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Introduction

Graphene, a single layer of carbon atoms arranged in a honeycomb lattice presents outstanding electronic and mechanical properties. Since its isolation in 2004, it has been widely studied both for a fundamental understanding of its properties as well as for its potential for applications [1]. It was later shown that µm-large graphene layer could be epitaxially grown on a wide band-gap semiconductor, namely SiC(0001) [START_REF] Emtsev | Towards wafer-size graphene layers by atmospheric pressure graphitization of silicon carbide[END_REF]. However, such a graphene is doped and interacts with the underlying substrate [START_REF] Ohta | Interlayer Interaction and Electronic Screening in Multilayer Graphene Investigated with Angle-Resolved Photoemission Spectroscopy[END_REF]. Hydrogen intercalation can dramatically reduce such an interaction [START_REF] Riedl | Quasi-Free-Standing Epitaxial Graphene on SiC Obtained by Hydrogen Intercalation[END_REF] and improve device performances [START_REF] Robinson | Epitaxial Graphene Transistors: Enhancing Performance via Hydrogen Intercalation[END_REF][START_REF] Hertel | Tailoring the graphene/silicon carbide interface for monolithic wafer-scale electronics[END_REF]. Furthermore, graphene could be more easily integrated into devices if one could chemically (and reversibly) tailor its electronic properties, e.g. by modifying its band-gap [START_REF] Johns | Atomic Covalent Functionalization of Graphene[END_REF]. One possibility is to expose the graphene layer to atomic hydrogen, a procedure known to open a wide band gap for graphene supported on metallic substrates [START_REF] Balog | Bandgap opening in graphene induced by patterned hydrogen adsorption[END_REF][START_REF] Haberer | Tunable Band Gap in Hydrogenated Quasi-Free-Standing Graphene[END_REF] and which seems to occur also for quasifree-standing graphene grown on SiC(0001) [START_REF] Bocquet | Reversible hydrogenation of deuterium-intercalated quasi-free-standing graphene on SiC[END_REF]. Hydrogen adsorption being central to the production and/or modification of quasi-free-standing graphene supported on silicon carbide, it is necessary to gain a detailed understanding of how hydrogen atoms bind to the material at the various stages of production of graphene on SiC(0001).

The creation of quasi-free-standing monolayer graphene (QFMLG) on the SiC semiconductor substrate and the modification of its electronic properties are possible in vacuum through successive steps of thermal annealing and hydrogenation of a commercial sample. Starting from a SiC(0001) wafer, one first anneals the sample under a silicon flux to obtain the silicon-rich (3×3) reconstruction.

Further thermal annealing leads to the less silicon-rich (√3×√3)R30° reconstruction. By reaching an annealing temperature of 1450 K, the surface silicon atoms sublimation is complete and the carbonrich (6√3×6√3)R30° reconstruction of SiC(0001) is obtained. The latter reconstruction, often called the buffer-layer, consists of a graphene-like layer which remains covalently bound to the SiC substrate [START_REF] Goler | Revealing the atomic structure of the buffer layer between SiC(0 0 0 1) and epitaxial graphene[END_REF]. A well decoupled quasi-free-standing monolayer graphene (QFMLG) is obtained from the buffer-layer by hydrogenation of the (6√3×6√3)R30° sample maintained at a temperature of 950 K [START_REF] Bocquet | Reversible hydrogenation of deuterium-intercalated quasi-free-standing graphene on SiC[END_REF][START_REF] Riedl | Structural and electronic properties of epitaxial graphene on SiC(0 0 0 1): a review of growth, characterization, transfer doping and hydrogen intercalation[END_REF]. Finally, a drastic reduction of the density of electronic states near the Fermi level, probably related to a band gap opening, results from the adsorption of hydrogen atoms on QFMLG at room temperature. The quasi-free-standing monolayer graphene can be recovered by annealing the hydrogenated sample above 600 K [START_REF] Bocquet | Reversible hydrogenation of deuterium-intercalated quasi-free-standing graphene on SiC[END_REF].

In this article we characterize the surface structure and silicon/carbon atoms coordination of all these SiC(0001) reconstructions using hydrogen (deuterium) adsorption/desorption probed by vibrational spectroscopy and Low-Energy Electron Diffraction (LEED). These techniques and other experimental details are the subject of Section 2. Results obtained on the (3×3) and the (√3×√3)R30° silicon-rich reconstructions of SiC(0001) are presented in Section 3, while Section 4 is dedicated to the carbon-rich (6√3×6√3)R30° reconstruction and QFMLG. Section 5 concludes this article.

Experimental methods

All samples were prepared and measured in an Ultra-High Vacuum (UHV) apparatus equipped with a VSI Delta 0.5 High-Resolution Electron Energy-Loss Spectrometer (HREELS), an Omicron 4-grid LEED and a source of atomic hydrogen of the hot capillary type (Omicron EFM-H).

We used a semi-insulating 6H-SiC(0001) wafer (carrier concentration ~10 15 cm -3 , supplied by TankeBlue), to make ~1 cm² samples. Thermal annealing was performed by radiative heating from a tungsten filament for temperatures below 1300 K and by an additional electronic bombardment on the backside of the sample for temperatures above 1300 K. A K-type thermocouple attached in the vicinity of the SiC(0001) sample was used to determine its temperature with a +/-5% reproducibility. It was calibrated against a dummy sample on which another thermocouple was glued.

Preparation and cleaning of various SiC reconstructions can be obtained with high and/or low pressure methods. High pressure methods (e.g. [START_REF] Seyller | Passivation of hexagonal SiC surfaces by hydrogen termination[END_REF]) such as annealing in H 2 and/or Ar atmosphere generally give atomically flat and large terraces [START_REF] Forti | Large-area homogeneous quasifree standing epitaxial graphene on SiC(0001): Electronic and structural characterization[END_REF] but cannot lead to the (3×3) reconstruction. On the other hand, low pressure methods give access to a larger set of reconstructions with the possibility to reversibly retrieve reconstructions by using silicon atoms flux. In this study, we directly introduced in the UHV preparation chamber (base pressure < 2.10 -10 mbar) the SiC(0001) sample which is first outgassed by repeated annealing cycles below 1100 K. We prepare the (3×3) reconstruction by annealing the sample at 1150 K while being exposed to a flux of silicon atoms generated by a Si wafer resistively heated at ~1450 K. Heating the (3×3) surface at 1300 K leads to the formation of the (√3×√3)R30° reconstruction. Further annealing at 1450 K creates the (6√3×6√3)R30° buffer-layer.

Quasi-free-standing monolayer graphene is finally obtained by heating the buffer-layer at 950 K while exposing to a fluence of ~5.10 17 cm -2 hydrogen atoms. The preparation quality of the (3×3), (√3×√3)R30°, (6√3×6√3)R30° and QFMLG samples was assessed by checking their LEED patterns for different electron incident energies as well as their HREEL spectra (see [START_REF] Bocquet | Reversible hydrogenation of deuterium-intercalated quasi-free-standing graphene on SiC[END_REF] and supplemental materials therein). All measurements were obtained at room temperature. For structural characterization purpose, all reconstructions were exposed to hydrogen (deuterium) with atomic flux in the 10 14 -10 15 atoms.cm -2 .s -1 range. For silicon-rich reconstructions, (3×3) and (√3×√3)R30°, deuterium exposure was first performed at 700 K to avoid silicon atoms etching which is known to occur below 600 K for Si(100) and Si(111) [START_REF] Dinger | Stationary and non-stationary etching of Si(100) surfaces with gas phase and adsorbed hydrogen[END_REF][START_REF] Dinger | Interaction of hydrogen atoms with Si(111) surfaces: Adsorption, abstraction, and etching[END_REF]. Then all SiC reconstructions were exposed to hydrogen (deuterium) atoms at room temperature. Note that the (3×3) and (√3×√3)R30° reconstructions have not been exposed to hydrogen because the characteristic vibrational scissor/umbrella modes of SiH 2 and SiH 3 hydrides are expected at a similar loss energy than the intense SiC Fuchs-Kliewer phonons.

Hydrogen (deuterium) desorption from the different SiC(0001) surfaces were studied by gradually increasing the temperature of the sample in several temperature steps of typically 50 -100 K. Between each temperature step, the sample was cooled to 300 K and then characterized by LEED and HREELS. For the (6√3×6√3)R30° and QFMLG samples, the Full-Width at Half-Maximum (FWHM) of the elastic peak of the HREEL spectra was used to evaluate the presence of hydrogen on the surface. As shown in section 4.1 and section 4.2, hydrogen adsorption on these two carbon-rich surfaces leads to a dramatic diminution of the HREELS elastic peak FWHM and therefore serves as a fast and precise indicator of the presence/absence of hydrogen on the surface.

Silicon-rich reconstructions of SiC(0001)

The (3×3) reconstruction

Starke and coworkers have shown with LEED, STM and DFT calculations [START_REF] Starke | Novel Reconstruction Mechanism for Dangling-Bond Minimization: Combined Method Surface Structure Determination of SiC(111)-(3×3)[END_REF][START_REF] Schardt | Crystallography of the (3×3) surface reconstruction of 3C-SiC(111), 4H-SiC(0001), and 6H-SiC(0001) surfaces retrieved by low-energy electron diffraction[END_REF] that the SiC(0001)-(3×3) reconstruction is a silicon-rich surface consisting of a silicon adlayer terminated by tetrahedral clusters of silicon (Figure 1a). These clusters are composed of four silicon atoms and possess only one dangling bond located on the topmost atom. Therefore it can accommodate only one hydrogen atom if its integrity has to be conserved. Hydrogen (deuterium) adsorption on this surface has been studied experimentally with HREELS [START_REF] Tautz | Reassessment of core-level photoemission spectra of reconstructed SiC(0 0 0 1) surfaces Surface Science[END_REF][START_REF] Stoldt | Deuterium etching of the Si-rich SiC(0001) (3×3) surface reconstruction Surface[END_REF] and Temperature Programmed Desorption (TPD) [START_REF] Aoki | Hydrogen desorption from 6H-SiC(0001) surfaces during graphitization[END_REF], confirming that silicon atoms are terminating the (3×3) reconstruction. However, upon hydrogenation, the LEED pattern changes to a (1×1) structure, raising questions regarding the stability of silicon clusters and its recovery upon hydrogen desorption. Hydrogen desorption from this (1×1) surface has led to less consensus since some groups have found that the (3×3) reconstruction can be retrieved upon annealing [START_REF] Van Elsbergen | Oxidation of clean and H-terminated SiC surfaces[END_REF][START_REF] Takami | STM and LEED observation of hydrogen adsorption on the 6H-SiC(0 0 0 1)3×3 surface[END_REF] while other groups have not [START_REF] Stoldt | Deuterium etching of the Si-rich SiC(0001) (3×3) surface reconstruction Surface[END_REF][START_REF] Diani | 6H-AND 4H-SiC(0001) Si SURFACE RICHNESS DOSING BY HYDROGEN ETCHING: A WAY TO REDUCE THE FORMATION TEMPERATURE[END_REF]. Proponents of the hydrogenation irreversibility of the (3×3) surface proposed that silicon atoms are etched upon hydrogenation i.e. silicon atoms bonds in the cluster are broken in order to accommodate further hydrogen atoms until Si-H 4 gaseous molecules are formed, which would explain the observed influence of the hydrogen atom dose onto the reversibility of the hydrogenation [START_REF] Stoldt | Deuterium etching of the Si-rich SiC(0001) (3×3) surface reconstruction Surface[END_REF]. From one study to the other the actual doses used to hydrogenate samples are plagued with large uncertainties because tungsten filaments were used to dissociate H 2 and their distance to the sample varies, which could also change the sample temperature during hydrogenation because of the filament induced radiative heating. We revisited the reversibility of the hydrogenation of the SiC(0001)-(3×3) surface using a thermally shielded and dose-calibrated atomic source.

Figure 2 compares the HREEL spectra of the (3×3) surface after exposure to ~ 10 17 atoms.cm -2 of deuterium atoms at 700 K and after exposure to ~ 10 17 atoms.cm -2 of deuterium atoms at 300 K. Table 1 summarizes the spectroscopic signatures we measured for these preparations (as well as for all samples presented in this article) and literature values for silicon and carbonaceous surfaces. In HREEL spectra of every SiC(0001) reconstruction and QFMLG in this article, the most intense vibrational peaks located around 115 -117 meV and its multiples are related to the well-known Fuchs-Kliewer phonons (FK) [START_REF] Fuchs | Optical Modes of Vibration in an Ionic Crystal Slab[END_REF]. The small shifts of this peak from one reconstruction to another were already reported elsewhere [START_REF] Balster | Strong dispersion of the surface optical phonon of silicon carbide in the near vicinity of the surface Brillouin zone center Surface[END_REF] and will not be discussed in this article.

Deuterium adsorption on the silicon terminated (3×3) surface is evidenced in HREELS by the appearance of the Si-D x stretch vibration at 189 meV both for the 700 K and 300 K deuterium exposure. The vibrational mode at 81 meV is only measured when the deuterium dose has been performed at 300 K and can correspond to both the SiD 2 scissor mode and the SiD 3 umbrella mode given the resolution and the irregular background of spectra. The absence of the SiD 2 /SiD 3 modes for deuterium exposure at 700 K is consistent with observations on silicon surfaces where the maximum desorption rate for SiD 2 /SiD 3 species is found below 700 K [START_REF] Dinger | Stationary and non-stationary etching of Si(100) surfaces with gas phase and adsorbed hydrogen[END_REF][START_REF] Dinger | Interaction of hydrogen atoms with Si(111) surfaces: Adsorption, abstraction, and etching[END_REF]. Note that C-D vibrations are not observed consistently with the silicon-rich nature of the (3×3) surface.

Figure 3 shows the LEED pictures of the (3×3) surface after preparation, after exposure to ~ 10 17 atoms.cm -2 of deuterium atoms and after deuterium desorption following a thermal annealing at 850 K. While deuterium adsorption at 300 K or 700 K both leads to a (1×1) structure (Figure 3b), deuterium desorption leads to markedly different LEED patterns for samples deuterated at 300 K or 700 K. Only the surface deuterated at 700 K fully recovers the intact (3×3) structure upon thermal annealing (Figure 3c) whereas the 300 K deuterated sample develops a LEED pattern presenting additional diffraction spots to the (3×3) structure (indicated by arrows in Figure 3d). This demonstrates that deuteration of SiC(0001)-(3×3) is reversible only when deuteration is performed at 700 K, i.e. when Si-D 2 /Si-D 3 species are absent on the surface. This observation can be rationalized from the work of Dinger et al. on the etching of hydrogenated (deuterated) Si(100) and Si(111) [START_REF] Dinger | Stationary and non-stationary etching of Si(100) surfaces with gas phase and adsorbed hydrogen[END_REF][START_REF] Dinger | Interaction of hydrogen atoms with Si(111) surfaces: Adsorption, abstraction, and etching[END_REF]. In these studies, it was shown that the generation of gaseous silane from etching of silicon surface atoms happens during thermal annealing only when the surface is dosed with atomic hydrogen at temperature below 700K, the temperature below which adsorbed etching precursors (SiH 2 and SiH 3 ) are present at the surface. Similarly, our HREELS data shows that precursors to silicon etching are stable on SiC(0001)-(3×3) at 300 K but not at 700 K. Therefore deuterium desorption prevents to recover the (3×3) reconstruction for sample exposed to deuterium at 300 K because of etching. In contrast, for sample exposed to deuterium at 700 K, the (3×3) reconstruction can be retrieved upon desorption.

The (√3×√3)R30° reconstruction

It has been shown experimentally with LEED and photoelectron spectroscopy [START_REF] Tautz | Reassessment of core-level photoemission spectra of reconstructed SiC(0 0 0 1) surfaces Surface Science[END_REF][START_REF] Starke | Stacking Transformation from Hexagonal to Cubic SiC Induced by Surface Reconstruction: A Seed for Heterostructure Growth[END_REF], that the SiC(0001)-(√3×√3)R30° reconstruction is a silicon-rich surface consisting of silicon adatoms located on the T 4 fourfold top positions above three silicon atoms (Figure 1b) and possessing a single dangling bond, consistent with previous theoretical calculations [START_REF] Northrup | Theory of the adatom-induced reconstruction of the SiC(0001)√3×√3 surface[END_REF]. Hence, the accommodation of more than one hydrogen atom is possible only at the expense of the adatoms back bonds. Hydrogen adsorption on the (√3×√3)R30° surface has been studied experimentally with HREELS and TPD, confirming that the surface termination species is silicon. Like for the (3×3) surface, the LEED pattern changes to (1×1) upon hydrogenation pointing to surface structural change. It is therefore natural to wonder whether hydrogen desorption leads to any alteration of the (√3×√3)R30° reconstruction.

Figure 4 shows the HREEL spectra obtained for the (√3×√3)R30° after exposure to ~ 10 17 atoms.cm -2 of deuterium atoms at 700 K and after exposure to ~ 10 17 atoms.cm -2 of deuterium atoms at 300 K and measured vibrational frequencies are presented in Table 1. Adsorption of deuterium on the silicon atoms of the surface is evidenced by the occurrence of SiD x stretch vibration at 192 meV for exposure at 700 K and 300 K. The stretch vibration on the (√3×√3)R30° surface is 3 meV higher in energy than on the (3×3) surface. We attribute this small shift, already observed with hydrogen by Tautz et al. [START_REF] Tautz | Reassessment of core-level photoemission spectra of reconstructed SiC(0 0 0 1) surfaces Surface Science[END_REF], to the different chemical environments of deuterides rather than a preferential occurrence of dideuterides over monodeuterides since this shift is present even in the absence of dideuterides for a deuterium exposure at 700K. Another difference between the (3×3) and (√3×√3)R30° surfaces is the presence of a clear and sharp Si-D bending mode at 67 meV only visible on the (√3×√3)R30° reconstruction. On the (3×3) reconstruction a succession of less peaked features are present in this range of frequency, similar to the case of pure silicon surfaces where deuterium bending modes and phonons of the silicon surfaces are mixing [START_REF] Eremtchenko | Surface phonons of clean, hydrogen-and deuterium-terminated Si(001) surfaces[END_REF]. Finally, on the (√3×√3)R30° surface Si-D 2 /Si-D 3 vibrational signatures at 81 meV are present only for 300 K deuterium exposure, like on the (3×3) surface. However, the relative strength of the stretch vibration to the Si-D 2 /Si-D 3 vibration is almost inverted on the (√3×√3)R30° as compared to the (3×3) surface. Note that on the (3×3) surface exposed at 300 K, the stretch vibration is broadened and increased in intensity because of a superposition with the FK+Si-D 2 /Si-D 3 multiple loss. In the case of the (√3×√3)R30°, the Si-D 2 /Si-D 3 signature is barely visible while the stretch vibration is intense, suggesting that Si-D monodeuteride species are outnumbering rare Si-D 2 /Si-D 3 species.

Figure 5 shows the LEED spectra of the (√3×√3)R30° surface after preparation, after exposure to ~ 10 17 atoms.cm -2 of deuterium atoms at 300 K and 700 K, and after deuterium desorption following thermal annealing at 1050 K. Deuterium adsorption at 300 K or 700 K both leads to a (1×1) structure and thermal annealing of both preparations allows the recovery of the (√3×√3)R30° LEED pattern.

Note that a thermal annealing at 910 K is not sufficient to fully recover the (√3×√3)R30° LEED pattern, consistently with hydrogenated SiC(0001)-(1×1) samples obtained with high pressure methods [START_REF] Seyller | Passivation of hexagonal SiC surfaces by hydrogen termination[END_REF], i.e. deuterium atoms need a higher temperature to desorb from the (√3×√3)R30° than from the (3×3) SiC reconstruction and pure silicon surfaces. This indicates that deuterium on the (√3×√3)R30° reconstruction is more strongly bound to the silicon atoms consistently with the higher stretching frequency on (√3×√3)R30° than on (3×3).

The reversibility of the (√3×√3)R30° surface toward deuterium adsorption/desorption observed by LEED has also been reported by other groups with hydrogen [START_REF] Aoki | Hydrogen desorption from 6H-SiC(0001) surfaces during graphitization[END_REF][START_REF] Fujino | Observation of hydrogen adsorption on 6H-SiC(0 0 0 1) surface[END_REF], confirming that silicon etching is negligible on the hydrogenated/deuterated (√3×√3)R30°. Silicon etching during thermal annealing necessitates neighboring Si-D 2 (Si-H 2 ) and Si-D 3 (Si-H 3 ) species in order to form gaseous silane molecules [START_REF] Dinger | Stationary and non-stationary etching of Si(100) surfaces with gas phase and adsorbed hydrogen[END_REF]. Our HREELS data suggest that Si-D 2 /Si-D 3 etching precursors are minority species. Hence, the observed negligible silicon loss on this silicon-rich surface can be rationalized either by a too low density of neighboring Si-D 2 and Si-D 3 deuterides or by the absence of one of those two deuterides. TPD spectra from Aoki and Hirayama show only two peaks for hydrogen desorption from (√3×√3)R30° [START_REF] Aoki | Hydrogen desorption from 6H-SiC(0001) surfaces during graphitization[END_REF], in contrast to the three peaks observed on (3×3) and on Si(100) which are attributed, in the increasing order of desorption temperature, to the desorption from SiH 3 , SiH 2 and SiH species. The two desorption temperatures observed by TPD on the (√3×√3)R30° surface suggest that solely Si-H 3 and Si-H species are present on this surface. Based on ion scattering techniques, Fujino et al. [START_REF] Fujino | Observation of hydrogen adsorption on 6H-SiC(0 0 0 1) surface[END_REF] have also proposed a model containing only Si-H 3 and Si-H species on the hydrogenated (√3×√3)R30°. In order to confirm that the hydrogen desorption reversibility of the (√3×√3)R30° surface is due to the absence of stable Si-D 2 species, vibrational spectra with better resolution would be needed in order to resolve Si-D 2 and Si-D 3 vibrations. Unfortunately, this is a challenging measurement that HREELS or infrared absorption spectroscopy have failed to realize for deuterated silicon so far [START_REF] Eremtchenko | Surface phonons of clean, hydrogen-and deuterium-terminated Si(001) surfaces[END_REF][START_REF] Tautz | Ultimate resolution electron energy loss spectroscopy at H/Si(100) surfaces[END_REF]. Finally, we note that Fujino's reconstruction model is consistent with our 300K exposure data, but cannot account for the missing Si-D 2 /Si-D 3 feature of the 700K exposure.

Our experimental observation of a (1×1) reconstruction for a solely mono-deuterated (√3×√3)R30° surface calls for the development of another reconstruction model specific to the mono-hydrogenated reconstruction.

Carbon-rich reconstructions of SiC(0001)

The (6√3×6√3)R30° reconstruction or so-called "buffer-layer"

The buffer-layer, zeroth-layer or (6√3×6√3)R30°, is known to be a carbon-rich reconstruction of SiC(0001) obtained after annealing the silicon-rich (√3×√3)R30° reconstruction to ~1450 K [START_REF] Forbeaux | Heteroepitaxial graphite on 6H-SiC(0001): Interface formation through conduction-band electronic structure[END_REF].

Further annealing transforms the buffer-layer into a graphene layer with a new buffer-layer formed underneath. Although a matter of debate in recent years [START_REF] Qi | Epitaxial Graphene on SiC(0001): More than Just Honeycombs[END_REF], the consensus for experimental studies [START_REF] Riedl | Quasi-Free-Standing Epitaxial Graphene on SiC Obtained by Hydrogen Intercalation[END_REF][START_REF] Bocquet | Reversible hydrogenation of deuterium-intercalated quasi-free-standing graphene on SiC[END_REF][START_REF] Goler | Revealing the atomic structure of the buffer layer between SiC(0 0 0 1) and epitaxial graphene[END_REF][START_REF] Riedl | Structural and electronic properties of epitaxial graphene on SiC(0 0 0 1): a review of growth, characterization, transfer doping and hydrogen intercalation[END_REF][START_REF] Forti | Large-area homogeneous quasifree standing epitaxial graphene on SiC(0001): Electronic and structural characterization[END_REF][START_REF] Speck | The quasi-free-standing nature of graphene on H-saturated SiC[END_REF] as well as for theoretical studies [START_REF] Jayasekera | Band Engineering and Magnetic Doping of Epitaxial Graphene on SiC[END_REF][START_REF] Lee | First-principles study of preferential sites of hydrogen incorporated in epitaxial graphene on 6H-SiC[END_REF][START_REF] Deretzis | Role of covalent and metallic intercalation on the electronic properties of epitaxial graphene on SiC[END_REF][START_REF] Markevich | Firstprinciples study of hydrogen and fluorine intercalation into graphene-SiC(0001) interface[END_REF] is that the buffer-layer consists of a graphene honeycomb structure covalently bound to some of the silicon atoms of the SiC substrate (Figure 1c). This model is supported by the following observations: the topological similarity in STM between the QFMLG and the buffer-layer with the absence of obvious defects in the formed QFMLG [START_REF] Goler | Revealing the atomic structure of the buffer layer between SiC(0 0 0 1) and epitaxial graphene[END_REF], the complete reversibility of the buffer-layer transformation into quasi-free-standing monolayer graphene (QFMLG) with hydrogen intercalation [START_REF] Riedl | Quasi-Free-Standing Epitaxial Graphene on SiC Obtained by Hydrogen Intercalation[END_REF][START_REF] Bocquet | Reversible hydrogenation of deuterium-intercalated quasi-free-standing graphene on SiC[END_REF], and the appearance of Si-H oscillators below the QFMLG [START_REF] Bocquet | Reversible hydrogenation of deuterium-intercalated quasi-free-standing graphene on SiC[END_REF][START_REF] Speck | The quasi-free-standing nature of graphene on H-saturated SiC[END_REF]. Because of this covalent back-bonding and the presence of remaining silicon dangling bonds at the interface (Figure 1c), the carbon honeycomb structures of the buffer-layer is a semi-conducting surface with faint surface states lying in the 0.1 -0.5 eV range and around 0.9 eV below E F [START_REF] Riedl | Structural and electronic properties of epitaxial graphene on SiC(0 0 0 1): a review of growth, characterization, transfer doping and hydrogen intercalation[END_REF][START_REF] Emtsev | Interaction, growth, and ordering of epitaxial graphene on SiC{0001} surfaces: A comparative photoelectron spectroscopy study[END_REF][START_REF] Nie | Tunneling spectroscopy of graphene and related reconstructions on[END_REF]. Hydrogen adsorption on the buffer-layer has only been studied so far with STM apparatuses. Using Scanning Tunneling Spectroscopy (STS), Guisinger et al. have shown that the buffer-layer loses its surface states when exposed to atomic hydrogen [START_REF] Guisinger | Exposure of Epitaxial Graphene on SiC[END_REF]. Based on the temperature at which these hydrogen desorb (~670 K), Guisinger et al. proposed that hydrogen adsorbs on silicon dangling bonds underneath the buffer-layer, even though intercalation-induced quasi-free-standing graphene was not observed. The latter interpretation seems at odds with the recent consensus that the buffer-layer transformation into QFMLG and the concomitant disappearance of surface states occur only for hydrogenation performed around 950 K and needs further investigation.

A characteristic HREEL spectrum of the buffer-layer, measured in specular geometry, is shown in Figure 6. It presents a large elastic peak (Full-Width at Half-Maximum FWHM = 13 meV) and the well-known Fuchs-Kliewer (FK) bulk phonons of SiC, already mentioned in section 3. When exposing this carbon-rich reconstruction to atomic hydrogen at a surface temperature of 300 K, the FWHM decreases to 4.5 meV (Figure 6), a value close to the set resolution of the spectrometer. HREEL spectra recorded in specular geometry are known to be often well described by the dielectric theory [START_REF] Lambin | The dielectric theory of HREELS, a short survey[END_REF]. In particular, the shape and width of the elastic peak is related to the density of electronic states near the surface around the Fermi level. Therefore, we attribute the observed reduction of the HREELS elastic peak FWHM upon hydrogenation to the disappearance of the buffer-layer surface states, consistently with previous STS measurements [START_REF] Guisinger | Exposure of Epitaxial Graphene on SiC[END_REF].

Figure 7 presents HREEL spectra, recorded in out-of-specular geometry in order to reduce the low energy electronic excitation induced background, for both hydrogenated and deuterated surfaces.

Upon isotope substitution, the electron energy losses related to phonon modes of the SiC substrate remain identical while those characteristic of hydrogen (deuterium) adsorption sites are shifted in frequency by a constant factor quantitatively determined by the change of oscillator partner masses (X-H vs X-D). The measured oscillator frequencies related to both hydrogen isotopes adsorbed on the buffer-layer are presented in Table 1. It reveals that hydrogen only adsorbs on carbon atoms of the (6√3×6√3)R30°, in agreement with the actual consensus that the buffer-layer fully covers the SiC substrate and that hydrogenation at a sample temperature of 300 K is unable to create QFMLG by intercalation. The absence of any Si-H (Si-D) vibrations signature, contrary to what Guisinger et al.

proposed [START_REF] Guisinger | Exposure of Epitaxial Graphene on SiC[END_REF], implies that the disappearance of the buffer-layer surface states is not due to the direct adsorption of hydrogen (deuterium) on the silicon dangling bonds. As an alternative explanation, we propose that the hydrogenated buffer-layer carbon atoms induce on their bare neighbor carbon atoms a local sp 2 -to-sp 3 rehybridization with an underlying silicon atom bearing a dangling bond and thus making the surface states disappear. A similar sp 2 -to-sp 3 rehybridization of neighboring carbon atoms has already been observed for hydrogenated graphene on Iridium [START_REF] Balog | Bandgap opening in graphene induced by patterned hydrogen adsorption[END_REF][START_REF] Ng | Controlling Hydrogenation of Graphene on Transition[END_REF]. This local reconstruction was termed "graphane-like" as one carbon atom bind to a hydrogen and a neighboring carbon atom bind to a substrate surface atom. The similar scenario we propose implies that the buffer-layer is drastically modified upon hydrogenation, which is evidenced by the transformation of the (6√3×6√3)R30° LEED pattern of the buffer-layer into a quasi-(1×1) pattern (Figure 8). Analysis of our measured hydrogen (deuterium) vibrational frequencies and desorption temperatures further support our interpretation and is discussed below.

As shown in Table 1, stretching frequencies of hydrogen isotopes adsorbed on the buffer-layer are higher from those measured on graphite (and QFMLG, see section 4.2) but similar to the one measured on ion-damaged graphite [START_REF] Guttler | Adsorption of D(H) atoms on Ar ion bombarded (0001) graphite surfaces[END_REF][START_REF] Thomas | Investigation of D(H) abstraction by means of high resolution electron energy loss spectroscopy[END_REF] and diamond surfaces [START_REF] Waclawski | Direct verification of hydrogen termination of the semiconducting diamond(111) surface[END_REF][START_REF] Aizawa | High-resolution electron-energy-loss spectroscopic study of epitaxially grown diamond (111) and (100) surfaces[END_REF][START_REF] Thoms | Adsorption and abstraction of hydrogen on polycrystalline diamond[END_REF][START_REF] Thoms | A vibrational study of the adsorption and desorption of hydrogen on polycrystalline diamond[END_REF]. Furthermore, Figure 9 shows that hydrogen adsorbed on the buffer-layer desorbs at 750 K, a higher temperature than on graphite but similar to the desorption temperature on ion-damaged graphite [START_REF] Guttler | Adsorption of D(H) atoms on Ar ion bombarded (0001) graphite surfaces[END_REF]. Diamond surfaces and ion-damaged graphite bind more strongly hydrogen atoms, as evidenced by their higher vibrational frequency and higher desorption temperature [START_REF] Guttler | Adsorption of D(H) atoms on Ar ion bombarded (0001) graphite surfaces[END_REF] as compared to graphite. This fact is related to the sp 3 hybridization of the carbon atoms involved in the bonding to hydrogen. Therefore, the measured frequencies and the desorption temperature presented here for hydrogen atoms adsorbed on the buffer-layer show that the carbon atoms involved in hydrogen bonding have a stronger sp 3 character than the carbon atoms on hydrogenated graphite and QFMLG (see section 4.2). This result is consistent with recent Density Functional Theory -based calculations [START_REF] Sclauzero | Carbon rehybridization at the graphene/SiC(0001) interface: Effect on stability and atomic-scale corrugation[END_REF] and x-ray photoelectron diffraction measurements [START_REF] Lima | Atomic surface structure of graphene and its buffer layer on SiC(0001): A chemical-specific photoelectron diffraction approach[END_REF] which show that the carbon atoms in the bare buffer-layer are already partially sp 3 hybridized, not only the carbon atoms covalently bound to the SiC substrate, but also the other carbon atoms in the honeycomb structure of the buffer-layer. We also note that the spectral width of the hydrogen-related vibrational modes is significantly larger than the elastic peak and the FK features. This can be explained if the hydrogen atoms are bound to a set of carbon atoms with slightly different environment which can originate both from the native long-range corrugation of the bare buffer-layer [START_REF] Lima | Atomic surface structure of graphene and its buffer layer on SiC(0001): A chemical-specific photoelectron diffraction approach[END_REF] and the hydrogenation-induced quasi-(1×1) reconstruction of the buffer-layer with hybridization to the SiC substrate, as mentioned above. The large spectral width of hydrogen (deuterium) vibrations on the buffer-layer suggests that adsorbed hydrogen atoms experience a large range of binding energy, which seem also corroborated by the larger range of temperature on which hydrogen desorption occur on the buffer-layer as compared to the case of quasi-free-standing graphene (Figure 9). Our suggestion that the hydrogen binding energy on the buffer-layer presents some heterogeneity waits for confirmation from other experimental observations, e.g. TPD combined with scanning probe microscopy [START_REF] Hornekaer | Metastable structures and recombination pathways for atomic hydrogen on the graphite (0001) surface Physical Review Letters[END_REF], or theoretical calculations.

The quasi-free-standing monolayer graphene obtained by hydrogen intercalation

In 2009, Riedl et al. showed that it is possible to reversibly transform the buffer-layer and the monolayer graphene into a quasi-free-standing monolayer graphene and quasi-free-standing bilayer graphene, respectively, by intercalating hydrogen atoms underneath the surface plane using sample heating at 900 K in an atmosphere of molecular hydrogen [START_REF] Riedl | Quasi-Free-Standing Epitaxial Graphene on SiC Obtained by Hydrogen Intercalation[END_REF]. Later, it was shown that this intercalation technique is feasible in ultra-high vacuum for obtaining both monolayer [START_REF] Bocquet | Reversible hydrogenation of deuterium-intercalated quasi-free-standing graphene on SiC[END_REF] and bilayer [START_REF] Watcharinyanon | Hydrogen intercalation of graphene grown on 6H-SiC[END_REF] quasi-free-standing graphene using a hydrogen atoms source. Such procedures convert the bufferlayer into quasi-free-standing monolayer graphene (QFMLG) by breaking the bonds between the buffer-layer and the SiC substrate and by passivating the silicon dangling bonds of the SiC substrate with hydrogen atoms [START_REF] Bocquet | Reversible hydrogenation of deuterium-intercalated quasi-free-standing graphene on SiC[END_REF][START_REF] Speck | The quasi-free-standing nature of graphene on H-saturated SiC[END_REF] (Figure 1d). Figure 10a presents a typical HREEL spectrum for a QFMLG sample, measured in specular geometry with an incident energy of 5eV. The important feature of this spectrum is the very large elastic peak (FWHM = 30 meV) which almost completely screens the FK phonon of the SiC substrate and impedes the detection of any other vibrational features. We note that infrared absorption spectroscopy in the attenuated total reflection mode (FTIR-ATR) is able to detect Si-H vibrations from the intercalation at the SiC interface for a similar sample [START_REF] Speck | The quasi-free-standing nature of graphene on H-saturated SiC[END_REF], while HREELS is not. A notable difference between HREELS and FTIR-ATR methods is that in the latter case the quasi-free-standing graphene could be perturbed by the contact made between the sample and a germanium prism, and allows the infrared light to couple with the H-Si underneath. A detailed study would be needed to rationalize the differences observed between these two techniques, but it is out of the scope of this article. Figure 10b shows a HREEL spectrum obtained in a loss region up to 10 eV (incident energy 26 eV, specular geometry) for the QFMLG sample. One clearly sees a broad loss feature at about 5.8 eV, absent for the buffer-layer, which we attribute to the π-plasmon of QFMLG, similarly to previous observations for graphene grown atop the buffer-layer [START_REF] Angot | Graphitization of the 6H-SiC(0 0 0 1) surface studied by HREELS Surface[END_REF][START_REF] Langer | Graphitization process of SiC(0001) studied by electron energy loss spectroscopy[END_REF][START_REF] Lu | Plasmon dispersion on epitaxial graphene studied using high-resolution electron energy-loss spectroscopy[END_REF] After exposing the QFMLG sample to 3×10 15 atoms.cm -2 of atomic hydrogen at a surface temperature of 300 K, we observe the FWHM of the HREEL elastic peak to sharply decrease from 30 meV to 4.5 meV (Figure 10a), while the π-plasmon feature vanishes almost completely (Figure 10b). Balog et al. [START_REF] Balog | Bandgap opening in graphene induced by patterned hydrogen adsorption[END_REF] and Haberer et al. [START_REF] Haberer | Tunable Band Gap in Hydrogenated Quasi-Free-Standing Graphene[END_REF] have shown that a gap is opened in the π-band of graphene supported on metals when hydrogen atoms are adsorbed. The hydrogen-induced loss of density of electronic states near the Fermi level in our QFMLG sample, evidenced by the drop of HREELS FWHM as well as the disappearance of the π-plasmon, strongly suggests that a band gap also opens in the π-band of quasi-free-standing graphene supported on SiC(0001). The fact that the LEED spots characteristic of the graphene layer remains similar upon hydrogenation shows that the honeycomb structure is preserved (Figure 8), consistently with previous measurements on hydrogenated freestanding graphene membrane [START_REF] Elias | Control of Graphene's Properties by Reversible Hydrogenation: Evidence for Graphane[END_REF].

The modification of the electronic properties for hydrogenated QFMLG samples reduces the overall background and allows the detection of vibrational modes thus providing chemical information on the bonding configuration of hydrogen at both the graphene surface and at the graphene-SiC interface. In order to discriminate hydrogen bonding related to the intercalation step from hydrogen adsorbed on the quasi-free-standing graphene, we used different hydrogen isotopes for the two preparation steps [START_REF] Bocquet | Reversible hydrogenation of deuterium-intercalated quasi-free-standing graphene on SiC[END_REF]. The four possible isotope combinations have been realized and on Figure 11 we show the resulting HREEL spectra for the two following combinations: H-QFMLG/D-SiC and D-QFMLG/H-SiC i.e. hydrogenated quasi-free-standing graphene with deuterium intercalation and deuterated quasi-free-standing graphene with hydrogen intercalation, respectively. Besides the LO phonon of graphene [START_REF] Politano | Elastic properties of a macroscopic graphene sample from phonon dispersion measurements[END_REF][START_REF] Politano | Phonon dispersion of quasifreestanding graphene on Pt[END_REF] measured around 193 meV and the FK SiC phonon loss at 115 meV and its multiples, bending and stretching modes of hydrogen (deuterium) adsorbed on carbon and silicon atoms are detected (Table 1). More specifically, only C-D and Si-H modes are detected for the D-QFMLG/H-SiC sample, while only C-H and Si-D modes are detected for the H-QFMLG/D-SiC sample. These observations indicate on one hand that the intercalated hydrogen used to transform the buffer-layer into a QFMLG bind solely to the silicon atoms of the SiC substrate, consistent with the accepted model that the buffer-layer consists in a graphene layer covalently bound to the silicon atoms of the SiC substrate. On the other hand, QFMLG exposed to hydrogen at a surface temperature of 300 K exhibits only hydrogen adsorbed on the carbon atoms of the graphene plane which shows that QFMLG is impermeable to hydrogen atoms at room temperature. Further proof that hydrogenated QFMLG consists in hydrogen atoms adsorbed on the carbon honeycomb structure comes from studying in details their vibrational frequencies and their thermal stability [START_REF] Bocquet | Reversible hydrogenation of deuterium-intercalated quasi-free-standing graphene on SiC[END_REF].

In contrast to vibrational frequencies of hydrogen and deuterium adsorbed on the buffer-layer (section 4.1), vibrational frequencies of hydrogen isotopes on QFMLG are similar to those measured on graphite (Table 1). Stretching frequencies for C-H and C-D at 331 meV and 243 meV as well as the C-H bending frequency at 152 meV are almost identical to the graphite ones [START_REF] Thomas | Investigation of D(H) abstraction by means of high resolution electron energy loss spectroscopy[END_REF], even though some expected vibrational modes are hidden on QFMLG because of the intense FK SiC phonons. Furthermore, using the HREELS technique, we observed a complete desorption of hydrogen adsorbed on QFMLG above 600 K, as shown in Figure 9. Complete desorption of hydrogen on graphite above 600 K has also been reported by Hornekaer et al. [START_REF] Hornekaer | Metastable structures and recombination pathways for atomic hydrogen on the graphite (0001) surface Physical Review Letters[END_REF]. Therefore, based on the similarity of vibrational spectra and the desorption temperature, we propose that hydrogen adsorption on QFMLG occurs in dimers and clusters structure as in the case of graphite i.e. without preferential sticking dictated by the underlying SiC substrate. This hydrogen adsorption behavior of the graphene plane is a further indication that QFMLG obtained by hydrogen intercalation is well decoupled from the SiC substrate.

Finally, we consider the hydrogen (deuterium) atoms in the intercalation layer of the QFMLG sample. Figure 9 shows that the intercalated hydrogen/deuterium desorbs above 1100 K, higher than the desorption temperature observed on pure silicon surfaces but close to the value observed for the silicon-rich (√3×√3)R30° SiC(0001) reconstruction (see section 3.2). Other striking similarities are the presence of a Si-D bending mode at 67 meV in both the intercalation layer of QFMLG and the deuterated (√3×√3)R30° surface as well as identical stretching frequencies. These analogous vibrational signatures and desorption temperature indicate that the silicon atoms on which intercalated deuterium binds below the QFMLG have a similar environment than the silicon atoms of the deuterated (√3×√3)R30°. Therefore, we propose that the (6√3×6√3)R30° buffer-layer consists in a graphene layer covalently bound to the SiC(0001) substrate through silicon atoms which are arranged in a configuration similar to the deuterated (√3×√3)R30° reconstruction. We hope that this result will stimulate further experimental and theoretical work in order to assess the proposed bonding environment of the buffer-layer onto the SiC(0001) substrate.

Summary and perspective

The present vibrational spectroscopic study of the hydrogen (deuterium) adsorption/desorption on the main SiC(0001) reconstructions leading to quasi-free-standing graphene have led to a better understanding of the structural properties of these surfaces. In particular, for the intercalation layer below quasi-free-standing graphene, we gathered indirect evidence that the silicon atoms at the carbon honeycomb interface have a similar environment than the surface silicon atoms of the deuterated (√3×√3)R30° reconstruction. Another important result of this study concerns the rationalization of the differences in desorption temperature and vibrational frequencies of hydrogen atoms bound to the carbon atoms of the buffer-layer and of the quasi-free-standing graphene (QFMLG). These differences are the result of a different degree of sp 2 hybridization of the carbon atoms at these surfaces, which undergo a partial sp 3 rehybridization on the buffer-layer related to its covalent bonding to the SiC substrate. Additionally, by taking into account the desorption temperature of hydrogen on the silicon atoms of the intercalation layer (~ 1100 K), we suggest that the intercalation process is possible only in a narrow temperature window (800 -1050 K) [START_REF] Bocquet | Reversible hydrogenation of deuterium-intercalated quasi-free-standing graphene on SiC[END_REF] because of the competition with hydrogen adsorption onto the buffer-layer at lower temperature and with hydrogen desorption from the intercalation layer at higher temperature. Finally, since hydrogen desorbs from quasi-free-standing graphene at 600 K we show that the synthesis of hydrogenated QFMLG with hydrogen atoms flux requires a two steps procedure. We hope that these results will encourage further theoretical studies regarding the intercalation process which transforms the (6√3×6√3)R30° buffer-layer into the QFMLG on SiC(0001) as well as regarding the details of adsorption and desorption properties of hydrogen on these technologically relevant surfaces.

Table 1:

Summary of hydrogen and deuterium fundamental vibrational frequencies given in meV for adsorption on Si(100) [START_REF] Eremtchenko | Surface phonons of clean, hydrogen-and deuterium-terminated Si(001) surfaces[END_REF][START_REF] Angot | High resolution electron energy loss spectroscopy study of the Si(001) 3 × 1 hydrogenated surface[END_REF], SiC(0001) reconstructions measured in this work, graphite [START_REF] Guttler | Adsorption of D(H) atoms on Ar ion bombarded (0001) graphite surfaces[END_REF][START_REF] Thomas | Investigation of D(H) abstraction by means of high resolution electron energy loss spectroscopy[END_REF], ion damaged graphite [START_REF] Guttler | Adsorption of D(H) atoms on Ar ion bombarded (0001) graphite surfaces[END_REF][START_REF] Thomas | Investigation of D(H) abstraction by means of high resolution electron energy loss spectroscopy[END_REF] and diamond [START_REF] Waclawski | Direct verification of hydrogen termination of the semiconducting diamond(111) surface[END_REF][START_REF] Aizawa | High-resolution electron-energy-loss spectroscopic study of epitaxially grown diamond (111) and (100) surfaces[END_REF][START_REF] Thoms | Adsorption and abstraction of hydrogen on polycrystalline diamond[END_REF][START_REF] Thoms | A vibrational study of the adsorption and desorption of hydrogen on polycrystalline diamond[END_REF]. Bending, scissor/umbrella and stretching modes are labeled with δ, χ and ν respectively. Energy losses peaks related to multiple losses involving the FK phonon are not tabulated. All the additional peaks observed in our measured spectra can be accounted for by adding the fundamental hydrogen (deuterium) frequencies to the fundamental frequency of the FK phonon of typically 115 -117 meV (e.g. on the buffer-layer surface, the C-D+FK multiple loss appears at 371 meV). 
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 2 Figure 2: HREEL spectra of the (3×3) reconstruction exposed to deuterium atoms at a surface temperature of 700 K (lower black line) and at a surface temperature of 300 K (upper red line). All spectra are taken in the specular direction with an incident energy of 5 eV. Scissor/umbrella and stretching modes are labeled with  and  respectively. SiC Fuchs-Kliewer phonons are identified as 'FK'. Multiple losses are indicated by a linear combination of the aforementioned labels.

Figure 3 :

 3 Figure 3: LEED patterns of the (3×3) reconstruction: (a) clean, (b) exposed to deuterium at a surface temperature of 700 K, (c) sample in (b) thermally annealed at 850K, (d) exposed to deuterium at a surface temperature of 300 K and thermally annealed at 850 K. Arrows indicate the positions of several extra spots appearing besides the (3×3). The incident beam energy is indicated for each picture.

Figure 4 :

 4 Figure 4: HREEL spectra of the (√3×√3)R30° reconstruction exposed to deuterium atoms at a surface temperature of 700 K (lower black line) and at a surface temperature of 300 K (upper red line). All spectra are taken in the specular direction with an incident energy of 5 eV. Bending, scissor/umbrella and stretching modes are labeled with ,  and  respectively. SiC Fuchs-Kliewer phonons are identified as 'FK'. Multiple losses are indicated by a linear combination of the aforementioned labels.

Figure 5 :

 5 Figure 5: LEED patterns of the (√3×√3)R30° reconstruction: (a) clean, (b) exposed to deuterium at a surface temperature of 700 K, (c) exposed to deuterium at a surface temperature of 300 K, (d) sample in (c) thermally annealed at 1050K. The incident beam energy is 104 eV for all LEED patterns.
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 6 Figure 6: HREEL spectra of a clean buffer-layer (black dashed line) and a buffer-layer exposed to hydrogen atoms at a sample temperature of 300 K (red line). All spectra were normalized to the elastic peak maximum and obtained at 5eV incident energy in the specular geometry.

Figure 7 :

 7 Figure 7: HREEL spectra of the hydrogenated buffer-layer (upper green line) and the deuterated buffer-layer (middle magenta line). A full scale spectrum is also shown (lower black circles). The carbon related vibrational modes are marked with sharp symbols. The arrows indicate isotopical shifts from H to D substitution. All spectra were obtained at 5eV incident energy in the out-of-specular geometry.

Figure 8 :

 8 Figure 8: LEED patterns of the (6√3×6√3)R30° buffer-layer: (a) clean, (b) exposed to hydrogen atoms at a surface temperature of 300 K, and the quasi-free-standing graphene: (c) clean, (d) exposed to hydrogen atoms at a surface temperature of 300 K. The incident beam energy is 140 eV for a) and b) and 126 eV for c) and d). Insets show the buffer-layer (a, b) and the graphene (c, d) regions of the LEED patterns highlighted with black frames. LEED patterns in insets have been processed with identically enhanced contrast.

Figure 9 :

 9 Figure 9: HREELS elastic peak FWHM evolution for a hydrogenated QFMLG (black circle) and of a hydrogenated buffer-layer (brown triangle) as a function of the annealing temperature. The horizontal dashed lines indicate the elastic peaks FWHM of aforementioned hydrogenated samples (green and brown), clean QFMLG sample (blue) and clean buffer-layer (red) sample. All measurements were obtained with an incident beam energy of 5eV, in the specular geometry. Figure adapted from [10], copyright 2012 American Physical Society.

Figure 10 :

 10 Figure 10: HREEL spectra of a quasi-free-standing graphene (upper blue dashed line) and a quasifree-standing graphene exposed to hydrogen atoms at a sample temperature of 300 K (middle green line) (a) obtained at 5 eV incident energy and (b) obtained at 26 eV incident energy. For the sake of comparison, the buffer-layer spectrum (lower black dotted line) obtained at 26eV is also depicted in (b). All spectra were normalized to the elastic peak maximum and obtained in the specular geometry.