically, HREELS is utilized to determine synthesized species that remain in the film surface but problems in film charging and resolving distinct peaks render the acquired spectra inconclusive. Fortunately, TPD analysis of the films and temporal ESD at a single electron energy can still generate enough results to study the development of the processes in the film and those resulting in desorption, respectively. Results presented in this section are from NH3 isotopologue films deposited on Cu substrate.

Film Erosion and Amorphization

Post-irradiation TPD can give insights in changes in quantity, composition, and even morphology of deposited films after irradiation. At 13 eV, the irradiation of ammonia caused Chapter 4: Low-Energy Electron Processing of NH3 Multilayer Films amorphization and film erosion. The peaks between 80-100 K corresponding to the desorption of NH3 from the crystalline samples were broadened with the introduction of several features which indicate that the crystalline structure is perturbed [START_REF] Schlichting | High resolution, wide range, thermal desorption spectrometry of rare gas layers: sticking, desorption kinetics, layer growth, phase transitions, and exchange processes[END_REF]. This is consistent with our results on electron irradiation of 14 NDxHy (x+y=3) films at 5, 11, and 30 eV where small doses (~7 x 10 15 electrons/cm 2 ) can already induce the observed amorphization as analyzed by HREELS measurements (Annex I). This was reported also in literature after irradiation of NH3 multilayers with 5 keV electrons at 10 and 40 K with a dose of about 3.6 x 10 15 electrons/cm 2 [START_REF] Zheng | Formation of Nitrogen and Hydrogen-bearing Molecules in Solid Ammonia and Implications for Solar System and Interstellar Ices[END_REF]. NH3 and 14 NH3 from their respective pristine films (blue) and after 13 eV irradiation (red). The ramp rate is fixed at 15 K min -1 for all these measurements.

Comparing the areas under the TPD curves of the pristine and irradiated samples at 13 eV, we can observe a significant reduction of the amount of NH3 left in the film. Electron irradiation eroded the exposed part of the film to about 40 (± 20) % for 15 NH3 and to 94 (± 47) % for 14 NH3 (Annex II) after dosing with ~10 17 electrons/cm 2 . The given uncertainties are primarily due to uncertainty in film thickness; however, even accounting for this wide error margin, it is clear that a significant quantity of NH3 is removed from the films. The possible mechanisms have been discussed earlier, one of which involve the desorption of intact NH3 (Section 4.3.1.1) and the other through destruction by formation of various species especially stable products like N2 and H2 (Section 4.3.3). The significant loss of material complicates the interpretation of results especially in estimating effective cross sections which are typically approximated by assuming constant reactant supply (Chapter 1, Section 1.5.1). These results, nonetheless, indicate that electron-induced loss of NH3 is a rather efficient process at 13 eV, comparable in efficiency to NH3 loss observed at irradiations using higher incident energies (Annex I).

Concerted desorption of NH3, N2, and H2 monitored by Temporal ESD at 13 eV

The signal of desorbing NH3 during irradiation is proportional to the available NH3 present in the film. Performing electron stimulated desorption at a fixed energy (13 eV) monitored through time or cumulated dose allows for gauging the efficiency of the process. The temporal desorption of 14 NH3 is shown in Figure 4.14 during irradiation at 13 eV. Desorption usually follows first-order kinetics but fitting exponential functions consistent to this model cannot capture the trend within the observed dose range. There appears to be two quasilinear regimes varying with different rates estimated in the The blue dashed line is the linear fit at the first stage of the desorption process while the green dashed line is the linear fit of the latter stage when other processes already begin to contribute to the depletion of the starting material. The black curve is a fit which considers contributions from two processes leading to the desorption of NH3, and it is shown here as guide (Annex III).

As proposed earlier, the excitation driven process can lead to desorption of intact NH3 (DIET) or destruction of NH3 through the formation of molecules like N2 and H2 which both deplete the amount of available NH3. An attempt at a fit capturing both regimes as a consequence of two processes are presented in Annex III and is plotted in Figure 4.14 as guide. The linear fits nonetheless give already estimated cross sections (Section 1.5.1) of the two regimes which are observed to be consistent with data sets from both 14 NH3 and 15 NH3 pure films (Figure 4.15). At the earlier stages of ESD, the effective cross section for the desorption of NH3 is around ~4 x 10 -17 cm 2 and at the latter stage, reduced to ~7 x 10 - 18 cm 2 . Total neutral NH3 desorption cross section for submonolayer coverage on Pt [START_REF] Rejoub | Electron-impact ionization of NH3 and ND3[END_REF] under 150 eV electron irradiation is reported to be close to our estimated cross section at the earlier phase of the irradiation (~4 x 10 -17 cm 2 ) [START_REF] Bater | Effects of low-energy electron irradiation on submonolayer ammonia adsorbed on Pt(111)[END_REF]. The process at high dose regime can be affected by the destruction of NH3 through formation of N2. This is particularly evident in the case of 15 NH3 as 15 N2 is uniquely contributing to the m/z 30 Da signal (Figure 4.15). The m/z 28 Da ( 14 N2) signal from 14 NH3 is unreliable due to interfering background signals but the global trend can still give some insights (Annex III). The formation of 15 N2 is not instantaneous and increases in a quadratic manner at the beginning of irradiation as it requires first a supply of N-containing reactive species. After peaking at a dose between 1-2 x 10 16 electrons/cm 2 , it then begins to decay due to the depletion of starting material and N2 desorption from the film. The maximum strikingly coincides with the inflection in the 15 NH3 ESD signal showing that this reaction is indeed influencing the desorption rate of 15 NH3, i.e. this pathway becomes significant at higher doses.

Production of H2 is also monitored simultaneously as it is the expected co-product of N2 forming reactions. The results are shown in Figure 4.16. H2 desorbing from irradiated 14 NH3 films, although influenced strongly by inevitable background H2 still globally mirror the trend observed for N2 which indicates that they are coming from or initiated mostly by the same process(es). It should be noted though that this H2 includes not only directly produced H2 but recombined H atoms as well. This trend is further confirmed when D2 species were detected from irradiated 14 NDxHy (x+y=3) films. The yield of D2 is always observed much lower compared to H2 consistent with the isotopic effects noted before in ND3 desorption (Section 4.3.1.1).

The simultaneous production of H2 and N2 species is further confirmed by the results of the same temporal ESD measurement on a mixture of 15 NH3 and 14 NDxHy (x+y=3) in ~4:1 proportion. Figure 4.17 shows the results for desorbing H2 and N2 isotopologues. The N2 profile is once again replicated and is most evident with DH and D2 which have negligible background interference. The m/z 29 Da and m/z 30 Da N2 isotopologues are structured as species of the same masses that are also possibly formed may be contributing although globally, the observed N2 desorption profile is still apparent. Analysis of the film residues, in the next section, also confirm this concerted formation of N2 and H2 in the film. 

Film Residue Analysis

The residue after 13 eV irradiation at 28 K contains a rich cocktail of species which can be detected by TPD including light molecules N2 and H2 that are trapped in the matrix together with dinitrogen hydrides in the form of hydrazine (N2H4) and diazene (N2H2).

N2 and H2 Trapped in the Film

In Figure 4.18, the desorption profiles of N2 and H2 before and after irradiation at 13 eV are shown for the 15 NH3 pure film. m/z 30 Da species can be uniquely attributed to formed 15 N2 as evidenced by the sharp peak between 32 and 44 K which is within the expected temperature range for the desorption of physisorbed N2 multilayers at UHV pressure [16]. The peak at 100 K fits well with the desorption of 15 NH3 and this can correspond to (a)N2 trapped in the matrix, (b) N2 formed during the ionization at the QMS head [START_REF] Mullikin | Condensed-Phase Photochemistry in the Absence of Radiation Chemistry[END_REF], (c) blurring of N2 signals due to intense desorption of the bulk of the film. In the case of H2, the working temperature for irradiation (28 K) is already above the desorption temperature of physisorbed H2 so a fine peak is not expected to appear; instead, a broad desorption curve from remaining, trapped H2 in the matrix is observed. Comparing the desorption intensities before and after irradiation, the significant production of H2 is evident showing that the penetration of the 13 eV electrons is deep enough to induce subsurface chemistry leading to H2 entrapment within the film matrix. A similar experiment was done on a mixture of 15 NH3/ 14 NDxHy and desorption of 15 N2 and 14,15 N2 was also observed between 32-44 K (Figure 4. 19). This peak can only be attributed to N2 species as the other possible species with the same m/z ratio are polar and are hence, expected to desorb at higher temperatures. 14 N2 is also detected with yields greater in postirradiation TPD than in pristine films but the profiles are heavily influenced by background contribution from ambient 14 N2 and CO. H2 formation is confirmed from the appearance of the isotopologues D2 and DH.

In these results, quantification is difficult and will lead to tentative results due to issues with the starting film composition as explained in Section 4.2.2 and the significant film erosion that simultaneously occurs, but these remain to be a conclusive proof of N2 and H2 formation within the film during electron irradiation at 13 eV confirming the ESD results on the simultaneous formation of both species (Section 4.4.2) Two stable dinitrogen products are known to be produced by photolysis of condensed NH3 -hydrazine (N2H4) and diazene or diimide (N2H2) with the latter existing in both cis/trans configurations. N2H4 has been observed in 6 eV UV irradiation of condensed NH3 [START_REF] Gerakines | Ultraviolet Processing of Interstellar Ice Analogs[END_REF] and N2H2 has been observed forming in NH3 films by 150 eV photolysis [START_REF] Parent | The irradiation of ammonia ice studied by near edge x-ray absorption spectroscopy[END_REF]. Energetic electrons of 5 keV have also led to the formation of both species from solid NH3 [START_REF] Zheng | Formation of Nitrogen and Hydrogen-bearing Molecules in Solid Ammonia and Implications for Solar System and Interstellar Ices[END_REF]. Considering the expected flux of low-energy secondary electrons that are simultaneously produced by these irradiations, low-energy secondary electrons may also contribute in the formation of these products. This subsection presents evidence through TPD analysis that at 13 eV irradiation, both species are produced.

Hydrazine

Production of N2H4 was monitored for each isotopologue during ESD. Possible O2 pollution obscures the data for the m/z 32 Da species ( 14 N2H4) from irradiated 14 NH3. This problem is not encountered with 14 N2D4 (species) from 14 NDxHy (x+y=3) films as it is the sole contributor to the m/z 36 Da signal. In Figure 4.20 (left), ESD curves are shown for said species which are not observed to desorb significantly even at a more elevated temperature (60 K). It can, however, be formed and remain adsorbed in the film. Normally, HREELS is used to analyze the residues but is complicated due to problems with sample charging and resolution (Annex I of this chapter). TPD was therefore used to analyze residues after the 13-eV irradiation experiments. After irradiation at 28 K with a total dose of 7.2 x 10 16 electrons/cm 2 (Figure 4.20, right), the TPD spectrum revealed a desorption peak between 170-230 K for the m/z 36 Da signal which is absent in the TPD curve of the pristine film and thus suggests the formation of hydrazine. This observed desorption temperature is close to that observed for hydrazine formed in multilayer NH3 after photon irradiation [START_REF] Martín-Doménech | UV photoprocessing of NH3 ice: photon-induced desorption mechanisms[END_REF], [START_REF] Mullikin | Condensed-Phase Photochemistry in the Absence of Radiation Chemistry[END_REF]. The peak with a maximum at about 110 K coincides with the desorption temperature of ND3 which is indicative of hydrazine formation in the QMS ionization head [START_REF] Mullikin | Condensed-Phase Photochemistry in the Absence of Radiation Chemistry[END_REF]. The same was observed with irradiated 15 NH3 where 15 N2H4 (m/z 34 Da) also appears at the same temperature range.

Studies on photolysis of NH3 films in literature [START_REF] Parent | The irradiation of ammonia ice studied by near edge x-ray absorption spectroscopy[END_REF], [START_REF] Loeffler | Photolysis of solid NH3 and NH3-H2O mixtures at 193 nm[END_REF], [START_REF] Martín-Doménech | UV photoprocessing of NH3 ice: photon-induced desorption mechanisms[END_REF] attributes the observed N2H4 to the spontaneous combination of two NH2 radicals which, based on the ESD results in Section 4.3.2, are produced abundantly at 13 eV.

2NH2 → N2H4 ΔH(rxn) = -3.42 eV Although the thermal ramp may have some effect on the formation of N2H4, it can still be formed from the combination of NH2 radicals in spontaneous exothermic reactions proposed above. N2 was an observed product requiring recombination of two reactive nitrogencontaining species such as NH2 (See Section 4.3.3.2) implying that the radicals do remain mobile at 28 K. 

Diazene

For diazene (N2H2), the isotopologue with the least interference from background pollution is 14 N2H2 (m/z 30 Da) from 14 NH3. Corresponding species in 15 NH3 and 14 NDxHy (x+y=3) -15 N2H2 and 14 N2D2, respectively -both share the same mass as background O2 (m/z 32 Da) and thus, the resulting TPD profiles are difficult to resolve. Unlike in hydrazine, the desorption of diazene can be observed during ESD experiments at 28 K though some of it do remain trapped in the residue. From TPD results monitoring the desorption of m/z 30 Da species from 14 NH3 irradiated using 13 eV electrons, the formation of 14 N2H2 manifests as a broad peak at 200-250 K. A peak between 80-100 K matching the desorption temperature of multilayer 14 NH3 is also apparent as in the case of hydrazine.

N2H2 can be produced from N2H4 but may also decompose further to N2. It is also detected in various studies of high energy photon and electron irradiation of NH3 films and are proposed to be involved in several pathways leading to the formation of N2 from NH3 [START_REF] Parent | The irradiation of ammonia ice studied by near edge x-ray absorption spectroscopy[END_REF], [START_REF] Zheng | Formation of Nitrogen and Hydrogen-bearing Molecules in Solid Ammonia and Implications for Solar System and Interstellar Ices[END_REF].

ΔHrxn (eV) N2H4 → N2H2 + H2 1.69 eV N2H2 → N2 + H2 -2.21 eV 

Conclusion

The prepared films of NH3 and its isotopologues were characterized by HREELS in terms of composition and morphology. We then carefully selected the best signals from each isotopologue or isotopologue mixture (Table 4.3) to represent some of the observed phenomena. Deuterium-related isotope effects were strong and requires further investigation to determine the mechanism behind the lower yields and the shifts in thresholds.

NH3 desorption was observed during electron irradiation with a threshold at ~6-7 eV together with N2 and H2. Desorbing NHx (x=1,2) fragments are simultaneously formed with thresholds at around ~8-9 eV. The desorption of NH3 is mostly driven by electronic excitation between 6-15 eV. The excitation led to both the desorption of NH3 (intact and resynthesized) and fragmentation by neutral dissociation was evident from the detected species. At 13 eV, a peak is observed in the ESD profiles of NHx (x=1,2) fragments, N2, and H2. Irradiation experiments were performed at this energy monitoring desorbing species (ESD) and those that remain in the film (TPD). NH3 desorption as well as N2 and H2 formation were followed at increasing electron dose. Delayed desorption of N2 is evident in the temporal desorption profile suggesting that it requires a certain quantity of an N-containing reactive species to form which we propose here to be NH/NH2. H2 also follows the same profile suggesting that they could be produced by similar processes. NH3 desorption is shown to be efficient as at least 40% of the available material is removed after just 20 min of irradiation (Φtotal = 1.2 x 10 17 electrons/cm 2 ). First-order NH3 decay dominates at the earlier phase of the irradiation (σeff ~ 4 x 10 -17 cm 2 ) but after sufficient N2 is produced, the rate of decay changes as the available material is now split by these two contributions. A part of the N2 yield is also observed in the film by TPD after 13 eV irradiation at 28 K together with H2, N2H2, and N2H4. This energy is still below the dissociative ionization threshold at 15 eV and DEA processes at expected energies do not seem to contribute in the production of neutral species; hence, the dominant mechanism remains to be neutral dissociation. The results of this work can now be added to the growing database of electron-induced processes in NH3 shown in Figure 4.22, with our contributions shaded in purple. 

Chapter 4 Annex

I. HREELS Results on Electron Irradiation of NH3 at Different Energies

Amorphization. The first irradiation experiments were done on 14 NH3 on Au at 2, 5, and 11 eV. Figure 4.23 shows the results. For 2 and 11 eV, the starting material is amorphous and after a dose of ~10 15 electrons, no pronounced change was observed in the spectra. With 5 eV electrons and roughly the same dose on crystalline 14 NH3, amorphization of the layers is observed as evidenced by the broadening of the peaks corresponding to the lattice modes (21-55 meV) as well as the elastic peak. These results show that even at low doses (~10 15 electrons/cm 2 ), amorphization of crystalline films can be triggered by low-energy electrons. Amorphization also occurs when 14 NDxHy (x+y=3) films are irradiated at 30 eV (Figure 4.24) and 11 eV (Figure 4.25) with doses of ~10 17 electrons/cm 2 as evidenced by the broadening of peaks especially in the lattice mode region (21-55 meV) and the significant reduction in intensity and widening of the FWHM of the elastic peak.

Film Erosion. At 30 eV, film erosion is observed evident in the diminishing of peak intensities as the dose is increased. After a dose of about 1.6 x 10 17 electrons/cm 2 , the signature of the Cu substrate finally appears. The main loss bands at 100 and 140 meV corresponding to Cu-H wagging modes [START_REF] Lee | High-resolution electron energy loss spectroscopy study on chemisorption of hydrogen on Cu(111)[END_REF]. The effective cross-section of film erosion accounting for the collective desorption of all the 14 NDxHy (x+y=3) species (except 14 NH3 which is nevertheless virtually absent in the starting film) can be estimated by tracking the decrease in peak intensity of v(ND) mode (between 280-330 meV) as a consequence of electron dose. The plot decreases linearly with an estimated cross section of about ~2.6 x 10 -18 cm 2 (Figure 4.26).

Erosion was also observed even at 11 eV irradiation with a total dose of 1.9 x 10 17 electrons/cm 2 . The bands, characteristic of the substrate, begin to appear and the abrupt decrease in relative intensities of ND and NH bond vibrations suggest molecular desorption. The same effect was observed on NH3 multilayers deposited on Ge(100) surface irradiated with 600 eV electrons [START_REF] Sanders | HREELS study of electron irradiation effects on ammonia adsorbed on the Ge (100) surface[END_REF]. At a dose of 7.8 x 10 16 electrons/cm 2 , NH3 on the surface was almost completely removed as evidenced by the disappearance of usually strong bending mode peaks in HREELS [START_REF] Sanders | HREELS study of electron irradiation effects on ammonia adsorbed on the Ge (100) surface[END_REF]. The doses are comparable at 11 eV (Figure 4.25b) and 30 eV (Figure 4.24c) to diminish the peak intensities to about the same extent showing that the effective cross sections at both energies are comparable. The dose during the 30-eV irradiation which removed NH3 almost completely (Figure 4.24d) is also not far from that reported at 600 eV. This could mean that low-energy secondary electrons are mostly causing this observed erosion at higher energies.

Chemical Changes. Electron-induced chemical changes were not evident in the HREEL spectra of the irradiated films as additional peaks cannot be resolved. It is indeed difficult to detect whether products were formed during the irradiation as (1) the process may not be efficient at said energies so the dose might not be sufficient, (2) lighter species like NHx and N2 desorb immediately (3) species like NH2, N2H2, N2H4, etc. have overlapping vibrational signatures with NH3 and the resolution is not fine enough to distinguish the peaks. 

II. Estimated Cross Sections from TPD Data

An effective cross section for a detected product (σP) can be estimated from the results of this TPD measure considering the number of molecules formed (nP) with the given dose (Φ) assuming constant reactant supply (nR). This is of course an underestimate as at least 40% of the starting material is removed after irradiation. Nonetheless it can give a gauge of the efficiency of the electron-induced processes. The uncertainty in the dose amounts to about 10% (Chapter 2 Section 2.3) and uncertainties in resulting cross sections and estimated quantities of reactant and products can amount to 50% due to the uncertainty in film thickness. Accounting for these uncertainties, the estimated cross sections can be used to locate this point in relation to the ESD data normalizing nR to the y-intercept of the linear fit at the beginning of the irradiation (Figure 4.27). The results on 15 NH3 appear underestimated while the results for 14 NH3 seem to match impeccably with the estimated value of cross section not far from that estimated by ESD at the latter stages of irradiation. 

𝜎

III. Fitting NH3 and N2 Desorption Profiles

As proposed in Section 4.3.1, the excitation driven process can lead to desorption of intact NH3 or destruction of NH3 through the formation of molecules like N2 and H2 which both deplete the concentration of available NH3. We can approximate the contributions of these two processes to the disappearance of NH3. First, for the desorption of NH3 an effective cross section (σd) assuming a first-order desorption process which includes direct desorption and desorption of regenerated NH3, and second, the destruction of NH3 leading to the formation of N2 and products which can pass through various pathways and intermediates but globally result in the production of the latter. The second case requires two NH3 molecules with proportionality constant (γN2) resulting in a process which varies second-order with respect to available NH3. The contributions of these two observed processes can be expressed through the equation below: (m/z 30 Da) while the blue circles correspond to m/z 16 Da which accounts for all 15 NH including those coming from 15 NH2 and 15 NH3 cracking. The right side shows results on 14 NH3 desorption (black circles) including corrected signal from 14 NH2 removing contributions from the cracking of 14 NH3 (green circles) and signal for m/z 28 Da (red circles) which correspond to 14 N2 but also includes background signals from N2 and CO. The black and red fits correspond to [NH3]s and [N2]s, respectively.
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The N2 ESD signal can be approximated from:
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The predicted [N2]d plot was obtained from the area of [NH3]s 2 vs Φ fit leading to the red curve that matches well in shape with the ESD data. The plot is then rescaled to replicate the absolute intensity of the ESD data and obtain an approximate value for γN2 and σd. For 14 NH3, the mismatch at the beginning of the irradiation can be due to the background signal observed to be typically about 100 cts/μA which could also decay rapidly with dose. At the latter stage of irradiation, the plot is seen to be more reflective of the predicted 14 N2 signal.

Chapter 5 5 Perspectives: Towards Microscopic Surface Modification of Thin Film Resists Using Low-Energy Electron Irradiation

Electron Beam Lithography (EBL) [START_REF] Chen | Nanofabrication by electron beam lithography and its applications: A review[END_REF] and Extreme Ultra-Violet Lithography (EUVL) [5] are widely used techniques in preparing submicroscopic circuitry for optoelectronic devices. These methods utilize thin film resists to pattern structures on semiconducting surfaces. More importantly, high-energy beams of electrons and photons are used that consequently, yield high fluxes of low-energy secondary electrons. These secondary electrons are responsible for most of the damage in the resists as well as in the broadening and edgeblurring of etched features. It is imperative therefore to study low-energy electron induced chemistry in resist films to optimize these lithographic techniques. Specifically, we aim to understand the chemical processes involved and identify the more efficient processes from their effective cross sections following two key parameters: incident electron energy and dose.

After studying low-energy electron induced processes in resist films, we deem to move closer to lithographic applications by constraining the low-energy electron irradiation zones to micron-sized dimensions. To achieve this, we collaborated with the group of Nick Barrett at the Institut Rayonnement-Matière de Saclay (IRAMIS) of the Commissariat à l'Energie Atomique et aux Energies Alternatives (CEA), which specializes in low-energy electron microscopy (LEEM). Using an illumination aperture, irradiation regions can be limited to microscopic spots and LEEM can then immediately capture the wide-range image of the irradiated surface as a map of work function or surface potential.

Organic thin films like terphenylthiol (TPT) SAMS and poly(methyl methacrylate) (PMMA) are good models to begin the study on effects of low-energy electrons in resists. These systems have been studied quite extensively in literature under high-energy electron beam and ultraviolet irradiation. Effects of low energy electrons have been described for TPT SAMS in previous publications from our group [START_REF] Amiaud | Low-energy electron induced resonant loss of aromaticity: consequences on cross-linking in terphenylthiol SAMs[END_REF], [START_REF] Houplin | Electron Processing at 50eV of Terphenylthiol Self-Assembled Monolayers: Contributions of Primary and Secondary Electrons[END_REF] but microscopic irradiation had not been performed. Results of microscopic functionalization on TPT using LEEM will be presented in Section 5.1. In the case of PMMA, effects of low-energy electrons were not yet studied in detail. This project aims to contribute in, first, the understanding the low-energy electron induced processes in PMMA thin films and finally, perform the LEEM experiment to constrain desired modifications in micron-sized spots. Preliminary results on profiling of macroscopic electron processing of PMMA thin films shall be presented in Section 5.2.

Chapter 5: Towards Microscopic Surface Modification of Thin Film Resists Using Low-Energy Electron Irradiation These findings shall serve as guide to future micron-scale irradiation experiments in PMMA and also in other thin film resists.

Article on Microscopic Work-Function Patterning on TPT SAMS (10-50 eV)

Electron-induced modifications in TPT have been studied with electrons of 50 eV and below. It has been observed through HREELS that at 6 eV irradiation, CH centers of TPT were rehybridized from sp 2 to sp 3 keeping the hydrogen content constant while at 50 eV, CH peak intensity is reduced showing hydrogen content depletion without rehybridization of carbon centers, the dominant process being electron-impact ionization with minor contribution from neutral dissociation by electronic excitation [START_REF] Amiaud | Low-energy electron induced resonant loss of aromaticity: consequences on cross-linking in terphenylthiol SAMs[END_REF], [START_REF] Houplin | Electron Processing at 50eV of Terphenylthiol Self-Assembled Monolayers: Contributions of Primary and Secondary Electrons[END_REF]. To test therefore the LEEM procedure of irradiating within micron-sized spots, we began with 50 eV irradiation where we expect an efficient process. Using an illumination aperture, the beam size was constrained to about 5 μm on the sample surface. We present the results in the article using photo-emission electron microscopy (PEEM) and LEEM techniques. The contribution of this PhD work mostly involved TPT/Au sample preparation and characterization (Atomic Force Microscopy (AFM), HREELS) and the first results of 50 eV microscopic irradiation using LEEM which propelled the continuation of this study. The LEEM and PEEM data acquisition and processing is done mostly by our collaborators in CEA and we offered interpretations related to our experience and expertise concerning TPT monolayers and low-energy electron induced chemistry.

Low-Energy Electron Induced Processes in PMMA Thin Films

The PMMA thin film preparation was done in collaboration with Christophe Poulard of the Laboratoire de Physique des Solides (LPS) in Orsay. Homogeneous poly(methyl methacrylate) (PMMA) thin films were prepared from PMMA 950 A3 industrial grade powder (950 kDa) dissolved in anisole and spin-coated on gold. The maximum working thickness is about 16 nm as estimated through ellipsometry measurements. This was achieved by diluting the saturated polymer solution (3% PMMA in anisole) to 1/5, and a spin-coating speed of 6000 rpm followed by annealing to 180°C to remove excess solvent. Beyond this thickness, sample charging becomes apparent as the film is insulating and the electrons cannot penetrate to reach the conducting substrate. Below 10 nm, the corresponding polymeric solution is already too dilute to form a homogeneous film. HREEL spectra for PMMA can only be obtained within this range of thickness although sample charging still occurs from time to time interfering with spectrum accumulation, especially after irradiation. HREEL vibrational spectra for of a 16-nm PMMA film is taken at room and cryogenic temperatures (Figure 5.3). A spectrum obtained for this sample is compared with vibrational spectra in literature for PMMA thin films [START_REF] Grégoire | Spectroscopie vibrationnelle des solides organiques et des polymères induite par faisceau électronique[END_REF], [START_REF] Brinkhuis | Thin-film behavior of poly(methyl methacrylates): An FT-IR study of Langmuir-Blodgett films of isotactic PMMA[END_REF] and condensed methyl acetate obtained from this work (Figure 5.3). Methyl acetate (CH3COOCH3) is one of the simplest representations of the functional groups in the PMMA chain and its spectrum can help assign more accurately the various peaks observed for PMMA (see Appendix of this Chapter). Table 5.1 shows the proposed attributions based on literature for PMMA samples in comparison with CH3COOCH3 and the polyethylene.

PMMA consists of an alkane backbone with methyl (CH3) and methyl ester (COOCH3) substituents (Figure 5.2). The alkane backbone consists of repeating CH2 and β-CH3 and is characterized by CH and CC bending modes. The v(CH2,3) for this configuration normally appears at 364 meV as in the case of polyethylene [START_REF] Apai | Vibrational Structure of Polyethylene Using High-Resolution Electron Energy Loss Spectroscopy: Energy Dependence and Charge Neutralization Effects[END_REF]. The feature attributed to v(CHx) of PMMA however appears at 371 meV. Comparison with methyl acetate HREEL spectrum affirms that the intense v(CHx) at 371 meV mostly comes from the methoxy (OCH3) group broadened by v(CH2,3) contributions at 364 meV from the backbone CH2 and β-CH3. The strong peak at 180 meV is a combination of asymmetric bending modes δas(CH3) from the β-CH3 and OCH3, δs(CH3) umbrella mode from OCH3, as well as δ(CH2) contributions from the backbone CH2. The umbrella mode from the β-CH3 appears as a shoulder at 170 meV. Rocking modes from OCH3 could be involved in the peaks appearing at 122 meV but mixed with v(O-CH3) and at 144 meV mixed with δ(CH2) and v(C-C) from the backbone chain. The peak at 87 meV could be due to the CH2 rocking mode from the alkane backbone as in the case of polyethylene.

Vibrational modes associated with the COO group are also of prime importance to observe loss of CO-or O-containing groups. In this case, the intense peak at 216 meV is the main indicator of this change as it only corresponds to v(C=O). The v(C-O) between the carbonyl center and the methoxy group appears at 155 meV with the v(C-CO) contribution from the C-C bond between the carbonyl center and the α-carbon. The latter also appears at 105 meV with the rocking mode of the backbone CH2. The region between 27-61 meV is within the lattice mode region but could also be contributions from torsion and twisting modes which would require further studies and simulations to accurately specify as typical vibrational spectra in literature do not probe this range. Table 5.1: Main loss peaks observed in the HREEL spectra of PMMA and methyl acetate (CH3COOCH3) multilayers on Au (Figure 5.3) and a list of proposed attributions found in literature for the HREEL spectra of methyl acetate (CH3COOCH3) multilayers on Au [START_REF] Sivaraman | Vacuum Ultraviolet and Infrared Spectra of Condensed Methyl Acetate on Cold Astrochemical Dust Analogs[END_REF], polyethylene spin-coated on Au [START_REF] Apai | Vibrational Structure of Polyethylene Using High-Resolution Electron Energy Loss Spectroscopy: Energy Dependence and Charge Neutralization Effects[END_REF], PMMA spincoated on Au [START_REF] Grégoire | Spectroscopie vibrationnelle des solides organiques et des polymères induite par faisceau électronique[END_REF], and IR spectrum of a Langmuir-Blodgett (LB) PMMA film on Au [START_REF] Brinkhuis | Thin-film behavior of poly(methyl methacrylates): An FT-IR study of Langmuir-Blodgett films of isotactic PMMA[END_REF]. Legend: OOR: out of range, ν: stretching mode, δ: in-plane bending mode, γ: out-of-plane bending mode, ρ: rocking mode. Photolysis of PMMA has been reported using monochromatic wavelengths between 260 and 300 nm (4.1 to 4.8 eV) [START_REF] Torikai | Photodegradation of poly(methyl methacrylate) by monochromatic light: Quantum yield, effect of wavelengths, and light intensity[END_REF]. Chain scission of the backbone was observed as well as scission of the side-chains (functional groups) using UV and Fourier Transform Infrared (FTIR) spectrophotometry for film characterization. They proposed photodegradation processes in the main chain leading to the loss of the monomer (m/z 100 Da) and in the side chain leading to the loss of radical species like CH3O (m/z 31 Da), COOCH3 (m/z 59 Da). These radicals can then further react with hydrogen from the remaining chain to form stable species such as CH3OH (m/z 32 Da), and HCOOCH3 (m/z 60 Da), respectively. The latter bond scission can also result in an alkene-terminated residue which can be further fragmented through backbone scission to yield an allyl radical, C2H2CH3 (m/z 41 Da) fragment. A scheme of some of the proposed mechanisms are shown in Figure 5.4. This energy is within the range of electronic excitation energy of PMMA (Eexc = 4.5 eV) [START_REF] Torikai | Photodegradation of poly(methyl methacrylate) by monochromatic light: Quantum yield, effect of wavelengths, and light intensity[END_REF] but is not enough to induce ionization as the ionization potential of the film is around 7.3 eV [START_REF] Liu | High performance low-voltage organic phototransistors: interface modification and the tuning of electrical, photosensitive and memory properties[END_REF]. fragments. The main chain scission leads to monomeric fragments while side chain reactions on the ester side chain can yield species like methanol (CH3OH) leaving aldehyde residues or methyl formate (HCOOCH3) and a possible allyl radical (C2H2CH3) [START_REF] Torikai | Photodegradation of poly(methyl methacrylate) by monochromatic light: Quantum yield, effect of wavelengths, and light intensity[END_REF].

HREELS
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In a first attempt and to allow for direct comparison, a PMMA thin film sample was irradiated at 4.5 eV. After a dose of 1.3x10 16 electrons at 28 K, it results in excessive film charging. It was impossible to obtain a decent spectrum because the incident electrons are readily reflected as evidenced by an intense elastic peak. This could mean that anionic reactive species may be formed, or that the electrons may have been trapped by some attachment mechanism on the surface during the irradiation. Slightly annealing the irradiated sample to 120 K to possibly remove lighter species and facilitate charge flow, yields the HREEL spectrum in Figure 5.5b. The surface starts to reappear although charging is still apparent with the low signal to noise ratio in the inelastic region of the spectrum. The sample was left for 3 days in UHV at room temperature and then cooled down to 28 K to measure the HREEL spectrum shown in Figure 5.5c. Charging is now significantly reduced as the reactive fragments might have already reacted within the film or with the residual gas to form stable residues. The spectrum is more or less preserved except for the significant reduction in intensity of the peak at 87 meV which likely corresponds to CH2 rocking of the backbone CH2 possibly due to direct scission of the hydrocarbon backbone.

Further irradiation of this modified surface at 28 K, presumably already consisting of shorter chains after scission, yields the spectrum in Figure 5.5d after receiving a dose of only 1.7x10 15 electrons and left afterwards at room temperature for 24 h. The first significant change in the spectrum compared to the pristine PMMA is the shift in the peak position of the v(CHx) from 372 to 364 meV. As established before, the peak at 372 meV is mostly a contribution from the methoxy methyl. Removal of at least the CH3 group of this function would therefore leave the chain with only β-CH3 and the methylene groups of the backbone to contribute at the v(CHx) region shifting the peak to 364 meV. The peak at 180 meV is now less intense than the peak at 144 meV. The 180-meV peak mostly involves δ(CH3) from the methoxy group and the β-CH3. If the CH3 from the methoxy group is indeed removed, it is expected to reduce also the peak intensity at 180 meV assuming that there is less chain scission at this point in the irradiation (intense 144 meV mostly comes from the backbone v(CC) and δ(CH2)). The presence of the carbonyl group is still relatively intense at 216 meV showing the retention of carbonyl group in the film. This somehow concurs with the mechanism leading to loss of the methoxy group and formation of aldehyde in UV irradiated PMMA (4.1-4.8 eV) as schematized in Figure 5.4 [START_REF] Torikai | Photodegradation of poly(methyl methacrylate) by monochromatic light: Quantum yield, effect of wavelengths, and light intensity[END_REF]. Methanol (CH3OH) is expected to be formed following this mechanism but annealing to room temperature to alleviate charging effects led to its eventual desorption. It desorbs completely from a gold substrate at temperatures below 250 K [START_REF] Outka | Broensted basicity of atomic oxygen on the gold(110) surface: reactions with methanol, acetylene, water, and ethylene[END_REF]. Aldehyde v(CH) mode is expected to appear as a doublet at 350 meV and 337 meV. These are not extremely obvious in the spectrum of the irradiated film, but these could explain the broadening of the low-energy side of the v(CHx) peak in the spectrum of the irradiated sample. The peak at 87 meV returns but its origin is yet unknown.

a weak dose to incur chemical changes in the film. The following section will look into tracking down these changes at fainter doses.

Low-Dose 15 eV Irradiation At 15 eV, the flood gun delivers typically ~10 15 electrons in 5 min over an area of 0.28 cm 2 and this has been observed to significantly charge the polymer surface. Reduction to 1-2 min reduces this dose to ~10 14 electrons but is still not enough to alleviate charging effects at low temperature. We therefore tried to use the milder flux from the HREEL spectrometer gun to irradiate the specimen. The surface of 0.13 cm 2 now receives only 45 pA, equivalent to 8.0 x 10 12 electrons/cm 2 for a 60 min exposure, the typical duration of spectral acquisition. The sample is left in the collision region and a spectrum is acquired after a certain number of hours. The irradiation was performed at room temperature to alleviate charging from accumulating lighter charged species. The results are shown in Figure 5.6. Until a dose of 5.3 x 10 13 electrons/cm 2 , there is no significant change in the spectrum. Increasing this dose to 1.4 x 10 14 electrons/cm 2 , we begin to see some changes especially in the relative intensity of 144 and 180 meV peaks and the appearance of the 87 meV peak. These effects are enhanced together with the slight broadening and shift of the peak at 372 meV when the dose is further increased to 2.2 x 10 14 electrons/cm 2 .

Figure 5.6: HREEL spectra of gently irradiated PMMA using the spectrometer gun at 15 eV. In (a) is the average spectrum after 189 min of acquisition resulting in a cumulated dose of 2.5 x 10 13 electrons/cm 2 . The irradiation is continued to obtain the succeeding spectra with the following cumulated doses (b)

Chapter 5: Towards Microscopic Surface Modification of Thin Film Resists Using Low-Energy Electron Irradiation 5.3 x 10 13 electrons/cm 2 ; (c) 1.4 x 10 14 electrons/cm 2 ; and (d) 2.2 x 10 14 electrons/cm 2 . Spectrum (e) is taken after spectrum (d), at an area outside the expected irradiation region which only received approximately 3.4 x 10 12 electrons/cm 2 during acquisition. All the spectra are taken at 300 K, E0 = 15 eV, and are normalized to the background at 263 meV as the variation in dwell times during long-term acquisition affect the global intensities. The ΔEFWHM is between 7.8 -8.2 meV. These effects were already seen during the irradiation of PMMA at 4.5 eV (Figure 5.5d), mainly affecting the methoxy group which when cleaved may result in an aldehyde residue as proposed earlier. This could explain why the peak at 216 meV corresponding to v(C=O) remain intense. The spectrum in Figure 5.6e, taken after irradiation at a region outside the irradiation zone, is shown for comparison. Using the spectrometer's electron gun, the irradiation is well constrained within the beam size and charging effects are minimized. The process however takes a longer time than the high dose irradiation procedure with the flood gun.

Fragmentation Processes as a Function of Electron Energy

ESD experiments between 2 to 20 eV were performed on a thin film of PMMA at room temperature to observe different damaging processes leading to the desorption of neutral species. The total dose received by the sample after the ESD experiment is around 1.1 x 10 16 electrons. Several neutral species have been observed to desorb from the film including the monomer C5H8O2 and the allyl radical C3H5 attesting to chain scission during irradiation as well as smaller species like CHx (x=2-4), CO, CO2, CHxO (x=2-4) showing a rich blend of chemical processes happening in the film with different thresholds alluding to different processes opening opportunities for selective film modification by selecting the appropriate electron energy.

Backbone Scission

Chain scission involves the homolytic cleavage of the hydrocarbon backbone yielding two radical species with each cleave. The process can propagate eventually reproducing the monomer. The UV-initiated process described in literature [START_REF] Torikai | Photodegradation of poly(methyl methacrylate) by monochromatic light: Quantum yield, effect of wavelengths, and light intensity[END_REF], [START_REF] Mitsuoka | Wavelength sensitivity of the photodegradation of poly(methyl methacrylate)[END_REF] is schematized in Figure 5.4. Electrons with at least the same amount of energy may also trigger this process leading to the production of similar neutral fragments. Indeed, ESD yield in Figure 5.7 for the m/z 100 Da species show that monomer desorption already occurs at 4.5 eV, within the width of a possible resonance at 6 eV. After 6 eV, increased desorption is observed with a threshold around ~8 eV which is close to the ionization threshold (7.3 eV) and already above the expected excitation threshold (4.5 eV). Both processes could therefore be involved in monomer production at this energy and beyond. of a PMMA thin film at 300 K (total dose accumulated: 1.12 x 10 16 electrons).

Ester Side Chain Reactions

The ester side chain is also susceptible to electron capture and eventual dissociation. DEA has been observed for ester groups as in the case of methyl acetate [START_REF] Pariat | Dissociative electron attachment to methyl acetate: evidence for ion/molecule complexes as intermediates[END_REF]. Neutral dissociation is also possible above threshold and has been observed as one of the major pathways of UV-induced damage in PMMA resulting in the production of the C3H5 (m/z 41 Da) species [START_REF] Torikai | Photodegradation of poly(methyl methacrylate) by monochromatic light: Quantum yield, effect of wavelengths, and light intensity[END_REF]. The ester group is first cleaved leaving a hydrocarbon radical which can then spontaneously yield an alkene residue that can be further fragmented by backbone scission to release an allyl radical fragment (Figure 5.4). Lighter species commonly observed from the fragmentation of hydrocarbons and carbonylcontaining compounds were also monitored. Scission of hydrocarbons can be observed from the release of CHx species [START_REF] Olsen | Bond-selective dissociation of alkanethiol based selfassembled monolayers adsorbed on gold substrates, using low-energy electron beams[END_REF]. Carbonyl-containing organic molecules were shown to lose CO and CHx following electron impact [40]. CHxO species especially methanol (CH3OH) can be produced not only as direct products following reactions on the ester side chain but also from the reactions of CO and CHx radicals produced. The observation of these species is an evidence of the complex chemistry happening in the film. The mechanisms will be difficult to detail due to a web of processes leading to the formation and desorption of these species, but they can still give insights about the reactivity of the different functional groups of the polymer whose distinct behaviors at different energies provide prospects for controlling induced chemical modification in polymer films.

ESD yields of these species at different energies are shown in Figure 5.9: The yields presented are from the direct measurement of the signals from the respective m/z ratios. This includes the production of species from the processes in the film (i.e. direct fragmentation of the polymer, secondary reactions of smaller radicals (and possibly ions), secondary fragmentation of higher molecular weight fragments) as well as the cracking of heavier species desorbing from the film as they are ionized in the QMS head during detection. For now, the yields uniquely from desorbing species from the film are difficult to extract because of multiple possible reactions but the varying thresholds and resonant structures are apparent for certain species which imply distinct reactive behaviors targeting the different functional groups of the polymer. The shaded regions depict the mean signal from the desorption of homologous species from the bare substrate.

CHx (x=2-4)

The CHx (x=2-4) species were observed to desorb but only CH4 is shown in Figure 5.9 as m/z 14 Da and m/z 15 Da species are unreliable due to hydrocarbon pollution from the sample vicinity as observed in the case of NH3 (Chapter 4 Section 4.3.2). A threshold at around 6-7 eV close to the expected ionization threshold (7.3 eV) is apparent for the CH4 channel with a peak between 12-15 eV. Plenty of processes can be responsible for the production of this molecule beyond the ionization threshold. Ionization can occur as well as neutral dissociation as the energy is well above the threshold for electronic excitation. Electron attachment on PMMA can also result in dissociation leading to the loss of CH3 from the methoxy group of the ester side chain [START_REF] Sakai | Main chain scission reaction of poly(methyl methacrylate) caused by two-photon ionization of dopant[END_REF]. The CH3 radical can further abstract a hydrogen, for instance, from another methoxy group or the polymer chain leading to the formation of CH4. It cannot be neglected also that the observed CH4 yield also includes 

CO and CO2

Neutral species m/z 28 Da (CO) and m/z 44 Da (CO2) arise from damaging the ester side chains. It is interesting to note that both species have different profiles and thresholds providing an energy window for selective modification. The measured CO yield is much larger than the CO yield expected from the CO2 cracking in the QMS suggesting that the CO is desorbing from the film (although signals coming from the fragmentation of larger COcontaining species also still contribute to the yield). A threshold at ~5 eV is observed plausibly due to neutral dissociation as it is close to the electronic excitation threshold. The CO could be associated to the leaving methoxy group which is a persisting occurrence from the HREELS characterization of film residues. The detected CO2, on the other hand, appears much later with a threshold at around 7 eV close to the expected ionization threshold and is most likely from the complete scission of the ester moiety, also consistent with the threshold observed for m/z 41 Da proposed to be induced by the loss of the ester group.

CHxO (x=2-4)

CHxO threshold at 8-10 eV already above the ionization threshold and globally, the three species detected have similar trends. Methanol (CH3OH) desorption is the most probable contributor to the yield of the m/z 32 Da signal but could have some contribution from the cracking of larger molecular fragments or from O2. The m/z 31 Da species can come from the methoxy radical (CH3O) formed in the film but also from the cracking of (1) CH3OH and (2) larger methoxy containing fragments/species. The fragmentation of CH3OH at 70 eV ionization is expected to have the yield 1.3x more CH3O than CH3OH. Assuming that the m/z 32 Da signal is only from CH3OH, the remaining CH3O leaves only a small portion to account for those leaving the film and the cracking of larger species. This could mean that CH3OH is probably the major product of methoxy loss rather than CH3O. The m/z 30 Da is even more difficult to separate because it could come from formaldehyde (CH2O) from all sources and ethane (C2H6) which can be produced also as a result of multiple scissions of the polymer chain. This cannot however come from the cracking of detected CH3OH because the expected yield of CH2O from CH3OH cracking is only 0.01x of the CH3OH yield.

The detected m/z 30 Da can thus, only come from those leaving the film or from other heavier fragments. The m/z 29 Da species, the most dominant species in the cracking of CH2O at 70 eV should be detected in future experiments to confirm the identity of desorbing formaldehyde.

The loss of CH3O group in the form of either CH3O radical or CH3OH was already inferred from the HREELS study of the film residue at 4.5 eV irradiation (Section 5.2.2) where the loss of the νas(CH3) stretching modes of OCH3 and accompanying bending modes was observed. These species are thus expected to desorb once formed during ESD at 300 K.

The total dose at the 5-eV point (2.6 x 10 15 electrons) is an order of magnitude less than the irradiation experiment at 4.5 eV and may be too faint to produce a pronounced signal. Moreover, the technique is also less sensitive than HREELS. Irradiation at 4.5 eV at increasing doses should be done while detecting the desorbing fragments (temporal ESD) to confirm the release of CH3OH and possibly, estimate the cross section of its formation.

Conclusion

This Chapter presented results on (1) the micron-scale work function modification in TPT monolayers, and (2) the irradiation of PMMA with low-energy electrons. For the micronscale surface modification, spots of 5 μm of lower work function were imprinted on the TPT SAMs surface using the LEEM set-up demonstrating the feasibility of the technique to constrain low-energy electron irradiation to micron-sized dimensions. In the case of PMMA, preliminary results were presented on low-energy electron irradiation of the film. Sample charging has been a recurring problem; nonetheless, we have determined parameters to arrive at a homogenous film within the right thickness range suitable for HREELS characterization. Main chain-scission of the polymer backbone was observed both from HREELS characterization of the residues and the detection of desorbing monomers. The loss of the methoxy group either in the form of CH3O or CH3OH can also be inferred from the characterization of the residue and desorbing species. Several smaller species like CH4, CO, and CO2 were also detected and although it is difficult to detail the mechanisms of their production for now, the different profiles and thresholds open prospects for controlled chemical modification of the polymer film. Figure 5.11 summarizes the results so far observed from PMMA irradiation.

The preliminary results revealed interesting low-energy electron-driven phenomena which require further experimentation to confirm and closely study. Energy windows shown to have distinct processes can be identified and irradiation at these energies can be done to try to determine the mechanisms based on the evolution of products observed in the residues and among desorbing species. The effective cross sections may also be estimated using procedures developed in the preceding chapters through either spatial mapping or real-time ESD depending on the conditions of the resulting film/products. Other neutral species of interest such as m/z 59 Da and m/z 60 Da species (COOCH3 and HCOOCH3) and Chapter 5: Towards Microscopic Surface Modification of Thin Film Resists Using Low-Energy Electron Irradiation m/z 29 Da (CHO) should be detected as well to ascertain the proposed mechanisms. LEEM micron-sized irradiation may then be applied to arrive at a spatially resolved PMMA surface modification by preferentially activating some of the process through selecting the appropriate energy range for irradiation. Chapter 5 Annex

I. Vibrational Characterization of Methyl Acetate

Methyl acetate was deposited on Au substrate using the same deposition technique described in Chapter 2 for benzylamine using a dedicated doser. The substrate at 28 K was exposed to the gas for 3 min and annealed to 120 K to crystallize. The number of layers was not measured by TPD but the HREEL spectrum suggests that the film is with multilayer thickness (typically greater than 4 ML) as the signature of the substrate is already completely concealed. The spectrum is shown in Figure 5.3 in comparison with PMMA.

The region from 364-380 meV corresponds to v(CH3) stretching losses. In methyl acetate, this could come from either the α-CH3 connected to the carbonyl center, or the CH3 from the methoxy group (OCH3). In the acquired HREEL spectrum the peak appears at 372 meV with a shoulder at 364 meV. The IR study by Sivaraman et al. [START_REF] Sivaraman | Vacuum Ultraviolet and Infrared Spectra of Condensed Methyl Acetate on Cold Astrochemical Dust Analogs[END_REF] on methyl acetate ice can resolve four distinct peaks in this region, 365, 367, 372, and 376 meV, to which the following modes are attributed respectively: vs(CH) of CCH3, vs(CH) of OCH3, vas(CH) of OCH3, vas(CH) of CCH3. The HREELS resolution cannot separate the four peaks but based on the frequencies and the relative intensities from IR spectrum in the cited work, the main contribution at 372 meV in the HREEL spectrum could be that of the vas(CH) of OCH3. The accompanying bending modes of the CH3 groups are also prominent. The umbrella mode δs(CH3) of the α-CH3 appears at 170 meV while at 180 meV, a combination of δas(CH3) modes of the α-CH3 and methoxy CH3 and the umbrella mode δs(CH3) of the methoxy CH3. The CH3 rocking modes could also be contributing as a shoulder at 121 meV.

The COO group can also be clearly distinguished from the spectra with v(C=O) as a distinct contribution at 216 meV. The v(C-OCH3) stretch is even more intense at 157 meV but may also have contributions from v(C-C). At 130 meV, the v(O-CH3) stretching of the methoxy group can be observed with a shoulder at 121 meV corresponding to the α-CH3 rocking mode. The v(C-CO) stretch between the α and carbonyl carbons is assigned to the peak at 106 meV. Below 100 meV could be within the lattice mode region with contributions from COO and CCO bending modes and CH3 torsion [START_REF] Das | Methyl Acetate and Its Singly Deuterated Isotopomers in the Interstellar Medium[END_REF].

Conclusions and Perspectives

This study focused on studying low-energy (0-20 eV) electron induced processes in condensed films with the aim of addressing the need for quantitative data especially in describing mechanisms producing neutral species. The group studied these processes in various supported molecular systems and assemblies detecting synthesized products at different energies using spectroscopic techniques; however, quantitative data was difficult to access. This PhD work continues under this general topic but contributes specifically in the development and optimization of techniques for detection of neutral species and quantification especially in terms of effective cross section data for identified electroninduced processes.

Obtaining quantitative data for processes happening in condensed phase is difficult with multiple scattering processes and secondary reactions occurring in the film. This also requires the detection of distinct species (either as reactants or products) that can be followed through dose variation using surface-sensitive characterization techniques. The exploration of different condensed systems in this work developed methodologies for detection and data processing/analysis leading to quantitative data for electron-induced processes, specifically, in terms of effective cross sections. This has several implications in diverse specific subfields of surface science and astrochemistry.

One-shot cross section measurement. Functionalization of hydrogenated diamond by tapping the reactivity of condensed benzylamine to low-energy electrons resulted in a distribution of sp 2 -hybrized carbon centers on the substrate surface that strongly follows the electron beam profile. The average dose received by concentric cylindrical regions of the sample was estimated from the beam profile to obtain data of sp 2 signal evolution with dose in just a single exposure. This cuts acquisition time to arrive at cross section data of comparable degree of uncertainty to traditional means of estimating cross sections from multiple exposures at varying doses. This can have implications, for example, in controlling electron-induced surface functionalization and deposition (FEBID) which rely on precursoractivation. In quickly generating quantitative data for electron-activation of precursors, comparison and selection of appropriate precursors is possible for optimized surface modification.

Real-time ESD of neutral fragments. Quantification of desorbing neutral fragments during electron irradiation has been a challenge and studies on them are quite scarce compared to their ionic counterparts. They can, however, provide a wealth of information that can complement results on ESD of ions as plenty of primary and secondary processes arising from electron impact including synthesis of new molecules and sputtering can be captured by tracking the production of neutral species.

-Real-time ESD at a single energy detects the decay in ESD yield of reactants as a consequence of film depletion results in effective cross-section data that can be utilized for applications like FEBID where ligand fragmentation and desorption from precursors to generate pure deposits is of prime importance. This has been illustrated by our work on a copper precursor specifically estimating the crosssection of efficient CF3 production by dissociative electron attachment of the perfluorinated ligands at 1.5 eV. -This work was also able to capture neutral species desorption from NH3 multilayers which is a molecule of astrochemical significance. Real-time ESD was difficult to interpret due to plenty of secondary chemical processes occurring in the film but it can follow how the yield of certain products evolve with increasing dose such as the delayed formation of N2 and H2. The mechanisms of electron-induced reactivity leading to the production of neutral fragments were proposed in this work together with an estimate of the crosssection of NH3 desorption.

Observing complex electron-driven chemistry by complementary surface science tools. The condensed medium is an ideal matrix for chemical reactions due to the high density of molecules surrounding the activated species upon electron irradiation. The reactive products of direct electron-molecule interaction in the form of radicals and ions can further react with neighboring molecules yielding secondary products. These products can be detected either in the solid residue or in gas phase. The combination of techniques such as HREELS, TPD, and ESD has been shown to provide complementary results regarding the detection of synthesized products proving the existence of secondary reactions. These results also allow us to propose various mechanisms describing the synthesis of these products:

-The formation of N2 in benzylamine at 2.5 eV due to DEA has been identified by HREELS and ESD showing reaction from two N-containing benzylamine fragments (proposed to be NH2) in cryogenic temperature. Reaction of phenyl and benzyl radicals from the condensed film of benzylamine with the substrate has also been identified by HREELS and ESD. -Formation of N2 and H2 as well as more complex molecules like N2H2 and N2H4 at 13 eV in the irradiated NH3 films attests to the recombination of NH3 fragments produced by neutral dissociation as observed in TPD and ESD results.

In the future, the project will be steered closer to provide insights in the development of lithographic procedures such as in EUVL and EBL, in terms of understanding processes induced in thin film resists by low-energy secondary electrons that could explain damages during irradiation. This work has yielded promising preliminary results in the study of electron-induced processes in PMMA thin films at low energy (E < 20 eV) which has never been accessed in detail due to excessive film charging. The thickness range and film preparation parameters leading to less charging in post-irradiation HREELS characterization were determined. Results on ESD of neutral species have identified energy windows and thresholds of interest to activate various processes targeting different chain scission mechanisms (backbone vs side chain). Once a firm understanding of these processes is established, they can be tested for spatially-resolved chemical modification. This has been tested so far with TPT monolayer samples using LEEM which demonstrated the feasibility of the technique to sharply confine chemical modifications to spots of a few microns in diameter.

The study on electron processing of ammonia, on the other hand, have led to results with potential astrochemical implications especially in understanding the role of low-energy electrons as a non-thermal desorption mechanism that can help explain the abundance of NH3 is certain regions in space. These results are currently being related to UV-induced reactivity in collaboration with the Laboratoire d'Etudes du Rayonnement et de la Matière en Astrophysique et Atmosphères (LERMA). Both electron and photon-induced non-thermal desorption can provide insights towards determining mechanisms of ammonia desorption in condensed regions in space as well as relating NH3 and N2 abundance as a consequence of said processes, since N2 abundance is indirectly derived from its spectroscopically detectable intermediates.

Response under low-energy electron irradiation of a thin film of a potential copper precursor for focused electron beam induced deposition (FEBID) *

INTRODUCTION

The high electrical conductivity of copper makes it a material of choice for the development of electronic devices at the nanometre scale. In such applications, the conductivity of the deposit and its thermal behaviour strongly depend on the achieved purity, which still needs to be improved with standard techniques [1,2]. Pure deposits have been obtained with non-standard processes, for example with FEBID in aqueous solution [3] or with ion beam assisted deposition with plasma treatments [4]. For purity improvement of copper deposits, an alternative is the use of precursors with multiple copper ions. This class of metallic complex precursors has been proposed in situations where a good control of the composition is needed, for example in the case of alloy deposition [5]. A new group of copper precursors [Cu2(R′NH2)2(μ-O2CR)4] synthetized with two copper(II) cations has been designed by the co-authors at Nicolaus Copernicus University in Toruń, Poland, for chemical vapor deposition (CVD) [6][7][8]. Among these complexes, two different compounds, [Cu2(EtNH2)2(μ-O2CC3F7)4] and [Cu2(EtNH2)2(μ-O2CC2F5)4] (Figure 1) will be studied in the present paper and hereafter named as compound A and compound B, respectively. They differ only by the length of the four perfluorinated carboxylate ligands. The use of lightly bound amine and carboxylate ligands gives complexes that are stable in gel form under ambient conditions but yield a copper purity from 60% to 80% in CVD. In these CVD studies, the sublimation of the full complexes was observed to be competitive with thermolysis of the ligands. The possibility to evaporate the compound allows one to envisage its use as a FEBID precursor. Moreover, the dissociation of the precursor to a pure heavy deposit and the release of volatile fragments is a crucial issue in FEBID. Considering the amine and carboxylate ligands, one can anticipate the ease of removal of the lightly bound amine ligands. In addition, the carboxylate ligands could favourably drive the precursor dissociation to the release of CO2 fragments, known to be a general product of electron impact on carboxylic acids [9,10]. These assumptions need to be confronted to experiments, not only for the specific use of the precursor in the present study, but also in order to contribute to the fundamental understanding of precursor dissociation in FEBID. The evaporation of the precursor is a delicate aspect of FEBID experiments. The precursor should be not only in the gas phase, but also it needs to be deposited on the surface where the electron beam is focused. The main motivation of the present study is to get insights on the response of this precursor under FEBID conditions, i.e., under electron irradiation in vacuum. We separate here the deposition and the electron irradiation steps, in an approach similar to successful studies of different precursors deposited on surfaces and irradiated by 500 eV electrons [11,12]. To this end, one can avoid the challenging evaporation step and directly deposit the precursor on the surface before introduction into vacuum, like the work on Cis-platin particles by Warneke and co-workers [13]. We propose here a similar approach in the apparatus in Orsay devoted to the study of surface processes induced by low-energy electrons in the 0-20 eV range. This range is of particular interest as the low-energy electrons are known to play a major role in the chemical processes induced by energetic beams [11].

With a fixed precursor quantity, two particularities have to be noticed. Firstly, the temporal evolution of the recorded signals is mainly due to the changes in composition or quantity of the available precursor in the irradiation area. Secondly, irradiation is done in the beginning of the experiment in the electron-limited regime when the precursor quantity exposed to electron beam is not limited by adsorption and diffusion. This regime is known to give the best results in terms of spatial resolution [1] and therefore is of particular relevance for future use in FEBID.

In the first part of the present paper, a good stability of the complexes during transport from Poland to France is shown without excluding a slight loss of amine ligand. However, the loss of these amine ligands is enhanced by mild annealing in vacuum. In the second part, the fragmentation of the amine ligands under electron impact is discussed, as well as the fragmentation of the perfluorinated carboxylate ligands. The effective cross section for the fragmentation and release of these ligands under 1.5 eV electron impact is then finally estimated.

RESULTS AND DISCUSSION Stability of the EtNH2 ligands

Figure 2 shows the vibrational spectra of the two products recorded by different instruments: at ambient pressure by attenuated total reflection (ATR) infrared absorption spectroscopy (both in Poland and in France) and under vacuum by HREELS. The assignments of the main vibrational modes are listed in Table 1. The comparison between these signatures shows that the complexes, stable at atmospheric pressure in cold and dry environment, evolve when exposed to vacuum and when annealed under vacuum. The decomposition under heating has already been studied by variable temperature infrared spectroscopy (VT-IR) [8]. The effect of vacuum exposure is detailed hereafter. 

Amine ligand stability under ambient conditions

The IR spectra of the pristine compounds A and B are recorded in Poland (Figure 2, respectively, spectrum a and c). Compound A and B exhibit very similar vibrational signatures. Ethylamine apical ligands are visible by the signatures of the ν(CH) stretching band 360-380 meV, and the ν(NH) stretching band, positioned in the 380-400 meV range due to the coordination by the nitrogen group [18]. Additional small signatures of NH2scissoring at 190 meV and ν(CC) in C-CN chains are seen at 100 meV and as a shoulder at 120 meV [8,15]. The four perfluorocarboxylates ligands are visible with the ν(COO) stretching at 206 meV, and the strong bands of mixed CC and CF3 stretching modes from 111 to 165 meV. This spectral range contains the main differences between the two compounds. The stability of the compound during the transfer from Poland to France under ambient conditions was verified by recording their IR spectra again (Figure 2, spectrum b and d). Spectrum e in Figure 2 was taken with ATR-IR spectrometer in Orsay, France, probing compound B dip-coated on a Si wafer (thickness ca. 5 nm). Comparison of spectrum a with spectrum b, and of spectrum c with spectrum d shows that, for both compounds, most of the above mentioned signatures are still visible. Amine ligands are visible through the NH2 scissoring at 190 meV and mixed CH and NH stretching bands (350-400 meV). Only these last bands, especially the stretching NH contribution in the high-energy range, are visibly reduced on the dip-coated Si wafer, with nevertheless a significant remaining quantity. [14]; e Raman spectroscopy on a cysteamine self-assembled monolayer on silver [15]; f IR of heptafluorobutyric acid [16], alkanethiol by HREELs [17].

HREELS analysis of vacuum exposure and annealing effect

The sample used to record spectrum e in Figure 2 was introduced under vacuum for electron-stimulated desorption (ESD) experiments discussed in the next section, but HREELS analysis of these samples was not possible probably due to the combination of native oxide layer and the compound layers on it. Indeed, probing a poorly conductive sample in HREELS is always challenging. However, it was possible to probe a part of the silicon surface in a corner without deposited material. The spectrum showed a small signature of THF, which was the solvent used in the dip-coating process (not shown). Therefore, we changed for a conductive sample and avoided the THF signature in HREELS by direct deposit of the undiluted compound.

The vacuum vibrational analysis of the complex was done with a thin layer of compound B deposited on a bare gold surface (Figure 2, HREEL spectrum f). The spectrum was recorded at 30 K in order to improve the spectral resolution, even though it still remained much broader than with IR (ca. 7.6 meV in HREELS, 0.2 meV with IR). The spectrum shows broad and overlapping signatures that well enclose the signatures observed with IR in air, mentioning that relative intensities can vary from IR to HREELS. There are nevertheless important points to notice. The broad peak over the range of 350-400 meV is low compared to the usual signature of hydrocarbon layers in HREELS. This shows that an important fraction of the amine ligands is lost, in accordance with the absence of ν(NH2) stretching, expected as a weak and broad signature at 380-400 meV. Even if NH stretching modes are known to be difficult to observe in HREELS [19], the loss of amine ligands can be concluded from other spectral signatures. The δ(NH) angular deformation, the other expected contribution that is usually more intense, cannot be distinguished here at 192 meV, neither can the ν(C-CN) stretching at 115-120 meV. The signature of ν(CC) stretching at 130 meV cannot be unambiguously attributed to amine ligands as the fluorocarbon ligands have signatures in the same range. Only the shoulder at 180 meV, attributed to δ(CH2) and δ(CH3), are specific here to the amine ligands. In summary, all signatures of the ethylamine ligands are particularly small in spectrum f. The ν(CH) stretching and δ(CH) deformation attest for the remaining presence of amine ligands.

Further investigation of the compounds ability to lose its amine ligands was done by heating. Spectrum g in Figure 2 was recorded under the same conditions as spectrum f, but after a mild annealing above room temperature (T = 305 K), desorption was induced, visible by a small pressure rise in the chamber during the process. Back to low temperature, spectrum g is similar to spectrum f except that CH signatures are reduced (these signatures are mainly ν(CH) stretching, the shoulder of δ(CH2) and δ(CH3) at 180 meV, and the ν(CC) stretching shared with CF chains). Exposure to vacuum with mild annealing to 305 K leads to desorption of the amine ligands. This partial ligand loss from the complex is not a surprise as it was observed for a similar compound ([Cu(t-BuNH2)2(μ-O2CC2F5)4]) at atmospheric pressure, in the range 303 to 373 K, while the complex sublimation is observed between 413 and 473 K and the fluorinated species decompose between 373 and 473 K [8]. In the VT-IR experiments, the vapour of the ([Cu(t-BuNH2)2(μ-O2CC2F5)4] compound was observed from 463 to 483 K. The characteristic bands for the decomposition products (CO2, anhydride, esters) were also detected.

Fragmentation by low-energy electron irradiation Electron-stimulated desorption Further analysis of the precursor decomposition was done by ESD experiments on dipcoated samples (ca. 10-20 nm) of compound A, introduced under vacuum at room temperature. Neutral fragments released during irradiation are detected with a quadrupole mass spectrometer (QMS). Neutral fragments can be released during irradiation by different processes. The most efficient process at high energy is the dissociative ionization (DI), above the ionization threshold. It produces a neutral fragment and a cation, which can be eventually neutralized. At lower energy, and above the electronic excitation threshold, the most efficient process is neutral dissociation (ND), which produces two neutral fragments. It is in competition with dipolar dissociation (DD), which produces two ions of opposite charges that can be further neutralized. In the low-energy range, below the two previously mentioned thresholds, the only efficient process is dissociative electron attachment (DEA), which produces neutral species and an anion that can be neutralized. ESD efficiency is higher at high energy because DI is the most efficient process. However, in FEBID experiments, the distribution of secondary electrons strongly peaks in the range of 1-5 eV, considerably enhancing the probability of DEA. Moreover, the ESD experiments presented here were done at 300 K and are more susceptible to detect light species. At this temperature, heavier fragments can remain trapped by physisorption on the surface, but lighter neutral species would desorb, except those with strong dipolar momentum. In addition, the QMS detection yield is higher for light species. To put it in a nutshell, we cannot detect all fragmentation channels by ESD, and we suffer from a detection bias towards light species. Nevertheless, a fragment detected by ESD indicates a fragmentation channel likely to occur during focused electron beam irradiation, especially if its desorption is high in the range of 0-5 eV .

The ESD spectra of selected fragments are presented in Figure 3. Figure 3a is used for the energy calibration (see Experimental section). Figure 3b shows the detection of neutral species of mass 45 and 30, respectively attributed to the whole EtNH2 molecule and its fragmentation in the QMS ionization head [20]. Their detection proves that the selfdecomposition of the complex under vacuum at room temperature was incomplete and can be further induced by low-energy electron impact. Figure 3b shows that the stimulated desorption yield for neutral EtNH2 increases from 2 eV up to 12 eV. This global increase is the consequence of the successive dissociative channels, DEA, ND and DI, opening stepwise with the increase of the incident energy. In particular, the onset at 2 eV, which is low compared to the electronic excitation energy and ionisation energy of primary amines (respectively, 5.9 eV and 8.8 eV [21,22]) points out possible resonances of dissociative electron attachment processes leading to fragmentation of neutral ethylamine. The nature of the resonance is difficult to determine from the data. To our knowledge, no measurement of amine metal cation complex dissociation is described in literature for comparison, and the resonances for dissociative electron attachment in amine compounds, known from gas-phase studies [23][24][25][26], are expected to be shifted in energy and to have enlarged widths in condensed phase [27]. One cannot go further in the attribution based only on our measurements and the results of gas-phase studies. Nevertheless, the release of the ethylamine compound is favourable to the use of the compound as a precursor for FEBID. It corresponds to the loss of an entire ligand, which is certainly the most favourable situation to achieve improved purity of the final deposit. On the contrary, the ligand fragmentation can be viewed as a potential source of carbonaceous contamination of the future deposited product. The amine ligand fragmentation under electron irradiation is probed through the species with mass 31 (Figure 3c). This mass is not related to ethylamine fragmentation in QMS head [20]. Mass 31 can be taken as a good tracer of the amine ligand dissociation induced on the surface by electron impact. Its detection, attributed to CH3NH2 radicals, shows that the electron impact fragmentation of ethylamine on the surface has an onset at 8-9 eV, which is in agreement with the typical onset (8 eV) observed for carbon chain fragmentation in hydrocarbon films [28,29]. The fragmentation yield increases then with the electron energy, as the non-resonant processes, dissociative ionisation and electronic excitation followed by dipolar or neutral dissociation, become more efficient with increasing energy. 

Fragmentation of perfluorocarboxylate ligands

The perfluorobutyrate ligand desorption induced by electron impact is observed by the detection of mass 119 and mass 69, which are attributed to CF3CF2 and CF3 radicals, respectively (Figure 3, curves d ande). The detection of the entire C3F7COO ligand and C3F7 fragments was not possible due to the low sensitivity of the mass spectrometer to high-mass fragments. Fluorocarbon desorption starts at the lowest energies, with a first maximum at 1.5 eV, then shows a minimum at 5 eV before rising again from 6 eV until the end of the scan at 13 eV.

Fluorocarbons are known to be cleaved through DEA [30][31][32], with a main feature of F -anion production located at 4 eV in gas phase. The dependence on the energy is more structured in condensed phase, with three maxima at 3, 5 and 9 eV for the F -desorption from condensed C2F6. Here, the 1.5 eV peak dominates the ESD curves for both CF3 and CF3CF2 desorption in the low-energy range. Considering the energy distribution of the secondary electron production in high-energy irradiation beams, which strongly peaks at very low energy [33,34], an efficient dissociation process in this range would have strong consequences on chemistry induced by irradiation. The nature of the dissociation process is most probably due to dissociative electron attachment, which is the only efficient process at low energy. Attribution based on the position of the desorption maximum is tentative. We can nevertheless note the accordance of these results with the well-known resonance of dissociative electron attachment on small carboxylic acids in the gas phase [9,35], observed also in the condensed phase [10,29]. It has been shown that carboxylic acid has a resonance for electron attachment centred at 1.5 eV, leading to atomic rearrangement and breaking of the R-COOH bond, visible by the formation of CO2 and H2O in the condensed phase. Here, the carboxylates are coordinated to Cu 2+ cations. It would be interesting to investigate if the low lying shape resonance of π* character near 1 eV, involved in the dissociative electron attachment process on carboxylic acids, is preserved in a coordination complex and could lead to the cleavage of the Cu-OOCR coordination bond. Unfortunately, CO2 formation, which could have given us more information on the dissociation processes, could not be observed. The signal for the detection of CO2, or the secondary fragment CO, did not rise sufficiently from the residual background noise.

Estimation of the effective cross section for carboxylate ligand loss

The analysis of the desorption signal for a long irradiation time allows to estimate the efficient cross section for the chemical transformation induced all along the irradiation. A dip-coated sample on silicon, with an estimated thickness of 5 nm, is exposed to a 1.5 eV electron beam for 210 min. Regular off-beam measurements are taken to remove the background contribution from the desorption signal. The evolution with the cumulated dose of the CF3 signal, normalized to transmitted current, is plotted in Figure 4. The signal is decreasing with time as the available quantities on the surface are decreasing. Assuming a direct proportionality between the signal and the remaining quantity on the surface, this measure can be used to estimate the effective cross section for the fragmentation and desorption of the carboxylate ligand by electron impact at 1.5 eV. We can assume that the mean free path of the electrons is long enough to interact with the whole 5 nm of available product [34]. All available complex material is then considered exposed to the irradiation beam from the beginning of the experiment. As already used in a previous publication [36], the decrease in the signal follows an exponentially decreasing law: S = S0 exp(-σΦ) where S0 is the initial signal intensity, σ is the cross section (in cm 2 ) and Φ is the beam fluence (in cm -2 ), i.e., the integrated number of incident electrons over time. The desorption signal must decrease and drop to zero when the compound is fully consumed. Here, the experiment is stopped before the end, when more than 50% of the compound has been transformed and the layer starts to significantly change compared to the beginning of the measurement. A part of the complexes have lost their ligands and the cross section for the loss or the fragmentation of a second or third ligand is not expected to be the same. A fitting procedure using the first phase of the evolution curve allows to deduce the value of σ = 7 × 10 -17 cm 2 . Comparing to data available in the literature, this value is larger than the cross section of electron attachment on acetic acid leading to its dissociation to CH3COO -, which is 6 × 10 -19 cm 2 in the gas phase [37]. This result is not surprising since, for the dissociation route RCOO -+ H solely, it has been observed that fluorinated molecules have a cross section of more than ten times greater than that of equivalent hydrogenated compounds [38]. The condensed compound here has also a longer carbon chain, fully fluorinated, and can have additional fragmentation routes not included in the gas-phase study. The cross section deduced here is 100 times smaller than the total electron scattering on formic acid, around 4 × 10 -15 cm 2 [9,39]. Considering the cross section obtained here, the fully coordinated complex, which contains four perfluorinated carboxylate ligands, has a cross section four times larger for the fragmentation of one ligand seen by CF3desorption. It can be estimated to σ′ = 2.7 × 10 -16 cm 2 . This is the order of magnitude of the cross section for NO ligand loss from [Co(CO)3NO] by dissociative electron attachment at 2 eV seen in the gas phase, (0.5-4.0) × 10 -16 cm 2 [40]. The loss of PF3 from [Pt(PF3)4] due to electron attachment at 0.5 eV, measured as 2 × 10 -16 cm 2 in the gas phase, is also within the same range [41].

CONCLUSION

The present study is our first attempt to use surface science tools, usually dedicated to the study of low-energy electron induced processes, to gain insights on dissociation processes induced on potential precursors for FEBID. The HREEL spectroscopy allowed us to show that the precursor loses spontaneously the amine ligands when it is exposed to vacuum at room temperature. There is additional information that could be obtained from detailed HREELS studies. In particular, the evolution of the vibrational signatures with the incident energy of the probing electron beam can be used to find resonance energies for electron attachment [42]. Such energies can be probed to better understand the key role of DEA process in precursor decomposition under electron beams. For this purpose, the homogeneity of precursor deposition must be improved on a good conductive substrate to avoid partial charging of the system that complicated the HREELS investigation in the present study. ESD measurements have shown that the loss of the amine ligands was not completely achieved under vacuum at room temperature and can then be reinforced by electron bombardment in the low-energy range. Irradiation strategies under 5 eV could be considered in the aim of preserving ligand integrity in order to reduce carbon impurities in the copper deposit. This is for the moment beyond the possibilities of scanning electron beams because achieving both low landing energy and high current density remains a challenge [43,44]. Perfluorinated carboxylate ligands were observed to dissociate under electron irradiation. The neutral CF3fragments were detected, and this detection shows that an efficient dissociation process occurs at 1-2 eV. At such low energy, this process is supposed to be of importance under FEBID conditions, considering that the energy distribution for secondary electrons emitted in the direct vicinity of the irradiation spot strongly peaks in the range of 1-5 eV, and can take part in the whole dissociation process. The effective cross section for CF3release from the complex compound has been measured from evolution of the signal directly linked to the rarefaction of the precursor in the irradiation area.

EXPERIMENTAL

The precursor in gel form can be directly deposited on a surface or can be diluted in solvent for a dip-coating deposition, which both allow the study by surface science tools in vacuum environment.

Preparation of copper complex compounds: [Cu2(EtNH2)2(μ-O2CR)4], R = C2F5 and C3F7, and of dip-coated samples were performed at Nicolaus Copernicus University, Toruń, Poland. Copper(II) carboxylate [Cu(O2CR)2] (1•10 -3 mol for R = C2F5, C3F7) was dissolved in 20 cm 3 acetonitrile, and ethyl isocyanate in 5 cm 3 of acetonitrile (1•10 -3 mol) was dropped. The obtained reaction mixture was stirred for 3 h, in air, at room temperature. Next, the solution was filtered, and the final product was isolated by solvent evaporation at reduced pressure, in argon. The obtained compounds were blue gels, stable in air, which should be moisture-protected during the storage. They were kept in cold and dry environment before use. The basic physicochemical data for [Cu2(EtNH2)2(O2CC2F5)4] are listed in [45]. For Dip-coating: Dip-coated samples were prepared in Toruń, Poland. Precursors were dissolved in tetrahydrofuran, forming an almost saturated solution, and deposited on Si [START_REF] Rejoub | Electron-impact ionization of NH3 and ND3[END_REF]. The dip-coating parameters were the following: the withdraw rate was 80 mm/min, the immersion rate was 80 mm/min, the immersion time was 20 s, and the coating count was 10. ATR-IR spectra were recorded with a PerkinElmer spectrum two instrument, equipped with a single reflection diamond crystal.

Experimental setup in Orsay, France:

The experiment setup at ISMO in Orsay, France is detailed in previous publications [29,36,46]. Samples are mounted on the cold finger of the cryostat and their temperature can be controlled from 30 K to 750 K. The temperature is measured with a Pt103 sensor and a Lakeshore 335 controller with an accuracy of 1 K. HREELS: HREELS measurements were carried out on a gold on glass sample, from Arrandee GMBH. The HREELS (model IB500 -Omicron with a control electronic by LKS technology) is housed in a custom-built apparatus with base pressure of 1.2•10 -10 mbar. HREEL spectra are recorded at 30 K, with an incident energy E0 = 13 eV (FWHM = 7.6 meV). Typical current on the sample during HREELS record is 1 nA•cm -2 for 10 min, focussed on a 4 mm 2 spot. The cumulated exposure by HREELS in this spot is 3•10 13 electrons•cm -2 , which is 100 times smaller than during ESD experiments.

Electron-stimulated desorption: ESD experiments were carried out in a secondary chamber, accessible through a gate valve to HREELS, and with a load-lock entry. It houses an ELG2 electron gun (Kimball physics) and a quadrupole mass spectrometer (3F-PIC-Hidden Analytical). Neutral fragment desorption induced by low-energy electron impact is recorded following a procedure described in previous publications [29,36]improved here with the pulsing of the electron gun in place of the sample potential. The irradiation spot has 6 mm in diameter, with a current close to 1 μA.

The electron energy is deduced from the potential difference between electron-gun filament and the sample. The rapid onset of the injection curve (Figure 3a), showing an abrupt start at zero, assures that we can set, in the resolution limit of our experiment, the equality between the real impact energy and this potential difference with an uncertainty of ±0.5 eV. During irradiations, different processes can occur and the resulting neutral fragments are detected with a QMS. The QMS head is optimized for low partial pressure detection of neutral species. Neutral fragments are ionized at the entrance of the QMS by electron induced collisions (at 70 eV), and eventually fragmented. The positive ions are then filtered according to the mass to charge (m/z) ratio and detected by a channeltron. The signal is attributed to neutral species, even if ions could be formed on the surface. Indeed, due to the potential geometry in the ionization head, the detection of primary ions coming from the surface is unlikely, and this can be confirmed by turning off the electron source of the QMS, nullifying the detection. Moreover, the charged species need to overcome an additional desorption barrier due to the mirror charge potential created on a conductive sample. The detection yields given here are normalized by the transmitted current on the sample but not corrected by the detection efficiency of the instrument.

INTRODUCTION

Synthetic hydrogenated diamond films are currently considered for the development of electronic devices, 1 of electrodes for electrochemical applications 2 and of chemical and biological sensors. 3 Their remarkable electrical, thermal, mechanical and (bio-)chemical properties can be modulated by grafting designed organic functional groups onto their surfaces. One class of high-potential organic anchors are conjugated aryl molecules. 3,4 Several processing methods were optimized for controlled functionalization of inert hydrogenated diamond films, often electrochemically, photon, or electron-assisted. 3 The knowledge of the reaction mechanisms and effective cross sections are required for optimized processing and for efficient precursor design. Functionalization of substrates, interfaces, and molecular platforms via low-energy electron (LEE) processing of condensed molecular layers can be driven by different "ignition" mechanisms, since their cross sections depend strongly on the incident electron energy. 5-7 Dissociative Electron Attachment (DEA), 8-10 dissociative neutral dissociation as well as dissociative ionization 11 lead to the release of reactive fragments in the vicinity of the substrate / supported interface, opening the route for chemical modification. Another approach for functionalization consists of (i) pre-irradiating the substrate or interface using LEE for activation, and (ii) condensing molecular precursors on it for further chemical modifications. 12 Working with low incident electron energy (E < 20 eV) instead of typical high energies used for lithographic processes, allows some control the reaction mechanism involved to some extent. The associated effective cross sections are accessed in favorable cases by varying the electron irradiation dose. The few functionalization cross sections reported in the literature were determined using X-ray Photoelectron Spectroscopy (XPS). The content variation was analyzed for a series of irradiations at increasing exposure times for selected chemical elements grafted on the functionalized substrate. 8,13 However, attributions for some organic functional groups remain ambiguous in XPS measurements. For instance, separating C1s peaks to sp 2 and sp 3 -carbon contributions in carbon-based materials is still debatable. 14 To access the composition in terms of grafted organic groups, High Resolution Electron Energy Loss Spectroscopy (HREELS) is used but requires careful validation. 15,16 The irradiation beam profile leads to an electron dose spatial distribution, which can be directly probed, taking advantage of the HREELS surface sensitivity. This leads to a one-step determination of the effective cross section after a single irradiation exposure.

In this work, benzylamine (C6H5-CH2-NH2, BzA) was chosen as a phenyl ring containing molecular precursor for LEE induced functionalization of chemically inert hydrogenated polycrystalline diamond films. Primary amines are species offering a good stable leaving compound in the form of NH3 when reacting with the hydrogen terminations of the substrate. 17-19 The methylene group -CH2-offers flexibility which facilitates the anchoring of chains containing phenyl rings. Covalent grafting of phenyl-containing organic entities through electron processing at 9 eV and 11 eV was demonstrated by combining HREELS and XPS. The extent of the induced chemical modifications is controlled directly through the electron dose, and the effective cross-section for grafting of sp 2 -carbon centers at 11 eV is determined to be 8.0 × 10 -17 ± 2.0× 10 -17 cm 2 after a unique exposure in the range of 10 16 electrons. To gain insights into the involved mechanisms, (i) the electron irradiation energy was varied, and (ii) the neutral fragments desorbing from a thick multilayer of benzylamine under electron irradiation are analyzed using mass spectrometry. The hydrogenated diamond functionalization results from electron-induced radical chemistry, possibly accompanied by substrate depassivation at 9 eV on the electron processing energy.

METHODS 2.1. Diamond samples

A boron doped polycrystalline diamond film was grown on a silicon wafer seeded with detonation nanodiamonds by Microwave Plasma Chemical Vapor deposition (MPCVD) in a Seki Technotron AX6500 reactor. The following MPCVD growth conditions were used: gas mixture CH4 (2%) /H2 (98%) with 160 ppm of trimethyl boron (TMB); gas pressure 45 mbar; microwave power 3200 W; substrate temperature 800°C; duration: 15 hours. The estimated thickness of the film is 500 nm. Diamond surfaces were hydrogenated by applying a MPCVD growth using the same conditions for 20 minutes. The sample is then cooled under hydrogen atmosphere. The diamond sample was transferred after hydrogenation (and at the end of the grafting protocol) from the MPCVD reactor (or the HREELS / ESD set-up) to the XPS apparatus under argon atmosphere.

Hydrogenated diamond (H-Diam) substrates were then fitted at the end of a He closed cycle cryostat (Tmin = 25 ± 5 K) and were annealed to 750 K in order to remove possible physisorbed species accumulated on the surface during sample transfer. The quality of the hydrogenated diamond substrates was then checked under HREELS prior to deposition. H-Diam cleaning, LEE processing for functionalization, and the HREELS / ESD combined analysis were performed in a single UHV system (base pressure below 2×10 -10 mbar).

Functionalization procedure under LEE irradiation

The whole processing procedure is summarized in Figure 1. Benzylamine (BzA) H2N-CH2-C6H5 (98+% purity) was purchased from Alfa Aesar and used without any further purification. BzA films were vapor deposited through a nozzle placed 1-2 mm in front of the substrate. This dosing procedure can concentrate the high pressure near the sample surface thereby maintaining the chamber background pressure below 2×10 -10 mbar. The substrate temperature was kept at 140 K during the deposition (slightly below the onset of benzylamine desorption at 160 K) to prevent adsorption of vacuum chamber residual gases like H2O and CO2. Exposure of three minutes results in a typical coverage of 1-2 monolayers (MLs) as can be estimated using Thermally Programmed Desorption (TPD) analysis. 20 The benzylamine-covered H-Diam substrates were irradiated at 28 K using an electron gun (model EGL-2 Kimball Physics) which supplies a current between 0.4-0.8 µA depending on the incident electron energy (2-15 eV) with 300 meV resolution. The beam profile was probed using a faraday cup. It can be described by a Gaussian, whose full width at half maximum (FWHM) is 2.5 mm. The beam typically covers a disk of diameter 6-7 mm on the sample. Exposures of about 10 16 electrons were used during irradiation corresponding to about 1 mC.cm -2 as determined from the intensity transmitted through the sample, with an uncertainty estimated to 10%. 15 The irradiation energy Eirr was calibrated using the onset of the transmitted current through the sample, with an uncertainty estimated to ± 0.5 eV. 8,21,22 Figure 1.

Procedure for the functionalization induced by low-energy electron irradiation of a thin condensed molecular layer. H-Diam substrate is checked by XPS before transfer into the functionalization setup. A BzA thin film is vapour deposited at 140 K onto the substrate. The sample is further cooled down to 28 K and checked by HREELS before and after irradiation by LEE at the chosen energy Eirr (2-15 eV). The processed sample is then annealed up to 400 K for desorption of the physisorbed species and cooled again down to 28 K for HREELS characterization. The annealing procedure is repeated before a final HREELS characterization at room temperature.

Substrate characterization by HREELS and XPS

Vibrational spectroscopy was performed in situ to characterize the substrates before and after functionalization. All the energy loss spectra presented were measured using a HREEL spectrometer (IB500 by OMICRON), in the specular geometry at an incident electron beam angle of 55° from the surface normal. The probing energy was set at EHREELS = 6 eV with an overall resolution of ∼5-6 meV, measured as FWHM of the elastic peak. Energy loss spectra were recorded at 28 K and 300 K and are normalized to the underlying background taken between 495-500 meV.

The XPS analyses of the diamond substrates before and after functionalization were performed ex situ using a monochromatized Al Kα anode (1486.6 eV) calibrated versus the Au 4f7/2 peak located at 84.0 eV. The spectrometer was equipped with a hemispherical energy analyzer (EA 125, Scienta Omicron, Taunusstein, Germany). The path energy was 20 eV corresponding to an energy resolution of 0.6 eV. This XPS set-up connected to a MPCVD reactor was previously used to investigate diamond surfaces and diamond nanoparticles. 18,23,24 The atomic concentrations of carbon, oxygen, nitrogen and fluorine were extracted from XPS spectra after corrections by their respective photo-ionization cross-sections. Areas of the corresponding XPS core levels were obtained after a Shirley correction of the background. The fitting of C1s core levels was achieved using Voigt functions. In order to be more sensitive to the surface, a second XPS geometry was used by tilting the sample. According to the inelastic mean free path of carbon photoelectrons in a diamond matrix, 25 the estimated probed depths for each XPS geometry are 2.4 and 1.2 nm.

Electron Stimulated Desorption (ESD) of neutral fragments

In order to get insights into the species formed under electron irradiation which might then be covalently bonded to the substrate, neutral fragments desorbing under electron irradiation of thicker multilayers (~6 ML) of BzA were monitored by mass spectrometry at 140 K (which is still below the desorption temperature of BzA films). Ionization by 70 eV electrons is performed at the entrance of the Quadrupole Mass Spectrometer (QMS Hiden Analytical, mass range: 0-300 a.m.u.), optimized for low partial pressure detection of neutral species. 16 Electron irradiation sequences ranging from Eirr = 2-15 eV were carried out. The beam was chopped every 3 min by varying the Wehnelt potential in between energy steps. Within this interval, the signal attributed to background residual gas was obtained and was subtracted from the signal at each energy step. The current transmitted through the sample is simultaneously measured using a Keithley amperemeter. Figure 2 shows the spectra recorded by HREELS to characterize the H-Diam substrate at every step of the functionalization procedure performed at 11 eV. The fully hydrogenated diamond HREEL spectrum (Figure 2(a)) is well known. 26-30 It is characterized by an intense broad structure centered at 154 meV and extending up to 190 meV, attributed to diamond lattice vibrations (phonons) along with bending modes δ(CHx) from surface hydrogen terminations. The first overtone around 303 meV of the diamond lattice vibration attests the quality of the diamond substrate. The isolated loss feature extending from 345 meV to 390 meV is attributed to overlapping stretching modes 𝜈(sp m -CHx, x = 1-3, m = 2,3) of the hydrogen terminations of the diamond surface. In previous studies, two substructures could be resolved at 352 meV and 360 meV, both attributed to saturated sp 3 -hybridized carbon centers. Their relative intensities depend on the final hydrogenation treatment of the diamond sample. Note the presence of a shoulder at about 375 meV, which can be attributed to some unsaturated hydrogenated carbon centers 𝜈(sp 2 -CHx, x = 1,2) present at the surface of the H-Diam substrate. Concerning the H-Diam sample, XPS analysis confirmed the quality of the surface chemistry with no detected impurities (detection limit < 0.2 at %) (spectra in electronic supplementary information). The binding energy position of the C1s core level is 284.2 eV, in agreement with the one for boron doped diamond films. 31 In addition to the main C-C sp 3 component, a shoulder is present at +0.6 eV assigned to CHx terminations for hydrogenated diamond surfaces. 32 When using a more surfacesensitive XPS geometry, this later component is enhanced as might be expected. Right panel: spatial analysis of the chemical composition of the functionalized substrate (after annealing to 400 K). Spectra (d-f) were averaged as a function of the distance (in mm) between probed points and the centre of the irradiation zone as schematized in the lower inset. In the upper inset, the profile of the irradiation electron beam is reported for comparison.

The HREEL spectrum (Figure 2(b)) was recorded at 28 K after deposition of a thin layer of condensed benzylamine onto the H-Diam. Energy loss spectra of condensed BzA multilayers recorded at different probing energies (EHREELS) are discussed in detail elsewhere. 33 Here the measured spectrum results from the attenuated contribution of the H-Diam substrate and the contribution of the deposited BzA thin layer. In the high-energy loss region, each part of the BzA molecule contributes to the energy loss spectrum through some decoupled characteristic modes. The hydrogen stretching modes 𝜈(CHarom) of the phenyl ring contribute at 379 meV. The methylene CH2 group signature is observed at 362 meV, as a resolved loss attributed to its stretching modes 𝜈(sp 3 -CH2), which overlaps with the 𝜈(sp 3 -CHx, x = 1-3) of the underlying H-Diam. The amino group stretching modes 𝜈(NH2) are observed around 416 meV because of hydrogen bonding, with weak intensity as expected in HREELS. 11 In the low-energy loss region, the features that are observed result from overlapping contributions and from signatures of coupled vibrational modes involving the phenyl ring, the methylene and the amino groups. The loss at 198 meV is ascribed to aromatic stretching modes 𝜈(C=C) coupled with the amine scissoring mode δs(NH2). Resolved losses are observed on top of the underlying H-Diam substrate broad bending/phonon band. The loss at 181 meV can be mainly attributed to bending modes of the methylene CH2 (wagging and scissoring) and in plane deformation modes δ(CH)ph of the phenyl ring. The attribution of the loss at 165 meV is complex, as 𝜈(C=C), δ(CH)ph, 𝜏(CH2), and 𝜏(NH2) are contributing. The latter three deformation vibrations are also contributing at 145 meV. At 126 meV, (C-H)ph, δph, and 𝜈(C-N) modes of the BzA molecules are contributing. At 109 meV, the contributing vibrations are ph, 𝜈(C-CH2), ω(NH2), ρ(CH2), (C-H)ph. But the loss resolved at 91 meV can be mainly attributed to out-of-plane bending modes of the phenyl ring.

After irradiation at 11 eV, residual condensed species were removed by annealing to 400 K and the HREEL spectrum of the surface (Fig. 2(c)) was recorded to scan for signs of chemisorbed species. It displays remarkable changes compared to the spectrum of the pristine H-Diam. The main change concerns the stretching feature 𝜈(CHx) since the contribution of the unsaturated entities (sp 2 -CHx, x = 1,2) is now the dominant one at 378 meV. The 𝜈(NH2) feature is no longer observed. The signature of the underlying H-Diam substrate is strongly reduced, as deduced from the reduced intensity of the 300 meV phonon first overtone of the broad bending/phonon band, as well as the low-energy contribution of the hydrogen termination stretching modes 𝜈(sp 3 -CHx) at about 350 meV. Note that the second C-H stretching contribution 𝜈(sp 3 -CHx) at about 360 meV is observed with the same intensity as that observed before irradiation because it results from both contributions -from the substrate and from grafted saturated hydrogenated carbon centers. Losses at 92, 122, 146 and 165 meV are now clearly observed for the functionalized substrate and the loss at 199 meV gains in intensity (see the supporting information for the subtracted HREEL spectrum). All these losses can be interpreted as contributions from phenyl rings 34 or/and methylene CH2 groups. The functionalized diamond spectrum shows no clear evidence for amino group grafting, meaning that if any, it is below the sensitivity threshold of HREELS for this functional group. As schematized in Figure 1, this evidence cumulatively points towards the grafting of unsaturated carbon centers, in the form of phenyl rings and/or benzyl groups. The presence of some aliphatic (un)-saturated chains at the surface of the functionalized substrate cannot be excluded. They may result from the direct grafting of such chains or from electron-induced decomposition of grafted phenyl rings at higher doses. 35,36 To further confirm the chemical nature of the grafted organic fragments, the functionalized samples were transferred under argon atmosphere from the HREELS set-up to the XPS set-up. The XPS analysis was performed at the center of the sample (spectra in electronic supplementary information). The binding energy of the carbon core level is not significantly affected at 284.1 eV compared to the hydrogenated surface (Figure 3). According to the XPS data presented in Figure 3, the atomic concentration of oxygen is 3.0 at % while only traces of nitrogen are detected (< 0.3 at %). In addition, a weak fluorine contamination was found (0.2 at %). Concerning the C1s core level, if the main component remains unchanged in position, the shoulder at high binding energy appears more intense and broadened. This is confirmed with the more surfacic configuration. This observation is in agreement with the coverage of the diamond surface by grafted molecules. Moreover, carbon/oxygen bonds may also contribute to this second component. C1s and N1s core level XPS of the functionalized sample. The XPS characterization of the pristine hydrogenated diamond substrate is provided in the electronic supplementary information.

3.1.2 Effective cross section for electron-induced sp 2 -centres grafting at 11 eV.

To confirm that the grafting observed at 11 eV stems from electron-induced reaction in benzylamine, a first cross-check experiment was performed. Deposition of BzA (1-2 ML) followed only by annealing to 450 K (spectra in electronic supplementary information) was done and led to minor changes in the HREEL spectra, which can be related to redeposition of BzA traces.

To check for electron dose effect on the diamond functionalization achieved under irradiation of the supported BzA thin film, advantage was taken from the irradiation beam profile (shown in the upper inset of Figure 2). A millimeter-scale mapping of the 11-eV functionalized sample was performed. The energy loss spectra were then compared with each other and could be qualitatively separated into three categories, which in turn could be suitably related to three concentric spatial regions. The spectra (d-f) shown in Figure 2 were averaged as a function of the distance (in mm) between the probed points and the center of the irradiation zone as schematized in the lower inset. The irradiation induced modifications discussed above are decreasing in intensity (going from spectra (d) to (f)) when the distance of the probed regions to the irradiation center is increasing, i.e. when the local irradiation dose (in electrons.cm -2 ) is decreasing. Note that the contribution at 362 meV displays a peculiar behavior as it increases in intensity for the low-exposure region (spectrum (f)), before decreasing when going to the high-exposure central regions (spectra (e) and (d)). This behavior is attributed to a direct grafting of methylene-containing organic species onto the substrate prior to diamond hydrogen termination replacements upon further grafting. Finally, the electron dose influences directly the extent of the induced chemical modifications, meaning that the quantity of chains grafted onto the H-Diam substrate can be in some way controlled and varied.

To extract an estimation of the effective cross section for the electron-induced sp 2 -centre grafting reaction, the intensity variation of the loss at 378 meV attributed to unsaturated entities (sp 2 -CHx) was considered across the electron irradiated region. 22 The stretching (sp 2,3 -CHx) band was fitted using a sum of three Gaussians centered at 352, 360 and 378 meV, having a FWHM of ~13 meV (in practice twice the experimental resolution (ΔEHREELS) since the considered contributions are known to result from several vibrational modes). The intensity I of the 378 meV loss was taken as the area of the corresponding Gaussian contribution. The total electron dose of DT = 1.3 × 10 16 electrons was delivered with a non-uniform spatial repartition. The electron beam was modelled by a 2D-Gaussian function having a FWHM of 2.5 mm, which leads to the following spatial distribution of the dose for the different cylindrical zones considered in the right panel of Figure 2. 36% of DT was delivered over an area of 0.031 ± 0.004 cm 2 in zone (d). 62% of DT was delivered over an area of 0.25 ± 0.01 cm 2 in zone (e). 2% of DT was delivered over an area of 0.1 ± 0.1 cm 2 in zone (f). The increase of intensity ΔI of the loss at 378 meV as a function of the considered irradiation zone could be converted into increase in intensity as a function of the locally delivered dose as shown in Figure 4. The resulting trend could be modelled using a standard exponential growth function, 8,21 defined by the following equation: ΔI = I irr -I pristine = ΔI lim (1 -e -σϕ )

ΔIlim is the saturation level achieved, ϕ is the surface density of the electron dose (in electrons.cm -2 ), and σ is the effective cross section for sp 2 -centres grafting under electron irradiation at 11 eV. The obtained value for the cross section σ = 6.5-10.2 × 10 -17 cm 2 of electron-induced functionalization is quite comparable with cross section values reported in the literature for LEE-induced functionalization followed by XPS. A value of 1.5 × 10 -17 cm 2 was obtained in the case of the partial fluorination of H-passivated sputtered Si(111) by 11 eV electron irradiation of condensed CF4. 8 Electron-induced oxidation of hydrogenated silicon by irradiation at 11 eV of condensed H2O has an effective cross section of (5.0 ±0.5) × 10 -17 cm 2 . 21 Finally, a value of 20 × 10 -17 cm 2 was obtained in the case of the oxidation of InP( 110) by irradiation of condensed O2 at 8 eV, the highest considered electron irradiation energy. 9 ). Three model exponential growth curves are drawn for the following cross section values: 6.5 × 10 -17 , 8.0 × 10 -17 , and 10.2 × 10 -17 cm 2 (steepest curve).

Mechanisms driving the observed electron induced functionalization

Electron impact on benzylamine leads to different mechanisms, depending on the incident electron energy. We observed an electron attachment resonance at about 2-3 eV, as discussed in detail elsewhere. 33 The threshold for optical electronic excitation Eexc was experimentally determined at 4.6-4.7 eV. 37,38 The vertical photoionization threshold (EIP) 39,40 was determined at ~8.6 eV, while the threshold for vertical dissociative photoionization (DPI) was deduced from the appearance energy of the cation C6H5CHNH2 + (m/z = 106) observed at 9.14 eV. 40 Furthermore, the first fragment containing no nitrogen atom (C7H7 + ) was observed from gaseous benzylamine under electron impact with an appearance energy of 11.75 eV. 41 In order to explore which primary electron-BzA interaction would lead most efficiently to grafting of sp 2 -centres below 15 eV, functionalization of H-Diam was attempted at different irradiation energies Eirr = 2.5, 9 and 11 eV using the same total dose 1.3 × 10 16 electrons. The associated HREEL spectra are compared in Figure 5 with the pristine H-Diam spectrum. After 2.5 eV irradiation (Figure 5(b)), the spectrum of H-Diam was recovered showing no chemical grafting on the surface. Increasing the energy to 9 eV (Figure 5(c)), enhanced stretching modes at 379 meV attributed to unsaturated entities sp 2 -CHx began to appear (1.6 times smaller in intensity than at 11 eV) including a faint increase of the loss features at 200 meV and 91 meV. At 11 eV (Figure 5(d)) and as described above, these modes were intensified, while the H-Diam signature decreased in intensity. In conclusion, no functionalization was observed to take place at 2.5 eV, meaning that electron attachment does not efficiently initiate the route toward grafting. At 9 eV, the electron-induced chemical modification of the surface appears to also lead to sp 2 -centre grafting, although with less efficiency than at 11 eV. The electron-induced dissociative ionization of BzA was excluded as efficient "ignition" process, since near the dissociative ionization threshold, C6H5CHNH2 + is the only produced fragment. 40,42 In order to probe for electron-induced neutral dissociation mechanisms taking place above the electronic excitation threshold, ESD experiments were performed on thick BzA multilayers. In Figure 6 the ESD yields of heavy neutral fragments detected after ionization at m/z = 91 and 106 a.m.u. are compared. The BzA multilayer temperature had to be increased to 140 K so that desorption of such heavy fragments can be measured with a reasonable signal to noise ratio. The former fragment is attributed to benzyl radical, produced via the breaking of the weakest bond of the BzA molecule (El = 3.1 ± 0.1 eV) 43-46 resulting in the loss of the amino group, referred to here as [BzA-NH2]. The latter fragment is attributed to a single dehydrogenation of the BzA molecule, referred to here as [BzA-H]. This species (m/z = 106 a.m.u.) was considered, since it corresponds to the main fragment ion formed by electron impact ionization (at 70 eV) of intact BzA molecules into the head space of the QMS. 41 This was checked by a standard residual gas analysis performed when leaking BzA into the experimental chamber. As shown in Figure 6 the [BzA-H] species could not be detected upon ESD. We can therefore conclude that the detected [BzA-NH2] species desorbed from the sample, with a yield remaining low up to 6-7 eV before clearly increasing with the incident electron energy, and that the detected benzyl radicals did not originate from electron-induced dissociation of molecules in the QMS head space. 47 Considering the electron-induced homolytic dissociation of BzA's weakest bond as the initial source for reactive benzyl radicals released in the vicinity of the substrate surface, the following global grafting reaction (1) is proposed: 

The formation of the stable NH3 by-product renders this reaction exothermic by 0.7 ± 0.2 eV, and acts as a driving force for the proposed grafting route. The following binding energies (El) were taken from the literature: El(C6H5CH2-NH2) = 3.1 ± 0.1 eV, 43-46 El(Csubst-H) = 4.2 ± 0.1 eV, 44,47 El(Csubst-CH2C6H5) = 3.3 ± 0.1 eV, 44 El(NH2-H) = 4.7 ± 0.1 eV. 45,46,48 Hydrogen terminated diamond surfaces were observed to spontaneously react with non-protonated primary amines in solution. 18 In this case, NH3 was also proposed as leaving entity during the grafting reaction. 17 Another rather direct grafting pathway cannot be excluded (reaction (2) below). It involves phenyl radicals, which were also observed to be produced under 11 eV electron irradiation. 33 The grafting proceeds through homolytic dissociations of single covalent bonds, without important molecular rearrangement to produce stable final products. The global reaction can be considered as athermic (with El(C6H5-CH2NH2) = 4.1 ± 0.1 eV, 42 El(C6H5-Diam)  El(C6H5-(CH3)3) = 4.3 ± 0.1 eV, 44 and El(H-CH2NH2) = 4.1 ± 0.1 eV. 49 

Fully hydrogenated diamond substrates are chemically inert, but electron irradiation of H-Diam is known to induce hydrogen desorption, which depassivates the substrates through creation of reactive sites at the surface. Anion ESD experiments were performed in the range 2-45 eV on hydrogenated microwave chemical vapor deposited (MW-CVD) microcrystalline diamond films. 50 As symbolized by the color band above Figure 6, H -ion desorption was observed above ~6 eV and the desorption yield showed a peak centered at 9 eV, narrow enough for the signal to be reduced to ~20% of its associated maximum at 11 eV. Mechanisms leading to desorption of H -ions were determined, and at 9 eV, the H - desorption proceeds through a Feshbach resonance. Since the BzA film thickness used during the functionalization procedure is thin (1-2 ML), the impinging electrons do reach the passivated substrate surface. We can therefore suggest an alternative functionalization route (reactions (3) and ( 4)). The first reaction step favored at 9 eV proceeds through DEA: the desorbing H -leave dangling bonds on the substrate surface. BzA molecules adsorbed in the vicinity can react with these active sites, following for example the suggested nearly athermic reaction (4) (ΔHr ~ -0.2 ± 0.2 eV) leading to the release of NH2 radicals. 

H -Diam

Thus, at 9 eV the electron-induced depassivation of the substrate has to be taken into account, while it can be ruled out as a major driving process at 11 eV. To verify this, a second cross-check experiment was performed where the pristine H-Diam diamond was first irradiated at 11 eV at 28 K using the standard dose followed by the deposition of BzA (1-2 ML), and then finally annealing the system to 450 K. This procedure was observed to lead to no pronounced change in the substrate vibrational spectrum (not shown). At 11 eV, therefore, hydrogenated diamond functionalization results from radical induced chemistry.

CONCLUSIONS

Covalent grafting of organic anchors containing unsaturated carbon on hydrogenated diamond was achieved through low-energy electron processing of supported thin benzylamine films. The chemical nature of the grafted groups was studied by combining High Resolution Electron Energy Loss Spectroscopy (HREELS) and ex situ X-ray Photoelectron Spectroscopy (XPS) analysis. The grafted anchors do not contain nitrogen atoms, but unsaturated hydrogenated carbons sp 2 -CHx (x = 1,2), presumably in the forms of phenyl rings and/or benzyl groups. The energy used for electron processing was varied in the low-energy range. No effective grafting was observed at 2.5 eV. The hydrogenated diamond functionalization observed at 9 eV can result from electron-induced depassivation of the substrate, as well as from radical induced chemistry. At 11 eV, two grafting pathways could be proposed. They both involve homolytic dissociation of single covalent bonds without important molecular rearrangement to produce stable final products. The effective cross-section for electron induced functionalization could be estimated at 8.0 × 10 -17 ± 2.0× 10 -17 cm 2 , thanks to a spatial analysis of the irradiation beam profile. [START_REF] Illenberger | Low Energy Electron Interaction with Molecules at Surfaces[END_REF] To determine the effects of thermal desorption, a monolayer film of benzylamine is deposited on a clean substrate and subsequently thermally desorbed by ramping up the temperature of the substrate at a rate of 25 K min -1 until 360-470 K. This is to determine whether the heating process employed to complete the grafting treatment also affects the chemistry of the resulting surface. Figure S2 shows the spectra of the substrate after thermal desorption of benzylamine from the deposited surface. The minimal change in the spectra reveals that benzylamine is almost completely removed by the thermal treatment and that the heating process does not significantly affect the grafting mechanism. 

XPS Results

Pristine Sample

Figure S3 shows the carbon core level XPS results on pristine hydrogenated diamond transferred under argon atmosphere. The wide scan (Figure S3a) is dominated by an intense C1s peak and reveals absence of oxygen and nitrogen impurities. Zooming into the C1s peak (Figure S3b), the contribution of the C-Csp 3 at 284.2 eV is the main contributor with a shoulder at higher binding energy caused by the signal from CHx teminations. The spectrum of the same sample was also taken at a more surface sensitive geometry (Figure S3c) resulting in the increased intensity of the latter peak. 

Grafted Sample

Shown in Figure S4 is the carbon core level XPS results of the hydrogenated diamond substrate after the grafting treatment. The wide scan (Figure S4a) shows minute oxygen (3.0 at %) and fluorine (0.2 at %) impurities. The binding energy of the C1s peak (Figure S4b) is unchanged but the shoulder at 284.7 eV is now broader and more intense. The spectrum of the same sample taken at a more surface sensitive geometry (Figure S4c) resulted in an increase in intensity of this latter component which implies modification of the diamond surface. Résumé : Lorsque la matière condensée est soumise à des rayonnements de haute énergie, des électrons secondaires de basse énergie (0-20 eV) sont produits en grande quantité. Ces électrons participent à part entière aux dommages induits dans la matière, incluant les processus d'érosion et de modifications chimiques. Les fragments produits au sein du milieu réagissent et de nouvelles espèces sont formées. Plusieurs domaines d'application sont concernés par ces processus, et plus particulièrement le design de dispositifs par lithographie ou par dépôts assistés par faisceaux focalisés et l'astrochimie. Les enjeux concernent l'identification des mécanismes induits par les électrons lents, le contrôle des fragments réactifs et espèces stables formés, ainsi que la détermination de grandeurs quantitatives permettant d'apprécier l'efficacité des processus impliqués. L'approche développée dans ce travail de thèse consiste à irradier des surfaces et interfaces directement avec des faisceaux d'électrons de basse énergie afin d'étudier les processus induits. Les réponses de films moléculaires supportés modèles (d'épaisseur variable) sont étudiées en fonction de l'énergie incidente des électrons et des doses délivrées. Dans les cas favorables, des méthodologies ont pu être proposées pour détecter le rendement des produits neutres et pour accéder à l'estimation de sections efficaces effectives. Pour ce faire, trois techniques expérimentales sont combinées. Les films déposés et les résidus formés sont analysés par spectroscopie de perte d'énergie d'électrons à haute résolution (HREELS) et désorption programmée en température (TPD). Les fragments neutres (et non pas ioniques comme le plus souvent) désorbant sous irradiation sont analysés en masse afin de mener une étude de désorption stimulée par impact d'électrons (ESD). Dans le contexte de la fonctionnalisation de surface, le greffage de centres carbonés hybridés sp 2 sur un substrat de diamant poly-cristallin hydrogéné a été réalisé par irradiation électronique d'une couche mince de benzylamine. A 11 eV, le le mécanisme dominant implique la dissociation en neutres du précurseur. La section efficace effective de greffage a pu être déterminée par HREELS suite à une unique irradiation, en tirant avantage du profil du faisceau d'irradiation.

Dans le contexte de l'astrochimie, la réponse à l'irradiation par électrons lents de glaces d'ammoniac amorphes et cristallisées a été étudiée. La désorption de molécules d'ammoniac a été particulièrement observée. Elle peut résulter de l'érosion directe du film et de mécanismes de désorption induite par excitation électronique (DIET). Différents processus de fragmentation et recombinaison ont été mis en évidence via la désorption des espèces neutres sous forme de NHx (x = 1,2), H2 et N2. Une chimie notamment riche est induite par irradiation électronique à 13 eV. L'analyse temporelle des rendements ESD a permis la détermination de la section efficace de la désorption de NH3 à basse dose et l'observation de la formation retardée de N2 et H2. L'analyse TPD des résidus a démontré la synthèse de diazène (N2H2) et d'hydrazine (N2H4) dans le film irradié. Ces résultats peuvent aider à l'élucidation des écarts observés dans les abondances de NH3 et N2 dans les régions denses de l'espace. Enfin, les premiers travaux réalisés pour fonctionnaliser un substrat de façon résolue à l'échelle micrométrique sous irradiation d'électrons lents sont également présentés dans le dernier chapitre. La faisabilité de la procédure utilisant un microscope électronique à basse énergie (LEEM) a été démontrée sur une monocouche de terphenylthiol (TPT). Des motifs de 5 μm de travaux de sortie différents ont été imprimés en travaillant à des énergies de 10-50 eV. Ensuite la réponse de films modèles de résines lithographiques (PMMA, polyméthacrylate de méthyle) à des irradiations électroniques a été étudiée, afin d'identifier les énergies favorables en vue d'une modification de surface résolue spatialement. Title : Low-energy electron induced chemistry in supported molecular filmsprospects for quantitative analysis Keywords : electron-molecule interaction, surface functionalization, radiation-induced damages, low-energy electrons, high resolution electron-energy loss spectroscopy (HREELS), electron stimulated desorption (ESD) of neutral species, desorption induced by electronic transitions (DIET) Abstract : High-energy irradiation of condensed matter leads to the production of copious amounts of low-energy (0-20 eV) secondary electrons. These electrons are known to trigger various dissociative processes leading to observed damages including erosion and chemical modifications. The resulting reactive species within the condensed media can also lead to the synthesis of new molecules. This has implications in several applications most especially in the design of lithographic methods, focused beam-assisted deposition, as well as in astrochemistry. In all these applications, it is important to identify the processes induced by low-energy electrons and study the reactive fragments and stable molecules produced to determine possibilities of controlling them while generating quantitative data to gauge the efficiencies of these processes.

The approach developed for this PhD work consists of directly irradiating surfaces and interfaces using low-energy electrons and studying the processes that arise. The responses of different model molecular films (of varying thickness) were studied as a function of incident electron energy and dose. Methodologies proposed herein can be used to estimate effective cross sections of observed processes whenever applicable, depending on the system. Three complementary surface-sensitive techniques were utilized for this purpose. To characterize the deposited films and formed residues, the High Resolution Electron-Energy Loss Spectroscopy (HREELS) and Temperature Programmed Desorption (TPD) were used. Neutral fragments (as opposed to their often-detected ionic counterparts) desorbing under electron irradiation were monitored using a mass spectrometer in a technique called Electron Stimulated Desorption (ESD).

Within the context of surface functionalization, the grafting of sp 2 -hybridized carbon centers on a polycrystalline hydrogenated diamond substrate was realized through electron irradiation of a thin layer of benzylamine precursor deposited on its surface. At 11 eV, the dominant mechanism is proposed to be neutral dissociation of the precursor molecules. The effective cross section of the grafting process was estimated in only a single exposure from the HREELS map of the sample surface, taking advantage of the electron beam profile.

Within the context of astrochemistry, on the other hand, the responses of crystalline and amorphous NH3 ices were studied under electron impact. The desorption of intact NH3 was observed which resulted in the direct erosion of the film proceeding through a mechanism consistent with desorption processes induced by electronic transition (DIET). Different fragmentation and recombination processes were also observed as evidenced by detected neutral species like NHx (x=1,2), N2, and H2. Aside from desorption, a wealth of chemical processes was also observed at 13 eV. Temporal ESD at this energy allowed for the estimation of the effective cross section of NH3 desorption and observing the delayed desorption of N2 and H2. TPD analysis of the residues also provided evidence of N2H2 and N2H4 synthesis in the film. These results can help explain the observed discrepancies in abundances of NH3 and N2 in dense regions in space.

Lastly, this PhD work will present prospects for these electron-induced processes to be constrained spatially in microscopic dimensions for lithographic applications. The feasibility of the procedure utilizing Low-Energy Electron Microscope (LEEM) was demonstrated on a terphenylthiol self-assembled monolayer (TPT SAM) specimen. Spots of 5 μm in diameter with different work functions were imprinted on the surface using energies from 10-50 eV. Electroninduced reactions in thin-film resists (PMMA, poly(methyl methacrylate)) were also studied at low-energy identifying opportunities for energyand spatially-resolved surface modification.
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 01 Figure 0.1: General scheme describing the study on electron-induced processes in supported molecular films
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 12 Figure 1.2: A schematic illustrating two competing decay pathways following the formation of the TNI. Hypothetical potential energy curves are shown for a molecule AB in its neutral fundamental electronic state and a dissociative anionic molecular state AB -[6].
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 13 Figure 1.3: A scheme of various possible electron attachment resonances leading to the formation of a transient negative ion [6].
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 14 Figure 1.4: Potential energy (PE) diagram of the neutral (M) and transient negative ion (TNI, M -) species showing their stabilization in condensed phase. The TNI gas phase PE curve (M -, black) is shifted to a much lower energy (M - solv, red) due to polarization effects from the medium [7].
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 17 Figure 1.7: Oxidation of hydrogenated Si(111) by electron irradiation of physisorbed H2O at 11 eV. The evolution of the chemisorbed O1s signal (BE = 531 eV) with electron dose φ, accompanied the shift and broadening of the physisorbed O1s signal (BE = 533 eV) of H2O deposited on Si(111) substrate (left) irradiated at 11 eV. The peak intensities corresponding to the physisorbed and chemisorbed states are then plotted as a function of electron dose (right) whose exponential fit was used to estimate the cross-section (σch = 5.0 x 10 -17 cm 2 ) [15].

Figure 1 . 8 :

 18 Figure 1.8: CO formation in THF and PA condensed multilayers processed by 14 eV electrons. Shown on the left are graphs presenting the beam profile dependence (in two axes) of the signal intensity of EELS excitation peaks characteristic of formed CO in THF (hollow squares) and PA (solid circles) multilayers after electron irradiation. Shown on the right are graphs of the intensity evolution as a function of electron exposure used to estimate the cross section of CO formation [39].
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 1110 Figure 1.10: Desorption of CF3 (m/z 69 Da) species during the ESD of a copper FEBID precursor with perfluorinated ligands. Monitoring the desorption at increasing electron energy, perfluoro ligands show a local peak at 1.5 eV alluding to a DEA process (a). Monitoring the desorption of the same species as function of electron dose during the irradiation of the copper complex precursor at 1.5 eV is shown in (b) leading to an estimation of the cross section of CF3 production [34].
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 21 Figure 2.1: A scheme showing the general procedure using different techniques in studying electron-induced processes in supported molecular films.
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 22 Figure 2.2: Diagram of the UHV set-up utilized in the experiment.
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 23 Figure 2.3: A photo of the interior of the principal chamber showing the locations of the doser, the gun, and the QMS inlet. The sample is suspended in the middle displaced or rotated near to and/or facing the devices as demanded by the experiments.
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 24 Figure 2.4: Schematic of the gas line where the sample gas is preloaded before dosing into the sample surface.
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 25 Figure 2.5: A schematic illustrating the various parts of the electron gun [42].

Figure 2 .

 2 6a shows an example of a QMS profile of the m/z 15 Da fragment desorbing during the electron irradiation of benzylamine illustrating the on and off sequence, as well as the background and response signals from the desorbed fragment.
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 226 Figure 2.6: (a) A sample QM spectrum showing the on/off irradiation sequences during ESD of benzylamine, detected fragment m/z 15 Da (CH3 or NH) and (b) the corresponding derived ESD profile.
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 27 Figure 2.7: Examples of injection curves from different samples measured using our ESD set-up. The curve follows the transmitted current through the sample with increasing incident electron energy. In (a), the sample is a thin film (~10-20 nm)of copper complex precursor dip-coated on silicon[34]. The rapid onset is apparent between 0-1 eV since after 1 eV, the current immediately becomes stable up until 7 eV. This gives an estimated beam spread of δE ≅ 1.0eV. In (b) is the injection curve during the ESD of 14 ND3 (~10 ML) on Cu. The rapid onset is unclear due to the structured curve.

Figure 2 Figure 2 . 9 :

 229 Figure 2.9: Representation of possible inelastic scattering processes occurring when low energy electrons interact with surface molecules. Ei is the kinetic energy of the incident electron while Ef is the energy of the backscattered electron. The energy loss is the difference between these energies (Eloss= ΔE = Ei -Ef) and can be associated with excited vibrational or phonon modes. In (a) a single inelastic scattering is observed while in (b), a successive inelastic scattering occurs which leads to the excitation of two vibrational quanta. In (c), on the other hand, a resonant scattering process happens which results in overtone excitation of the vibrational mode to an upper vibrational energy level [45].
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 210 Figure 2.10: Schematic diagram of the parts of the Omicron HREEL IB500 Spectrometer [19].
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 211 Figure 2.11: Sample HREEL spectra of (a) ~1-2 ML of benzylamine on Au substrate showing characteristic vibrational modes of benzylamine and (b) surface of hydrogenated diamond showing the characteristic phonon peaks. Both spectra were taken at specular geometry and at 28 K with E0 = 6 eV. Elastic peak intensities at 0 eV are 2.46 x10 4 cts s -1 (a) and 2.54 x10 4 cts s -1 (b). Full peak attributions will be shown in the next chapter.
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 212 Figure 2.12: TPD Spectra of m/z 20 Da species ( 14 ND3) from 14 ND3 films deposited by (a) background deposition on Au (~4 ML, ramp rate: 25 K min -1 ), (b) doser deposition on Au (~5 ML, ramp rate: 15 K min -1 ), (d) background deposition on Cu (~6 ML, ramp rate: 15 K min -1 ) and (c) doser deposition directly on Cu sample holder (~12 ML, ramp rate: 15 K min -1 ).
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 213 Figure 2.13: Benzylamine optimized geometry from DFT simulations.
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 31 Figure 3.1: Chemical structure of benzylamine.

Figure 3 . 2 :

 32 Figure 3.2: Vibrational spectra of benzylamine -Top panel: DFT simulated harmonic spectrum of isolated benzylamine. Intensities (in red) are fitted with a Lorentzian function of FWHM ~ 6 meV. Intensities of the vibrational modes from DFT simulations of Melikova et al. (2000) [59] for a stable benzylamine configuration (C1) are shown in purple. Middle panel: acquired ATR-IR spectrum of a drop of liquid benzylamine pressed onto a diamond ATR crystal (resolution: 4 cm -1 ) (blue curve) amplified four times in the 320-470 meV range. The transmission IR spectrum of liquid benzylamine in the NIST database [60] is shown in orange, displaced vertically for clarity. Bottom panel: HREEL spectrum of condensed benzylamine on gold obtained with probing energy of 3 eV at 28 K, I0 [EFWHM]: 3.4 x 10 4 cts/s [5.9 meV].
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 333 Figure 3.3: HREEL spectra of benzylamine obtained at different incident energies (8-12 eV, EFWHM ≈ 6-7 meV) in the region 700-1200 meV highlighting spectral overtones and multiple losses of the νCHph peak (a). The region from 1060-1110 meV is amplified 9x for clarity for the spectrum taken at 10 eV. From the shifts of the overtones, a Birge-Sponer linear fit (b) was plotted to derive the harmonic (ωe) and anharmonic (ωeχe) vibrational constants for νCHph. A 1D Morse Potential Curve (c) can also be plotted from the dissociation energy (De) and the β parameter calculated from the derived vibrational constants and the equilibrium (CH)ph bond length (Re) from DFT calculations.
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 34 Figure 3.4: HREEL spectra of benzylamine obtained at 10 eV, 28 K (I0 = 4.8 x 10 4 cts/s, EFWHM = 7.0 meV). Certain regions corresponding to multiple/combination losses and overtone excitations are highlighted. In the 440-600 meV range, multiple losses appear matching exactly the peaks at 60-220 meV displaced by 379 meV (green curve). In the 700-800 meV and 1040-1140 meV regions, the first (Δv=2) and second (Δv=3) overtone excitations can be respectively observed.
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 35 Figure 3.5: Vibrational excitation functions derived from the height intensities of different peaks in the HREEL spectrum of benzylamine films at different probing energies (3-12 eV). The evolution of the elastic peak with the probing energy is also shown in the far left. The intensities are subtracted by the background intensity as optimization of scanning parameters do affect the global intensity across each spectrum, but this did not result in significant shape changes. The error bars depict the noise level estimated from the background at ~300 meV and ~900 meV regions. The bottom graphs have clear resonances to which Lorentzian peaks were fitted as guide. The FWHM was set to 4 eV for v(CH)sp2 and its overtone, and to 2 eV for v(NH2). The energies at the maxima after the fit are 10 eV and 9.5 eV for v(CH)ph and its overtone, respectively while for v(NH2) it occurs at around 9 eV.

Figure 3 . 6 :

 36 Figure 3.6: ESD profiles of various neutral fragments/species from irradiated benzylamine (m/z 107 Da) done at 140 K taken from an average of 3-6 measurements on freshly deposited films where charging is not particularly observed as evidenced by a stable transmitted current (0.71 ± 0.05 μA) throughout the entire range between 1 to 15 eV. Rough linear extrapolations are shown to serve as guide in highlighting the thresholds close to 5 eV.
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 37 Figure 3.7: HREEL spectra of benzylamine multilayers on gold before processing (a) and after irradiation using different electron energies: 2 eV, Dose: 1.85 x 10 15 electrons (b); 4.5 eV, Dose: 1.81 x 10 15 electrons (c); 6 eV, Dose: 1.77 x 10 15 electrons (d); 11 eV, Dose: 1.23 x 10 15 electrons (e). All the spectra are recorded at 28 K with a probing energy of 6 eV and are displaced vertically for clarity. The elastic peak intensities and FWHM of the raw spectra (before displacement and amplification) are as follows: (a) 4.1 x 10 4 cts/s, 6.4 meV; (b) 2.6 x 10 4 cts/s, 6.7 meV; (c) 1.8 x 10 4 cts/s, 6.7 meV; (d) 6.6 x 10 3 cts/s, 6.4 meV; (e) 7.7 x 10 3 cts/s, 7.3 meV.

Figure 3

 3 Figure 3.8: HREEL spectra of benzylamine irradiated at 28 K at 2 eV, dose: 1.85 x 10 15 electrons (a) and after subsequent annealing to 40 K (b). Both spectra are recorded at 28 K, E0 = 6 eV. The elastic peak intensities and FWHM are (a) 2.6 x 10 4 cts/s, 6.7 meV; and (b) 4.0 x 10 4 cts/s, 8.7 meV.
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 39 Figure 3.9: Summary of electron-induced processes identified for benzylamine multilayers.The intensity map shows the relative probabilities of the processes. Three energies are marked (2.5, 9, and 11 eV) where distinct reactive behaviors are identified to test for applications in controlled functionalization.
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 310 Figure 3.10: Schematic of different proposed mechanisms for the grafting of (a) benzyl and (b) phenyl groups on the surface of hydrogenated diamond. The bond dissociation energies for the chemical bonds broken and formed to form stable products are specified. The net enthalpy released is taken as: ΔE = ΣEIProducts -ΣEIReactants. The grafting of the benzyl group (a) results in an exothermic reaction releasing a net enthalpy of 0.7 eV forming NH3 in the process. Phenyl grafting accompanied by CH3NH2 formation (b) is slightly endothermic requiring only additional 0.1 eV.
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 311 Figure 3.11: Energy loss spectra of hydrogenated diamond irradiated using 11 eV electrons with a dose of 1.18 x 10 16 electrons (a, blue curve) and with a milder dose of 3.57 x 10 15 electrons (b, green curve) in comparison to pristine, unirradiated hydrogenated diamond (c, black curve). All spectra were obtained at 28 K, E0 = 6 eV. The elastic peak intensities are within ~2.0-2.3 x 10 4 cts/s, with 5-5.2 meV FWHM.
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 312 Figure 3.12: Pristine hydrogenated diamond substrate (c, black curve) irradiated using 11 eV electrons with a dose of 1.25 x 10 16 electrons (b, blue curve).Benzylamine (~1 L) was then deposited, allowed to stay for at least 30 minutes and then subsequently annealed to 400 K to desorb weakly bound species (a, violet curve). The elastic peak intensities are within ~2.0-2.3 x 10 4 cts/s, with 5-5.2 meV FWHM.
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 313 Figure 3.13: Pristine diamond shown (c, black curve) was deposited with ~1 L of benzylamine and annealed to 360 K (b, blue curve). The sample was then again deposited with ~1 L of benzylamine and then annealed to 470 K to finally yield spectrum (a, red curve). All spectra were obtained at 28 K, E0 = 6 eV. The elastic peak intensities are within ~3.2-3.3 x 10 4 cts/s, with 6-6.5 meV FWHM.

Figure 3 .

 3 Figure 3.14: HREEL spectra of hydrogenated diamond substrate (e), ~6 ML of benzylamine multilayers on gold showing characteristic peaks of benzylamine (d), ~1-2 ML of benzylamine on hydrogenated diamond showing a mix of hydrogenated diamond and benzylamine peaks (c), difference in the spectra before and after functionalization (b) and HREEL spectra of ~6 ML benzene obtained at 32 K, E0 = 6.7 eV [87] (a). The rest of the spectra were obtained at 28 K, E0 = 6 eV.
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 315 Figure 3.15: Energy map showing the various low-energy electron induced processes observed in benzylamine. The intensity shows the relative probability of the process as a function of electron energy.
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 41 Figure 4.1: Median abundances (with respect to H2O) of different molecules in low and high mass protostars. The filled bars represent the calculated abundances based on survival analysis while the outlined bars show the median detected abundances [90].

Figure 4 .

 4 3 and can be divided into three steps: (a) film preparation which includes deposition and crystallization, (b) pre-irradiation characterization of the pristine film, and (c) irradiation and post-irradiation characterization for desorbing neutral species (ESD) and compounds in film residues (HREELS/TPD), respectively. Molecular layers of NH3 were deposited on cold metal substrates by dosing NH3 gas close to the substrate surface in UHV environment (10 -10 mbar), using a dedicated gas introduction set-up described in Chapter 2, Section 2.2. Approximately 10 (±5) ML of NH3 were deposited for each experiment using this technique. The quantity is calibrated from TPD results of background deposition as described in detail in Chapter 2, Section 2.5.
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 43 Figure 4.3: Scheme of the procedure used to study electron-induced processes in molecular layers of ammonia and its isotopologues.

14 NH3 and 15

 1415 NH3: Table 4.2a summarizes the peak intensities from the relevant m/z signals. The cracking patterns of the 14 NH3 and 15 NH3 more or less replicate the cracking pattern of 14 NH3 in the NIST database showing that their compositions are not strongly altered during dosing. Note that the signals presented in Table

Figure 4 . 4 .

 44 Figure 4.4. HREEL spectra of different ammonia ice isotopologues (~10 ML) measured at 28 K, E0 = 5 eV. The elastic peak intensities (I0) and ∆EFWHM values are alsoshown in each spectrum. The green asterisks in the 14 ND3 spectrum reveal peak positions of vibrational modes associated with 14 NDH2 while the red asterisks correspond to those of 14 ND2H. The filament of the HREELS was changed between acquisition of 14 NH3 and 14 ND3 prompting reoptimization of parameters. The absolute intensities between said samples are therefore not comparable.15 NH3 directly deposited on Cu posed some charging effects of yet unknown origin.

  neutral dissociation is still the more dominant mechanism within the range of 10-15 eV. (c) Beyond 15 eV: At energies greater than 15 eV, the trends begin to change as several mechanisms can already interfere which could lead to the destruction of NH3 and favoring the formation of other neutral species. This is evidenced by the sudden dip after 15 eV of the desorption profile of NH3 accompanied by the increased yield of NHx (x=1-2) species as well as N2 and H2 which will be discussed in detail in the next subsections.
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 45 Figure 4.5: Electron stimulated desorption profile at 28 K of 14 NH3 (m/z Da) desorbing from 14 NH3 pure film and 14 ND3 from 14 NDxHy (x+y=3).

Figure 4 . 6 :

 46 Figure 4.6: Electron stimulated desorption profile of 14 NH3 (10ML on Cu) at 28 and 60 K.
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 47 Figure 4.7: ESD curves for the desorption of mass fragments related to NHx from (a) 14 NH3 (left) and (b) 15 NH3 pure films (right). For these light species, ambient background gases of homologous mass can interfere and blur structures as well as their relative intensities. The signals for m/z 14 Da ( 14 N) and 15 Da ( 15 N, 14 NH) are not shown as they replicate the profile of pollutants of the same m/z ratio desorbing from irradiated bare substrates. The signal for m/z 18 Da which also corresponds to H2O has an extremely high noise level. The points were made hollow for the m/z 18 Da species and their error bars were hidden for clarity. The uncertainty at the last data point is nonetheless shown to give an idea of the noise level.
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 48 Figure 4.8: Corrected 14 NH2 signal ([ 14 NH2]desorb) from the 14 NH3 film as a function of incident electron energy, obtained by subtracting the contribution of 14 NH3 cracking in the QMS ionization head.

  2), tantamount to σ(NH + /NH3)/σ(NH3 + /NH3) ≈ 0.065. Furthermore, since the 15 NH3 signal is erratic, we can thus only estimate [ 15 NH2]desorb and [ 15 NH3]desorb based on [ 14 NH2]desorb and [ 14 NH3]desorb determined/detected from 14 NH3 films. The ratio of the intensities of [ 14 NH2]/[ 15 NH2] is shown to be constant from threshold (8 eV) to 20 eV in Figure 4.9 (top graph) which permits the use of this correction factor of 1.4 ± 0.3 to estimate the [ 15 NH2]desorb and [ 15 NH3]desorb yields based on the determined [ 14 NH2]desorb yield. As the ratio is more or less constant, this could be associated with discrepancy in film thickness. The estimated yields are shown in Figure 4.9. Note that the derived m/z 18 Da signal corresponding to [ 15 NH3]desorb reproduces the yield of the directly measured [ 15 NH3]desorb presented in Figure 4.7 even if the latter suffered from low S/N ratio. This reinforces the reliability in the approximation of the yields in Figure 4.9. The resulting [ 15 NH]desorb has comparable yields with [ 15 NH2]desorb and both appear with a threshold around ~8-9 eV.
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 49 Figure 4.9: Estimated [ 15 NH3]desorb, [ 15 NH2]desorb, and [ 15 NH]desorb ESD yields based on data from 14 NH3 films (bottom graph). The ratio between [ 14 NH2] and [ 15 NH2] (top graph) which can be both reliably measured during ESD measurements as shown in Figure 4.7 is more or less constant in the energy range of 8-20 eV.
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 331 H2 DesorptionThe desorption of H2 (m/z 2 Da) was simultaneously monitored during ESD experiments. It is, however, difficult to separate H2 signal desorbing from the film during ESD from the ambient H2 in the UHV chamber. As shown in Figure4.10a, the desorption profiles are rather erratic. Its formation was nonetheless confirmed through the detection of D2 (m/z 4 Da) desorbing from irradiated14 NDxHy (x+y=3) and in a mixture of15 NH3 and 14 NDxHy (x+y=3) through the appearance of D2 (m/z 4 Da) and HD (m/z 3 Da) species. (Figure 4.10b and c, respectively).

14 NH3 and 14 Figure 4 . 10 :

 1414410 Figure 4.10: ESD profile of H2 isotopologues from irradiated (a) 14 NH3 and 15 NH3 films, (b) 14 NDxHy (x+y=3) films, and (c) mixture of 14 NDxHy (x+y=3) and 15 NH3 films. H2 is not shown for the latter spectrum due to background effects as observed in spectrum a.

Figure 4 . 11 :

 411 Figure 4.11: Desorption of species with masses corresponding to N2 isotopologues during irradiation of (a) 14 NH3 multilayer film (orange) and 15 NH3 multilayer film (purple) and (b) ~1:4 14 NDxHy (x+y=3)/ 15 NH3 mixture.

Figure 4 . 13 :

 413 Figure 4.13: TPD curves for m/z 18 Da (top) and m/z 17 Da (bottom) corresponding to 15

Figure 4 .

 4 14 by linear extrapolations and are possibly affected by various processes.

Figure 4 . 14 :

 414 Figure 4.14: Desorption of 14 NH3 (m/z 17 Da) at increasing dose during electron irradiation at 13 eV (black circle) together with different fitting functions to estimate the effective cross section for desorption (y = b -mx → σeff = m/b, Section 1.5.1).The blue dashed line is the linear fit at the first stage of the desorption process while the green dashed line is the linear fit of the latter stage when other processes already begin to contribute to the depletion of the starting material. The black curve is a fit which considers contributions from two processes leading to the desorption of NH3, and it is shown here as guide (Annex III).

Figure 4 . 15 :

 415 Figure 4.15: Temporal ESD curve of 15 NH3 as derived from the 15 NH2 signal at increasing dose during electron irradiation at 13 eV (Top, black circles). Direct signal from 15 NH3 (m/z 18 Da) is influenced by ambient H2O signals but can be easily predicted from 15 NH2 signals (Annex III). The fitted functions for the estimation of effective cross section are as described in Figure 4.14. The 15 N2 (m/z 30 Da) yield is significant enough to be differentiated from the background during ESD and is shown in the bottom graph.

Figure 4 . 16 :

 416 Figure 4.16: Temporal ESD at 13 eV and 28 K of H2 from 14 NH3 pure film (top) and D2 from 14 NDxHy (bottom). The intensity of m/z 2 Da and m/z 4 Da signals from a bare substrate irradiated at 13 eV is indicated by the shaded lines.

Figure 4 .

 4 Figure 4.17: Temporal ESD at 13 eV and 28 K of various products from a film composed of a mixture of 15 NH3 and 14 NDxHy (x+y=3) in ~4:1 ratio. The intensity of signals coming from an irradiated bare substrate at 13 eV is indicated by the shaded lines. Signals for m/z 15 Da and 14 Da are below the signal from species with the same masses coming from the bare substrate.

Figure 4 . 18 :

 418 Figure 4.18: TPD curves showing (bottom panel) the desorption of the m/z 30 Da species ( 15 N2) from the residue (red) after 13 eV irradiation (at 28 K) of 15 NH3 with a total dose of 1.2 x 10 17 electrons/cm 2 compared to those from the pristine film (blue); (middle panel) the desorption of H2 (m/z 2 Da) from the same films; and (upper panel) the desorption of the 15 NH3 (m/z 18 Da) highlighting the origin of the peaks at ~100 K.

Figure 4 .

 4 Figure 4.19: TPD curve showing the desorption of (from top to bottom) m/z 4 Da (D2), m/z 3 Da (DH), m/z 30 Da ( 15 N2), and m/z 29 Da ( 14,15 N2) species from the residue (red) after 13 eV irradiation (at 28 K) of 15 NH3/14 NDxHy with a total dose of 1.1 x 10 17 electrons/cm 2 compared to those from the pristine film (blue).

Figure 4 .

 4 Figure 4.20: ESD and TPD results showing the formation of 14 N2D4 from the irradiation on 14 NDxHy (x+y=3) films. The graph on the left is the ESD profile of the m/z 36 Da species ( 14 N2D4) at 28 K and 60 K while the graph on the right is the TPD curve of the same species after a 13-eV irradiation (total dose: 7.2 x 10 16 electrons/cm 2 ) of the 14 NDxHy (x+y=3) film.

Figure 4 .

 4 Figure 4.21: ESD and TPD results showing the formation of N2H2. The graph on the left is the ESD profile of the m/z 30 Da species ( 14 N2H2) at 28 K while the graph on the right is the TPD curve of the same species after a 13-eV irradiation (total dose: 1.4 x 10 17 electrons/cm 2 ) of a 14 NH3 multilayer film.

Figure 4 . 22 :

 422 Figure 4.22: Known electron-induced processes in NH3 including the results from this work (in purple).

Figure 4 . 23 :

 423 Figure 4.23: HREEL results of the irradiation of 14 NH3 (~5ML) on Au. The left panel shows the irradiation of amorphous films. Spectrum (a) is that of a pristine amorphous sample, (b) after irradiation using 2 eV electrons (total dose: 5.6 x 10 15 electrons/cm 2 ), and (c) after irradiation using 11 eV electrons (total dose: 6.3 x 10 15 electrons/cm 2 ). The right panel, on the other hand shows, the irradiation of crystalline films. Spectrum (d) is that of a crystalline sample, (e) after irradiation using 5 eV electrons (total dose: 7.4 x 10 15 electrons/cm 2 ). All spectra were measured at 28 K and E0 = 5 eV, I0 [∆EFWHM]: 2.42 x 10 4 cts/s [5.6 meV] (a), 2.43 x 10 4 cts/s [5.8 meV] (b), 2.36 x 10 4 [5.7 meV] (c), 7.01 x 10 4 cts/s [5.6 meV] (d), 3.45 x 10 4 cts/s [8.9 meV] (e).

Figure 4 .

 4 Figure 4.24. HREEL spectra of the 14 NDxHy (x+y=3) film surface before (a) and after varying doses of 30 eV electrons: (b) 4.2 x 10 16 electrons/cm 2 , (c) 1.5 x 10 17 electrons/cm 2 , (d) 2.9 x 10 17 electrons/cm 2 . The spectrum of the substrate annealed to 300 K is shown in (e) as reference. The spectra are measured at 28 K, E0 = 5 eV, I0 [∆EFWHM]: 1.21 x 10 4 cts/s [5.3 meV] (a), 4.70 x 10 3 cts/s [5.3 meV] (b), 3.76 x 10 3 cts/s [5.5 meV] (c), 2.26 x 10 3 cts/s [7.6 meV] (d), 1.93 x 10 3 cts/s [7.7 meV] (e).

Figure 4 .

 4 Figure 4.25. HREEL spectra of the 14 NDxHy (x+y=3) surface before (a) and after 11 eV electron-irradiation (b), total dose: 1.9 x 10 17 electrons/cm 2 . The spectra are measured at 28 K, E0 = 5eV, I0 [∆EFWHM]: 1.14 x 10 4 cts/s [5.42 meV] (a), 3.78 x 10 3 cts/s [5.43 meV] (b).

Figure 4 .

 4 Figure 4.26: A plot of the diminution of the v(ND) intensity vs. electron dose (Φ) at 30 eV taken from post-irradiation HREEL spectra in Figure 4.24. The intensities correspond to the area under the curves from 280-330 meV which includes collective signals from 14 NDxHy (x+y=3) deuterated species remaining in the film after electron irradiation.

Figure 4 . 27 :

 427 Figure 4.27: Comparison of TPD vs ESD Data during electron processing of 15 NH3 (top graph) and 14 NH3 (bottom graph). The orange points correspond to the intensity of remaining NH3 in the film extrapolated from the estimated cross-sections from the TPD data.

Figure 4 .

 4 Figure 4.28: Temporal ESD curves measured during the 13-eV irradiation of NH3. The left side shows the results for 15 NH3 where the black circles correspond 15 NH3 signal anticipated from 15 NH2 (m/z 17 Da) signal as the actual signal of the former (m/z 18 Da) is influenced by background signals; red circles correspond to 15 N2

  Imaging of the irradiated spots revealed corresponding decrease in local work function as a result of chemical modification by 50 eV electrons which intensify with increased duration of exposure (dose). The same happens with 10-40 eV irradiation with decrease in work function as electron energy is increased saturating at about 40 eV.Figure 5.1 shows the work function map of the sample showing well-defined spots of reduced work function compared to the surrounding unirradiated surface. This work demonstrated the possibility of constraining and controlling surface chemical modification by low-energy electrons towards microscopic dimensions.

Figure 5 . 1 :

 51 Figure 5.1: A wide-range map of work function contrast showing irradiated areas (bright spots) at different energies. The spectrum of colors shown in the legend indicate the extent of work function change, in purple being the least modified (unirradiated areas) and in red being the most modified. The chemical structure of the TPT monolayer on Au is shown on the left [132].

Figure 5 . 2 :

 52 Figure 5.2: Chemical structures of PMMA, methyl acetate and polyethylene.

Figure 5 . 3 :

 53 Figure 5.3: HREEL spectra of (a) PMMA film (~16 nm thick) and (b) methyl acetate film (> 4 ML) annealed to 120 K to crystallize. Both spectra are taken at 28 K and a probing energy E0 = 5 eV.

CH

  

Figure 5 . 4 :

 54 Figure 5.4: A schematic of some proposed reactions during the photolysis of PMMA by UV photons of 4.1-4.8 eV leading to the formation of different neutral species and

Figure 5 . 7 :

 57 Figure 5.7: ESD profile of monomer desorption (m/z 100 Da) during the electron irradiation of a PMMA thin film at 300 K (total dose accumulated: 1.12 x 10 16 electrons).

Figure 5 .Figure 5 . 8 :

 558 Figure 5.8 shows the yield of the m/z 41 Da species monitored at increasing irradiation energy. A possible resonance at 6 eV is again observed and a threshold at around 7-8 eV, close to the ionization threshold. The m/z 41 Da species also appears as the most intense peak in the cracking pattern of the monomer (m/z 100 Da) at 70 eV ionization, with 2.5x intensity. Comparing the ESD yields of the desorbing monomer (Figure5.7) and m/z 41 Da, the yield of m/z 41 Da is more than 2.5x the intensity of the m/z 100 Da species showing that the fragment is indeed formed in the film. The m/z 59 Da and m/z 60 Da species (COOCH3 and HCOOCH3) are also proposed to be produced from the ester group scission following the reactions presented in Figure5.4 but unfortunately, they were not measured during the experiment. They are therefore recommended for detection in the continuation of this work to identify energies where the ester group scission can be favored or suppressed in relation to other processes (e.g. backbone scission) depending on the desired application.

Figure 5 . 9 :

 59 Figure 5.9: ESD profiles at 300 K of neutral species m/z 16 Da corresponding to CH4 (top graph); m/z 28 Da (CO) and m/z 44 Da (CO2) (middle graph); and m/z 30-32 Da corresponding to CHxO (x=2-4) during the irradiation of a PMMA thin film. The shaded regions depict the mean signal from the desorption of homologous species from the bare substrate.

Chapter 5 :

 5 Towards Microscopic Surface Modification of Thin Film Resists Using Low-Energy Electron Irradiation fragmentation of heavier fragments, especially hydrocarbons; during ionization at the QMS head.

Figure 5 . 10 :

 510 Figure 5.10: Possible electron attachment mechanism leading to the dissociation of the methoxy group producing CH3 radical and the CH4 molecule [143].

Figure 5 . 11 :

 511 Figure 5.11: Energy map of electron induced processes based on the preliminary results of low-energy electron irradiation of PMMA thin films.

Figure 1 :

 1 Figure 1: Schematic view of compound B, [Cu2(EtNH2)2(μ-O2CC2F5)4]; (H in white, C in grey, N in blue, O in red, F in green, Cu in brown).

Figure 2 :

 2 Figure 2: Vibrational signatures of compound A and B in different environments. (a, brown curve): ATR-IR spectrum of compound A as produced in Poland; (b, cyan curve): ATR-IR spectrum of compound A in France; (c, magenta curve): ATR-IR spectrum of compound B as produced in Poland; (d, orange curve) ATR-IR spectrum of compound B in France; (e, blue curve): ATR-IR of compound B on Si deposited by dip-coating; (f, green curve): HREELS spectrum of compound B deposited in gel form on gold, recorded at 30 K; (g, black curve): same as (f), after a mild annealing to 305 K.

Figure 3 :

 3 Figure 3: ESD experiments on compound A deposited on a Si wafer. (a) Mean current measured during irradiation; (b-e) recorded signal for neutral species detection, respectively, mass 30 (blue) and 45 (red), mass 31 (red), mass 119

Figure 4 :

 4 Figure 4: Evolution of CF3 neutral fragment detection with the cumulated dose (fluence) under irradiation at 1.5 eV. Squares: measurement, line: adjusted model.

Annex:

  Article on Functionalization of Hydrogenated Diamond 3. RESULTS AND DISCUSSION 3.1. Electron-induced functionalization at 11 eV 3.1.1 Nature of the chemical modifications induced at 11 eV -Covalent grafting of sp 2centres.

Figure 2 .

 2 Figure 2. Characterization by HREELS (EHREELS = 6 eV, ΔEFWHM ∼5-6 meV, THREELS = 28 K, spectra are arbitrarily shifted vertically) of a H-Diam substrate functionalized by irradiation at 11 eV (dose 1.3 × 10 16 electrons) of a condensed thin film of BzA. The energy loss spectrum (a) of the H-Diam substrate before processing

Figure 3 .

 3 Figure 3.C1s and N1s core level XPS of the functionalized sample. The XPS characterization of the pristine hydrogenated diamond substrate is provided in the electronic supplementary information.

Figure 4 .

 4 Figure 4. Estimation of the effective cross section σ for sp 2 -centre grafting under electron irradiation at 11 eV. The increase of intensity ΔI of the loss at 378 meV is represented as a function of the locally delivered electron fluence Φ (in electron.cm - 2

Figure 5 .

 5 Figure 5.HREEL spectra (EHREELS = 6 eV, ΔEFWHM ∼5-6 meV, THREELS = 300 K, spectra are arbitrarily shifted vertically) of (a) the pristine H-Diam, and of functionalized diamond substrates after annealing at 400 K processed using (b) 2.5 eV electrons, (c) 9 eV electrons, and (d) 11 eV electrons. In each case the dose was 1.3 × 10 16 electrons.

Figure 6 .

 6 Figure 6.Electron-stimulated desorption yields from condensed benzylamine multilayers at 140 K for the neutral fragments m/z = 91 and 106 a.m.u detected after electron impact ionization, respectively attributed to [BzA-NH2] benzyl radicals and dehydrogenated BzA [BzA-H]. The detection limit is indicated by shaded zone. The upper colour band results from the conversion into colour intensities of the yield of H - anions desorbing from H-Diam submitted to electron irradiation over the range 5-35 eV.47 

5 -

 5 Diam + CH 3 NH 2

  e -(9 eV) → [(H -Diam) -] # → Diam • + H - (3) C 6 H 5 CH 2 -NH 2 + Diam • → C 6 H 5 CH 2 -Diam + NH 2 •

Figure S2 :

 S2 Figure S2: Pristine diamond shown (c) was deposited with ~1 L of benzylamine and annealed to 360 K (b). The sample was again deposited with ~1 L of benzylamine and then annealed to 470 K to finally yield spectrum a. All spectra were obtained at 28 K, E0 = 6 eV. The elastic peak intensities are within ~3.2-3.3 x 10 4 cts/s, with 6-6.5 meV FWHM.

Figure

  Figure S3: (a) Wide scan XPS of freshly prepared hydrogenated diamond taken using Al Kα anode (1486.6 eV) and calibrated versus the Au 4f7/2 peak at 84.0 eV. The path energy of 20 eV results in an energy resolution of 0.6 eV. A zoom of the C1s peak is shown in (b) which when taken at a more surface-sensitive geometry, results in the spectrum shown in (c).
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Table 4 .

 4 1. Proposed attributions for the vibrational signals observed in the HREEL spectra of ammonia ices including IR results of a mixed film of 14 NH3 and 14 ND3 with products of isotope exchange ( 14 NDH2 and 14 ND2H)[START_REF] Wolff | Infrared Spectra and Vapor Pressure Isotope Effect of Crystallized Ammonia and Its Deuterium Derivatives[END_REF]. Low-Energy Electron Processing of NH3 Multilayer Films TPD profiles monitored for each m/z desorbing during heating of the untreated film result in area intensities shown in Table4.2b. Assuming that the isotopologues fragment with the same distribution as 14 NH3, the contributions of the different species for each m/z signal can be estimated. This results in the following relative composition normalized to the ND3 signal intensity:9 

	Proposed Attributions				Energy (meV)	
			HREELS		HREELS	IR
	System	14 NH3	14 ND3	15 NH3	14 NH3	1:1 14 NH3: 14 ND3
		crys.	crys.	crys.	amorph.	14 NH3 14 ND3 NDH2 ND2H
	Number of Layers	~10 ML	~10 ML	~10 ML	~8 ML	
	Parameters	E0=5 eV, 28K	E0=5 eV, 28K	E0=5 eV, 28K	E0=5 eV, 28K	condensed on slit plate (~80K)
	References		This Work		[112]	[110]
	lattice modes	21, 55, 66 21,43,55	21-55	55	
	δs(ND3) (umbrella)		106			102
	δs(ND2H)		116			
	δs(NDH2)		127			123
	δs(NH3) (umbrella)	136		136	135	133
	δas(ND3)		148			149
	δas(ND2H)		156			
	δas(NDH2)					173
	δas(ND2H)		183			
	δas(NDH2)		198			199
	δas(NH3)	204		205	204	204
	νs(ND2/ND2H)		296			
	ν(ND/NDH2)		296			303
	νs(ND3)		296			296
	νas(ND3)		310			311
	νas(ND2/ND2H)					
	νs(NH3)	400		400	400-410	398
	νs(NH/NDH2)					409
	νas(NH3)	418		420	421	418
	νas(NH/NDH2)		416			416
	νas(NH/ND2H)		416			

Table 4 .

 4 2: (a) Cracking pattern of NH3 isotopologue gases observed during RGA analysis during gas dosing. The expected pattern from the NIST database is also shown for comparison[114] and the relative cross sections of14 ND3 dissociative ionization at 70 eV with 14 ND3 + intensity scaled to 100%. The most intense peak in each spectrum is placed at 100%. The m/z 19 Da signal is not shown as it is a recurring chamber pollution and is subject to background intensity changes. Intensities of m/z peaks recorded during the TPD of untreated films. The intensities are taken as the area under the TPD curve between 70 and 120 K. The most intense peak in each spectrum is placed at 100%. The signals for m/z 14 Da ( 14 N) and 15 Da ( 15 N,14 NH) are strongly affected by background pollution and were observed to be inconsistent.

			% Relative Intensity (Background Subtracted)
	m/z	14 NH3	14 NDxHy (x+y=3)	15 NH3	14 NH3 (NIST)	14 ND3 [111]
	14	0.5	~0		~0	2.2	3.6
	15	3.0	~0		4.2	7.5
	16	64	31		6.5	80	12
	17	100	100		72	100
	18		80		100		92
	20		10				100
	(b) m/z		14 NH3	% Relative Intensity NDxHy (x+y=3) 14 15 NH3	15 NH3/ 14 NDxHy
							(x+y=3)
	14		< 0.1	~0		~0	~1.2
	15		3.0	~0		< 0.1	~1.2
	16		65	10		0.1	30
	17		100	38		77	89
	18			100		100	100
	19			49			59
	20			73			20
	21						3.5

Table 4 .

 4 3: Possible A NxHy and A NxDy (A=14,15; x=1,2; y=1-4) neutral species detected for each m/z signal. The species in orange are also possible neutral fragments that could form but were not monitored.

	m/z	14 NH3 15 NH3	14 NH3/ 14 ND3	Isotopologue 15 NH3/ 14 ND3	Pollution +
	2	H2	H2	H2	H2	H2
	3			DH	DH	
	4			D2	D2	
		14 N		14 N	14 N	CH2
		14 NH	15 N	14 NH	15 N, 14 NH	CH3
		14 NH2 15 NH	14 NH2, 14 ND	15 NH, 14 NH2, 14 ND	CH4, O
		14 NH3 15 NH2	14 NH3, 14 NDH	15 NH2, 15 ND, 14 NH3, 14 NDH	OH
			15 NH3 14 ND2, 14 NDH2	15 NH3, 15 NDH, 14 ND2, 14 NDH2	H2O
				14 ND2H	15 ND2, 15 NDH2, 14 ND2H	F
				14 ND3	15 ND2H, 14 ND3	unknown
					15 ND3	
		14 N2		14 N2	14 N2	14 N2, CO
		14 N2H		14 N2H	14,15 N2, 14 N2H	unknown
		14 N2H2 15 N2	14 N2H2, 14 N2D	15 N2, 14 N2H2, 14,15 N2H, 14 N2D	
		14 N2H3 15 N2H 14 N2H3, 14 N2DH	15 N2H, 14,15 N2H2, 14,15 N2D, 14 N2DH	
		14 N2H4 15 N2H2	14 N2H4, N2H2D, 14 N2D2 14	15 N2H2, 15 N2D, 14,15 N2DH, 14,15 N2H3, 14 N2H4, 14 N2DH2, 14 N2D2	O2, S or CH3OH
			15 N2H3	14 N2DH3, 14 N2D2H	15 N2H3, 15 N2DH, 14,15 N2H4, 14,15 N2DH2, 14 N2DH3, 14 N2D2H	
			15 N2H4	14 N2D2H2, 14 N2D3	15 N2H4, 15 N2DH2, 15 N2D2, 14,15 N2DH3, 14,15 N2D2H, 14 N2D2H2, 14 N2D3	
				14 N2D3H	15 N2DH3, 15 N2D2H, 14,15 N2D2H2, 14 N2D3H, 14,15 N2D3	
				14 N2D4	15 N2D2H2, 14 N2D4, 14,15 N2D3H	
					15 N2D3H, 14,15 N2D4	
					15	

  𝑃 = 𝑛 𝑃 𝑛 𝑅 𝛷 𝑛 𝑅 = 𝜌 𝑛 𝑉 𝑖𝑟𝑟 ρn is the number density and Virr is the irradiated volume𝜌 𝑛 =𝜌 𝑚 𝑁 𝐴 𝑀 ρm is the mass density (0.76 g/cm 3 ), NA is Avogadro's number (6.02 x 10 23 molecules/mol) and M is the molecular weight of the molecule (17.03 g/mol)𝑉 𝑖𝑟𝑟 ≈ 𝑎𝐿𝐴 𝑖𝑟𝑟Airr is the beam area (0.283 cm 2 ), a is the lattice constant (~3.4 x 10 -8 cm/layer) and L is the number of layers (~10 layers)

	Chapter 4: Low-Energy Electron Processing of NH3 Multilayer Films
	𝑛 𝑃 =	𝜎 𝑄𝑀𝑆,𝑅 + 𝜎 𝑄𝑀𝑆,𝑃 +	×	𝑆 𝑃 𝑆 𝑅	×	1 cm 2 𝐴 𝑖𝑟𝑟	× 𝑛 𝑅
	𝜎 𝑃 =	𝜎 𝑄𝑀𝑆,𝑅 + 𝜎 𝑄𝑀𝑆,𝑃 +	×	𝑆 𝑃 𝑆 𝑅	×	1 cm 2 𝐴 𝑖𝑟𝑟	×	1 𝛷
		15 NH3 (s)					
		Product					nR		Φ	np	σp
						(molecules)	(electrons/cm 2 )	(molecules)	(cm 2 )
		15 NH3 (g)						1.0 x 10 15	3.3 x 10 -18
	15 N2 (ads)			2.6 x 10 15	1.2 x 10 17	3.6 x 10 13	1.2 x 10 -19
		H2 (ads)							3.6 x 10 15	1.2 x 10 -17
		14 NH3 (s)					
		Product					nR		Φ	np	σp
						(molecules)	(electrons/cm 2 )	(molecules)	(cm 2 )
		14 NH3 (g)						2.4 x 10 15	6.7 x 10 -18
	14 N2 (ads)			2.6 x 10 15	1.4 x 10 17	6.0 x 10 13	1.7 x 10 -19
		H2 (ads)							1.8 x 10 15	5.0 x 10 -18

Table 1 :

 1 HREELS vibrational signature attributions.

	vibrational modes a	energy loss			
		this work		reference
		meV	cm -1	meV
	collective modes	37	298.5		
	ν(Cu-N)	68	548.5	57 b , 63 c
	ν(Cu-O4)	73	589	74 b	, 61 d
	δ(CF3)	91	734	90 b , 86 c
	δ(COO)	100	807	86-100 c , 87 d
	ν(CC), ν(C-CN)	100-120	807-968	106 b ; 100-110 c , 116-125 e
	ρ(CH3), ν(CN)	125-130	1008-1049	124 b , 130 c , 126 e
	ν(CF), ν(C-CFx)	115-165	928-1330	128-165 b , 149-153 c , 111-161 f
	νs(COO)	177	1428	174 b , 180 c , 176 d
	δ(CH2), δ(CH3)	180	1450	180 g
	δ(NH2)	191	1541	189 b
	νa(COO)	210	1694	206 b , 219 c ν(C=O), 192 d
	ν(CH)	360-380	2900-3064	367 b
	ν(NH)	377-420	3040-3400	377-381 b
	a ν,νs,νa: stretching, symmetric, antisymmetric, δ: angular deformation, ρ: rocking; b VT-IR, [Cu2(t-
	BuNH2)2(μ-O2CC2F5)4], [Cu2(EtNH2)2(μ-O2CC2F5)4] [7,8]; c HREELS (5eV, specular), solid CF3COOH
	condensed at 30 K [10]; d HREELS, C6H5COO -chemisorbed on Cu (<1 ML, 8 eV,
	specular)				

  Hoffman, A.; Laikhtman, A.; Ustaze, S.; Hamou, M. H.; Hedhili, M. N.; Guillotin, J.-P.; Le Coat, Y.; Billy, D. T.; Azria, R.; Tronc, M. Dissociative Electron Attachment and Dipolar Dissociation of H -Electron Stimulated Desorption from Hydrogenated Diamond Films. ://doi.org/10.1103/PhysRevB.63.045401.
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A single-particle Feshbach resonance also called vibrational Feshbach resonance can also exist by trapping the electron into a bound state of a vibrationally excited ground state molecule. This resonance lies below the ground electronic state of the molecule (Figure1.3) preventing direct emission of the electron and resulting in prolonged lifetimes[6].

Another possible pathway is through the formation of NH2 -anion and the benzyl radical although it seems less probable as no resonance peak is observed for m/z 91 Da (benzyl) and it is less mobile than NH2 to react rapidly. In amines like cyclopentylamine, the CN bond breaking by DEA happens at

5.7 and 7.8 eV in gas phase[START_REF] Ibănescu | Selectivity in bond cleavage in amines and thiols by dissociative electron attachment[END_REF] (albeit not as low as the resonance observed for benzylamine in condensed phase), producing NH2 -which can then further react with N-containing fragments in condensed phase to form N2.

These resonances appear to be shifted in condensed phase when D -is observed during irradiation of condensed ND3[START_REF] Tronc | Threefold differential electronstimulated desorption yields of Danions from multilayer films of D2O and ND3 condensed on Platinum[END_REF] 

displaced to low energy due to scattering in the mass spectrometer which affects the profile and yield of H -; at higher energy, polarization effects in condensed media can cause this shift to lower energy.

observed electron energies that trigger reactions involving condensed NH3 to synthesize (a) formamide with CO[START_REF] Bredehöft | Electron-Induced Synthesis of Formamide in Condensed Mixtures of Carbon Monoxide and Ammonia[END_REF], and (b) aminoethane with ethylene[16].

Even accounting for vibrational excitation (~1.8 x 10 -17 cm 2 ) and calculated excitation cross sections of the first four low-lying states (total of the four ≈ 1.5 x 10 -16 cm 2 )[START_REF] Munjal | Low-energy electron scattering with polar molecule NH3 using the R-matrix method[END_REF], a combined cross section of 9.4 x 10 -16 cm 2 is still missing.
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From these preliminary results, the following can be inferred to occur sequentially during the electron irradiation at 4.5 eV: (1) chain scission of the backbone or side chains, (2) methoxy loss from the side chains plausibly desorbing as CH3O radical or methanol CH3OH leaving (3) a significant quantity of C=O retained in the film which is proposed to be in the form of aldehyde side chains. Smaller fragments and formed species are expected to remain in the film at cryogenic temperature during irradiation; however, due to extreme charging, certain measures have been taken such as allowing the film to rest in UHV at room temperature for at least a day after irradiation in order to disperse the charging and acquire a cleaner HREEL spectrum. These lighter species hence desorb and could not be observed in the spectra. This could mean that the electron-induced processes are extremely efficient requiring only Here a new class of copper precursors is studied following an approach that probes some surface processes involved in the fragmentation of precursors. We use complexes of copper(II) with amines and perfluorinated carboxylate ligands that are solid and stable under ambient conditions. They are directly deposited on the surface for studying the fragmentation with surface science tools.

Results: Infrared spectroscopy and high-resolution electron energy loss spectroscopy (HREELS) are combined to show that the precursor is able to spontaneously lose amine ligands under vacuum. This loss can be enhanced by mild heating. The combination of mass spectrometry and low-energy electron irradiation (0-15 eV) shows that full amine ligands can be released upon irradiation, and that fragmentation of the perfluorinated ligands is induced by electrons of energy as low as 1.5 eV. Finally, the cross section for this process is estimated from the temporal evolution in the experiments on electronstimulated desorption (ESD).

Conclusion:

The release of full ligands under high vacuum and by electron irradiation, and the cross section measured here for ligands fragmentation allow one to envisage the use of the two precursors for FEBID studies. Paris-Saclay, F-91405 Orsay, France ‡ CEA, LIST, Diamond Sensors Laboratory, F-91191 Gif sur Yvette, France ABSTRACT Synthetic hydrogenated diamond films are currently considered for the development of electronic devices, electrodes, and chemical/biological sensors. Their remarkable physical and (bio-) chemical properties can be modulated by grafting designed organic functional groups onto their surfaces. One class of high-potential organic anchors are conjugated aryl molecules. Controlled functionalization of inert hydrogenated diamond films can be achieved by low-energy (< 20 eV) electron processing of precursor thin films. The knowledge of the reaction mechanisms and effective cross sections are required for efficient processing and precursor design. Covalent grafting of phenyl-containing organic entities through electron processing at 9 eV and 11 eV of benzylamine (C6H5-CH2-NH2) thin films is demonstrated by combining High Resolution Electron Energy Loss Spectroscopy (HREELS) with X-ray Photoelectron Spectroscopy (XPS). The effective cross-section (8.0×10 -17 cm 2 ) for grafting of sp 2 -carbon centers at 11 eV is determined following a single exposure by analyzing the irradiation beam profile using HREELS. The grafting pathways involve homolytic dissociation of single covalent bonds without important molecular rearrangement to produce stable final products, opening the route for radical-induced surface chemistry. 
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