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INTRODUCTION

Since its isolation in 2004 [START_REF] Novoselov | Electric field effect in atomically thin carbon films[END_REF], graphene and related materials have attracted tremendous attention for being the base for next generation technologies. We have read in scientific journals that this new material could change our world. Graphene is a perfect two dimensional (2D) carbon atom sheet. It is the first truly 2D material produced at ambient conditions. In graphene, carbon atoms are arranged in an hexagonal honeycomb lattice. Graphene layers stacked on top of each other form graphite. The interest in this material is due to its outstanding electrical, mechanical and chemical properties. Graphene is the lightest material known with a weight of around 0.77 mg/m 2 [2]. Graphene is also the strongest material known, 200 times stronger than similar thickness sheet of steel. It has a very low Joule effect, which means it heats less than other materials when conducting electrons. A large electronic mobility at room temperature has been determined, and ballistic transport covering distances in the range of several micrometers before scattering. Its linear dispersion relation at the Dirac point (where the conduction band and the valence band are in contact) makes it an excellent material to study fundamental physics in lab conditions. It is a transparent, with a linear absorption of 2.3%, zero-gap semiconductor with a tunable bandgap. In addition, graphene flexibility and elasticity make it an ideal candidate for future applications such as wearable devices. After all this amazing characteristics it is astonishing to discover that graphene could be easily produced at home and only in one minute. Surprisingly, the first graphene kit to isolate this material was as simple as a pencil and a scotch tape. However, this method only allowed to produce small random flakes of graphene in the order of tens of microns, and to produce high quality large graphene sheets more complex chemical techniques have been developed. Although the large-area production of pure monolayer graphene was a serious technological hurdle to advancing graphene technology, nowadays graphene films in the order of 50 cm x 50 cm are achievable. A major challenge at the moment is to develop fast low cost techniques to nanopattern graphene, which is necessary for a large number of potential applications. Graphene is expected to have applications in many different fields. Specially, graphene has potential to revolutionize existing products in the fields of electronics and optoelectronics. Chips, microprocessors and transistors are being created with graphene which duplicate the current speed and capability in half the size. However, these products are not yet being produced on a large scale. Outstanding lighting applications could be developed due to its photosensitivity and high conductivity. These properties turn graphene in a top research material for lighting and organic LED applications. Graphene is shaking up the screens industry for devices, smartphones and flexible OLEDs. Indeed, these past years, the number of patents related to graphene submitted by companies in the sector of screens has increased rapidly. Currently, transparent and flexible screens made from graphene are produced by research groups, so flexible watches and smartphones made from graphene could be a matter of time.
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It has also a great potential as a key component in solar cells, and low cost solar cells made from graphene are almost ready to break into market. Graphene will have possible applications in other fields such as coatings, batteries and energy storage, automotive industry or rubber and plastics. In 2014 global market for graphene was $9 million, most of it in research. Market forecasts speak of an annual growth of 40%, reaching $220 million by 2026, with the estimation that the largest sectors will be applications in composites, energy applications and graphene coatings [3]. As mentioned above, graphene is a promising material for future technologies.There has been almost only a decade from its discovery, however, there are still several problems to be solved before graphene is present in our daylife. Patterning of graphene at microand nanometric scale is required for a large amount of potential applications, from photovoltaics to water filtering.

Ultrafast lasers have the ability to accurately depositing a high energy density in confined regions near the surface of a material over a short time. Laser irradiation inducing changes in local chemistry, local crystal structure and local morphology has been largely reported [4,[START_REF]Ion Laser processinf of engineering materials[END_REF]. Due to the capability of laser to precisely control where in the material and at what rate the energy is deposited, ultrafast lasers have emerged as a powerful tool for fundamental research, but also for industrial applications. Ultrashort pulses are characterized by a pulse duration in the order of the picoseconds or less (< 10 -12 s), allowing to investigate fast-evolving processes in materials and chemical system and to elucidate highly nonlinear processes in atomic, molecular, plasma, and solid-state physics. Since the first laser material processing experiment in 1967 [START_REF] Sullivan | Houldcroft Gas-jet laser cutting[END_REF], laser has become a powerful tool in materials processing industry. Laser material processing is based in laser ablation, which is the process of removing a substrate by direct laser energy absorption. Laser ablation onset takes place above a certain fluence threshold which depends on the material properties, microstructure and morpholgy, the presence of defects, the absorption mechanisms and the laser parameters like wavelength and pulse duration. Various processes can occur during the laser ablation depending on laser processing parameters such as wavelength, fluence or pulse duration. In our research we focused in ultrafast laser ablation, when excitation time is shorter than thermalization time. In this case, direct ionization and formation of dense electron-hole plasma occurs leading to athermal phase changes, direct bond-breaking and explosive disintegration of the lattice due to Coulomb explosion.

Precise laser ablation is achieved by controlling the laser's spatial intensity profile. This precise control allows confinement of the deposited energy to the desired region of the target material. Several methods has been developed to control the spatial intensity profile of the laser beam including selective apertures, multi-apertures beam integrators like micro-lens arrays or field mapping using refractive, reflective or diffractive optics such spatial light modulators.

In this context, the aim of our research is to determine the possibilities of ultrafast laser patterning of graphene at sub-micron scale.

In the first chapter we introduce the theoretical background on graphene properties, particularly its optical properties, which will mostly rule our experiments. Graphene production techniques developed in the past decade are presented with its advantages and drawbacks with special remark on the generation of graphene defects as a result of production methods.

Chapter 2 gives an overview on the existing methods to pattern graphene available nowadays, with special interest in direct laser patterning, since ultrafast laser offers attractive potential for material processing as mentioned above. The different methods are discussed and their strengths and limitations are exposed together with the best resolution achieved using each technique.

Chapter 3 describes the experimental setup and the technical background required to perform the experiments in this thesis. We provide a complete description of beam shaping, beam characterization, sample processing and post processing characterization is given. This chapter also describes the different types of graphene sample used in our experiments.

Chapter 4 presents the results of the complete set of experiments performed to determine the possibilities and constraints of ultrafast laser patterning of CVD monolayer graphene. The conclusions of this research could have strong implications for industrial scale production of CVD graphene-based devices for future applications. First we use non-diffractive shaped beams to determine the ablation fluence threshold in CVD monolayer graphene at sub-micron scale. A highly precise characterization of the ablation fluence threshold is required to control laser material processing at such a small scale. Then, single shot ultrafast laser ablation of graphene was investigated under different parameters. Two different underlying substrates were studied, glass and quartz. We evaluated the influence of graphene morphology and the presence of defects in laser ablation at sub-micron scale. We carried out an experiment to determine the characteristics of graphene patterned under an external magnetic field. Finally, graphene nanostructuring with different fluence distributions was investigated.

GRAPHENE PROPERTIES AND PRODUCTION

Although the behaviour of a single layer of carbon atoms, nowadays called graphene, was theoretically described back in 1947 [START_REF] Wallace | The band theory of graphite[END_REF], it was only experimentally realized in 2004 [START_REF] Novoselov | Electric field effect in atomically thin carbon films[END_REF] and then attracted scientific community attention. This attention comes from its outstanding properties which could lead to a large number of potential applications in a wide range of fields. This chapter gives a general overview on graphene. First we present the properties of graphene, which determine the fundamental mechanisms of the interaction between graphene and ultrafast lasers. An overview of the optical, electronic, mechanical, thermal and chemical properties is given. Then we discuss the different techniques exisiting to produce graphene, and the advantages and drawbacks of each one, with special interest on the CVD method since all samples used in the experiments of this thesis were produced with using that method, which is the most suitable for large areas graphene production nowadays. The characteristics of defects present in graphene due to production techniques are exposed as they will appear as a key parameter to control laser graphene patterning at submicron scale. Also we review potential applications of graphene in different fields, from optoelectronics to environmental sustainability, and we show that for large number of those applications, patterning of the graphene sheet at submicron scale will be required.

1.1/ ELECTRONIC PROPERTIES

Graphene is a crystal lattice of carbon atoms arranged in a honeycomb structure as shown in Fig. 1.1. Here we describe the derivation of the graphene structure from a quantum-mechanical point of view, following reference [START_REF] Katsnelson | Graphene : Carbon in two dimensions[END_REF]. The primitive cell of graphene contains only one atom. Graphene has a triangular Bravais lattice defined by vectors

a 1 = a 2 (3, √ 3) a 2 = a 2 (3, - √ 3) (1.1)
where a ≈ 1.42 is the nearest neighbour distance. The honeycomb lattice contains two sub-lattices, A and B, each atom from sublattice A being surrounded by three atoms of the sublattice B, and vice versa. As shown in Fig. 1.1, the nearest neighbours distance are defined by the vectors

δ 1 = a 2 (1, √ 3) δ 2 = a 2 (1-, √ 3) δ 3 = a 2 (-1, 0) (1.2)
The reciprocal lattice is also triangular, with lattice vectors

b 1 = 2π 3a (1, √ 3) b 2 = 2π 3a (1, - √ 3) (1.3) FIGURE 1.
1 from [START_REF] Castro Neto | The electronic properties of graphene[END_REF]. Honeycomb lattice made out of two interpenetrating triangular lattices (left) and its corresponding Brillouin zone (right). The Dirac cones are located at K and K' points.

The lattice is formed by covalent bonds. Each carbon atom has 3 sp 2 electrons (σ bonds) which are stable and not reactive, in the xy-plane separated by angles of 120°, and two p electrons (π bonds) which are unstable and reactive, with the p orbital perpendicular to the xy-plane. The sp 2 hybridized states (σ states) form occupied and empty bands with a gap, whereas π states form a single band with a conical self-crossing pont in K (and symmetrically at K'). Points K, K' and M of the Brillouin zone have special high symmetry as illustrated in Fig. 1.1. They are described by the wave vectors

K = ( 2π 3a , - 2π 3 √ 3a ) K = ( 2π 3a , 2π 3 
√ 3a ) M = ( 2π 3a , 0) (1.4) 
This conical points are the origin of the unique properties of graphene. It was firstly described by Wallace in 1947 following a simple tight-binding model [START_REF] Wallace | The band theory of graphite[END_REF].

1.1.1/ TIGHT-BINDING MODEL

In the nearest-neighbour approximation for the π states, with the hopping parameter γ 0 (nearest neighbour hopping energy), the electron states basis contains two π states belonging to atoms of the two different sublattices A and B. In the nearest-neighbour approximation, hopping processes take place only between the different sublattices, not within themselves. The tight-binding Hamiltonian is described by the 2x2 matrix

H( k) =       0 γ 0 S ( k) γ 0 S * ( k) 0       (1.5)
where k is the wave vector and

S ( k) = δ e i k δ = 2 exp ik x a 2 cos k y a √ 3 2
+ exp(-ik x a) (1.6) FIGURE 1.2 from [START_REF] Castro Neto | The electronic properties of graphene[END_REF]. Electronic dispersion in the honeycomb lattice. Left : energy spectrum (in units of γ 0 ) for values of γ 0 ∼ 2.8 eV and γ 0 ∼ -0.2 γ 0 . Right : zoom in of the energy bands close to one of the Dirac points.

Energy eigenvalues are defined by

E( k) = ±γ 0 |S ( k)| = ±γ 0 3 + f ( k) (1.7)
where

f ( k) = 2 cos( √ 3k y a) + 4 cos √ 3 2 k y a cos 3 2 k x a (1.8) 
and the sign ± corresponds to the description of the valence band (+) and the conduction band (-).

From the previous indicated values of K and K , resulting in S ( K) = S ( K ) = 0, which means band crossing at these points. Fig. 1.2 shows graphene band structure has a maximal energy at the Γ point and a saddlepoint at M point of the first Brillouin zone. In addition, valence band and conduction band are crossing at K and K points, meaning graphene is a zero-band gap semiconductor or a semimetal, in which the Fermi surface consist of only six points, so called Dirac points. By expanding Eq. 1.8 close to the Dirac points it results in a unique linear energy dispersion

E( k) = v F | k| (1.9) 
where v F = γ 0 √ 3a/2 = 0.96 • 10 6 m/s is the Fermi velocity with γ 0 = -2.84 eV. Estimated values from the experimental data for γ 0 are typically in the range from -2.7 to -3.3 eV [START_REF] Reich | Carbon nanotubes : Basic consepts and physical properties[END_REF][START_REF] Saito | Physical properties of carbon nanotubes Imperial College[END_REF]. It is due to this characteristic curvature-free band structure close to the Dirac point that electrons and holes in graphene behave as massless, i.e. their effective mass is zero, with a velocity approximately 300 times smaller than the speed of light. In addition, graphene shows electrons mobilities up to µ = 10 6 cm 2 /V s, which combined with its near-ballistic transport at room temperature makes it an ideal candidate for nanoelectronic applications [START_REF] Lemme | A graphen field-effect device[END_REF].

1.1.2/ MASSLESS DIRAC FERMIONS IN GRAPHENE

In undoped graphene the Fermi energy is the energy at the crossing Dirac points, with a filled valence band and an empty conduction band, so graphene is considered a gapless semiconductor or semimetal. What makes the difference between graphene and other gapless semiconductors or semimetals, is its high electron-hole symmetry. In a realistic case, with a certain doping level, the Fermi energy will be close to the conical points energy. The effective Hamiltonian describing the electron and hole states in this regime around the K and K' points in the perturbation theory [START_REF] Vonsovsky | Quantum solid-state physics Springer series in Solid-State Science[END_REF] follows the next equation ĤK = -ihv F σ∇ (1.10) where σ are the Pauli matrices. This Hamiltonian is a two-dimensional equivalent to the Dirac Hamiltonian for massless fermions [START_REF] Bjorken | Relativistic quantum mechanics[END_REF][START_REF] Berestetskii | Pitaevskii Relativistic quantum theory Pergamon[END_REF], but instead of the speed of light c there is a parameter v F . This similarity between ultrarelativistic particles and electrons in graphene makes graphene an ideal material to study quantum relativistic effects -'CERN on one's desk'.

Electron and hole states in graphene are chiral (which is the same as helical in the case of massless particles), as it should be in any case of massless Dirac fermions [START_REF] Bjorken | Relativistic quantum mechanics[END_REF], and it determines relativistic properties of graphene such as Klein tunnelling, where unimpeded penetration of relativistic particles through a high and wide potential barrier takes place.

1.1.3/ ABSORPTION OF LIGHT

The goal of our research is to stablish the advantages and possible drawbacks of graphene laser processing at sub-micron scale. Light absorption will be a key parameter in the interaction between laser beam and graphene sheet.

In the following paragraph, we derive light absorption coefficient by a graphene monolayer and we follow the approach of reference [START_REF] Katsnelson | Graphene : Carbon in two dimensions[END_REF]. The electric field is described via the vector potential A(t) = Ae -iwt

E(t) = - 1 c ∂ A ∂t = iw c A (1.11)
The Hamiltonian of Dirac electrons in presence of an electric field in the pseudospin (i.e. in one of the two AB sublattices) space, can be described as

H = v σ( p - e c A) = H 0 + H int (1.12)
where H int is the Hamiltonian of the electron-photon interaction inducing transitions from occupied hole state ψ h ( k) to an empty electron state ψ e ( k) with same wave vector k.

Before continue we need to calculate the density of states,

ρ(E) = 2 d 2 k (2π) 2 δ(E -E( k)) (1.13)
where the integration is over the Brillouin zone of the honeycomb lattice. The factor 2 takes into account the spin degeneracy. For E → 0, the contribution comes only from the vicinity of the K and K' points and E = E(| q|) (where q = k -K and k -K respectively) depends, to a first approximation (i.e. neglecting trigonal warping, that is the triangular deformation in the band structure when far enough of the Dirac points), only on the modulus of the wave vector

ρ(E) = 2 • 2 ∞ 0 dq q 2π δ(E -E( q)) = 2 π q(E) | dE dq | (1.14)
Since for monolayer graphene close to the Dirac point E e,h = ± vk, the density of states can be described as

ρ(E) = 2 π |E| 2 v 2 (1.15)
when E → 0 close to the neutrality point, the density of states vanishes linearly as shown in Fig. 1.3. The matrix element of the interaction hamiltonian is

ψ h | H|ψ e = ev 2w (E y cos ψ ∓ E x sin ψ) (1.16)
where the sign ∓ corresponds to the K and K' valleys respectively and ψ is the polar angle of the k vector.

The square matrix element average over ψ results on

|M| 2 = | ψ h | H|ψ e | 2 = e 2 v 2 8w 2 | E| 2 (1.17)
Assuming the photon propagates perpendicular to the graphene plane, then E = (E x , E y , 0) and from Landau and Lifshitz lowest order of perturbation theory [START_REF] Landau | A Course of Theoretical Physics[END_REF], the absorption probability per unit time is

P = 2π |M| 2 ρ = w 2 (1.18)
where = w 2 is the final state. By introducing Eqs. 1.16 and 1.17 in previous equation we obtain

P = e 2 4 2 w | E| 2 (1.19)
The absorption energy per unit time is

W abs = P • w = e 2 4 | E| 2 (1.20)
From [START_REF] Jackson | Classical electrodynamics[END_REF], the incident energy flux in cgs units is

W inc = c 4π | E| 2 (1.21)
Fom previous equations, the absorption efficiency is

η = W abs W inc = πe 2 c = πα 2.3% (1.22)
where it arises one of the main interesting characteristics differenciating graphene from most other materials : constant light absorption. Because of this feature, graphene has potential applications in broadband ultrafast photonics as it will be further detailed. It is interesting to remark the possibility of direct visualization of the fine-structure constant α in the light absorption. This light absorption value is constant for w 2 > E F (E F 0 for doped graphene as shown in Fig. 1.4). For smaller photon energies, the absorption efficiency is zero because the transition is forbidden by Pauli principle. 

α(ω) = ω c 0 n B im[χ gr (ω)] |1 + i ω 2c 0 n B χ gr | 2 (1.23)
where χ gr is the 2D optical susceptibility and n B is the background refractive index. The frequency-dependent conductivity is defined as

σ(ω) = -iω 0 χ gr (ω) (1.24)
The absorption of graphene is characterized by a frequency independent value in the near-infrared region as illustrated in Fig. 1.5. The conical intersection described in the section above has not an infinite depth, which makes a deviation from perfectly flat absorption. Assuming isotropic carrier distribution, the differential transmission spectrum can be des-cribed as

∆T T 0 (τ, ω) α [ρ K t (p) -ρ K t (-∞)] (1.25)
where ρ K t (p) is the carrier occupation with K t corresponds to the momentum at pump energy. Fig. 1.6 shows the relative differential transmission after ultrashort 7 fs duration pump excitation at 800 nm. Time-resolved experiments have determined that after optical excitation there is an increase of the transmission due to absorption bleaching, which comes from Pauli blocking [START_REF] Bonaccorso | Graphene photonics and optoelectronics[END_REF][START_REF] Bao | Graphene photonics, plasmonics, and broadband optoelectronic devices[END_REF]. Then there is a transmission decay and the absorption increases due to the carriers redistribution. There are two types of relaxation processes leading to the carriers redistribution in graphene : Coulomb-induced and phonon-induced processes. FIGURE 1.7 from [START_REF] Malic | Microscopic theory of absorption and ultrafast many-particle kinetics in graphene[END_REF]. (a) Coulomb-and (b) phonon-induced scattering channels along the linear band structure of graphene. Intra-and interband as well as intra-and intervalley processes are taken into account.

1.2.1.1/ COULOMB-INDUCED CARRIER DYNAMICS

Coulomb-induced scattering leads to ultrafast thermalization of the electronic system into a hot Fermi distribution after tens of femtoseconds, but this redistribution is anisotropic. After 200 fs, the carrier distribution is fully thermalize into a isotropic distribution. Intervalley relaxation channels are negligible for Coulomb-induced relaxation. However, Auger processes have an important role in transitions between conduction and valence band. Due to efficient impact ionization they lead to carrier multiplication increasing the density of carriers even after the optical excitation is finished. The temperature of carriers and the Coulomb-induced relaxation time depends on the pump fluence. Higher fluence leads to more scattering partners resulting in more efficient Coulomb-induced channels and, as a consequence, faster dynamics and higher temperature of the thermalized distribution. Fig. 1.7(a) illustrates two Coulomb-induced processes at the Dirac cone : left Dirac cone in (a) shows an intraband channel in which an excited carrier relaxes towards a lower excited state in the conduction band by exciting another carrier in the conduction band to a higher energetic state, and right Dirac cone in (a) illustrates an interband channel where carrier relaxes from the conduction towards the valence band by exciting a carrier from the valence to the conduction band.

1.2.1.2/ PHONON-INDUCED CARRIER DYNAMICS

In tens of femtoseconds phonon-induced scattering relaxation leads the carrier distribution towards the K point. Dynamics determined by scattering of excited carriers towards lower energetical states accompanied by phonon emission. Once the carriers are close to the Dirac point, the interband processes become important. Phonon-induced relaxation channels leads to an energy transfer between the carriers and the lattice. Two different processes are possible : an excited carrier scatters to energetically lower state emitting a phonon, or the absorption of a phonon exciting a carrier to a higher energy. If the phonon momentum is large enough, phonon-induced relaxation channels can bridge two different valleys within the band structure of graphene, so intra-and intervalley processes can be differentiated. Fig. 1.7(b) shows relaxation channels involving phonon emission. Two different phonon modes can be distinguished : longitudinal and transversal. Longitudinal modes scatter across the Dirac cone contributing to isotropic carrier distribution, and transversal modes which scatter along the Dirac cone contributing to a faster thermalization of the excited carriers.

1.2.1.3/ COULOMB-AND PHONON-INDUCED CARRIER DYNAMICS

Both relaxation channels compete with each other. Combined dynamics is not simply the sum of the single contributions. Fig. 1.8 illustrates the angle-averaged carrier distribution as a function of carrier energy and relaxation time. Two different relaxation times have been observed experimentally [START_REF] Bonaccorso | Graphene photonics and optoelectronics[END_REF][START_REF] Bao | Graphene photonics, plasmonics, and broadband optoelectronic devices[END_REF]. First, a fast one of ∼ 100 fs corresponding carrier-carrier intraband collisions leading to rapid carrier thermalization to form a hot Fermi-Dirac carrier distribution as shown in Fig. 1.8(a). Coulomb relaxation channels are predominant during this process, although carrier-phonon scattering in steps of 150 -200 meV also brings the carriers towards the Dirac point. The carriers at this moment are in equilibrium among each other, but they are still in non-equilibrium with the lattice since the temperature of the carriers is much higher than the temperature of the lattice. Then the carrier distribution cools down due to intraband phonon scattering, transferring the energy from the carrier system to the lattice with a slow relaxation time in the order of the picoseconds corresponding to interband relaxation due to electron-hole recombination as illustrated in Fig. 1.8(b). Due to this characteristic carrier dynamics, graphene shows saturable absorption, i.e. at high optical intensities the photo-generated carriers block further absorption as shown in Fig. 1.9. 

1.2.2/ MULTILAYER GRAPHENE

In this section we give a brief summary of the main optoelectronic characteristics of multilayer graphene compared to monolayer graphene. Multilayer graphene, in contrast to single layer, turns to be a gapless semiconductor with nonlinear band touching. Bilayer and trilayer graphene were described to have parabolic and quadratic band touching, respectively [START_REF] Mccann | Landau-level degeneracy and quantum Hall effect in a graphite bilayer[END_REF][START_REF] Mccann | Electrons in bilayer graphene[END_REF]. Experimental results showed carrier mobility in single layer greater than in multilayer graphene due to the linear dispersion [START_REF] Nagashio | Mobility variations in mono-and multi-layer graphene films[END_REF]. However, carrier transport measurements showed single layer is much more sensitive to impurities due to reduction in the screening effect produced by the stacking of several layers leading to larger mobility variation. For few graphene layers, the absorption increases linearly up to adding a 2.3 % absorption per layer. The optical absorption in multilayer graphene was reported to be dependent on the stacking orientation [START_REF] Koshino | Stacking-dependent optical absorption in multilayer graphene[END_REF].

1.3/ MECHANICAL, THERMAL AND CHEMICAL PROPERTIES

1.3.1/ MECHANICAL PROPERTIES

Graphene is the strongest material ever tested [START_REF] Lee | Hone Measurement of the elastic properties and intrinsic strength of monolayer graphene[END_REF]. Experiments in free standing monolayer graphene membranes by nanoidentation in an atomic force microscope as shown in Fig. 1.10 have measured a tensile strength, which is the capacity to withstand loads tending to elongate the material before breaking, of 130 GPa. It has a Young modulus, which characterizes the stifness of the material on the order of 1TPa, i.e. in the same order of magnitude as diamond. It is well known the example exposed by the Nobel laurate for graphene discovery Andr é Geim, in which a graphene sheet of 1 square meter area could hold a 4 kg cat. That graphene sheet would have a weight of only 0.77 mg, showing the extreme lightness of graphene, about 1000 times lighter than the same paper surface. FIGURE 1.10 from [START_REF] Lee | Hone Measurement of the elastic properties and intrinsic strength of monolayer graphene[END_REF]. Schematic of nanoindentation test on suspended graphene membrane.

1.3.2/ THERMAL PROPERTIES

Graphene shows 100-fold anisotropy in heat flow between in-plane and out-of-plane directions. The high thermal conductivity in the in-plane direction is due to covalent sp 2 bonding between carbon atoms where the bonding energy is E ∼ 5.9 eV. The out-of-plane conductivity is limited by Van der Waals coupling, with a much weaker bonding energy of E ∼ 50 meV. Graphene thermal properties are determined by the lattice vibrational modes (phonon) dispersion. It has been measured a thermal conductivity of 2000 -4000 W/m K in suspended graphene [START_REF] Balandin | Superior Thermal Conductivity of Single-Layer Graphene[END_REF][START_REF] Balandin | Thermal properties of graphene and nanostructured carbon materials[END_REF][START_REF] Chen | Raman measurements of thermal transport in suspended monolayer graphene of variable sizes in vacuum and gaseous environments[END_REF], which is much higher compared to the diamond thermal conductivity of 2000 W. In addition, isotropic ballistic thermal conductance has been demonstrated in graphene. In-plane conductivity decreases when in graphene sheet is in contact with a substrate, which can have an important role for applications. This behaviour is expected from phonon propagation, for example on SiO 2 substrate, due to coupling and scattering of all graphene phonons with the substrate vibrational modes [START_REF] Qiu | The effects of diameter and chirality on the thermal transport in free-standing and supported carbon-nanotubes[END_REF].

1.3.3/ CHEMICAL PROPERTIES

Graphene is a highly inert form of carbon. However, every single carbon atom in graphene is available for chemical reactions from two sides, due to its 2D structure. It has been shown that graphene edge atoms have a special chemical reactivity and presence of defects on graphene sheet can potentiate chemical reactivity [START_REF] Denis | Iribarne Comparative Study of Defect Reactivity in Graphene Journal of Physical Chemistry[END_REF]. To further extent graphene potential applications, functionalization of graphene is crucial. Graphene solubility has been improved by attaching different chemical functional groups to its basal plane. Charge carrier type and concentration have been modulated via surface transfer doping by coating it with various metal films or organic molecules. Graphene is highly sensitive to air, in particular to humidity. In chemical vapor deposited graphene on SiO 2 it has been reported an extreme sensitivity to water vapour, with water molecules acting as p-dopants which could lead to electronic devices to be properly encapsulated to ensure stable operation [START_REF] Melios | Effects of humidity on the electronic properties of graphene prepared by chemical vapour deposition[END_REF].

1.4/ GRAPHENE PRODUCTION

The high mobility and optical transparency of graphene, in addition to its flexibility, robustness and environmental stability, attracts enormous interest for applications. The main focus has been on fundamental physics and electronic devices, but graphene great potential is expected to be in photonics and optoelectronics, where the combination of its unique optical and electronic properties can be fully exploited. However, the rise of graphene applications such as solar cells, light-emitting devices, touch screens or photodetectors, depends on two main technological challenges : large uniform graphene layer production and graphene patterning at micro-and nanoscale. In this section the different production methods will be exposed and their advantatges and drawbacks regarding potential applications will be compared. Graphene production techniques can be classified in two main groups : exfoliation techniques and chemical growth methods.

1.4.1/ EXFOLIATION

Exfoliation methods produce graphene with the lowest number of defects and the highest electron mobility. The basis of those procedures consist of peeling off graphene layers from a bulk material.

1.4.1.1/ SCOTCH TAPE TECHNIQUE -MICROMECHANICAL CLEAVAGE

This technique allowed Konstantin Novoselov and Andre Geim to isolate pure graphene for the first time [START_REF] Castro Neto | The electronic properties of graphene[END_REF]. This procedure consisted in depositing a flake of graphite on a piece of scotch tape. The graphite was peeled off repeatedly on the adhesive tape. Once there was an homogenous layer of graphite, the thinnest flakes were transferred onto SiO 2 pressing gently with the scotch tape. The monolayers of carbon atoms could be imaged under a simple optical microscope. Fig ; 1.11 shows optical microscope transmission and reflection contrast images of graphene flakes transferred onto Corning glass. Since the absorption of each layer of graphene is 2.3% and the total absorption increases linearly up to approximately 10 layers it is possible to determine the number of layers for each flake using an optical microscope. Resulting exfoliated graphene using this method exhibit a high crystal quality with low number of defects. However, graphene flakes obtained, with a maximum size in the order of tens of micrometers, have irregular shape and are too small for technological applications. Small size of flakes allows for testing graphene properties but to produce largescale devices large graphene sheets are required.

1.4.1.2/ WEDGE MECHANICAL EXFOLIATION

This method to synthesize few layers of graphene uses an ultra-sharp single crystal diamond wedge to penetrate into a bulk of highly oredered pyrolitic graphite (HOPG) and cleave a stack of several layers of graphene. The cleaving prodecure is supported by ultrasonic oscillations along the wedge. Using this technique separation, folding and shearing of graphene layers is possible [START_REF] Jayasena | Separation, folding and shearing of graphene layers during wedge-based mechanical exfoliation[END_REF]. However, areas of only a few micrometers can be achieved with this method, which is not compatible with industrial production of graphene [START_REF] Jayasena | A novel mechanical cleavage method for synthesizing few-layer graphenes nanoscale[END_REF]. FIGURE 1.12 from [START_REF] Jayasena | Separation, folding and shearing of graphene layers during wedge-based mechanical exfoliation[END_REF]. Schematic diagram for wedge-based mechanical exfoliation of a few layers of graphene.

1.4.1.3/ LIQUID PHASE EXFOLIATION (LPE)

Liquid phase exfoliation of graphite by ultrasonic technique is a straightforward process to produce clean graphene sheets ready for organic functionalization. It consists of three steps : chemical wet dispersion of graphite in a solvent, exfoliation by ultrasonic wave treatment and purification. This method has been demonstrated to be effective in dispersing graphene in solvents and also allows to incorporate additives during the sonication process such as antioxidants [START_REF] Quintana | Production of large graphene sheets by exfoliation of graphite under high power ultrasound in the presence of tiopronin[END_REF], polymers [START_REF] Xu | Sonochemical Preparation of Functionalized Graphenes[END_REF] and surfactants [START_REF] Coleman | Liquid Exfoliation of Defect-Free Graphene Accounts of[END_REF], increasing the functionality of the resulting graphene layers. LPE has been considered one of the most promising methods for industrial production of graphene due to its low cost and scalability. LPE has been investigated using graphite oxide, natural graphite and graphite intercalation compounds. However, there are still some disadvantages to be solved such as the use of large quantity of acid and oxidizing agents in the case of graphite oxide which requires time-consuming washing steps [START_REF] Park | Chemical methods for the production of graphenes[END_REF], very low yield production of graphene for natural graphene [START_REF] Hernandez | High-yield production of graphene by liquid-phase exfoliation of graphite[END_REF] or the use of poisonous chemical agents and dangerous chemical reactions when using graphite intercalation compounds [START_REF] Lee | One-step exfoliation synthesis of easily soluble graphite and transparent conducting graphene sheets[END_REF][START_REF] Gu | Graphene sheets from worm-like exfoliated graphite[END_REF].

1.4.2/ CHEMICAL GROWTH METHODS

While exfoliation produces graphene with nearly ideal electrical and mechanical properties which is excellent for fundamental research, their size, thickness and uniformity are not controllable, which is a large disadvantage for technological applications [START_REF] Kataria | Chemical vapor deposited graphene : From synthesis to applications[END_REF]. Graphene flakes, which have a size in the order of tens of microns, are randomly distributed on the substrate not covering it completely. Exfoliation methods cannot be used to produce a continuous graphene film and chemical methods are needed to growth graphene from carbon atoms [START_REF] Pollard | Growing graphene via chemical vapor deposition[END_REF].

1.4.2.1/ CHEMICAL VAPOUR DEPOSITION (CVD)
CVD graphene production consists of two steps, a pyrolysis to form pure carbon from a compound material followed by the creation of the graphene layer from the dissociated atoms.

A metallic substrate such as copper is placed into a furnace and heated to ∼ 1000°C under low vacuum. Hydrogen and methane are then introduced in the furnace. A reaction between methane and the surface of the metal substrate is catalyzed by hydrogen, causing carbon atoms from methane to be deposited onto the surface of the metallic substrate through chemical adsorption. Various catalyst of elemental metals are typically used to reduce the reaction temperature because the pyrolytic decomposition of precursors would require temperatures up to 2500°C without catalyst. FIGURE 1.14 from [START_REF] Kumar | Advances in Graphene Science Nanotechnology and Nanomaterials[END_REF]. Schematic diagram of the transfer process to an arbitrary substrate.

Once the carbon atoms are deposited onto the metallic substrate, the furnace is quickly cooled down, what crystallizes the carbon layers into a continuous layer of graphene on the metallic substrate. CVD produced graphene carries a considerable number of impurities due to the different materials required in the procedure. It has been shown, however, that such impurites can be minimized by controlling the growth of the film as function of time and Cu substrate thickness [START_REF] Li | Large-Area Synthesis of High-Quality and Uniform Graphene Films on Copper Foils[END_REF]. CVD graphene has polycrystalline structure due to monocrystalline growth at each nucleation seed, and as a result grain boundaries are formed in graphene when monocrystalline islands join during the growth process. Difference in local electrical, mechanical and optical properties due to the polycrystalline nature of graphene synthesized by CVD method was reported [START_REF] Yazyev | Electronic transport in polycrystalline graphene[END_REF][START_REF] Lee | Hone High-strength Chemical-Vapor-Deposited graphene and grain boundaries[END_REF][START_REF] Vancs | Electronic transport through ordered and disordered graphene grain boundaries[END_REF][START_REF] Nemes-Incze | Electronic states of disordered grain boundaries in graphene prepared by chemical vapor deposition[END_REF]. In addition, CVD graphene tends to form wrinkles as shown in Fig. 1.15 due to the difference in thermal expansion between graphene and the copper substrate, but wrinkle formation has been minimized by proper annealing. Absence of wrinkle formation in graphene transferred to strongly hydrophobic substrates was also demosntrated [START_REF] Calado | Vandersypen Formation and control of wrinkles in graphene by the wedging transfer method[END_REF]. CVD method is of special interest since it is possible to produce a continuous graphene layer as large as the underlying metal substrate, i.e. now on the order of 1 m 2 . In addition, it has been shown that graphene films produced by CVD are predominantly single-layer, with less than 5 % of the area having few layers [START_REF] Li | Large-Area Synthesis of High-Quality and Uniform Graphene Films on Copper Foils[END_REF]. An important advantage of CVD among other techniques is the ability to transfer the graphene layer to another substrate. Once the graphene/copper foil has been removed from the furnace and cooled down, a polymer such as polymethyl methacrylate (PMMA) can be spincoated onto the graphene surface. By using an etchant as ferric chloride, the copper foil can be removed. Then the graphene/polymer foil can be attached to another susbtrate and finally the polymer can be removed by a solvent such as acetone. The result is a graphene layer attached to the target substrate.

1.4.2.2/ PLASMA-ENHANCED CVD

It is possible to produce areas up to several mm 2 of single layer graphene with this procedure. As mentioned before, during CVD process, H 2 and CH 4 are introduced into the chamber at 1000°C under low vacuum, and takes advantage of the catalytic influence of copper and hydrogen. However, methane has a higher activation temparature for the catalytic reaction which produces significant substrate evaporation, inducing defects in the resulting graphene sheets. Main advantage of plasma-enhanced CVD procedure is the shortening of the proces-sing time which allows for a much smaller evaporation of the substrate [START_REF] Woehrl | Plasmaenhanced chemical vapor deposition of graphene on copper substrates[END_REF]. On the other hand, it has been determined a high numer of defects due to the energetic particles of the plasma interacting with the growing surface [START_REF] Malesevic | Haesendonck Synthesis of few-layer graphene via microwave plasma-enhanced chemical vapour deposition[END_REF]. This method allows graphene synthesis from hydrogen/methane gas mixture on copper substrate which can be transferred onto SiO 2 or other substrates.

1.4.2.3/ REDUCED GRAPHENE OXIDE

The goal of this method is to obtain graphene from graphite oxide. The final product is called reduced graphene oxide (rGO) instead of simply graphene, to differenciate between both, since in rGO despite the reduction process theres still remain some oxygen functional groups. Production of rGO is a multistep procedure. The starting material is graphite oxide, which is a compound of carbon, hydrogen and oxygen atoms. It is obtained by oxidizing graphite, usually with a mixture of sulphuric acid, sodium nitrate and potassium permanganate. Graphite oxide is dispersed in a base solution, such as water, and the water intercalation between the individual atomic layers combined with sonication leads to graphene oxide (GO). Sonication is a time-efficient method, however, it is highly damaging the lattice structure which deteriorates GO properties compared to those in pristine graphene. A final step needs to be carried out to obtain rGO. Several chemical, thermal and electrochemical methods have been proposed, but they are complex and time consuming. Some of these methods are to expose GO to hydrogen plasma for few seconds, directly heating GO to temperatures above 1000°C or treating GO in a hydrazine hydrate at 100°C for 24 hours. In addition, all this methods produce damage in graphene structure. New methods under investigation are trying to solve this problems. Recently, large scale production of highly conductive rGO sheets by solvent-free low temperature reduction which exhibits excellent conductivity and a high surface area has been reported [START_REF] Lee | Large scale production of highly conductive reduced graphene oxide sheets by a solvent-free low temperature reduction[END_REF].

1.4.2.4/ EPITAXIAL GRAPHENE

When heating silicon carbide (SiC) at temperatures above 1100°C in ultra-high vacuum, the silicon sublimes from the surface and carbon rich surface nucleates into epitaxial graphene layer [START_REF] De Heer | Large area and structured epitaxial graphene produced by confinement controlled sublimation of silicon carbide[END_REF]. Main drawback of this procedure is the poor quality of graphene produced in ultrahigh vacuum because of the high sublimation rates at low temperature. Several methods has been developed to control the rate at which silicon sublimes, such as supplying silicon in a vapor phase compound [START_REF] Tromp | Thermodynamics and Kinetics of Graphene Growth on SiC[END_REF] or flowing an inert gas over the hot SiC surface [START_REF] Emtsev | Towards wafer-size graphene layers by atmospheric pressure graphitization of silicon carbide[END_REF], which leads increasing complexity and cost in epitaxial graphene production.

1.4.2.5/ MOLECULAR BEAM EPITAXY

In molecular beam epitaxy (MBE) the substrate is heated typically to 500 -600°C, then precise beams of atoms are directed to the substrate. The atoms land reach the substrate surface, condensing and forming a crystallographic structure. Graphene layers has been grown by MBE in the carbon face of SiC substrate [START_REF] Moreau | Graphene growth by molecular beam epitaxy on the carbonface of SiC[END_REF]. Growth of single layer graphene nanometer size by solid carbon source molecular beam epitaxy on hexagonal boron nitride (h-BN) with a high lattice quality, less than a 2 % mismatch to ideal graphene lattice, has been also demonstrated [START_REF] Garcia | Graphene growth on h-BN by molecular beam epitaxy[END_REF]. Unlike exfoliation or CVD, where graphene layer transfer onto substrate is imposed, graphene on SiC can be directly used for electronic applications. In MBE, the structure, thickness and electronic properties are determined by the carbon flux, the substrate temperature and the carbon sources used. In addition, different molecular beam epitaxy procedures leads to different graphene characteristics : carbon molecular beam epitaxy with C 60 produces AB staked graphene, whereas growth with graphite filament results in non-Bernal stacked graphene layers [START_REF] Park | Epitaxial Graphene Growth by Carbon Molecular Beam Epitaxy[END_REF]. Low quality graphene was reported in SiC molecular beam epitaxy on h-BN substrate due to complex graphene growth process involving various deposition characteristics of a multitude of carbon species, such as atomic carbon and carbon dimers [START_REF] Lee | In silico carbon molecular beam epitaxial growth of graphene on the h-BN substrate : carbon source effect on van der Waals epitaxy[END_REF]. Optimization of the molecular beam composition has been suggested to increase the quality of graphene films. FIGURE 1.16 from [START_REF] Bae | Towards industrial applications of graphene electrodes[END_REF]. Comparison between four representative methods to obtain graphene films.

1.4.2.6/ CONCLUSIONS

In this section we presented the two main types of methods to produce graphene : exfoliation and chemicals methods. Graphene produced by exfoliation methods has very good quality, with a high electron mobility and a low presence of defects. However, graphene layer size and uniformity over a substrate is difficult to control. Graphene flakes are in the order of tens of microns. Larger films are achievable using liquid phase exfoliation, but it shows a low yield production and it involves a large amount of harmful chemicals. On the other hand, although graphene produced by chemical methods presents a larger amount of impurities due to the different materials required in the process lowering the final quality of graphene, it is possible to produce larger continuous films. Epitaxial graphene and graphene produced by molecular beam epitaxy have a poor quality and its improvement would increase its cost and complexity. Obtaining reduced graphite oxide a costly multistep procedure producing a graphene sheet with oxygen fucntional groups wich leads to lower graphene quality. CVD graphene, even if the number defects and impurities is high, its quality is high enough to be used in photonics and optoelectronics applications. In addition this method allows to produce graphene sheets in the order of 1 m 2 . In conclusion, CVD method rises as the most convenient for industrial scale production of graphene-based devices. This is the reason to focus our research in laser patterning in CVD monolayer graphene.

1.4.3/ DEFECTS IN GRAPHENE

The electronic and mechanical properties of graphene samples with high perfection of the atomic lattice are outstanding, such as ballistic electronic propagation with high carrier mobilities. However, during the crystal growth or processing, structural defects can be generated which obviously deteriorate the performance of graphene-based devices. Noncontrolled defects is a main disadvantage for future graphene-based devices, however, the study and control of the deviations from perfect graphene can be useful for some applications through precisely engineered-defect devices. In addition, the presence of defects has a direct effect on the local topology of graphene, breaking its planarity into a wavy surface. Defects in single layer graphene can be classified in different categories depending on its dimension [START_REF] Banhart | Structural defects in graphene[END_REF].

1.4.3.1/ ZERO DIMENSIONAL DEFECTS

Point defects, which are zero-dimensional, typically consist in vacancies or interstitial atoms. In this category there are the Stone-Wales defects, where no carbon atom is missing but four carbon hexagons rearrange into two pentagons and two heptagons due to the 90°rotation of one C-C bond. Typical defect in any crystalline structure is one lattice atom missing, called single vacancy. In a single vacancy takes place a Jahn-Teller distorsion, where the missing atom initially leads to a degenerated electronic ground state. However, a change in the geometrical configuration removes the degeneracy reducing the total energy of the system. Single vacancies in graphene have a energy formation of 7.5 eV. This high energy prevents the presence of a considerable point defects in thermal equilibrium reducing the generation of defects in graphene at room temperature. Multiple vacancies, such as double vacancies are built by the adhesion of two single vacancies or by removing two neighbouring atoms. In the double vacancy case, the hexagonal structure is reorganized into pentagons and octagons. Other types of zero-dimensional defects are adatoms, which can be a carbon or a foreign atoms, which form locally a three-dimensional structure. In the case of substitutional impurities, a foreign atom is substituting one or several carbon atoms of the lattice, making it interesting for application requiring doped graphene.

1.4.3.2/ ONE DIMENSIONAL DEFECTS

One-dimensional defects have been identified in graphene [START_REF] Lahiri | Batzill An extended defect in graphene as a metallic wire[END_REF]. Usually this line defects are separating two domains with different lattice orientations.This happens for instance in graphene grown on metal surfaces [START_REF] Lahiri | Batzill An extended defect in graphene as a metallic wire[END_REF][START_REF] Huang | Grains and grain boundaries in single-layer graphene atomic patchwork quilts[END_REF]. At the edge of a graphene layer the carbon atoms can be both free or passivated with an hydrogen atom. Graphene simplest edge structures are zigzag and armchair configurations as shown in Fig. 1.17(c). In the case of any intermediate edge structure, such as a missing carbon atoms or the attachement of a chemical group, it is considered a defective edge. 

1.4.3.3/ DEFECT FORMATION

There are three main mechanism leading to graphene defect formation. Particle irradiation is a process in which a layer of graphene is irradiated with electrons or ions generating the ballistic ejection of a carbon atom, with the subsequent vacancy generation [START_REF] Krasheninnikov | Banhart Engineering of nanostructured carbon materials with electron or ion beams[END_REF][START_REF] Krasheninnikov | Nordlund Ion and electron irradiation-induced effects in nanostructured materials[END_REF]. The energy threshold needed to transfer to the carbon atom to leave its lattice position is 18-20 eV. Ion irradiation methods, such as focused ion beam (FIB) can be very convenient to produce graphene defect engineered devices, where defects are implemented in a controlled manner in graphene to change its properties. There exist also chemical methods generating vacancies since the reaction of a carbon atom with another chemical species can lead to the loss of the carbon atom, however, graphene is highly inert so there is a limited number of reactions generating a defect. The last mechanism responsible of defects generation is the crystal growth, where vacancies appear at the boundaries of different crystally oriented grains since its nucleation and growth does not take place uniformly [START_REF] Nemes-Incze | Electronic states of disordered grain boundaries in graphene prepared by chemical vapor deposition[END_REF]. This mechanism will be explained in more details in the next section. The presence of defects changes the properties of graphene locally. Chemical properties are affected by defects since graphene reactivity is enhanced. Chemical groups can attach easily to defects and it can have interesting applications such as local functionalization of graphene samples or development of electrical contacts with metal electrodes. As an example, selective deposition of metal by atomic layer deposition has been identified in CVD graphene's line defect [START_REF] Lee | Selective metal deposition at graphene line defects by atomic layer deposition[END_REF]. Defects also have a strong effect on electronic properties. The bond length between atoms are different in the presence of defects compared to perfect graphene. Point defects induce an increase of the electronic density of states near the Fermi level and local bandgap opening [START_REF] Mesaros | Electronic states of graphene grain boundaries[END_REF][START_REF] Peres | Electronic properties of disordered two-dimensional carbon[END_REF]. In the case of line defects, localized electronic states appear along the line. Next section will detail the effects of grain boundaries on electronic structure. The influence of defects on the mechanical properties of graphene is under investigation, pressure tests have shown that cracks initiate at grain boundaries and propagate along the boundary or deflects into the graphene island depending on the environmental conditions [START_REF] Hwangbo | Fracture characteristics of monolayer CVD-graphene[END_REF]. However, indentation tests directly on grain boundaries have demonstrated that they are almost as strong as pristine graphene [START_REF] Lee | Hone High-strength Chemical-Vapor-Deposited graphene and grain boundaries[END_REF].

1.4.3.4/ GRAIN BOUNDARY AND DIFFUSION PROBLEMS

Although no impact due to grain boundaries on patterning graphene when using particle beam or UV lithography has been reported, for our research it was of special interest to focus on the possible effects those structural defects could have in laser processing of graphene at sub-micron scale. All the samples used in our investigations are produced by CVD. As mentioned in section CVD, it is a method that allows to fabricate large-scale graphene samples, however, it makes its polycristallinity almost unavoidable. During the crystal growth using this method they appear line defects, i.e. grain boundaries. Scanning tunneling microscopy measurements have shown direct relation between mismatch angle and the electronic properties of the grain boundaries in CVD graphene. [START_REF] Vancs | Electronic transport through ordered and disordered graphene grain boundaries[END_REF]. Atomic-resolution imaging below 1 nm shows grain boundaries are originated mainly by pentagons and heptagons pairs. Theoretical calculations following the density functional theory model show that the lines consisting on heptagons and pentagons pairs (point defects) increase the reflectivity of incident electronic wave packets [START_REF] Nemes-Incze | Electronic states of disordered grain boundaries in graphene prepared by chemical vapor deposition[END_REF]. Investigations on the evolution of electronic wave packets through grain boundaries of different structure using numerical solution of the time-dependent Schr ödinger equation have shown there are two main parameters controlling the energy dependence of the transport : the misorientation angle between two adjacent grain boundaries and its atomic structure [START_REF] Vancs | Electronic transport through ordered and disordered graphene grain boundaries[END_REF]. Although there is a consistent theoretical description on how charge carrier transport between single-crystal domains could be affected by scattering across grain boundaries, the five order of magnitude difference between grain boundary size and the atoms present in it are the reason for the few experimental results up to now. Electrical measurements on individual grain boundaries have shown an improvement up to one order of magnitude of the electrical conductance in the case of better interconnected boundaries [START_REF] Tsen | Park Across grain boundaries in polycrystalline graphene[END_REF] suggesting that CVD graphene with good connection between grain boundaries may present a uniform high electrical conductance. FIGURE 1.18 from [START_REF] Ahmad | Seoa Local conductance measurement of graphene layer using conductive atomic force microscopy[END_REF]. SEM image of graphene layer by CVD graphene shows the formation of wrinkles and individual grain domains with grain boundaries as darker lines.

1.5/ GRAPHENE APPLICATIONS

Due to its outstanding electrical, optical, thermal and mechanical properties, graphene is regarded as a revolutionary material with potential applications in a wide range of fields from photovoltaics to environmental sustainability. In this section we will focus on photonics and optoelectronincs applications, where nanopatterning is needed for a large number of applications. We also discuss potential applications in other fields, some of them requiring graphene structuring at sub-micron scale.

1.5.1/ PHOTONICS AND OPTOELECTRONICS APPLICATIONS 1.5.1.1/ TRANSPARENT CONDUCTORS Most optoelectronic applications require a material with a low sheet resisitivity R s and a high transparency. Nowadays, the majority of transparent conductors are semiconductors based, such as doped indium oxide (In 2 O 3 ) [START_REF] Holland | The properties of some reactively sputtered metal oxide films[END_REF], tin oxide (SnO 2 ) [START_REF] Hamberg | Evaporated Sn-doped In 2 O 3 films : Basic optical properties and applications to energy-efficient windows[END_REF] or zinc oxide (ZnO) [START_REF] Minami | Transparent conducting oxide semiconductors for transparent electrodes Semiconductor[END_REF] and their combinations. The main material currently used is Indium Tin Oxide (ITO), which is a n-type doped semiconductor where the tin atoms act as n-type donors. ITO in glass has shown a T ∼ 80 % and a R s =10 Ω/cm (how it was historically defined). Disadvantages regarding ITO are its high cost due to indium scarcity, its sensitivity to acidic and basic environment, the complex processing requirements. In addition, ITO brittleness confers a limited flexibility which may be a problem for flexible displays and touchscreens. Graphene has been determined to have a larger transparency than ITO [START_REF] Hamberg | Evaporated Sn-doped In 2 O 3 films : Basic optical properties and applications to energy-efficient windows[END_REF][START_REF] Minami | Transparent conducting oxide semiconductors for transparent electrodes Semiconductor[END_REF]. In the case of no doping, ideal intrinsec graphene has a R s = 6 kΩ/cm and T∼97.7 %, and only transparency is better in graphene than in ITO. But typically, in exfoliated graphene the number of intrinsic carriers is n ≥ 10 12 cm -2 which reduces R s , achieving values similar than in ITO [START_REF] Sahu | ZnO/Ag/ZnO multilayer films for the application of a very low resistance transparent electrode[END_REF].

1.5.1.2/ PHOTOVOLTAIC DEVICES

Currently most photovoltaic devices are silicon based, and efficiencies up to 25 % have been reported [START_REF] Green | Igari Solar cell efficiency tables Progress in[END_REF]. Organic cells are cheaper but they have a lower efficiency. Other common type of solar cells are dye-sensitized solar cells. Graphene can have multiple functionalities in solar cells : transparent conductor, photoactive material, charge transport channel or it can act as a catalytic counter electrode material. Yong et al. have reported [START_REF] Yong | Tour Theoretical efficiency of nanostructured graphene-based photovoltaics[END_REF] an efficiency of ∼ 12 % in solar cells using graphene as a photoactive element. Incorporating graphene into the nanostructured TiO 2 photoanode has been determined to enhance charge transport, and by preventing recombination it leads to an internal photocurrent efficiency improvement [START_REF] Yang | Two-dimensional graphene bridges enhanced photoinduced charge transport in dye-sesitized solar cells[END_REF].

1.5.1.3/ LIGHT-EMITTING DEVICES

Organic light-emitting diodes (OLEDs) consist of an electroluminescent layer in between two charge injecting electrodes, from which at least one has to be transparent. OLEDs have a wide range of application in televisions and display screens such as computer screens, mobile phones or digital cameras. Usually indium tin oxide (ITO), having a work function of 4.4 -4.5 eV, is used as transparent conductor film. Its efficeincy is decreased due to its diffusion into the active OLED layer [START_REF] Granqvist | Transparent conductors as solar energy materials : a panoramic review Solar Energy Materials and Solar Cells[END_REF]. Graphene has a work function of 4.5 eV, similar to ITO. Graphene production methods are cheaper, and it shows a high flexibility. This characteristics make graphene an ideal candidate for OLEDs anodes. The spectral bandwith of a photodetector is limited by the material's absorption. The broad absorption band of graphene, from UV to THz, is one of the main advantages of graphene-based photodetectors (GPDs). Also its intrinsic high carrier mobility provides a fast response time [START_REF] Bonaccorso | Graphene photonics and optoelectronics[END_REF]. The maximum possible operating bandwith is limited by the transit time, i.e. the finite duration of the photogenerated current, which would overpass the current photodetectors state of the art with values up to 1500 GHz [START_REF] Xia | Ultrafast graphene transistor[END_REF]. A single layer of graphene has a poor absorption of 2.3 %, which could limit graphenebased photodetector performance. However, theoretical calculations demostrated that a single sheet of doped graphene, patterned into a periodically array of nanodisks with a diameter of 60 nm and a 120 nm periodicity shows a 100 % light absorption [START_REF] Thongrattanasiri | Garcia de Abajo Complete Optical Absorption in Periodically Patterned Graphene[END_REF]. In the case of RC-limited GPDs, operating bandwith of 640 GHz has been reported [START_REF] Xia | Ultrafast graphene transistor[END_REF].

1.5.1.5/ SATURABLE ABSORBERS AND ULTRAFAST LASERS

There is a need for non-linear optical and electro-optical properties materials for most photonics applications. Of special interest are ultrafast laser sources, which have been used in a large range of applications, from basic research to industrial scale material processing. Solid-state laser are the most common ultrashort pulses sources. One of the modelocking techniques is the insertion of a saturable absorber in the laser cavity, where a nonlinear element enables continous wave. Nonlinear material requirements for a good performance saturable absorber are a fast response time, broad wavelength range, low optical loss, low cost and easy integration into the optical system.

Typically, ultrafast lasers are based on semiconductor saturable absorber mirrors [START_REF] Keller | recent developments in compact ultrafast lasers[END_REF], but they have a narrow tuning range and their fabrication process is complex [START_REF] Hasan | Nanotube-polymer composites for ultrafast photonics[END_REF] . Single-wall carbon nanotubes (SWNTs) have been used as saturable absorber due to its simpler and cost-effective fabrication process, however, their tunabilty is depending on the diameter of the nanotubes. Graphene saturable absorbers (GSAs) have several advanttges over previously used materials. The linear dispersion of Dirac electrons allows for an electron-hole pair in resonance for any excitation. Its ultrafast carrier dynamics, together with its large absorption band and the Pauli blocking makes it an optimum material as ultrabroadband saturable absorber. In addition, there is no need of bandgap engineering or diameter control like in the case of other materials. Ultrafast lasers have been reported based on graphene-polymer composites [START_REF] Hasan | Nanotube-polymer composites for ultrafast photonics[END_REF], CVD graphene films [START_REF] Zhang | Large energy mode locking of an erbium-doped fiber laser with atomic layer graphene[END_REF][START_REF] Zhang | Graphene mode locked, wavelength-tunable, dissipative soliton fiber laser[END_REF], reduced graphene oxide flakes [START_REF] Song | Graphene mode-lockers for fiber lasers functioned with evanescent field interaction[END_REF][START_REF] Tan | Mode locking of ceramic Nd :Yttrium aluminum garnet with graphene as saturable absorber[END_REF] and functionalized graphene [100]. Teir operating wavelength was ∼ 1 µm. The most common experimental scheme is to sandwich a GSA between two connectors with a fiber adaptor [START_REF] Hasan | Nanotube-polymer composites for ultrafast photonics[END_REF][START_REF] Tan | Mode locking of ceramic Nd :Yttrium aluminum garnet with graphene as saturable absorber[END_REF].

1.5.1.6/ TOUCHSCREENS

A touchscreen is an input device layered on top of a visual display that can detect the presence and location of a touch. Since it is a very intuitive and allows a quick interaction with the device it has a large amount of applications, such as cell phones or digital cameras. There are several kinds of touchscreens but the most common are the resistive and capacitative touchscreens. Resistive touchscreens consist of a conductive substrate, a liquid crystal display front panel and a transparent conductor film (TCF) [START_REF]Pickering Touch-sensitive screens : the technologies and their applications International[END_REF]. When pressing a resistive touchscreen, the front-panel film contacts with the bottom TFC and the coordinates of the contact point are calculated. ITO is mainly used for TCF but it has several limitations due to its cost, brittleness, chemical durability and wear resistance. The use of graphene TFC satisfy all those requirements. Capacitive touchscreens consist of an insulator such as glass coated with ITO [START_REF]Pickering Touch-sensitive screens : the technologies and their applications International[END_REF]. As the human body is a conductor, when touching the screen it will generate an electrostatic field distorsion that can be measured as a capacitance variation. The replacement of ITO by graphene TFC can improve the performance and reduce the production cost.

1.5.1.7/ OPTICAL LIMITERS

Optical limiters are devices with a high transmittance for low intensities and reduced transmittance for high intensities. Main applications are in optical sensors and eye protection, since above a certain incident energy threshold the retina can be damaged. Passive optical limiters are simple, cheap and compact, but they are limited because they can not provide protection over the entire visible and near infrared range. Graphene-based optical limiters absorb light energy converting it into heat, generating microplasmas and bubbles, which results in a reduced transmission.

1.5.1.8/ TERAHERTZ DEVICES

THz range is extremely interesting for biomedical imaging, spectroscopy and security. Graphene plasma waves has been determined to be in the THz range [START_REF] Rana | Graphene terahertz plasmon oscillatiors[END_REF], which makes graphene a suitable material for THz generation and detection. THz sources based on optical and electrical pumed graphene has been proposed [START_REF] Rana | Graphene terahertz plasmon oscillatiors[END_REF]. Experimental demonstration of terahertz emission [START_REF] Sun | Coherent control of ballistic photocurrents in multilayer epitaxial graphene using quantum interference[END_REF] and amplification [105] in optically pumped graphene has opened the possibility of efficient graphene-based THz source devices. Recent research shows a strong absorption in THz regime in nanopatterned graphene field effect transistor, offering possible applications in far-infrared photodetectors [START_REF] Du | Plasmon resonances of terahertz absorption in nano-patterned graphene 40th International Conference on Infrared[END_REF]. In addition, the tunability of its electronic and optical properties could allow the development of graphene devices such as modulators, filters, polarizers, beamsplitters and switches working in the THz range. 1.5.1.9/ NONLINEAR FREQUENCY CONVERSION Second-harmonic generation has been reported in graphene films for pulses of 150 fs at 800 nm showing, however, a low conversion efficiency [107]. Four-wave mixing of nearinfrared wavelengths has been shown in single-and multilayer graphene [START_REF] Hendry | Strong nonlinear optical response of graphene flakes measured by four-wave mixing[END_REF].

1.5.2/ ENERGY APPLICATIONS

In recent years, graphene has been shown to be an efficient base material for energy storage devices. Graphene has been used in lithium-ion batteries, electrochemical capacitors (EC) or novel magnesium-ion batteries. Of special interest are graphene-based electrochemical energy-storage devices. EC can rapidly charge and discharge, but typically they have less energy per unit of volum than conventional batteries. In conventional capacitors, which are made of two layers of conductive material separated by an insulator, the capacitance depends on the surface area of the conductors, the distance between conductors and the electrical permittivity of the insulator. In the case of supercapacitors, a cell coated with porous carbon material is immersed in an electrolyte solution. Graphene is ideal as porous carbon material due to its high surface area (2630 m 2 /g) and since it is essentially just graphite, it is ecologically friendly, unlike most other energy storage devices. Theoretical capacitance upper-limit of graphene is 550 F/g. Experimental results showed capacitances ranging from 100 F/g to 230 F/g [START_REF] Stoller | Graphene-Based Ultracapacitors[END_REF]. Energy densities comparable with Ni metal hybride battery have been reported with the advantage that graphene-based capacitors can be charged in tens of seconds [START_REF] Liu | Graphene-Based Supercapacitor with an Ultrahigh Energy Density[END_REF]. Graphene-based supercapacitors open the possibilty of flexible wearable devices [START_REF] Shao | Graphene-based materials for flexible supercapacitors[END_REF].

1.5.3/ MECHANICAL APPLICATIONS

Graphene has impressive mechanical properties such as low density but a high resistance to compression, superior strength and extremely high in-plane stiffness. Brittle fracture of graphene sheet at critical stress of 130 GPa was reported [START_REF] Lee | Hone Measurement of the elastic properties and intrinsic strength of monolayer graphene[END_REF], the highest ever measured in a material. Considering this properties, mechanical applications are being developed. Corrosion-resistive coatings made of graphene are possible thanks to the conduction of the charges responsible for material corrosion. The enhancement of fracture thoughness due to graphene inclusion in nanocomposites is expected to produce new functionalities. After a deformation, typically heat, a shape memory (SM) material has the capacity to return to its original shape. Polyurethane (PU) is the most common SM material. Graphene/PU composite material results in a enhanced shape memory, thermal and mechanical properties [START_REF] Han | Preparation of polyurethane nanocomposites via covalent incorporation of functionalized graphene and its shape memory effect Composites Part a[END_REF].

Since it has been demonstrated that one-dimensional line defects, such as grain boundaries, can produce decrease on the intrinsic tensile strength of polycristalline graphene [START_REF] Lee | Hone High-strength Chemical-Vapor-Deposited graphene and grain boundaries[END_REF], it is expected that defect-engineering by nanopatterning of graphene can offer new functionalities for future mechanical applications. Nowadays, carbon fiber is incorporated into aircraft production since it is strong and light. Graphene is even stronger and lighter and is expected to emerge as a main structural material for aerospace.

1.5.4/ ENVIRONMENTAL APPLICATIONS

Water filtering has emerged as an outstanding application of graphene. It has been demonstrated that nanometer-scale pore in single layer free-standing graphene can effectively filter NaCl salt from water. Desalination performance has been determinated as a function of pore size, chemical functionalization and applied pressure [START_REF] Cohen-Tanugi | Water desalinization across nanoporous graphene[END_REF]. Graphene water permeability is several order of magnitude higher than conventional reverse osmosis membranes. Sub-micron scale patterning of graphene is required to develop efficient water filtering devices. Nanopores smaller in the order of 1 nm allow nanoporous graphene to withstand pressures exceeding ten times the typical pressures for seawater reverse osmosis [START_REF] Cohen-Tanugi | Water permeability of nanopporous graphene at realistic pressures for reverse osmosis desalination[END_REF][START_REF] Cohen-Tanugi | Grossman Mechanical Strength of Nanoporous Graphene as a Desalination Membrane[END_REF]. FIGURE 1.21 from ref. [START_REF] Cohen-Tanugi | Water desalinization across nanoporous graphene[END_REF]. Schematic of a graphene desalination membrane.

1.6/ CONCLUSIONS

In this chapter we presented the theoretical background on graphene. We described the main properties of graphene, focusing in optical and electronic properties, which appears to be the most promising for future technologies. Describing a simple tight-binding model, we showed graphene is a gapless semiconductor with a linear dispersion relation, from where emerges its uniqueness optical and electronicl properties. The linear absorption light in graphene is approximately 2.3 % in the infrared for monolayer graphene. Carrier dynamics relaxation shows two timescales (sub-100 fs and ∼ few ps) after light excitation due to different intraband and interband processes. Due to its linear dispersion relation monolayer graphene has a better mobility than multilayer, making single layer graphene an ideal 2D material candidate for optoelectronic applications. Monolayer graphene also the highest tensile strength tested and one of the highest thermal conductivity. We decided to focus our research in single monolayer graphene due to all this characteristics which could lead to outstanding potential applications. Next step was to consider the best graphene production method. There are mainly two types of methods : exfoliation and chemical methods. The first ones produce graphene with high mobility and few defects, however, dimension and uniformity are not controllable. Methods allowing production of larger areas of graphene are required for industrial scale of graphene based devices. Chemical methods offer an optimum solution. Even if those methods produce a higher number of defects, CVD graphene combines a quality compatible with the optoelectronics applications requirements with production of graphene continuous sheets up to 1 m 2 , so we focused our research on the study of CVD monolayer graphene. Finally we investigated the state-of-the-art on graphene-based applications, from transparent conductors for touchscreens to saturable absorbers or energy storage applications and we concluded that a technique to pattern sub-micron features in large graphene sheet at fast speed will be a requirement for industrial scale production of most of this devices.

PATTERNING OF GRAPHENE

In this chapter we describe the state-of-the art of the techniques to pattern graphene. Concerning graphene devices production, once production of large areas of graphene is achievable, the next requirement to manufacture graphene-based applications at industrial scale is a to develop a fast, easily reconfigurable, low cost patterning method. In previous chapter we showed most potential applications, specially in optoelectronics, need patterning and slicing graphene at sub-micron scale. Our motivation is to develop a sub-micron patterning technique to allow a fast lab-to-fab transfer.

In the following we present the different methods to structure graphene at sub-micron scale, comparing its strength and disadvantages regarding industrial scale production of graphene-based devices.

2.1/ PHOTOLITHOGRAPHY

Photolithography, also called optical lithography or UV lithography, is a microfabrication process to create patterned structures in a substrate. The basis of photolithography is the transfer of a geometric shape patterned on a mask to the final substrate. FIGURE 2.1 from [START_REF] Khaleel | Abbosh Design, Fabrication, and Testing of Flexible Antennas[END_REF]. Scheme of the chemical etching (photolithography) process.
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The process goes back to 1796 when it was developed as a printing method using ink, metal plates and paper. Modern photolithography uses UV light to image the mask on the substrate using a photoresist layer. UV lithography requires multiple steps. First the surface has to be cleaned, and during the procedure atmospheric dust has to be minimized, meaning that the complete procedure has to be done in a clean room. Then an adhesion promoter is applied on the surface to enhance its adherence followed by the spin coating of the photoresist on the surface. After a pre-processing backing and the precise mask alignment, the sample is exposed to UV light. As shown in Fig. 2.1, there are two types of photoresist, positive photoresist in which areas exposed to UV light become more sensitive to certain chemical agents, called developers, and negative photoresist, in which exposed areas photopolymerize and become insoluble to the developer. Once the pattern on the mask has been imprinted onto the photoresist, it is developed, i.e., exposed areas of photoresist are removed (or non-exposed for negative photoresist). Post processing backing and cleaning are required. Next step is etching, where a liquid (wet) or plasma (dry) chemical agent removes the substrate which is not covered by the remaining photoresist. Finally, using a chemical agent that lowers the resist adhesion, it is completely removed from the substrate, which has the desired pattern imprinted on it. Typical features in photolithography are in the range from 1 to 10 µm [START_REF] Liang | Graphene transistors fabricated via transfer-printing in device active-areas on large wafer[END_REF]. Minimal feature size of ∼ 250 nm has been reported on graphene oxide flakes by extreme-UV lithography with a ∼ 50 nm illumination wavelength [START_REF] Prezioso | Large area extreme-UV lithography of graphene oxide via spatially resolved photoreduction[END_REF]. As shown in Fig. 2.2, uniform graphene nanoribbons of 18 nm wide and 30 nm high were patterned along few microns in highly ordered pyrolytic graphite, which could allow fabrication of functional devices [START_REF] Wang | Printing of sub-20 nm wide graphene ribbon arrays using nanoimprinted graphite stamps and electrostatic force assisted bonding[END_REF]. However, it is a multiple step method which requires vacuum and harmful chemical, making it time consuming, i.e. more than 30 minutes per patterned wafer, and expensive, and as a result not compatible with industrial scale production of graphene-based devices. 

2.2/ ELECTRON BEAM LITHOGRAPHY

Electron beam lithography arises from early scanning electron microscopes. The working principle consist of scanning a focused electron beam on a surface covered with an electron-sensitive film, called resist. The solubility of the resist changes chemically when exposed to the e-beam, and as a result micro-and nanostructures can be patterned in the resist using software tools. By etching processes, those structures can be transferred from the resist to the substrate material. One of the main advantages of e-beam systems is that the resolution is limited by the wavelength of the electrons, which is much smaller than the wavelngths used in optical lithography, so smaller features can be achieved [START_REF] Kemme | Microoptics and nanooptics fabrication[END_REF]. The maximum resolution is limited by the wavelength as follows

d = λ 2n sin α ≈ λ 2NA (2.1)
and the higher the electron energy, the shorter its de Broglie wavelength

λ e ≈ h 2m 0 E(1 + E 2m 0 c 2 ) (2.2)
On the other hand, e-beam lithography is a multistep process, which requires chemicals, e.g. resist and developing. It is a point-to-point patterning system, making it unefficient for large areas patterning. The interaction between electrons and the resist can produce scattering effects, overexposing certain resist areas and leading to an undesired pattern. Nevertheless, nowadays this technique plays a major role in nanopatterning industry [START_REF] Tseng | Electron beam lithography in nanoscale fabrication : recent development[END_REF].

There are two different categories in e-beam lithography. Conventional e-beam lithography uses scanning electron microscope (SEM) with electron energies up to 30 keV. In transmission electron miscroscope (TEM) electrons have typical energies in the order of 200 keV, and inherently a higher resolution.

2.2.1/ SCANNING ELECTRON MICROSCOPE FOLLOWED BY REACTIVE ION ET-CHING

Electron-beam lithography is a common tool for patterning graphene both suspended and on insulating substrates. The most common technique is oxidative plasma etching, which is performed while protecting the desired patterned graphene features with a lithographic mask, allowing patternning in the nanometric range. Nano-etching of suspended monolayer graphene into nanodevices with resolution down to 7 nm for line-cuts has been achieved using e-beam lithography followed by reactive ion etching. High electronic quality of those nanodevices was confirmed by 2D Raman mapping and transport measurements [START_REF] Sommer | Geller Electron-beam induced nano-etching of suspended graphene[END_REF].

Since most graphene applications benefit of its electronic properties, it is crucial to understand the effect of electron irradiation on graphene and graphene devices. In addition, such studies are of interest for future graphene applications of graphene under extreme conditions such as in the presence of charged particles in space. Exposure of graphene to e-beam causes a negative shift of the charge neutral point due to n-doping in graphene caused by the interaction of the energetic electrons with the graphene substrate.

In addition, carrier mobilities and minimum conductivity decrease indicating the creation of defects in graphene [148].

2.2.2/ DIRECT ETCHING IN TRANSMISSION ELECTRON MICROSCOPE

In a transmission electron microscope (TEM), an image of the sample is formed from the interaction of the electrons transmitted through the specimen. In TEM lithography, those electrons are used to pattern the substrate. TEM lithography has a higher resolution than SEM lithography because electrons have higher energy. TEM lithography allowed for monolayer graphene interconnections of less than 5 nm [149]. Nanopores of ∼ 5 nm diameter in graphene were also reported [151] with a production time of 1 minute per nanopore, which is not time efficient for large areas patterning. This maskless resist-free electron beam patterning technique is more suitable for nanopatterning at industrial scale. However, maskless lithography using TEM suffers from a relative high cost [150].

2.3/ FOCUSED ION BEAM

Ion irradiation is one of the most versatile methods in many areas of material science, specially on modification and construction of nanodevices. Focused ion beam (FIB) is a technique commonly used in semiconductor industry for material ablation. The principle of FIB is similar to the scanning electron microscopy but it uses ions, Gallium ions usually, instead of electrons. A FIB consists of a vacuum chamber, a liquid metal ion source, an ion column, detectors, gas delivery system and a translation stage for the sample. The Ga + primary ion beam hits the sample ejecting surface material. Removed material can be either secondary ions or neutral atoms. Secondary electrons are also produced by the primary ion beam. Those secondary ions or electrons can be collected to form an image.

Using low current primary ion beam, material removal down to 5 nm diameter is possible [START_REF] Orloff | Utlaut Fundamental limits to imaging resolution for focused ion beams[END_REF]154]. Gallium is the most common liquid metal ion source because its melting point, volatility and vapour pressure are very low. In addition, emission characteristics enable high angular intensity with a reduced energy spread. Using a FIB source with small ion current and a fast dwell time (fast writing speed), low damage was produced in graphitic structures (few graphene layers). Due to the suitable dwell time, it was possible to write a periodic pattern onto a graphene sheet. In ref. [START_REF] Archanjo | The use of a Ga + focused ion beam to modify graphene for device applications[END_REF] patterning on graphene was performed with a writing speed which could go down to 100 ns per dot and with minimum beam diameter of 7 nm. Pore size fabrication limited to just below 10 nm with a typical engraving time in the range of milliseconds per spot has been reported in graphene [START_REF] Hemamouche | Gierak FIB patterning of dielectric, metallized and graphene membranes : A comparative study[END_REF]. FIB allows for a high resolution but it is a point-to-point patterning procedure which requires vacuum, which makes it a costly and not time efficient method for mass production patterning of graphene devices. In ref. [START_REF] Kotakoski | Toward two-dimensional all-carbon heterostructures via ion beam patterning of single-layer graphene[END_REF] suspended graphene sample was patterned over an area of 30 x 30 µm 2 with slits of 100 nm width and 500 nm in about 1 minute, meaning that patterning 1 mm 2 graphene sheet would require more than 18 hours. In addition, it has been shown that during the the Ga + ions bombardment of graphene layers, ion implantation and backscattering occurs in the sample, resulting in undesired effects such as decrease in the carriers mobility. However, potential future development of FIB technologies could still be promising for industrial microfabrication. 

2.4/ HELIUM ION LITHOGRAPHY

Scanning Helium ion beam lithography has emerged as a promising fabrication technique for high-resolution nanostructures at high pattern density.

It can be used in imaging applications for materials that would charge under electron beam. Similar to FIB, it performs milling and sputtering, however it shows several advantages respect focused ion beam typically using Gallium ions. Helium ion beam has an ultimate resolution of less than 0.5 nm [158]. In addition, milling and sputtering of soft and fragile materials at low rate are possible. Helium ion beam working principle is based on the field ionization of Helium ions using a cryogenically cooled tungsten tip. Helium ion beam is a powerful lithography tool because of its high brightness, low energy spread and sub-nanometric beam size. 

2.5/ DIRECT LASER WRITING

Direct laser processing of materials is based on laser ablation, which consist on removing material from a solid by irradiating it with a laser beam. The ablation process depends on optical properties of the material, the laser wavelength and its pulse energy and duration.

A wavelength with a minimum absorption depth will ensure a high energy deposition in a small volume. Depending on the energy flux of the laser beam, different processes can take place. For low energy flux, the material is heated producing changes in its properties such as its refractive index. By increasing the energy flux the material evaporates or sublimates. If the energy flux is even higher, the material is directly converted into plasma.

After ultrashort pulse excitation, a semiconductor follows a sequence of relaxation stages before going back to equilibrium. Four different regimes can be distinguished : carrier excitation, thermalization, carrier removal and thermal and structural effects. Fig. 2.8 illustrates the timescale of the processes within each regime. Fig. 2.9 shows some of the processes that takes place in a typical direct-gap semiconductor. This processes are not a single event sequence but rather they overlap in time. When an optical pulse excites valence band electrons, depending on the photon energy, single or multiphoton absorption occurs. Multiphoton absorption is important when the bandgap is larger than the photon energy or if single photon is not available because of band filling. Absorption by free carriers increase the energy of the electron-hole plasma, or the energy of the initially free electron in a metal. Although this absorption does not increase the carrier density, if the energy of the electrons in the conduction band is high enough above the bandgap it can lead to impact ionization, in which case the carrier density is increased. Assuming the thermalization of the carrier distribution is very fast and that the temperature of the electron and the lattice can be characterized, the thermalization process was modelled as a two temperature diffusion problem [START_REF] Chichkov | T ünnermann Felmtosecond, picosecond and nanosecond laser ablation of solids[END_REF]. After excitation, the carriers thermalize by carrier-carrier and carrier-phonon scattering in a timescale of few hundred femtoseconds. The different scattering relaxation channels for graphene were described in detailed in section 1.2. It takes several picoseconds before the carriers and the lattice reach thermal equilibrium. However, although the carriers and the lattice are in equlibrium, there is an excess of free carriers which are removed by electron-hole recombination or diffusion of the carriers out of the excited region. Short pulse duration maximizes the peak power and minimize thermal conduction to surrounding material. Ultrafast ablation process deposits locally enough energy to have sublimation meanwhile the surrounded material has not been heated, allowing for a more precise and clean patterning than longer pulse durations. As shown in Fig. 2.7, the characteristics of the patterned feature have a strong dependence on the pulse duration. For pulses in the nanosecond range heat diffusion produces melting and creation of burr making it a non reproducible process. The process is also less reproducible because it is highly sensitive to the presence or absence of structural defects. In ultrafast lasers the pulse duration is in the order of the picosecond or shorter. Since the pulse duration is shorter than the energy relaxation time between electrons and the lattice ions, energy can be delivered with a high precision without plasma/screening effects [START_REF] Gattass | Femtosecond laser micromachining in transparent materials[END_REF]168]. Sub-100-nm sized photomodified regions have been achieved [START_REF] Gladwell | The tipping point : How little things can make a big difference Back Bay Books[END_REF].

The rise in electron density with intensity is generally so fast that there is a threshold over which the avalanche takes place and below which almost no electrons are created. This allows to define the fluence threshold, which is the incident energy per surface unit needed to have ablation in a certain material as shown in Fig. 2.10. 

2.5.1/ LASER INTERFERENCE LITHOGRAPHY

Writing multiple features at a time with the previously described methods typically requires the use of a mask. Laser interference lithography is a simple, quick process over a large area that allows multispot lithography of periodically patterned subwavelength structures at a time without using a mask [START_REF] Seo | Nanopatterning by laser interference lithography : Applications to optical devices[END_REF]. Laser interference lithography is based on the interference of several coherent beams generating a periodic intensity pattern. As shown in Fig. 2.11, two beams interference produce a grating structure, meanwhile three beam interference generate a hexagonal lattice of patterned structures [167]. Interference laser lithography has been already used in nano-electronics, photonic crystals, metamaterials, optical trapping, subwavelength optical elements and biomedical structures [START_REF] Stay | Three-beam interference lithography methodology[END_REF]. Regarding graphene, it has been reported patterning of graphene scaffolds with pores sizes of ∼ 500 nm with laser interference lithography [START_REF] Xiao | Lithographically defined three-dimensional graphene structures[END_REF].

2.5.2/ ULTRAFAST LASER PATTERNING OF GRAPHENE

To understand the importance of ultrafast pulses in materials processing it is necessary to understand the interaction processes between light and matter, the plasma relaxation mechanisms and specially their timescales.

As we describe in Chapter 1, for short pulses there is no equilibrium between the excited electron gas and the lattice vibration during the laser illumination, and as a result the electrons can be highly excited before the coupling with the lattice takes place cooling down the electron gas, and finally a small amount of the incident energy is diffused into the surrounding lattice, which minimizes the thermal effects and allows for a shock-, burr-, and crack-free material removal. Single-shot damage threshold of I th ∼ 3 • 10 12 W/cm 2 has been reported in CVD grown monolayer graphene by using laser pulse excitation ranging from 50 fs to 1.6 ps [START_REF] Roberts | Response of graphene to femtosecond high-intensity laser irradiation[END_REF].

Above this threshold, corresponding to a fluence of ∼ 200 mJ/cm 2 , a single laser pulse cleanly ablated graphene. Degradation of the lattice over multiple exposures was determined below this threshold. Two regimes are used in multishot to increase the damage. If the repetition rate is high enough, in the order of 1 MHz repetition rate for femtosecond pulses, the process is called cumulative heat regime, and the heat accumulation effects leads the temperature of the illuminated region to go higher inducing a larger diameter over which the softening is overcome [START_REF] Eaton | Heat accumulation effects in femtosecond laser-written waveguides with variable repetition rate[END_REF]. In repetitive regime the repetition rate is lower and same ablation or damage is expected from pulse to pulse, however the ablation threshold decreases due to incubation processes. Direct laser writing of microribbons having 5 µm width and several mm length in CVD graphene have been reported [START_REF] Kalita | Femtosecond laser induced micropatterning of graphene film[END_REF]. No amorphous carbon formation with laser patterning was determined by Raman microscopy.

Nanoscale patterning of CVD graphene withouth substrate damage has been reported [START_REF] Sahin | Nanoscale patterning of graphene through femtosecond laser ablation[END_REF]. By adjusting both, the laser fluence around single-pulse ablation threshold of graphene, and the translation speed so there are only a few overlapping pulses at a certain point, 400 nm ablation channels were achieved along 100 µm, showing that ambient conditions maskless nanometer size resolution and periodic structures can be reproduced without substrate damage in a controllable way on graphene single layer. Micro-and nanodisks shown in Fig. 2.13 with diameters ranging from 650 nm to 4 µm were fabricated in CVD monolayer graphene using vortex Bessel beams in singleand multishot regime [START_REF] Wetzel | Femtosecond laser fabrication of micro and nano-disks in single layer graphene using vortex Bessel beams[END_REF]. It was experimentally reported a decrease in the ablation threshold depending on the number of pulses. Ultrafast laser ablation in multishot regime needs to take into account certain considerations. After the arrival of the first pulse, due to the presence of defects some regions are more absorbing and nano-antenna effects can take place at those points producing a threshold lowering known as incubation process. Plasma expansion in air can affect to the next incoming pulse leading to plasma shielding.

Using shaped laser beams, such as TEM 01 , and scanning the graphene sample allowed for shaping graphene beyond diffraction limit [START_REF] Stoehr | Wrachtrup All-optical high-resolution nanopatterning and 3D suspending of graphene[END_REF]. With this method graphene nanoribbons down to ∼ 35 nm were patterned on exfoliated graphene flakes as illustrated in Fig. 2.14, in this procedure local heating burns graphene causing oxidation and coversion into CO 2 .

FIGURE 2.14 from [START_REF] Stoehr | Wrachtrup All-optical high-resolution nanopatterning and 3D suspending of graphene[END_REF]. AFM images of graphene nanoribbons of (a) 80 nm and (b) 35 nm width. The inset shows schematically the TEM 10 laser beam profile used for patterning.

Beam shaping of ultrafast pulses based on multiple beam interfence open the door to massive parallelization, allowing patterning of structures over an extended area in single pulse regime. Large area single-shot patterning has several advantages, such as a patterning speed compatible with industrial scale fabrication, minimizing of positioning error and pulse-to-pulse fluctuations, as it is described in more detail in the next chapter.

2.6/ CONCLUSIONS

In this chapter we presented the state-of-the-art in patterning graphene techniques. These techniques include lithography using light, electrons or ions, and direct laser writing.

Lithography has become one of the most powerful processes in the electronics and optoelectronics research and industry. Photolitography, sometimes called optical lithography, in which the substrate covered with the resist is exposed to UV light through a mask plate where the desired pattern is engraved has a resolution limit determined by the wavelength of the light used. Minimal features of ∼ 50 nm were reported [START_REF] Blaikie | Alkaisi Super-resolution near-field lithography using planar silver lenses[END_REF]. However, for some applications better resolution is needed, so a different type of lithography which is based on particle irradiation was developed. In addition, optical lithography is a time consuming multistep procedure incompatible with large scale production. Irradiated particles can be electrons or ions, since the wavelength corresponding to electrons is shorter than light used in photolithography and it has higher intrinsec resolution. Using of a focused beam of particles allows for precise control of the irradiated zone, so no mask is needed to block light illuminating certain areas. This techniques have a precision down to few nanometers, but graphene quality is decreased and it is a point-to-point procedure not convenient for large areas patterning.

Using conventional electron-beam lithography using scanning electron microscope (SEM) a maximum resolution of tens of nanometers was reported [START_REF] Vieu | Electron beam lithography : resolution limits and applications[END_REF]. The transmission electron microscope (TEM) electron beam has a higher resolution but a low time efficiency.

Finally we considered laser patterning. Due to its characteristics including maskless, non-contact, dry patterning, and also the possibility of high reproducible large area patterning at sub-micron scale, laser patterning has emerged has a key-enabling tool. Of special interest is ultrafast laser patterning, due to its high peak power and low thermal effects in the surrounding area. In addition, the use of parallel laser processing allows large area patterning with a single laser pulse. Unlike multistep lithography, this laser method is a single step laser ablation process, making it an ideal candidate for patterning at industrial scale. These characteristics motivated us to focus on single shot ultrafast laser as an appropiate solution for the nanoscale patterning required to produce graphene-based devices at industrial scale.

EXPERIMENTAL SETUP

This chapter gives the background and technical description of the experimental setup. First, the ultrafast laser system used in the presented experiments is briefly described. Secondly, the beam shaping methods used to generate Bessel beams and hexagonal array of beams are discussed. The experimental beam characterization technique is explained in detail. It includes the pulse energy characterization and pulse intensity distribution imaging, which is crucial to our methods to determine graphene ablation threshold. Different types of samples investigated are described together with the positioning procedure and the laser processing techniques applied. Finally, sample post-processing characterization methods used are presented.

3.1/ OVERVIEW OF THE SETUP

The beam forming part of the experimental setup is schematically represented in Fig. 3.1.

The interference beam generated after the SLM is demagnified at a 4f system. The setup also includes a spatial Fourier filtering. In the case of no sample, the beam intensity along propagation is determined by calibrating the response of a high-dynamical range (16 bits) CCD camera after another 4f system.

The experimental setup consists in a beam forming section where the gaussian pulse output from the laser amplifier is transform into the desired beam distribution, a sample observation system allowing in-situ visualization of the sample alignment and processing processes, a sample positioning system for precise sample-to-beam positioning, and finally a beam characterization setup to determine the fluence beam distribution along propagation.

3.2/ FEMTOSECOND LASER SYSTEM

We used a Ti :Sapphire regenerative amplifier laser system which amplifies individual laser pulses that are separately produced in a mode-locked Ti :Sapphire laser.

As illsutrated in Fig. 3.2, the laser system is composed of a seed oscillator (Mai Tai), a pump laser (Empower), and an amplifier system (Spitfire), all of them from Spectra Physics. The system also comprises the Timing and Delay Generator (TDG) control unit, which provides the timing needed to synchronize the Pockels cell to the passage of the pulse through the amplifier. 

3.3/ LASER BEAM CHARACTERIZATION

In our experiments, precise control of the incident energy and its intensity spatial distribution are critical parameters to determine the ablation threshold and to control patterning of graphene. The beam was characterized following three steps : knife edge measurement of the Gaussian beam before the beam shaping system, pulse energy characterization at the sample position and beam imaging along its propagation axis.

3.3.1/ PULSE DURATION CHARACTERIZATION

We proceed to a frequency-resolved optical gating (FROG) measurement to determine the pulse duration. FROG technique consist on splitting the pulse in two and then overlapping them in a non-linear medium allowing spectrally resolving the signal pulse in an autocorraletor-type system. We performed the FROG measurement using a Phazzler from FASTLITE. In the Phazzler, all the linear operations are perfomed by the Dazzler ultrafast pulse shaper instead of using beam splitters, mirrors, translations stages and gratings. As shown in Fig. 3.3, the Dazzler is an acousto-optic programmable dispersive filter which relies on a longitudinal interaction between an acoustic wave and an optical wave in the bulk of a birefringent crystal. The acoustooptic signal, which can be considered static in front of the light pulse, causes diffraction of the laser beam. The pulse duration at the output of our laser system could be tuned by changing the grating pair separation in the amplifier. Optical elements produce dispersion in the ultrashort pulse, since we wanted to have a maximum compression of the pulse at the sample position, a two-photon absorption measurement was done to characterize the dispersion of the different optical elements in the setup, such as microscope objectives. After the dispersion characterizarion the pulse could be over compressed at the laser system output in order to compensate for the dispersion along the optical path.

3.3.2/ BEAM RADIUS CHARACTERIZATION

The measurement of the transverse profile of the laser beam was done by the knife edge method. It allowed us to determine the initial beam waist arriving to the SLM. The knife edge consist in recording the total power of the beam as a knife edge (blade) is translated through the beam perpendicular to its propagation direction by using a calibrated translation stage. The gaussian beam is focused by a lens and after the focus plane a photodetector measures the power. The whole beam needs to be incident into the photodiode as illustrated in Fig. 3.6. The measured power goes from its maximum value when the beam is not covered to its minimal when the blade covers the whole laser beam. A correlation between the measured power and the knife edge position can be obtained. By fitting the measured data to the next equation the beam waist can be retreived,

P = P 0 + P max 2 1 -er f √ 2(x -x 0 ) w (3.1)
where P 0 is the background power, P max is the maximum power corresponding to completely uncovered beam, x 0 is a position with the half of the real power, er f is a standard error function, and w is the beam radius. 

3.3.3/ PULSE ENERGY CHARACTERIZATION

Accurate characterization of the pulse energy is imperative to control laser processing of any material. A Pockels cell is an electro-optic device acting as a voltage-controlled waveplate based in the Pockels effect, a linear electro-optic effect where the refractive index of a material is modified as a function of the applied electric field. By placing a Pockels cell, containing an electro-optic crystal, followed by a half wave plate between the Ti :Sapphire amplifier laser output and the experimental setup input, the pulse energy arriving to the setup can be precisely controlled by the voltage applied to the Pockels cell.

We characterized the pulse energy by placing a power meter at the sample position and modulating the applied command voltage at the Pockels cells between 0 V and 4.5 V, which is the accessible range in our setup. No optical density filter was placed in the optical path during the power characterization. We implemented a Matlab code which records the measured power after each step increase in the Pockels cell voltage. In order to increase the range of available pulse energies, optical filters can be used. By setting a fixed voltage and measuring the power placing different optical densities we characterized the ratio between filters as shown in Table 3.1 Figure 3.7 shows the power measurement for voltage between 0.5 V and 4.0 V with no optical density corresponding to a pulse energy range from 1.4 µJ to 18.5 µJ. The range of accessible pulse energies by using different optical densities allows us to go further down to pulse energies of 4 nJ. Independently, the pulse to pulse energy variation was characterized at less than 2% with a photodiode used in the linear regime.

Optical Density Transmission ratio 10 0.148 20 0.036 30 0.009 TABLE 3.1 Ratio between measured powers with different OD compared with the measurement without filters.

3.4/ BEAM SHAPING

Applications in many different fields require a specific intensity beam distribution at a certain plane along its propagation. Such applications include laser-material processing, laser-material studies, fiber injection systems, optical data and image processing, lithography or medical applications. In our experiments, it is very convenient since beam shaping consists in transforming a Gaussian beam in any other type of shaped beam by redistributing its irradiance and phase. Laser interference lithography using multiple-beam interference allows producing a huge number of interference patterns with different geometries.

There are several methods to shape laser beams using refractive, reflective or diffractive optics. In our experiments we use phase only modulation with a reflective Spatial Light Modulator (SLM). It allows us to generate different types of intensity beam distributions at the plane of interest, where later the sample to be patterned will be placed. We use two different beam shapes according to which suits best to determine the properties or phenomena we want to investigate : a cylindrically-symmetric "non-diffracting" Bessel beam and a "non-diffracting" hexagonal array beam.

3.4.1/ SPATIAL LIGHT MODULATOR

The SLM is an active optical element allowing the modulation of light both in phase and amplitude. There are different SLM configurations, where light can be modulated in transmission or in reflection. In this section we focus on the last ones since reflective SLM is used in the presented experimental results. The active surface of the SLM consist of a pixel matrix. Each pixel is made up of liquid crystal between two surfaces, a transparent frontal and a reflective back one. In the market it is possible to find SLM using a variety of liquid crystals, although the most common is nematic liquid crystal. The SLM working principle takes advantage of the property of molecules in liquid crystal by which they are orientable under an electric field. The anisotropic shape of the molecules induces a birefrigence, depending on the applied voltage on the crystal. FIGURE 3.9 from [START_REF] Mathis G Én | ération de faisceau acc él érants : études num ériques, exp érimentales, et application á l'ablation laser[END_REF]. Schematic phase modulation principle using a SLM showing the difference in phase produced by two adjacent pixels.

As an example we consider two adjacent pixels where we apply two different tensions, which produce two different crystal orientations. As a result, the incident beam propagates in medias with different refractive indices, n A and n B . The different phase φ A/B after the reflection on the pixels, causes a different optical path δ, with φ A/B = 2πδ λ and δ = 2d(n An B ) and d is the pixel thickness. An arbitrary phase modulation can be applied by adapting the tensions on the SLM pixel matrix. The discretized phase is quantified over 8 bits which results in a total of 256 grey levels, corresponding to a minimal phase variation of δφ ≥ 0.02 rad. If the phase distribution exceed 2π, then we use the wrapping operation : φ → φ[2π] because e iφ = e iφ+2π . One of the main advantages of using SLM compared to other beam shaping systems is the ease to change its configuration parameters. It is extremely convenient in our studies since we work with three different beam shapes : Bessel beam order zero and order one, and a multi-spot hexagonal array intensity distribution. On the other hand, very high intensities incident onto the SLM screen could damage it, so in that case other beam shaping systems would be more appropriate, for instance using real axicons to generate Bessel beams. In the intensity range of our experiments it is not a limitation since we are far below the SLM damage threshold. The SLM used in our experiments is Hamamatsu X8267. The technical characteristics are in Tab.3.2. Fig. 3.9 shows schematically the SLM phase modulation. 

3.4.2/ BESSEL BEAM

Non-diffractive beams such as Bessel beams maintain a constant intensity distribution along its propagation axis. The transverse electric field of an infinite Bessel beam along its propagation can be expressed as

E(r, φ, z) = A 0 J n (k r r)exp(ik z z)exp(±inφ) (3.2)
where r,φ and z are the radial, azimuthal and longitudinal components respectively [182]. A 0 is the amplitude of the electric field, J n is the n th order of the Bessel beam, k r and k z are the radial and longitudinal components of the wave vectors, which are related by

k = k 2 r + k 2 z .
In the case of zero-th order Bessel beam, with n = 0, the electric field can be expressed as :

E(r, φ, z) = A 0 J 0 (k r r)exp(ik z z) (3.3)
Since ideal Bessel beam would have an infinite transverse extension and an infinite energy, they can not be generated experimentally. Only 'apodized' versions can be generated, which still have the property of an invariant lobe size. These quasi-bessel beams will be referred to as "Bessel beams" in the rest of this document. Bessel beams can be generated by different methods, such as the use of an axicon or SLM. In our experiments Bessel beams were generated by implementing a phase mask on the SLM which introduces a phase mask corresponding to an axicon with the required characteristic angle. Once the phase mask is applied at the SLM, the beam deviates towards the propagation z-axis with a certain conical angle and creates a cylindrically-symmetric interference field, i.e. a zero-th order Bessel beam in the case n = 0. Of special importance is the conical angle, i.e. the angle between the light outgoing the SLM (or real axicon) and the longitudinal propagation axis z. It will determine the length of the Bessel zone, which is the region along the which the beam interference generates the Bessel beam, and the lobe diameter. The intensity peak along propagation is described [START_REF] Jarutis | Stabinis Focusing of Laguerre-Gaussian beams by axicon Optics[END_REF] by Eq. 3.4.

I(z) = 8πP 0 zsin 2 θ λ 0 w 0 2 exp -2 zsinθ w 0 2 (3.4)
The transverse intensity in the main lobe can be approximated by

I(r, r) = I(z) J 0 r 2π λ sinθ 2 (3.5)
As it will be shown in next sections, the intensity peak position is a key parameter in our experiments.

3.4.3/ HEXAGONAL ARRAY BEAM

In our experiments concerning multispot ablation with a single shot at sub-micron scale, we need to implement on the SLM a phase mask with a set of parameters generating an interference pattern array with a large number of spots, with intensity lobe diameters in the order of 1 µm, and with a long non-diffracting range.

Our solution is to produce an hexagonal array beam by implementing a 3-beam interference phase mask at the SLM, allowing us to generate between 40 and 60 intensity peaks with variable diameters from a single incident laser pulse. This procedure opens the possibility of patterning a large number holes in a target substrate with a single laser shot.

The phase mask implemented on the SLM is divided in three equal sections of 120°centered at (x,y) = (0,0) as shown in Figure 3.11. In each section the phase mask is defined introducing a phase shift that controls the wave vector independently of the other sections. The critical constraint is the tilt angle of the phase mask which will define the periodicity of the interference pattern along propagation. The phase mask implemented on the SLM determined the wave vector direction of each of the three sections. We define the wave vector so the three sections of the beam after the SLM converge towards the propagation axis with a certain angle generating the expected interference pattern.

From the imposed geometrical constraints we derived the wave vectors of three beams,

k 1 = k(0.5 sinθ, 3 4 sinθ) k 2 = k(-sinθ, 0) k 3 = k(0.5 sinθ, - 3 4 sinθ) (3.6)
which are consistent with previous studies [START_REF] De Boor | Three-beam interference lithography : upgrading a Lloyd's interferometer for single-exposure hexagonal patterning[END_REF]. After numerical calculations, the analytical formula which relates the tilt angle of the beams after the SLM can be deduced from that set of Eq.3.6, First, we evaluate the invariance of the periodicity between the intensity peaks of the pattern along propagation, i.e. its non-diffractive nature, for a fixed set of parameters. Pulse energy and duration, beam diameter and tilt angle were fixed and the propagation of the three beams interference after the phase mask was simulated. The intensity distribution changed along the propagation axis but the period of the interference pattern along the optical axis was constant for any fixed tilt angle value as shown in Fig. 3.12 . Second, we determine the relation between the tilt angle at the phase mask and the periodicity of the interference pattern. We simulated beam propagation after the phase mask for tilt angles between 1°and 20°as shown in Fig. 3.13. Analytical expression in Eq.3.7 and numerical simulation of the periodicity in terms of the tilt angle at the phase mask are shown in Fig. 3.13, with a good matching between both results. A 4f-system allows us to transfer the interference pattern generated after the SLM to the sample position with a certain demagnification as shown in Fig. 3.14. To select the optimum set of parameters for patterning an hexagonal array of holes, we have to consider the next geometrical relations between the hexagonal pattern generated after the SLM and its projection at the sample position.

period = λ 1.5 • sin(α) (3.7)
M = f 1 f 2 tan α = 1 M tan γ z = w tan α z = 1 M 2 z w = 1 M w (3.8)
where z is the interference pattern region after the SLM, z is the interference pattern region after the 4f system where the sample is to be placed, w is the beam radius incident onto the SLM, equivalent to the maximum transverse length of the interference pattern, w is the beam radius after the 4f system, corresponding to the maximum transverse length of the interference pattern at the sample position. In our experimental setup f 1 = 1 m and f 2 = 9.0 mm.

Next, a second 4f-system was implemented after the sample position to record the beam image on a CCD camera. The camera and the Pockels cell at the laser system output were synchronized. By moving a microscope objective along the propagation axis, the beam intensity profile was scanned in air. The translation stage holding the microscope objective moved one step, then the camera shutter opened during 2000 µs, a single laser pulse was sent through the Pockels cell and the intensity distribution at the focal plane of the microscope objective could be recorded in the CCD camera. By repeting this procedure moving in steps along the propagation axis, the complete intensity profile of the beam was scanned. As shown in Fig. 3.15, the interference pattern was imaged for different tilt angles, adapting in each case the pulse energy through the Pockels cell voltage and optical densities not to saturate the CCD camera. From the recorded beam images and the angle introduced at the SLM in each case, we retrieved experimentally the relation between the tilt angle in the machining zone and the period of the interference pattern as shown in Fig. 3.16, and consequently it allowed us to select the desired period of the interference pattern at the sample position by implementing the corresponding tilt angle at the SLM. Experimental results were in good agreement with the analytical values determined by Eq.3.7. Finally, we determined for our experiments an optimum tilt angle at the sample position of γ = 9°which leads to a pattern periodicity of 3.4 µm ± 0.2 µm at the sample position.

3.5/ QUANTITATIVE BEAM CHARACTERIZATION

In our experiments, precise control the laser patterning of graphene is based on the accurate characterization of the fluence distribution of the beam along its propagation. The beam characterization system comprises a 4f-system and a CCD camera. We perform a characterization beam procedure consisting in recording the beam image on a CCD camera and retrieving the fluence map using the pulse energy and the camera pixel size. The 4f-system consist of a microscope objective with f 1 = 3.6 mm and a monuted lens with f 2 = 200 mm. The microscope objective was mounted on a 5-axis translational stage wich has micrometric precision. The real pixel size of the CCD camera is 4.65 µm/pixel, however, to study the images recorded on the camera we have to take into account the 4f-system. As a results, we consider in our calculations a pixel size as follows

Pixel size = f 1 f 2 4.65µm real pixel size = 0.0837µm/pixel (3.9)
By imaging each transversal fluence map of the beam in a CCD camera, we can reconstruct the complete fluence beam profile along its propagation. There are three conditions to be fulfilled to characterize the images with this procedure :

1. To be in the linear regime of the CCD camera.

2.

The whole beam has to be incident onto the CCD camera.

3.

The optical components (i.e. optical densities) before the CCD have to stay fixed during the procedure.

For each recorded image, from the number of counts in each pixel, the total sum of pixels of the image, and the pixel size it is possible to retrieve the fluence F(x, y),

F(x, y) = signal(x, y) T otal number o f counts on the CCD • E p Area pixel (3.10)
and the pulse energy is the variable parameter that allows us to control the fluence.

The procedure had some differences depending on the beam shape we want to characterize.

3.5.1/ IMAGING OF THE BESSEL BEAMS

The characterization procedure of the Bessel beam is focused in determining the position corresponding to the peak intensity where the graphene sample will be placed. After recording the complete beam along the propagation axis, we considered the maximum number of counts in the CCD camera recorded at each z-axis scanned position. Fig. 3.17 illustrates an increasing on-axis number of counts when the interference region is reached, followed by a decays due to the spreading of the interference pattern energy over a larger area. 

3.5.2/ HEXAGONAL ARRAY BEAM

In the case of an hexagonal array beam, once the beam is recorded in the CCD camera, the fluence map can be characterized using any of the images of the interference region.

From beam parameters and CCD camera characteristics we retrieved the fluence value recorded at any pixel in the camera. For an incident pulse energy of E p = 1µJ we had

F max = Maximum number o f counts in 1 pixel T otal number o f counts on the CCD • E p Area pixel = 323mJ/cm 2 (3.11)
Once the intensity at the pixel with the largest number of counts was determined it was possible to scale the complete image as shown in Fig. 3.21 

3.6/ TYPES OF GRAPHENE SAMPLES

In our experiments we used CVD monolayer graphene on two different substrates, glass and quartz, both supplied by Graphene Supermarket. In both cases monolayer graphene film is grown by CVD processing onto copper foil, and then transferred onto glass or quartz.

Thickness and quality of graphene films were controlled by Raman spectroscopy by the company, ensuring graphene coverage of the substrate around 95 % leading to a continous graphene films with occasional holes and cracks. Since CVD graphene is polycrystalline, it consist of grains with different crystallographic orientation. Supplied graphene films have a transmission above 97 %. Glass substrate is Corning EAGLE XG AMLCD with a thicKness of 0.7 mm and a density of 2.38 g/cm 3 . Quartz substrate is G.E. 124 fused quartz with a thickness of 1 mm and a density of 2.21 g/cm 3 . Since different substrate could have an important role when patterning graphene with ultrafast pulses, the substrate influence is studied in detail in section 4.4.

3.7/ SAMPLE POSITIONING

In our experiments, the positioning of the sample with respect to the beam is a critical parameter since our goal is precise patterning of graphene at sub-micron scale. In our experiments we are working with two different types of beams, in each case there will be a set of parameters we want to optimize through the positioning system. In addition, the beam imaging system and the sample patterning system are on different translation stages, so it is required to set a common reference for both in order to compare the beam images with the patterned samples.

3.7.1/ HEXAGONAL ARRAY BEAM

For the hexagonal array we want to place the graphene layer at the position where the cross section of the interference area will be the largest, so we can get the largest amount of intensity peaks, which will lead to a large number of ablated holes produced by a single shot. To determine the optimal position next method was developed. The CVD monolayer graphene film on glass was placed at the sample holder with the graphene layer facing the incident beam. Since an accurate perpendicular positioning of the sample respect the beam propagation axis is required to minimize fluctuations from the expected incident intensity, a tilt correction Matlab code was implemented leading to an error in the order of 1 µm over a distance of 20 mm. We used a camera on top of the sample holder to place the sample at the focus plane of the microscope objective of the beam forming system. By introducing the coordinates at 4 different sample surface points on the focal plane, the code corrected the tilt of the sample respect the beam propagation axis.

Although the microscope objective of the imaging system and the sample holder move along the same direction, they are in different translation stages. Due to this experimental constraint next method was developed to determine which scanned beam image corresponds to the sample position. Before patterning directly on graphene, an ink mark on graphene was done with a pen. Then several tests were performed onto the ink at very low power, since removing the ink needed much less energy than removing the graphene layer. The ink line thickness was characterized at the optical microscope with a result of 3 µm ± 1 µm which was taken into account in the next measurements. Initially, the ink layer was not at the interference region, and no ink removal was observed. The sample holder was moved along the translation stage in steps of 2 µm towards the interference region until first ablated marks appeared on ink indicating the onset of the interference region as shown in Fig. 3.22. A single pulse was sent to a clean ink region after each step along the axis. It was easy to visually recognize the correspondence between the marks on ink were easy and the scanned images of the beam in air. Through this scan we could determine the onset of the intereference region and link it to the set of scanned images of the beam. The ablation depth, i.e. length of the interference region, was also determined. We concluded that the largest area of the interference pattern appeared 85 µm after the onset plane.

In order determine the sample position we took into account the contributions from the interference pattern onset position, the ink thickness and the ablation depth displacement. We also determined the error of 9 µm on the sample positioning.

3.7.2/ BESSEL BEAM

For Bessel beams, we want to place the sample at the position corresponding to maximal values of on-axis intensity. A slightly different procedure was developed. In this case, a matrix of shots was done on the ink. Each line of shots consisted in a depth scan, i.e. between two shots the sample was translated along the propagation axis. Pulse energy of each line was progressively reduced respect the previous one. Since the on-axis intensity of a Bessel beam first increases until it reaches the peak and then decreases, using this method we will find at lower pulse energy lines few ablated holes until only there will be one left indicating the exact position of the intensity peak along the propagation axis. In this case also, the relative sample-to-beam position is determined with an error bar of ± 1 µm. 

3.8/ SAMPLE CHARACTERIZATION

There are several methods to study graphene samples depending on the properties to characterize. Surface science techniques such as scanning probe microscopies, or other microscopy or diffraction techniques in geometries and/or with energies yielding to superficial penetration of electrons or photons suit for graphene characterization. However, non-surface science methods can be used. Some of these techniques are transmission electron microscopy (TEM) and Raman spectroscopy. Of special interest are the latter technique, which through a resonance scattering process is well suited for the study of a single layer of graphene, and the scanning electron microscopy (SEM), where the graphene surface can be imaged within a nanometer scale resolution.

3.8.1/ OPTICAL MICROSCOPY

As a previous step to the ultrafast laser processing, we produced several samples using the adhesive tape method and characterize them at the optical microscope.

After the aforementioned production process, the sample was placed under the optical microscope and two different procedures were implemented, optical reflection constrast and optical transmission contrast. The linear optical response of exfoliated graphene first received attention for its importance in quantitative identification of graphene layers via optical reflection microscopy on oxidized silicon substrates [START_REF] Novoselov | Electric field effect in atomically thin carbon films[END_REF]. Figure 3. 

3.8.2/ SCANNING ELECTRON MICROSCOPY (SEM)

Electrons generated by an electron gun are shaped into a beam through a column composed of electromagnetic lenses. The electron beam is focused onto the sample surface and guided by coils it scans the surface. The beam electron energies can be chosen in a range between few 100 eV to a few keV. Using specific detectors we can determine the existence of secondary electrons, emitted by ionization of the sample's atoms, and back-scattered electrons, which are elastically scattered. Secondary electrons have low energy, they can only escape if they are produced close enough to the impact point of the electron beam onto the surface, which allows high spatial resolution of 1 nm [START_REF] Tetlow | Growth of epitaxial graphene : Theory and experiment[END_REF]. Since back-reflected electrons are reflected elastically, they have higher energy and they can scatter from rather deep within the sample surface. SEM is widely used for ex situ characterization of graphene growth. Due to its atomic thickness graphene is usually detected with secondary electrons which probe a topmost fraction of the sample. It allows the study of defects such as wrinkles and provided valuable insight into the damage on graphene caused by ultrafast laser ablation. Secondary electrons also provide information related to the shape of the graphene islands and its size, which was determined to be in the order of tens of micrometers.

It also allowed us to determine the grain morphologhy influence on the ablation probability.

Once the sample was processed by the ultrafast laser, it was mounted rigidly on a holder. Samples need to be electrically conductive to be characterize at the SEM. In our case no treatment of the sample was needed since graphene is electrically conductive, but normally non-conductive samples are sputtered by a conductive material such as gold.

The SEM used to characterize our samples operates with a Everhart-Thornley detector (ETD), which consist in a scintillator inside a Faraday cage inside the specimen chamber of the microscope. A low positive voltage is applied to the Faraday cage to attract low energy secondary electrons. The scintillator has a very high positive voltage to accelerate the incoming electrons to it where they are converted into photons.

During the characterization of our samples two different high voltages were implemented in the ETD, with values of 1 kV and 5 kV. In the sample images in the case of 1 kV the ablated regions appeared much darker than the background and with nanoholes have sharp edges, meanwhile for a voltage of 5 kV the ablated regions appeared as bright spots as shown in Fig. 3.24. As a results, the first configuration was much better to study both the ablation probability and the damaged/ablated area characteristics and morphology, whereas the second voltage value was convenient only to study the ablation probability at different energies. 

SINGLE SHOT ULTRAFAST LASER ABLATION OF CVD MONOLAYER GRAPHENE

When a material is illuminated by a laser beam with a certain fluence (or intensity) distribution, if the local fluence is high enough the material will be removed, typically converted to plasma. Fluence ablation threshold, which is the minimum fluence necessary to remove the material, is a key parameter to control laser patterning.

In this chapter we present the results of the set of experiments we performed in order to determine the possibilities and constraints of single shot ultrafast laser patterning at submicron scale of CVD monolayer graphene. Our first objective was to determine the ablation fluence threshold of this material. We developed two different methods based on comparison between the fluence profile of the beam and the SEM image of the damage which allowed us to characterize the ablation threshold independent of spot size. Secondly, we performed a statistical study of the ablation process which let us observe a deviation in the threshold model for over-threshold beam diameters below 1 µm. This behavior was explained in terms of the high carrier diffusion coefficient in graphene.

Next we investigated the effect of grain boundaries on graphene ablation at nanoscale. We determined that grain boundaries increase the ablation probability for over-threshold beam diameters below 1 µm. We explored the ablated area and the ablation probability for CVD monolayer graphene in two different substrates and no significant difference was regarded. We inspected single shot nanopatterning and we observed also certain limitations in the minimal spot size due to graphene folding. We proposed an hypothesis to go further in nanometric control of ablated spot. A magnetic field was applied during the ablation process, which could lead to electronic confinement compensating the high carrier diffussion coefficient. Finally we studied nanopatterning using higher order Bessel beams which led to different patterned features using the the same beam with different pulse energy.

4.1/ DETERMINATION OF THE FLUENCE ABLATION THRESHOLD

Several methods have been developed to investigate the ablation threshold of a material. Regression of crater diameters with fluence averages the fluence threshold over several holes [START_REF] Sanner | Measurement of femtosecond laser-induced damage and ablation thresholds in dielectrics[END_REF]. Recently, the ablation threshold has been retrieved from the comparison between the beam profile and the damage observed in situ by optical microscopy [START_REF] Mangote | Lequime A high accuracy femto-/picosecond laser damage test facility dedicated to the study of optical thin films[END_REF].

In back-geometry irradiation, it has been demonstrated reproducible submicron ablation controlling the crater diameter as a function of the focal plane relative to the surface [START_REF] Mercadier | Control of femtosecond laser ablation of thin films from a dielectric surface by nonlinear interaction with the substrate[END_REF]. This approach is, however, inapplicable for craters with sub-µm dimensions, and the relative magnification between beam and damage is a potential source of flaw for circularly symmetric damages. This is why we developed a novel approach using nondiffractive beams with complex intensity distribution.

4.1.1/ EXPERIMENTAL PROCEDURE

We used an amplified Ti :Sapphire laser system delivering 130 fs pulses at 800 nm. Scheme of the experimental setup is shown in Fig. 3.1. The laser operates at kHz repetition rates and pulse-picking is implemented to operate in single-shot regime.

Since it has been largely reported that a material does not have the same ablation threshold for different pulse durations [START_REF] Gigu Ère | Laser ablation threshold dependence on pulse duration for fused silica and corneal tissues : experiments and modeling[END_REF], we first characterized the pulse duration. Then, in order to determine the fluence ablation threshold we developed a two steps method based on :

1. Single shot illumination of the sample with a well-characterized complex beam pattern

Imaging of the damages by Scanning Electron Microscopy (SEM)

The beam pattern was obtained by multiple interference generating an hexagonal array beam, which defined approximately 40 intensity spots with different sizes and peak intensities. These produced, in single shot, a set of craters with diameters ranging between 0.7 to 2.5 µm. This approach allowed us to directly explore with better confidence the relative ablation threshold and probability of ablation depending on the size, without the ambiguity on pulse energy fluctuations or sample-to-focus critical positioning issue [START_REF] Mercadier | Control of femtosecond laser ablation of thin films from a dielectric surface by nonlinear interaction with the substrate[END_REF]. We used an interference pattern which defines lobes that are almost non-diffracting, which also removed the latter constraint on positioning [191]. In addition, during the fitting procedure, the ambiguity on the relative magnification between beam and sample images was dropped out since the distance between the craters was fixed by the distance between the intensity spots. Since we were using a complex interference beam pattern, first we developed an accurate alignment method to have the precise projection of the pattern generated after the SLM at the sample position with the desired magnification as shown in Fig. 3.14.

First step was to center the incident Gaussian pulse at the SLM screen, then the beam was precisely aligned parallel to the displacement direction of the translation stage of the sample. The pulse energy was characterized at the sample position using a power meter. Next we recorded the hexagonal array beam along propagation in the CCD camera. After characterizing the beam profile at the sample position, we proceeded to pattern the sample.

The sample was placed at the position corresponding to the largest area of the interference pattern. Complete patterning process was done at the same ablation depth. After a single shot was sent, the sample holder moved laterally to a clean area and the procedure started again. We performed 3 sets of ablations at pulse durations of 130 fs, 1 ps, and 3 ps, where we varied the pulse energy from 1µJ to 2 µJ and repeated the experiment 5 times in identical conditions. After laser processing, the sample was characterized by SEM, as shown in Figure 4.1.

Error in fluence was determined investigating the scanned images in the 9 µm positioning error range and we concluded that, for an incident pulse energy E p = 1 µJ, the peak fluence at the sample position was

F max = (323 ± 16) mJ/cm 2 (4.1)
With this approach, we have determined the ablation threshold of CVD graphene under ultrafast laser pulse irradiation and investigated the evolution of the ablation probability versus the size of the damage [START_REF] Gil-Villalba | Deviation from threshold model in ultrafast laser ablation of graphene at sub-micron scale[END_REF].

4.1.2/ EXPERIMENTAL RESULTS

The ablation fluence threshold of CVD graphene was determined by comparing the beam fluence distribution and the SEM image of the ablated sample. We note that the images of CVD graphene have a high dynamical range, so that it is possible to discriminate between ablated areas, laser damaged areas, and un-modified areas [START_REF] Wetzel | Femtosecond laser fabrication of micro and nano-disks in single layer graphene using vortex Bessel beams[END_REF]. In Figure 4.1 (a), we show, as an example, the image of the ablated sample and beam fluence distribution for one of our data points. After scaling and alignment of SEM and beam images, we implemented two different numerical methods to determine the fluence threshold for ablation. 

4.1.2.1/ CORRELATION METHOD

In the first method, we numerically evaluated the correspondence between ablated sample areas and beyond-threshold beam areas. Identically, we evaluated the correspondence between non-ablated areas and below-threshold beam areas. An increasing fluence threshold was applied on the fluence map of the beam scanned in air and after each fluence threshold step it was compared to the SEM image of the ablated sample to retrieve the correlation between both images as shown in Fig. 4.2. The correlation was calculated as the normalized sum of the logical equalities (XNOR function) pixel per pixel over the whole image area. The matching percentage varying as a function of the fluence threshold value is shown for one pulse energy in Figure 4.3. Since the image totals a large area where no ablation occurs where the beam fluence is negligible, the correlation percentage is naturally high (over 98%). The maximum of the correlation curve is still very well defined and provides the value of the threshold. Figure 4.4 shows the residues of the 74CHAPITRE 4. SINGLE SHOT ULTRAFAST LASER ABLATION OF CVD MONOLAYER GRAPHENE correspondence at the ablation threshold : the green part shows the matching areas ; red areas are the points where ablation was expected from the threshold and did not occur meanwhile blue areas are the points where no ablation was expected from the threshold but ablation occurred.

Since we focus on ablation, the areas where graphene was damaged but not removed was counted as unmodified in this procedure. In Figure 4.6, we report, in red, the values of the ablation threshold obtained with the procedure described above and that was averaged over 25 images for each pulse duration (i.e., 5 different input pulse energies between 1.00 µJ and 2.00 µJ, and 5 repetitions for each energy). This effectively provides an average of over ∼ 1250 ablated craters. The error bar takes into account the deviation between the images, the errors originating from positioning and energy characterization, and the resolution of the peak of the correlation curve. This measurement was repeated for different pulse durations (130 fs, 1 ps, 3 ps), and we obtained the ablation fluence threshold of 139 ± 7 mJ/cm 2 for 130 fs pulse duration, 166 ± 9 mJ/cm 2 for 1 ps and 190 ± 9 mJ/cm 2 for 3 ps. These results are in good agreement with previous results [START_REF] Roberts | Response of graphene to femtosecond high-intensity laser irradiation[END_REF][START_REF] Wetzel | Femtosecond laser fabrication of micro and nano-disks in single layer graphene using vortex Bessel beams[END_REF][START_REF] Yoo | Grigoropoulos Laser-induced direct graphene patterning and simultaneous transferring method for graphene sensor platform[END_REF] ranging between 100 -210 mJ/cm 2 , reported on single-shot ablation threshold of CVD graphene samples for similar pulse durations but on wider diameters. A similar correlation procedure has been used by another group to characterize multishot processing of stripes in graphene [START_REF] Sahin | Nanoscale patterning of graphene through femtosecond laser ablation[END_REF]. Importantly, our technique allowed for investigating the influence between spots. When the input pulse energy was increased, the areas where the fluence threshold was reached get larger and larger, while the distance between neighboring areas obviously reduced. Within our experimental data, the boundaries between independent spots varied from 0.8 to 2.5 µm. Within this range, the change in ablation threshold fluence was not significant and remained below the error bar. FIGURE 4.4 Image of the spatial distribution of the residues : green color for matching areas, red (resp. blue) for areas where the fluence is higher (resp. lower) than the threshold but ablation did not occur (resp. did occur). This image corresponds to the peak of the correlation in Fig. 4.3 for a fluence threshold of (139 ± 7) mJ/cm 2 .

4.1.2.2/ CONTOUR METHOD

For the second method we numerically determined the positions of the contour boundaries between ablated and non-ablated areas on SEM images. The fluence threshold was measured as the average of the fluence value over the contours (again over ∼ 1250 ablated craters). 

4.2/ DEVIATION FROM THRESHOLD MODEL AT SUB-MICRON SCALE

Once the ablation fluence threshold was determined we studied the statistics of ablation depending on the over-threshold beam diameter.

As a result we have determined that below crater dimensions of 1 µm, CVD graphene exhibits a strong deviation from the intensity-threshold model as we will detail in this section. Indeed, from a closer look at Fig. 4.4, we observed that there was a quantitative difference for the matching between the craters with the largest diameters, located in the central part of the pattern, and the craters with the smallest diameters, located in the outer part of the pattern. Indeed, while the firsts showed a mismatch of typically less than 15% of the diameter (0.15 to 0.65 µm mismatch for crater diameter ranging between 1.4 and 2.6 µm), the second have a discrepancy reaching typically 50% (0.25 to 0.65 µm mismatch for crater diameter ranging between 0.7 and 0.9 µm). Several entirely red disks of ∼ 400 -700 nm in diameter were visible, where ablation was expected from the ablation threshold but did not occur.

To quantitatively characterize this behavior, we tracked the same intensity lobes in the beam over 5 sample processing experiments with identical parameters as shown in Fig. 4.7. For each lobe, we determined the ablation probability. The reference parameter was taken as the mean diameter of the lobe over the fluence threshold that we will further refer as the "over-threshold beam diameter" (see Fig. This procedure provided, for each pulse energy, a set of ∼ 40 values of ablation probability with their respective diameters. In Figure 4.9, we plot as a histogram the evolution of the ablation probability as a function of diameter for input pulse energies from 1 µJ to 2µJ and duration 130 fs, 1 ps, and 3 ps. The histogram therefore compiles results where the peak fluence values within the laser spots, range from 150 mJ/cm 2 to 320 mJ/cm 2 . We observed that below a diameter of ∼1 µm, the ablation probability strongly decreased. This behavior was similar for all pulse durations. We note that the structuration of the beam had negligible influence on the variation of the pulse duration over the different lobes [START_REF] Froehly | Courvoisier Spatiotemporal structure of femtosecond Bessel beams from spatial light modulators[END_REF]. A variation of the ablation probability of bulk fused silica has been reported in other conditions with varying numerical aperture [199].

The decrease of the probability with spot-size decrease was attributed to the reduction of the probability of the ablation volume to meet a structural defect [200]. In our case, the equivalent NA was constant at 0.16, but the difference in amplitude from spot to spot provided an equivalent difference in size of the over-threshold area. Spots with larger over-threshold diameter were obviously more prone to meet defects.

Here we highlight the role of free-electron diffusion. The typical diffusion coefficient for the 2D free electron gas at ∼1 eV is D∼5500 cm 2 /s [201,[START_REF] Ruzicka | Hot carrier diffusion in graphene[END_REF]. In order to explain the observed deviation in ablation probablity below a certain over-threshold beam diameter, we performed a simulation of the temporal evolution of the carrier density distribution for different beam diameters. Evolution of the carrier density was described by next equation

ρ(t) = ρ 0 e -t•D(2πν) 2 ρ 0 = ρ peak e -R 2 w 2 (4.2)
where we assumed an initial ρ 0 Gaussian shape electron density with waist w. We introduced a normalized peak density of 1. Within 100 fs, a Gaussian distribution of freeelectrons with initial diameter 400 nm at 1/e expands to 1 µm diameter while reducing the peak density by a factor of 6.5. In contrast, if the initial distribution was 2 µm in diameter, it expanded only to 2.2 µm in the same time and the peak electron density dropped only by a factor of 1.2, i.e., 5 times less than in the previous case. This simulation results are shown in Fig. 4.10. This comparison showed that the high free-carrier diffusion could explain the difference in ablation probability at diameters below 1 µm. Free-electron distributions with a small diameter are highly sensitive to local variations of the diffusion coefficient. In our interpretation, structural defects locally reduce the free-electron mobility, and effectively increase the ablation probability [START_REF] Noack | Laser-induced plasma formation in water at nanosecond to femtosecond time scales : Calculation of thresholds, absorption coefficients, and energy density[END_REF]. The influence of inhomogeneities on multi-shot laser processing has also been raised in Ref. [START_REF] Sahin | Quantifying the quality of femtosecond laser ablation of graphene[END_REF]. In our view, the discrepancies (blue, red areas) observed in the correlation map of Figure 4.4 could be interpreted as originating from presence/absence of localized defects.

A similar diffusion mechanism involving phonons can also explain our results. However, it would occur on a larger timescale. In conclusion, in this section we reported sub-micron patterning of graphene in single shot mode with crater diameters ranging 0.7 -2.5 µm. We described a decrease of 80CHAPITRE 4. SINGLE SHOT ULTRAFAST LASER ABLATION OF CVD MONOLAYER GRAPHENE ablation probability below 1 micron over-threshold beam diameter on CVD monolayer graphene. The same ablation probability behaviour for the three different pulse durations investigated, ranging from 130 fs to 3 ps, suggests that the underlying mechanism is faster than 130 fs or larger than 3 ps. We inferred that high carrier diffusion coefficient in graphene would play a major role in nano-ablation of graphene since it is a major drawback against obtaining high confinement of laser energy deposition necessary for highly localized ablation.

4.3/ GRAIN BOUNDARIES INFLUENCE ON SINGLE SHOT NANOPAT-TERNING

In this section we present the results of our investigation on the impact of polycrystalline structures and grain boundaries on single shot laser patterning of CVD monolayer graphene.

Production of graphene by CVD leads to polycrystalline graphene samples as explained in section 1.4.3.4. The presence of grain boundaries induces changes in graphene properties. Theoretical calculations predict grain boundaries between monocrystallographic regions to act as potential reflective barriers [START_REF] Nemes-Incze | Electronic states of disordered grain boundaries in graphene prepared by chemical vapor deposition[END_REF].

To our knowledge, no previous studies were done on the impact of polycrystalline structures and grain boundaries on single shot laser patterning of CVD monolayer graphene. SEM image of grain boundaries in a non-patterned CVD graphene sample in Fig. 4.11 shows that any large scale patterning method on CVD graphene will have to deal with grain boundaries, since monocrystalline regions are in the order of tens microns.

Our motivation is to determine if grain boundaries could have an impact on nano-ablation in CVD monolayer graphene on glass substrate. We investigate nano-ablation with highly focused Bessel beams. Those are chosen because using non-diffracting beams allows us to minimize the relative positioning error between the sample and the laser focus.

We have investigated the influence of grain boundaries on the ablation probability. 

4.3.1/ EXPERIMENTAL PROCEDURE

The experimental setup used in the grain boundaries investigation is close to the setup used before. In this case we used Bessel beam with a tilt angle of 26°as detailed in section 3.4.2 The setup includes spatial Fourier filtering to avoid undesired diffraction orders. By using the method previously reported we characterized the pulse energy in terms of the voltage applied in the Pockels cell by measuring the power at the sample position as shown in Fig. 4.12. Since precise pulse energy characterization was crucial in our experiment 10 measurements were done at each voltage value and an average error of ± 0.25 nJ was determined for the pulse energy values. Next, we scanned the beam intensity of the zero-th order Bessel beam along its propagation, the fluence map was characterized and the sample position corresponding to the peak fluence was determined. This procedure was detailed in sections 3.5 and 3.7. The total positioning error was 1.2 µm. Matrices of laser ablated holes were done with pulse energies in the range from 5 nJ to 20 nJ. The characterization images of the Bessel beam showed that all pulses were above the ablation fluence threshold, in which case we should expect to produce ablation in all the illuminated zones. Precise characterization of the transverse intensity of the Bessel beam allowed us to control the over-threshold diameter of the Bessel beam by controlling the pulse energy as shown in Fig. 4.13. For each pulse energy a matrix of 400 single shot illumination sites was investigated. After laser processing, the samples were characterized by SEM.

4.3.2/ EXPERIMENTAL RESULTS

Fig. 4.14 illustrates two matrices of illuminated spots. In (a) a pulse energy of 20.0 nJ was used and all illuminated spots were ablated independent of grain boundary presence, whereas (b) shows a strong correlation between the ablated spots and the presence of grain boundaries in the vicinity of the illuminated site. We defined the vicinity as a circular region of 0.5 µm radius around the centre of the irradiated region. Graphene regions with no grain boundaries presence are monocrystalline domains, called graphene islands.

We performed a statistical study of the SEM images of the patterned sample, which results are illustrated in Fig. 4.15. As in the previous experience, we determined a decrease in ablation probability when over-threshold beam diameter is below 1 µm. However, we report two different behaviors depending on the presence or absence of grain boundaries in the vicinity of the illuminated zone.

When the laser illumination takes place on a graphene island, the ablation probability has a step-like behaviour from 100% ablation probability to no ablation for over-threshold beam diameters below ∼1 µm. In the presence of grain boundaries, the ablation probability below ∼1 µm over-thershold beam diameters decreases gradually until it is zero for over-thershold beam diameters below ∼0.6 µm. Ablation as a consequence of the presence of grain boundaries and not reverse, i.e. grain boundaries generated due to the ablation, was proved by sample inspection at the SEM. Similar density of grain boundaries was observed in patterned and non-pattened regions of the sample. In conclusion, we found a preference for grain boundaries as selective ablation sites for small beam diameters as shown in Fig. 4.16.

Our interpretation is the following : A high reduction of the electron transmission has been determined in grain boundaries due to the misorientation angle between monocrystalline grain domains and the atomic structure at the grain boundaries [START_REF] Vancs | Electronic transport through ordered and disordered graphene grain boundaries[END_REF]. The propagation of the free-electrons in the vicinity of a grain boundary acting as a reflecting potential barrier would increase the carrier density, and as a result, the experimentally determined gradual decrease in ablation probability at grain boundaries could be explained by the electronic confinement of the carriers at the grain boundary. This result is consistent with the behaviour determined in previous section for overthreshold beam diameters below 1 µm. Due to high diffusion coefficient, ablation probability in graphene islands has a step-like decrease to zero for over-threshold beam diameters below 1µm. However, in the case of laser illumination in the vicinity of grain boundaries, the electronic confinement due to grain boundaries acting as reflecting potential barriers compensates the rapid diffusion of free-carriers and the ablation probability tends to zero more gradually. 

4.4/ INFLUENCE OF SUBSTRATE ON SINGLE SHOT ABLATION OF CVD GRAPHENE

Future potential graphene applications will require patterned graphene on a substrate.

In this section we investigate the effect of different substrate on ablation by comparing pattening of CVD monolayer graphene on glass substrate and on quartz substrate. Both samples were patterned using zero-th order Bessel beam with ρ 0 = 1.4 mm corresponding to a tilt angle of 9°. We patterned 15 lines with different pulse energy each line, consisting of 20 illuminated sites, resulting in a total of 300 ablation sites for each different substrate.The results are plotted in Fig. 4.17 and we show the ablation probability as a function of input pulse energy. Laser fluence was close to the ablation threshold of graphene, which is one order of magnitude lower than the threshold for the substrates, avoiding underlying substrate damage. No significant difference was observed in the ablation probability for equal pulse energy, i.e. same over-thershold beam diameter, as shown in Fig. 4.17. From our experiments we concluded that, in the investigated range of energies, the dielectric substrates have no impact on patterning of graphene, despite the fact their bandgaps are different (∼ 4 eV for glass and ∼ 6 eV for quartz substrate). We used the same experimental setup as in previous sections.

A matrix of ablated spots was patterned with different pulse energies. Over-threshold beam diameter was controlled by the pulse energy. The sample was characterized at the SEM. It is apparent on Fig. 4.20 that folding appears on the sides of the ablated hole. This was already observed by Yoo et al [START_REF] Yoo | Graphene folds by femtosecond laser ablation[END_REF]. Graphene folding appeared preferentially for the highest focussing conditions. The ablated area and the area of the graphene folded petals were measured for each pulse energy corresponding to a certain over-threshold beam diameter as shown in Fig. 4.21.

Statistical study over 20 identical single shots were done per each pulse energy. We found a different behavior for over-threshold beam diameters above and below 1 µm. Above 1 µm the ablated area increased rapidly with rising beam diameter (or pulse energy), and below 1 µm, the ablated area remained almost constants in the range investigated corresponding to over-threshold beam diameter from approximately 200 nm to 1 µm. It is interesting to remark that in the complete range of over-threshold beam diameters investigated the area of the folded graphene remained almost constant. Previous investigations by other groups stated that although ablated area increased as pulse energy rises, the number of folded petals remains constant [START_REF] Yoo | Graphene folds by femtosecond laser ablation[END_REF]. We inferred this behavior was due to relative size of the folded graphene respect the ablated spot. In fact, in what is commonly defined as ablated spot there are two different contributions, a truly ablated region where there is a material removal process and a graphene void region corresponding to graphene petals which just lifted up and folded. We investigated the ablation and formation of graphene folded petals using a Bessel beam with a tilt angle of 9°, corresponding to a low energy gradient. As illustrated in Fig. 4.21, when the truly ablated region was larger than the area of folded graphene, the total area of the ablated spot (including both contributions) had a fast linear decrease with de-creasing over-threshold diameter. However, when the truly ablated region was in the order of the folded graphene area, the total area of the spot remained approximately constant. We performed the same experience using Bessel beam with a tilt angle of 26°, i.e. with a higher energy gradient. Although only three pulse energies were investigated in this configuration, Fig. 4.22 shows clearly a different behaviour depending on the energy gradient even if the over-threshold beam diameter is the same. For a tilt angle of 9°the spot area is larger than the folded graphene area, meaning that there are two differenciated regions, one that was ablated and a part of the graphene sheet folded into petals. In the case of a tilt angle of 26°, the area of spot is equal to the area of the ablated petals, i.e. there was no real ablation, the mechanism leading to folded graphene formation completely overcomes the ablation process. Further investigation is required since the mechanism of folded graphene formation is most probably a complex combination of laser-graphene, graphene-substrate interactions and mechanical stiffness. It has been demonstrated no formation of folded graphene structures in laser patterning of suspended graphene, which shows that folded graphene structures formation is critically related to the interaction between the graphene layer and the underlying substrate [START_REF] Yoo | Graphene folds by femtosecond laser ablation[END_REF].

In addition, folded graphene limiting the minimum ablated spot could be a main constraint for single shot nanopatterning of graphene. 

4.6/ EXTERNAL MAGNETIC FIELD EFFECT ON MONOLAYER GRA-PHENE LASER PATTERNING

From the previously reported results we inferred the deviation in ablation behaviour below a certain over-threshold diameter is due to the high diffusion coefficient of electrons in graphene. In order to compensate this rapid diffusion we set the next hypothesis.

If the ablation of graphene at nanoscale is carried out in the presence of a magnetic field, there could be an electronic confinement effect compensating the rapid diffusion and there would be a higher ablation probability for over-threshold diameters below 1 µm.

We also investigate the possibility of patterning smaller diameter holes in the presence of a magnetic field due the above mentioned effect. The radius of curvature of the trajectory of a charged particle in a magnetic field, also called gyroradius, is defined by

r g = mv |q|B (4.3)
where m is the particle mass, v is the component velocity perpendicular to the magnetic field direction, q is the electric charge of the particle and B is the magnetic field. Within our experimental parameters, for an electron with an energy of typically 1 eV in a magnetic field of 1 T, the non-relativistic gyroradius is ∼ 3 µm, which is in the order of the diameter of the ablated spots we are investigating.

4.6.1/ MAGNET DESCRIPTION

In order to detect the response on the ablation process due to potential electronic confinement in presence of magnetic field, the strongest the field the easily detectable the effects would be. There were two different magnet configurations available for our experiments : ring magnets and rod magnets.

The magnetic fields of a ring and rod magnets follow next equations, Theoretical calculations for our available magnets in Figure 4.24 showed clearly the most convenient configuration was the rod magnet, which had a magnetic field of ∼ 0.4 T at a distance of 0.8 mm from the magnet surface, meanwhile in the case of ring magnet, at same distance, the field was only 0.08 T. Neodymium Iron Boron rod magnet from Supermagenete company was used. We consider 0.8 mm since it was the closest magnet position to the graphene layer achievable in our experimental setup. CVD monolayer graphene on glass sample thickness was 0.7 µm and we needed an extra 0.1 µm to be sure the rod magnet did not collide with the sample. We used the top camera to observe the surface of the magnet and considering the difference between imaging plane and machining plane as illustrated in Fig. 4.25, we place the magnet surface at 800 µm ± 2 µm from the graphene layer.

B ring = B r 2 
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After determining the magnet position, the monolayer graphene sample was placed in the sample holder attached to its own translation stage. Then, the sample surface was moved to the machining plane position and the graphene layer was patterned without presence of any magnet. Finally the patterning procedure was repeated under same laser beam parameter in the presence of an external magnetic field.

4.6.3/ RESULTS AND CONCLUSIONS

We investigated the variation in ablated spot area and ablation probability in both experimental configurations, with and without magnetic field.

In order to investigate the ablated area, a set of holes were patterned with fixed pulse duration t p = 130 fs in a pulse energy range from 32 nJ up to 650 nJ, well above the ablation threshold.

A statistical study of the SEM images of the ablated sample determined no appreciable difference in the ablated area in the presence of a magnetic field as shown in Figs. Once we identified the region were the ablation probability decrease, we studied 18 different pulse energies in smaller energy steps in the range from 13 nJ to 26 nJ. No appreciable difference was observed in ablation behaviour between both cases as shown in Fig. 4.29.

In order to investigate possible effects on ablation due to the presence of a magnetic field for over-threshold beam diameters below 1 µm, we repeated the experience in section 4.5 with and without presence of an external magnetic field. CVD monolayer graphene on glass substrate was irradiated with zero-th order Bessel beam of 130 fs pulse duration and ρ 0 = 0.5 mm corresponding to a tilt angle of 26°. We processed five matrices consisting in 400 single shot illuminated sites each matrix. The energies of the different matrixes were 2.9 nJ, 4.1 nJ, 5.4 nJ, 7.3 nJ and 10.0 nJ. From the beam scan in air we determined that peak fluence of 139 mJ/cm 2 , i.e. the fluence ablation threshold, corresponded to a pulse energy of 4.1 nJ, hence no ablation was expected for pulse energies of 2.9 nJ and 4.1 nJ, and for higher pulse energies we figure there would be graphene ablation. Statistical study of the patterned sample after characterization at the SEM, showed that there was no ablation for pulse energies 2.9 nJ, 4.1 nJ and 5.4 nJ, even if the peak fluence of the latter is above the ablation threshold. This result was consistent with our results in section 4.2, where we explained the deviation in the threshold model through the high free-carrier diffusion in graphene. Fig. 4.30 shows the ablation probability for higher pulse energies with and without external magnetic field.

In conclusion, after investigating single shot patterning of CVD monolayer graphene on glass substrate in a wide range of energies from far above ablation fluence threshold to just below it with and without presence of an external magnetic field of B ∼ 0.45 T. No significant difference was observed in ablation probability nor ablated area between both cases. Further investigation at higher magnetic field should be carried out to determine possible effects of an external magnetic field on ablation at sub-micron scale which could have been overshadowed in our experiments by other possible constraints in ablation such as processes leading to formation of folded graphene.

4.7/ GRAPHENE NANOSTRUCTURING WITH HIGHER ORDER BES-SEL BEAM

Following our line of research we propose the next hypothesis. Different fluence distribution can produce different electronic density distribution in the illuminated region. In zero-th order Bessel beam due to the spot-like illuminated zone, after laser excitation the electronic density will expand and decrease, since it is a ring distribution, the inner part of the ring will expand towards the center which could lead to a high electronic density at the center of the illuminated ring and and a subsequent localized graphene ablation in that region. We followed similar experimental procedure as detailed in previous sections. After characterization of the 1 st order Bessel beam, the graphene sample was places at the position corresponding to the peak intensity along propagation with an error of 0.6 µm. Matrices of illuminated spots were done in the sample applying pulse energies ranging from 3.4 nJ to 24.9 nJ. A total of 400 identically illuminated spots were investigated for each different pulse energy. After laser processing the sample was characterized by SEM. For pulse energies of 3.35 ± 0.14 nJ, 5.02 ± 0.16 nJ and 7.39 ± 0.12 nJ there was no ablation. Since the intensity distribution of the first order Bessel beam was not exactly centered as shown in Fig . 4.31, for the higher pulse energies investigated we could differentiate between 6 five different types of behaviour for single shot laser processing : no ablation process, ablation of a small spot corresponding to the region of the ring where the intensity was maximum, two small spot at each side of the ring, a complete ablated spot corresponding to the area of the first ring and its inner region, a partially ablated spot where the inner region was not ablated and remained connected to the graphene sheet, and the complete ablation of the first ring and the inner graphene region plus partial ablation of the second ring. Interaction between regions of the ring with different intensity distribution could lead to precise determination of the carrier diffusion length before thermalization. In addition, non-radial symmetric intensity distributions can be of interest for potential graphene applications, e.g.ablation of two semicircles could lead to fabrication of graphene nanochannels.

4.8/ CONCLUSIONS

In this chapter we presented the results of the set of experiments we performed to determine the possibilities and constraints of single shot ablation of CVD monolayer graphene with spatially shaped ultrafast laser pulses.

First, we developed a novel technique using non-diffractive beam with an hexagonal array intensity distribution that allowed us to use two different methods to determine the ablation threshold monolayer graphene. The threshold values we obtained with both methods were consistent and also in good agreement with previous results reported by other groups. With this procedure we also observed a deviation in from the threshold model at sub-micron scale. For over-threshold beam diameters below 1µm even if the peak fluence was well above the ablation threhold, no material was removed. From our simulations of the carrier density evolution within the pulse duration we infer this behaviour could be explained by the high carrier diffusion coefficient. We investigated the possible effects of the polycrystalline structure of CVD monolayer graphene could have on laser ablation at sub-micron scale. Using zero-th order Bessel beam to pattern a graphene sheet we observed that above 1µm over-threshold beam diameters there was a 100 % ablation probability regardless the presence of grain boundaries, meanwhile below that over-threshold diameter, the ablation probability was much higher when there was a grain boundary in the vicinity of the illuminated region. Our results are in good agreement with theoretical predictions of other groups showing a high reduction of electron transmission in grain boundaries. This electronic confinement at the grain boundaries would allow a higher ablation probability despite graphene diffusion coefficient.

We observed no impact on ablation at sub-micron scale when using different dielectric substrate. We also tested potential confinement of electrons when an external magnetic field was applied but no statistically meaningful difference was observed.

In the last part of this chapter we investigated ablation of graphene using higher order Bessel beams and we observed a deviation in abaltion probability when decreasing the pulse energy. We determined that deposition of different energy gradient leads to diverse graphene folded petals configurations which could limit minimal size of the ablated features.

In this thesis we have carried a set of experiments to characterize laser patterning of CVD monolayer graphene at sub-micron scale. Our motivation was the need of a patterning procedure suitable with industrial scale production of graphene-based devices. This procedure should be fast, easily reconfigurable and low cost. In addition it should allow large scale patterning. We have investigated in which extent single shot patterning using spatially shaped beams could satisfy those requirements.

We developed a novel technique to measure the fluence threshold for ablation independently of the beam size. This allowed us to determine the ablation threshold of CVD monolayer graphene on glass substrate at different pulse durations between 130 fs to 3 ps. Our results were in good agreement with previous reported ablation threshold values. The method we developed appears to be suitable for ablation threshold characterization of any kind of thin films independent of spot size.

Through a statististical study we determined a deviation from the classical ablation model for over-threshold beam diameters below 1 µm. Since the peak fluence was above the ablation threshold, material removal was always expected, however, below this diameter the ablation probability decreased rapidly. Our simulations on the evolution of the carrier density showed this phenomena could be linked to the high carrier diffusion in graphene.

Although high carrier diffusion in graphene is a big opportunity in optoelectronic applications, we showed it is an important drawback when laser patterning graphene at sub-micron scale because it hinders the necessary energy confinement for laser ablation.

Graphene layers produced by chemical vapor deposition suits well for graphenebased devices production at industrial scale because sheets up to 1 m 2 is already achievable. This was our motivation to investigate possible effect of the pollycrystalline nature of CVD graphene in laser patterning at sub-micron scale. Experimental results showed two different behaviors depending on the presence of a grain boundary in the vicinity of the illuminated region. In the case of a laser pulse incident on a graphene island, the ablation probability shows a step-like behaviour from no ablation below 1 µm over-threshold diameter to 100 % ablation above that diameter. On the other hand, when there is a grain boundary at less than 0.5 µm form the center of the illuminated spot, below over-threshold diameters the ablation probability decreases gradually. Our results could be explained again by electronic confinement of the carriers at the grain boundary which allows for a higher abaltion probability in the case of small beam diameters. This results are in good agreement with theoretical studies of other groups showing a high reduction of electron transmission in grain boundaries. This is an inconvenient to control 97 CHAPITRE 5. CONCLUSIONS AND PERSPECTIVES sub-micron laser patterning of graphene.

To determine possible limitations in minimizing the laser ablated spot size in graphene we investigated the evolution of the ablated features when reducing the over-threshold beam diameter far below 1 µm. We found that not only the fluence threshold was a key parameter but also the fluence gradient. Different fluence gradient produces distinct graphene folded petals configuration. Folded petals are part of the graphene layer that is not removed by the laser pulse, instead it folds around the ablated spot. For small gradient, ablated spots were larger than the area of the folded graphene and even for over-threshold beam diameters of ∼ 200 nm it was not possible to achieve ablated diameters below 1µm. On the other hand, for a high fluence gradient, spot diameters down to 600 nm were achieved but the ablated spot area were equal to the folded graphene area, meaning that no material was removed. We infer that in case of a high gradient, possible mechanisms leading to formation of folded graphene petals, such as the high mechanical strength of graphene could be an important factor at sub-micron scale during the ablation process overcoming the mechanisms responsible of laser material removal. This results could have a strong impact in single shot patterning of graphene since ablated spots in the order of hundreds of nanometers are achievable but graphene folded petals are unavoidable. However, this could lead to certain applications requiring a fast method to produce graphene folded nanochannels since electrical transport measurements indicating conduction tunneling effects in graphene nanochannels has been previously reported [206].

We also experimentally rested if the potential confinement of free-electrons by a high magnetic field could prevent diffusion but no statistically meaningful difference was observed.

In the last part of this thesis we have investigated graphene ablation under higher order Bessel beams. Even if the beam shape was the same, features with different morphology were patterned depending on the pulse energy. We observed this method is compatible with industrial production of patterned graphene layers when the peak fluence is weel above the ablation threshold since the same features were always obtained, meanwhile for peak fluence values close to the threshold the ablation it is a non-deterministic process, for each pulse energy different shapes were ablated with a certain probability. However, for lower pulse energies we patterned interesting features such as graphene nanochannels of a width of 200 nm over a length of more than 1 µm with a single laser shot. Although this last procedure was not suitable for large scale production for patterned features below 1 µm, it can be a convenient method to produce various features such as nanoribbons in order to study its fundamental properties. It could also be a first approach to characterize the excited carriers diffusion distance in a graphene sheet.

From the actual state-of-the-art and our results we infer the future research guidelines before this method becomes totally functional for industrial scale production should be the following.

First step towards precise controlled sub-micron patterning of graphene should be to clarify the principle leading to the deviation from the classical ablation model when the over-threshold beam diameter is below 1 µm. We propose a spectral interferometry experiment to determine if the mechanism leading to this deviation is high carrier diffusion or if it is a thermal process, such as phonon relaxation. A setup where a reference pulse, a pump pulse and finally a probe pulse are incident onto the graphene sample could allow to determine the evolution of the carrier density by controlling the delay between the pump and the probe. In addition this experimental scheme enables studying the redistribution of the absorbed energy since it was clear from our results that different fluence gradient lead to diverse phenomena. Further investigation is required to determine if there is a minimum ablated feature size in single shot regime, since it could be a main constraint for this method to produce nano-patterned graphene devices. The future research in this direction should determine the mechanism of interaction between graphene and the dielectric substrate leading to folded graphene petals formation an its role as a constraint in ablated feature size.

In addition, nonlinear excitation mechanisms should be estimated in order to determine the impact of the secondary lobes when patterning graphene with Bessel beams.

From an application point of view, once the previous questions will be solved and the patterning of sub-micron features will be controlled, next approaches should be to develop a novel illumination scheme that would generate a similar damage between grain boundaries and graphene islands, in addition to allowing the patterning of areas of graphene in the order of 1 m 2 in a very short period of time. 

Abstract:

Since its isolation in 2004, graphene has emerged has a potential material for next generation technologies. Graphene was the first truly 2D material produced. The interest in this material is due to its outstanding properties: graphene is the lightest and strongest material known. It has a large electronic mobility and thermal conductivity. To enable the development of technological applications at industrial scale, fast patterning techniques, operable at sub-micron scale are needed. This thesis focuses on the requirement of a fast, easily reconfigurable, low cost method to pattern graphene. The aim of our research is to determine the possibilities and constraints of ultrafast laser ablation of CVD graphene at sub-micron scale. Using ultrafast laser to pattern graphene layers is interesting due to the ability of femtosecond laser pulses to accurately depositing a high energy density in confined regions. We performed a set of experiments using non-diffractive shaped-beams to characterize the parameters required to control laser material processing at such small scale. We determined laser patterning characteristics on CVD monolayer graphene such as the ablation threshold and the ablation probability. To this aim, we have developed a novel technique to measure ablation threshold that is independent of the ablated size and reported unexpected deviation from the threshold model, we also investigated the influence of different dielectric substrates and the effect of the presence of graphene grain boundaries. From our experimental results we conclude that direct single shot laser patterning is a very effective method to pattern features above 1 µm, but below this dimension, novel illumination strategies are needed.
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 1 FIGURE 1.3 from [9]. Density of states per unit cell as a function of energy (in units of γ 0 ) computed from the energy dispersion.

FIGURE 1 . 4

 14 FIGURE 1.4 Interband optical transitions between filled states (red) and empty states (yellow) in (a) p-doped, (b) undoped graphene and (c) n-doped. Graphene doping level varies the permitted transitions
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 1 FIGURE 1.5 from[START_REF] Mak | Seeing many-body effects in single-and few-layer graphene : Observation of two-dimensional saddle-point excitons[END_REF]. Experimental optical conductivity (solid line) and the universal optical conductivity defined in the previous section(dashed line) of monolayer graphene in the spectral range of 0.2 -5.5 eV. The experimental peak energy is 4.62 eV. Note the deviation of the optical conductivity from the universal value at low energies is attributed to spontaneous doping[START_REF] Mak | Measurement of the optical conductivity of graphene[END_REF].
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 1 FIGURE 1.6 from [23]. (a) Graphene layer on mica structure. Incident probe light hits the surface at an angle α = 35°. (b) Linear band structure of graphene, arrow indicating pumped and probed optical transitions at the same wavelength. (c) Spectrally integrated transmission change (points) as a function of pump-probe delay. Solid line : biexponential fit. Gray line : cross correlation of pump and probe pulses. Inset : linear dependence of the maximum transmission change on pump fluence.
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 1 FIGURE 1.8 from [24]. Temporal evolution of the angle-averaged carrier distribution [ρ k weighted by the density of states D(ω)] as a function of energy. The relaxation dynamics is determined by Coulomb-and phonon-induced intra-and interband scattering channels. It is characterized by (a) an ultrafast thermalization followed by (b) cooling of the optically excited carriers.
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 1 FIGURE 1.9 from [25]. Processes of saturable absorption in graphene. (a) Optical interband excited by incident light. (b) The photogenerated carriers redistribute a Fermi-Dirac distribution. (c) Further absorption is blocked under sufficient intensity of incident light.
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 1 FIGURE 1.11 (a) Reflection and (b) transmission image of graphene flakes produced by scotch tape method under x40 magnification optical microscope. Different grayscale color correspond to a different number of graphene layers.
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 1 FIGURE 1.13 from [46]. Schematic liquid phase exfoliation technique to produce graphene.

FIGURE 1 .

 1 FIGURE 1.15 from [50]. Three different wrinkle morphologies : (a) simple ripple geometry, (b) standing collapse wrinkle, and (c) folded geometry wrinkle.

FIGURE 1 .

 1 FIGURE 1.17 from [69]. Stone-Wales defect, formed by rotating a carbon-carbon bond by 90°. (a) Experimental TEM image of the defect ; (b) its atomic structure as obtained from density functional theory (DFT) calculations. (c) Zigzag (red) and armchair (blue) edge configurations of graphene [72].

FIGURE 1 .

 1 FIGURE 1.19 from ref. [21]. Schematic of a graphene-based photodetector.

FIGURE 1 .

 1 FIGURE 1.20 from ref.[21]. (a) Schematic of a capacitive touchscreen. (b) Resistive graphene-based touch screen.

FIGURE 2 .

 2 FIGURE 2.2 from [144]. SEM images of (a) UV nanoimprinted graphene nanoribbons array transferred onto SiO 2 wafer and (b) a layer of graphene sheet attached to graphene nanoribbons array.

FIGURE 2 .

 2 FIGURE 2.3 from [155]. (a) SEM image of TEM grid showing an array of holes with diameters of 2.5 µm. Graphene layer covers the whole area and is suspended over the holes. Visible dark stripes correspond to patterned graphene at a dose of 4.96 pC/nm 2 . (b) TEM image of pattern written at a dose of 15.2 pC/nm 2 showing completely removed graphene in white.

FIGURE 2 .

 2 FIGURE 2.4 from [157] SEM images of (a) an 8 nm drilled pore in a mechanically exfoliated graphene flake and (b) a 9 nm drilled pore on CVD growth graphene sheet.

FIGURE 2 .

 2 FIGURE 2.5 from[START_REF] Lemme | Etching of graphene devices with a Helium ion beam[END_REF]. Helium ion microscope image (with false color) of a suspended graphene device after etching with minimum feature sizes of about 10 nm (color online).

FIGURE 2 .

 2 FIGURE 2.6 from [161]. Schematic of the interactions of primary energetic He ions with a graphene layer on SiO 2 substrate, showing the production of secondary electrons (SE I at the primary beam and SE II at the secondary scattered ion exiting the surface), back scattered ions and secondary ions.

FIGURE 2 .

 2 FIGURE 2.7 from [164]. Comparison between (a) femtosecond and (b) nanosecond pulse ablated hole in steel.

FIGURE 2 .

 2 FIGURE 2.8 from[START_REF] Sundaram | Inducing and probing non-thermal transitions in semiconductors using femtosecond laser pulses[END_REF].Timescales of various electron and lattice processes in laserexcited solids. Each green bar represents an approximate range of characteristic times over a range of carrier densities from 10 17 to 10 22 cm -3 . Yellow colored region corresponds to optical excitation duration in the range ∼ 1 -100 fs

FIGURE 2 .

 2 FIGURE 2.9 from [165]. Electron and lattice excitation and relaxation processes in a laserexcited direct gap semiconductor. CB is the conduction band and VB the valence band. (a) Multiphoton absorption. (b) Free-carrier absorption. (c) Impact ionization. (d) Carrier distribution before scattering. (e) Carrier-carrier scattering. (f) Carrier-phonon scattering. (g) Radiative recombination. (h) Auger recombination. (i) Diffusion of excited carriers. (j) Thermal diffusion. (k) Ablation. (l) Resolidification or condensation

FIGURE 2 .

 2 FIGURE 2.10 Schematic ablation threshold in a typical gaussian intensity laser distribution.

FIGURE 2 .

 2 FIGURE 2.11 from [172]. Calculated intensity distribution for (a) two-beam, (b) threebeam, and (c) four-beam interference patterning. The geometrical configurations of the beams necessary to achieve the displayed geometries are also shown.

FIGURE 2 .

 2 FIGURE 2.12 from [177]. (a) SEM and (b) optical microscope images of a femtosecond laser ablated stripes on a single layer of graphene. Lighter regions are ablated parts.

FIGURE 2 .

 2 FIGURE 2.13 from [193]. SEM images of (a) microdisk and (b) nanodisk obtained from ablation by 20 superimposed vortex Bessel beam exposures.

FIGURE 3 . 1

 31 FIGURE 3.1 Scheme of experimental setup used to image the beam in air removing the graphene sample and to pattern the graphene sheet.

FIGURE 3 . 2

 32 FIGURE 3.2 Block diagram for the laser system.

FIGURE 3 . 3

 33 FIGURE 3.3 Scheme of the Phazzler FROG working principle.

FIGURE 3 .

 3 FIGURE 3.4 (a) Experimental FROG trace and (b) reconstruction of the pulse for pulse duration of 100 fs.

FIGURE 3 . 5

 35 FIGURE 3.5 Experimental power values (blue) and fitting corresponding to a beam waist value of 4.50 mm.

FIGURE 3 . 6

 36 FIGURE 3.6 The principle of knife edge method.

FIGURE 3 . 7

 37 FIGURE 3.7 Typical pulse energy characterization at the sample site as a function of the applied command voltage at the Pockels cells.

FIGURE 3 . 8

 38 FIGURE 3.8 Schematic SLM configuration.

FIGURE 3 .

 3 FIGURE 3.10 (a) from [183] schematic of a quasi-Bessel beam generation with an axicon. (b) Phase mask implemented in the SLM in order to generate a zeroth-order Bessel beam from an incident gaussian beam. The color scale has 256 levels corresponding to phase shift values between 0 and 2π. No tilt term is applied in this phase mask.

FIGURE 3 .

 3 FIGURE 3.11 (a) Phase mask loaded at the SLM to generate the three-beam interference pattern. From [185] (b) three-beam interference geometry and (c) three-beam interference pattern intensity.

FIGURE 3 .

 3 FIGURE 3.12 The periodicity of the intensity peaks in the interference pattern is constant along the propagation axis even if the respective intensities slowly evolves.

FIGURE 3 .

 3 FIGURE 3.13 Numerical (blue) and analytical (red) interference pattern periodicity as a function of the tilt angle for fixed energy pulse, beam diameter and pulse duration.

FIGURE 3 .

 3 FIGURE 3.14 Experimental setup. The lens and microscope objective form a 4f telescope that demagnifies the beam and increases the waves crossing angle. Spatial filtering allows for eliminating unmodulated zero-th order from the Spatial Light Modulator (SLM).

FIGURE 3 .

 3 FIGURE 3.15 Images of the beam intensity scanned in air for periodicity (a) 0.16 mm, (b) 0.24 mm, (b) 0.32 mm and (d) 0.40 mm.

FIGURE 3 .

 3 FIGURE 3.16 Experimentally measured periodicity of the intereference pattern at the sample position as a function of the tilt angle at the machining region. Red line corresponds to the analytical expression.

FIGURE 3 .

 3 FIGURE 3.17 Comparison between the experimental (red) and theoretical (blue) on axis intensity of the Bessel beam along propagation for a tilt angle of α = 26°. Inset shows the scanned image of the bessel beam at the intensity peak plane.

Fig. 3 .FIGURE 3 .

 33 Fig. 3.18(a) shows the experimental longitudinal distribution of the Bessel beam of order zero. Fig. 3.18(b) and 3.18(c) present, respectively, measured and calculated cross section of the beam at a propagation distance corresponding to the peak intensity position.

FIGURE 3 .

 3 FIGURE 3.19 Theoretical Bessel beam on-axis fluence for pulse energy of 20 nJ and tilt angle of 26°(blue) and 9°(red).

FIGURE 3 .

 3 FIGURE 3.20 Experimental Bessel beam on-axis fluence for pulse energy of 20 nJ and tilt angle of 26°(blue) and 9°(red).

FIGURE 3 .

 3 FIGURE 3.21 Intensity profile of the beam scanned in air corresponding to transversal plane number 51 for incident pulse energy E p = 1µJ for 130 fs pulse. Units are in 10 12 W/cm 2 .

FIGURE 3 .

 3 FIGURE 3.22 Transversal intensity beam profile used to determine the onset of the interference region. Blue spot indicates the onset of the interference region (red). Red arrows indicates propagation direction of the different beam sectors.

FIGURE 3 .

 3 FIGURE 3.23 (a) Reflected and (b) transmission microscope images of adhesive tape exfoliated graphene sample.

FIGURE 3 .

 3 FIGURE 3.24 Comparison of nanoholes in CVD graphene film when ETD voltage is (a) 1 kV and (b) 5 kV.

FIGURE 4 . 1

 41 FIGURE 4.1 Comparison of fluence distribution over threshold (a) with the SEM image of the damage (b) for a given intensity distribution, pulse duration (130 fs), and input pulse energy (1.3 µJ).

FIGURE 4 . 2

 42 FIGURE 4.2 Beam image (top) applying an increasing fluence threshold from left to right, and the corresponding correlation map between the over-threhold map and the SEM ablated sample (bottom). In the correlation map, green color indicates matching between the fluence map above the threshold and the image of the ablated sample. Red and blue colors indicate mismatch corresponding to a lower and higher threshold values, respectively. The scale bar indicates 5 µm.

FIGURE 4 . 3

 43 FIGURE 4.3 Correlation between the processed sample image and the scanned beam image applying different fluence thresholds, for a given pulse duration (130 fs) and input pulse energy (1.3 µJ).

FIGURE 4 . 5

 45 FIGURE 4.5 Direct measurement of the scanned beam intensity at the ablated contour.

FIGURE 4 . 6

 46 FIGURE 4.6 Comparison between the ablation threshold in monolayer graphene for different pulse duration determined by the best matching over different fluence thresholds technique (red) and by the mean fluence at the ablated contour (blue).

  4.8).

FIGURE 4 . 7

 47 FIGURE 4.7 Tracking same illuminated zones in the correlation map along 5 single shots in indentical conditions. The scale bar indicates 5 µm.

FIGURE 4 . 8

 48 FIGURE 4.8 Over-threshold beam diameter comparison between two pulses with same beam shape but different pulse energy. Red line indicates the ablation fluence threshold.

FIGURE 4 . 9

 49 FIGURE 4.9 Probability of ablation in a disk as a function of the beam diameter above the fluence threshold for a pulse duration of 130 fs (blue), 1 ps (green), and 3 ps (red). Error bars show one standard deviation. For the largest diameters, the ablation probability is actually 100% of our tests, resulting in zero-width error bar.

FIGURE 4 .

 4 FIGURE 4.10 Evolution of free carrier density within 100 fs for an inital beam diameter of (a) 400 nm and (b) 2 µm. Each blue line corresponds to a time step of 10 fs.

FIGURE 4 .

 4 FIGURE 4.11 SEM image of non-patterned CVD monolayer graphene on glass substrate. Dark lines are grain boundaries due to the polycrystalline nature of CVD graphene.

FIGURE 4 .

 4 FIGURE 4.12 Pulse energy calibration as a function of the voltage at the Pockels cell. The average error for each pulse energy measurements was ± 0.25 nJ.

FIGURE 4 .

 4 FIGURE 4.13 (a) Analytical transverse fluence profile at the sample position for an incident pulse energy E p = 10 nJ. Red line indicates graphene ablation fluence threshold of 139 mJ/cm 2 and the corresponding over-threshold beam diameter is 0.75 µm. (b) Overthreshold beam diameter for pulse duration of 130 fs at different pulse energies.

FIGURE 4 .

 4 FIGURE 4.14 SEM image of matrix of equidistant laser illuminated spots with zero-th order Bessel beam with pulse energies of (a) 20.0 nJ and (b) 10.0 nJ. Red circles indicates illuminated but non-ablated sites and green circles indicates illuminated and ablated sites. Correlation between ablated holes and grain boundaries is obvious for the lower pulse energy. Difference in grayscale between both images corresponds to different voltage used at the SEM.

FIGURE 4 .

 4 FIGURE 4.15 Ablation probability comparison between illuminated site in a graphene island (red) and in the vicinity of a grain boundary (blue).

FIGURE 4 .

 4 FIGURE 4.16 SEM image of matrix of equidistant 400 laser illuminated spots with pulse energy 10.0 nJ. Crossing white lines are the illuminated ablation sites. Top and bottom lines of ablated holes are reference lines patterned at 20.0 nJ where the ablation probability is 100%. The white colour of the ablated holes is due to the voltage applied at the SEM.

FIGURE 4 .

 4 FIGURE 4.17 Ablation probability comparison between CVD monolayer graphene on glass substrate (blue) and on quartz substrate (red) for a pulse duration of 130 fs and different pulse energies.

Fig. 4 .

 4 Fig. 4.18 compares the evolution of the ablated spot area with energy for the two substrates. No significant difference appears

FIGURE 4 .

 4 FIGURE 4.18 Ablated area comparison between CVD monolayer graphene on glass substrate (blue) and on quartz substrate (red) for a pulse duration of 130 fs and different pulse energies.
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 4 SINGLE SHOT ULTRAFAST LASER ABLATION OF CVD MONOLAYER GRAPHENE4.5/ ANALYSIS OF ABLATED SPOT EVOLUTION WITH OVER-THRESHOLD BEAM DIAMETERIn this section we investigate the morphology of the damages observed at SEM under different Bessel beam tilt angle. Bessel beam presents different over-threshold diameter and peak fluence depending on the tilt angle leading to a different fluence distribution onto the sample. We want to determine the effect of the different energy confinement on nano-ablation.

FIGURE 4 .

 4 FIGURE 4.19 Analytical fluence distribution of the Bessel beam at the sample position for pulse energy of 20 nJ and tilt angle of 26 °(blue) and 9°(red). Black dashed lines corresponds to graphene ablation fluence threshold.

FIGURE 4 .

 4 FIGURE 4.20 Experimentally characterized over-threshold fluence beam and SEM images of ablated holes for a pulse energy of 20.0 nJ for tilt angle of (top) 9°and (bottom) 26°. White scale bar corresponds to 1 µm. All images are at the same scale.

FIGURE 4 .

 4 FIGURE 4.21 Measured areas of ablated spots (blue) and folded graphene petals (red) for a tilt angle of 9°. Each value corresponds to the average of 3 measured spots for each over-threshold diameter.

FIGURE 4 .

 4 FIGURE 4.22 Measured areas of ablated spots (blue) and folded graphene petals (red) for a tilt angle of 9°(dots) and 26°(crosses). Dashed line corresponds to a 1 µm diameter.

FIGURE 4 .

 4 FIGURE 4.23 (a) Ring magnet and (b) rod magnet configuration.

FIGURE 4 .

 4 FIGURE 4.24 (a) Rod and (b) ring magnetic field as a function of the distance form the magnet surface. Red dashed line indicates the graphene layer distance to the magnet surface.

FIGURE 4 .

 4 FIGURE 4.25 Scheme of the sample and magnet positioning system.

  4.26 and 4.27, where each area value corresponded to the average of 5 different ablated holes for the same pulse energy. The first figure shows the results for pulse energies above 100 nJ and the second for pulse energies below 100 nJ. Larger errorbars in the latter were due to higher relative error when the ablated area became smaller.

FIGURE 4 .

 4 FIGURE 4.26 Comparison between the ablated area with (red) and without (blue) magnetic field presence for different pulse energies in the range from 100 nJ up to 650 nJ.

FIGURE 4 .

 4 FIGURE 4.27 Comparison between the ablated area with (red) and without (blue) magnetic field presence for different pulse eneregies in the range from 32 nJ up to 100 nJ.

FIGURE 4 .

 4 FIGURE 4.28 Comparison between the ablation probability with (red) and without (blue) magnetic field presence for different pulse energies.

FIGURE 4 .

 4 FIGURE 4.29 Comparison between the ablated area with (red) and without (blue) magnetic field presence for different pulse energies.

FIGURE 4 .

 4 FIGURE 4.30 Comparison between the ablated area with (red) and without (blue) presence of magnetic field for different pulse energies with peak fluence lose to the ablation threshold. Red line indicates separates energies below (left) and above (right) ablation threshold.

FIGURE 4 .

 4 FIGURE 4.31 Transverse fluence map of the first order Bessel beam at its peak intensity plane along propagation for a pulse energy of 29.3 nJ. Fluence colorbar is in mJ/cm 2 .

FIGURE 4 .

 4 FIGURE 4.32 Fluence map at the sample position after applying ablation fluence threshold of 139 mJ/cm 2 for pulse energies of (a) 7.3 nJ, (b) 9.5 nJ, (c) 11.8 nJ, (d) 14.8 nJ, (e) 20.3 nJ and (f) 24.9 nJ. The fluence colorscale is different in each figure with increasing peak fluence from (a) 164 mJ/cm 2 to (f) 554 mJ/cm 2 .

Figure 4 .

 4 [START_REF] Chen | Raman measurements of thermal transport in suspended monolayer graphene of variable sizes in vacuum and gaseous environments[END_REF] shows the different ablated morphologies. This results were consistent with over-threshold beam distributions for the different pulse energies as shown in Fig.4.32.

FIGURE 4 .

 4 FIGURE 4.33 SEM images of different ablated morphologies using first order Bessel beam with non-radial symmetric intensity distribution. The scale bar indicates 1 µm. All images have the same scale.
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 190 from[START_REF] Castro Neto | The electronic properties of graphene[END_REF]. Honeycomb lattice made out of two interpenetrating triangular lattices (left) and its corresponding Brillouin zone (right). The Dirac cones are located at K and K' points. . . . . . . . . . . . . . . . . . . . . . . . . . 1.2 from[START_REF] Castro Neto | The electronic properties of graphene[END_REF]. Electronic dispersion in the honeycomb lattice. Left : energy spectrum (in units of γ 0 ) for values of γ 0 ∼ 2.8 eV and γ 0 ∼ -0.2 γ 0 . Right : zoom in of the energy bands close to one of the Dirac points. . . . . . . . . . . . . 1.3 from[START_REF] Castro Neto | The electronic properties of graphene[END_REF]. Density of states per unit cell as a function of energy (in units of γ 0 ) computed from the energy dispersion. . . . . . . . . . . . . . . . . . . .1.4 Interband optical transitions between filled states (red) and empty states (yellow) in (a) p-doped, (b) undoped graphene and (c) n-doped. Graphene doping level varies the permitted transitions . . . . . . . . . . . . . . . . . . 1.5 from[START_REF] Mak | Seeing many-body effects in single-and few-layer graphene : Observation of two-dimensional saddle-point excitons[END_REF]. Experimental optical conductivity (solid line) and the universal optical conductivity defined in the previous section(dashed line) of monolayer graphene in the spectral range of 0.2 -5.5 eV. The experimental peak energy is 4.62 eV. Note the deviation of the optical conductivity from the universal value at low energies is attributed to spontaneous doping[START_REF] Mak | Measurement of the optical conductivity of graphene[END_REF]. . . 1.6 from [23]. (a) Graphene layer on mica structure. Incident probe light hits the surface at an angle α = 35°. (b) Linear band structure of graphene, arrow indicating pumped and probed optical transitions at the same wavelength. (c) Spectrally integrated transmission change (points) as a function of pump-probe delay. Solid line : biexponential fit. Gray line : cross correlation of pump and probe pulses. Inset : linear dependence of the maximum transmission change on pump fluence. . . . . . . . . . . . . . . . . . . . . . 1.7 from [24]. (a) Coulomb-and (b) phonon-induced scattering channels along the linear band structure of graphene. Intra-and interband as well as intraand intervalley processes are taken into account. . . . . . . . . . . . . . . . 1.8 from [24]. Temporal evolution of the angle-averaged carrier distribution [ρ k weighted by the density of states D(ω)] as a function of energy. The relaxation dynamics is determined by Coulomb-and phonon-induced intraand interband scattering channels. It is characterized by (a) an ultrafast thermalization followed by (b) cooling of the optically excited carriers. . . . . 1.9 from [25]. Processes of saturable absorption in graphene. (a) Optical interband excited by incident light. (b) The photogenerated carriers redistribute a Fermi-Dirac distribution. (c) Further absorption is blocked under sufficient intensity of incident light. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .1.10 from [30]. Schematic of nanoindentation test on suspended graphene membrane. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115 1.11 (a) Reflection and (b) transmission image of graphene flakes produced by scotch tape method under x40 magnification optical microscope. Different grayscale color correspond to a different number of graphene layers. . . . . 22 1.12 from [37]. Schematic diagram for wedge-based mechanical exfoliation of a few layers of graphene. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 1.13 from [46]. Schematic liquid phase exfoliation technique to produce graphene. 23 1.14 from [49]. Schematic diagram of the transfer process to an arbitrary substrate. 24 1.15 from [50]. Three different wrinkle morphologies : (a) simple ripple geometry, (b) standing collapse wrinkle, and (c) folded geometry wrinkle. . . . . . . . 25 1.16 from [67]. Comparison between four representative methods to obtain graphene films. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 1.17 from [69]. Stone-Wales defect, formed by rotating a carbon-carbon bond by 90°. (a) Experimental TEM image of the defect ; (b) its atomic structure as obtained from density functional theory (DFT) calculations. (c) Zigzag (red) and armchair (blue) edge configurations of graphene [72]. . . . . . . . 29 1.18 from [82]. SEM image of graphene layer by CVD graphene shows the formation of wrinkles and individual grain domains with grain boundaries as darker lines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 1.19 from ref. [21]. Schematic of a graphene-based photodetector. . . . . . . . . 32 1.20 from ref.[21]. (a) Schematic of a capacitive touchscreen. (b) Resistive graphene-based touch screen. . . . . . . . . . . . . . . . . . . . . . . . . . 33 1.21 from ref.[136]. Schematic of a graphene desalination membrane. . . . . . . 35 2.1 from [142]. Scheme of the chemical etching (photolithography) process. . . 37 2.2 from [144]. SEM images of (a) UV nanoimprinted graphene nanoribbons array transferred onto SiO 2 wafer and (b) a layer of graphene sheet attached to graphene nanoribbons array. . . . . . . . . . . . . . . . . . . . . . . 38 2.3 from [155]. (a) SEM image of TEM grid showing an array of holes with diameters of 2.5 µm. Graphene layer covers the whole area and is suspended over the holes. Visible dark stripes correspond to patterned graphene at a dose of 4.96 pC/nm 2 . (b) TEM image of pattern written at a dose of 15.2 pC/nm 2 showing completely removed graphene in white. . . . . . . . . . . . 40 2.4 from [157] SEM images of (a) an 8 nm drilled pore in a mechanically exfoliated graphene flake and (b) a 9 nm drilled pore on CVD growth graphene sheet. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 2.5 from [162]. Helium ion microscope image (with false color) of a suspended graphene device after etching with minimum feature sizes of about 10 nm (color online). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 2.6 from [161]. Schematic of the interactions of primary energetic He ions with a graphene layer on SiO 2 substrate, showing the production of secondary electrons (SE I at the primary beam and SE II at the secondary scattered ion exiting the surface), back scattered ions and secondary ions. . . . . . . 423.10 (a) from [183] schematic of a quasi-Bessel beam generation with an axicon. (b) Phase mask implemented in the SLM in order to generate a zerothorder Bessel beam from an incident gaussian beam. The color scale has 256 levels corresponding to phase shift values between 0 and 2π. No tilt term is applied in this phase mask. . . . . . . . . . . . . . . . . . . . . . . . 58 3.11 (a) Phase mask loaded at the SLM to generate the three-beam interference pattern. From [185] (b) three-beam interference geometry and (c) threebeam interference pattern intensity. . . . . . . . . . . . . . . . . . . . . . . . 59 3.12 The periodicity of the intensity peaks in the interference pattern is constant along the propagation axis even if the respective intensities slowly evolves. 59 3.13 Numerical (blue) and analytical (red) interference pattern periodicity as a function of the tilt angle for fixed energy pulse, beam diameter and pulse duration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 3.14 Experimental setup. The lens and microscope objective form a 4f telescope that demagnifies the beam and increases the waves crossing angle. Spatial filtering allows for eliminating unmodulated zero-th order from the Spatial Light Modulator (SLM). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 3.15 Images of the beam intensity scanned in air for periodicity (a) 0.16 mm, (b) 0.24 mm, (b) 0.32 mm and (d) 0.40 mm. . . . . . . . . . . . . . . . . . . . . 61 3.16 Experimentally measured periodicity of the intereference pattern at the sample position as a function of the tilt angle at the machining region. Red line corresponds to the analytical expression. . . . . . . . . . . . . . . . . . 62 3.17 Comparison between the experimental (red) and theoretical (blue) on axis intensity of the Bessel beam along propagation for a tilt angle of α = 26°. Inset shows the scanned image of the bessel beam at the intensity peak plane. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 3.18 Experimental scanned Bessel beam in air (a) along propagation axis, (b) transversal profile at the sample, and (c) its corresponding simulation for a tilt angle of α = 26°. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64 3.19 Theoretical Bessel beam on-axis fluence for pulse energy of 20 nJ and tilt angle of 26°(blue) and 9°(red). . . . . . . . . . . . . . . . . . . . . . . . . . 65 3.20 Experimental Bessel beam on-axis fluence for pulse energy of 20 nJ and tilt angle of 26°(blue) and 9°(red). . . . . . . . . . . . . . . . . . . . . . . . 65 3.21 Intensity profile of the beam scanned in air corresponding to transversal plane number 51 for incident pulse energy E p = 1µJ for 130 fs pulse. Units are in 10 12 W/cm 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 3.22 Transversal intensity beam profile used to determine the onset of the interference region. Blue spot indicates the onset of the interference region (red). Red arrows indicates propagation direction of the different beam sectors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 3.23 (a) Reflected and (b) transmission microscope images of adhesive tape exfoliated graphene sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 4.13 (a) Analytical transverse fluence profile at the sample position for an incident pulse energy E p = 10 nJ. Red line indicates graphene ablation fluence threshold of 139 mJ/cm 2 and the corresponding over-threshold beam diameter is 0.75 µm. (b) Over-threshold beam diameter for pulse duration of 130 fs at different pulse energies. . . . . . . . . . . . . . . . . . . . . . . . . 81 4.14 SEM image of matrix of equidistant laser illuminated spots with zero-th order Bessel beam with pulse energies of (a) 20.0 nJ and (b) 10.0 nJ. Red circles indicates illuminated but non-ablated sites and green circles indicates illuminated and ablated sites. Correlation between ablated holes and grain boundaries is obvious for the lower pulse energy. Difference in grayscale between both images corresponds to different voltage used at the SEM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82 4.15 Ablation probability comparison between illuminated site in a graphene island (red) and in the vicinity of a grain boundary (blue). . . . . . . . . . . . 83 4.16 SEM image of matrix of equidistant 400 laser illuminated spots with pulse energy 10.0 nJ. Crossing white lines are the illuminated ablation sites. Top and bottom lines of ablated holes are reference lines patterned at 20.0 nJ where the ablation probability is 100%. The white colour of the ablated holes is due to the voltage applied at the SEM. . . . . . . . . . . . . . . . . 84 4.17 Ablation probability comparison between CVD monolayer graphene on glass substrate (blue) and on quartz substrate (red) for a pulse duration of 130 fs and different pulse energies. . . . . . . . . . . . . . . . . . . . . . 85 4.18 Ablated area comparison between CVD monolayer graphene on glass substrate (blue) and on quartz substrate (red) for a pulse duration of 130 fs and different pulse energies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85 4.19 Analytical fluence distribution of the Bessel beam at the sample position for pulse energy of 20 nJ and tilt angle of 26 °(blue) and 9°(red). Black dashed lines corresponds to graphene ablation fluence threshold. . . . . . 86 4.20 Experimentally characterized over-threshold fluence beam and SEM images of ablated holes for a pulse energy of 20.0 nJ for tilt angle of (top) 9°and (bottom) 26°. White scale bar corresponds to 1 µm. All images are at the same scale. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86 4.21 Measured areas of ablated spots (blue) and folded graphene petals (red) for a tilt angle of 9°. Each value corresponds to the average of 3 measured spots for each over-threshold diameter. . . . . . . . . . . . . . . . . . . . . 87 4.22 Measured areas of ablated spots (blue) and folded graphene petals (red) for a tilt angle of 9°(dots) and 26°(crosses). Dashed line corresponds to a 1 µm diameter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88 4.23 (a) Ring magnet and (b) rod magnet configuration. . . . . . . . . . . . . . . 89 4.24 (a) Rod and (b) ring magnetic field as a function of the distance form the magnet surface. Red dashed line indicates the graphene layer distance to the magnet surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 4.25 Scheme of the sample and magnet positioning system. . . . . . . . . . . .École doctorale SPIM 1 rue Claude Goudimel F -25030 Besançon cedex n tél. +33 (0)3 81 66 66 02 n ed-spim@univ-fcomte.fr n www.ed-spim.univ-fcomte.fr R ésum é : Depuis sa d écouverte exp érimentale en 2004, le graph ène a émerg é comme un mat ériau potentiel pour les technologies de nouvelle g én ération. Le graph ène était le premier mat ériau 2D produit et l'int ér êt qu'il suscite provient de ses remarquables propri ét és: il poss ède d'importants coefficients de mobilit é électronique et de conductivit é thermique, il est égalment le mat ériau le plus solide et l éger connu. Pour permettre le d éveloppement d'applications à l' échelle industrielle, des technologies de structuration à l' échelle submicronique sont n écessaires. Cette th èse se concentre sur l'exploration de l'ablation par laser femtoseconde en tant que technique de structuration rapide et peu co ûteuse de structur é graph ène obtenu par technique CVD (Chemical Vapor Deposition). L'utilisation d'impulsions laser ultrabr èves est a priori int éressante en raison de la capacit é des impulsions laser ultrabr èves à d époser au sein des mat ériaux une quantit é élev ée d' énergie dans un volume extr êmement confin é. Nous avons r éalis é un ensemble d'exp ériences à partir de faisceaux non-diffractants pour caract ériser les param ètres requis pour contr ôler l'ablation à l' échelle sub-micronique. Nous avons d étermin é les caract éristiques de l'ablation en r égime mono-coup pour le graph ène CVD, tels que le seuil d'ablation et la probabilit é d'ablation. Pour cela, nous avons d évelopp é une nouvelle technique de mesure ind épendante du seuil ind épendante de la taille de la zone ablat ée. Nous avons ainsi pu mettre en évidence un écart par rapport au mod èle classique d'ablation, l'effet des diff érents substrats di électriques, ainsi que le r ôle des joints de grain. Nos r ésultats montrent que l'ablation mono-coup par impulsion femtoseconde est une technique efficace pour des structures au-del à d'une taille caract éristique de 1 µm, mais en dessous de cette dimension, de nouvelles strat égies d'illuminations se r év élent encore n écessaires. Mots-cl és : Graph ène, Ablation, Laser femtoseconde

  

  

TABLE 3 .

 3 2 Technical characteristics of the SLM serie X8267.

	Features	Value
	Active cell	20 mm-side square
	Number of pixels	768 by 768
	Pixel size	26 µm-side square
	Quantification level	256 (8 bits)
	Numerical aperture	0.1
	Phase modulation level	2.4 π

Once these requirements will be accomplished, laser patterning of CVD graphene sheets at sub-micron scale could be at the doorstep of its application at industrial scale leading finally to the presence of graphene-based devices in our daily life.
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