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We report advances in understanding how femtosecond laser ripples formation in metal works. The surface topology features are discussed in terms of periodicity and contrast of the pattern formation, related to chronological laser-induced events. Resonant excitation of Surface Plasmons (SP) in metallic gratings show that SP wave excited during the femtosecond laser pulse can initiate the observed patterning and play a key role. Metals behavior under nonequilibrium conditions on the picosecond timescale is then investigated to correlate the amount of material experiencing solid-to-liquid transitions and the subsequent ripples contrast. With the de-rived observation, a calculation of the transient nonequilibrium thermodynamic characteristics of excited nickel is also performed allowing defining characteristic timescales of thermocapillary proc-ess which may occur under multipulse irradiation.

1-Introduction

Application potential for ultrashort laser pulses relies on their capacity to confine and localize energy on the smallest scales. Despite diffraction limit, in particular conditions, ultrafast laser excitation can structure well below the incident wavelength. In particular, it can trigger nanoscale self-arrangement of matter on irradiated surfaces [1]- [7]. Appearing for fluences under the ablation threshold and developing with varying periodicity and amplitudes, the manifestation of periodic surface patterns with subwavelength dimensions, usually known as Laser-Induced Periodic Surface Structure (LIPSS) or « ripples », is a not well-understood but inherent phenomenon. Two distinct types of LIPSS are typically observed when solid materials are irradiated upon ultrashort multiple pulses: Low Spatial Frequency LIPSS (LSFL) and High Spatial Frequency LIPSS (HSFL) [8]- [12]. The microscopic mechanism of ripples formation is still under discussion and various kinds of surface wave excitation methods have been proposed so far besides the conventional interference pattern of the incident or refracted light and scattered wave [13]- [17]. Whereas ultrafast laser excitation stage is the most investi-gated mechanisms in recent literature, an emphasis has to be put on the surface dynamics in this particular irradiation regime to explain the subsequent spontaneous formation of nanostructured patterns. Therefore, we describe here several approaches to shine light on different aspects. A comprehension effort related to laser excitation mechanisms will be developed, able to assist and validate experiments performed on metals. In this context, we investigate hypotheses assuming that LSFL, having a spatial period close to the irradiation wavelength, are formed due to optical interference of the incident laser radiation with a surface plasmon. HSFL formation mecha-nism is still quite controversial for reasons related to its polarization dependence and it will not be discussed in this paper. If the most part of experiments are performed on a practically smooth surface, we will present irradiation re-sults obtained on pre-structured surfaces. Grating-coupled surface plasmon resonance on metallic surface has been exploited to investigate the correlation between ripples formation under ultrashort laser exposure and SP genera-tion conditions. For Transverse Magnetic (TM) irradiation conditions, a well-defined period of grating was a seed for low spatial frequency LIPSS formation [18]. To design matter transformation patterns with predictable properties for a wide range of materials, the contrast of the nanostruc-turing process is another key parameter [5], [19]- [20]. Fol-lowing localized photoexcitation, the sub-surface region undergoes transient melting and ultra-rapid quenching at the nanoscale. A thorough understanding of the involved physical mechanisms during the matter transformation will therefore help to control LIPSS morphology. Measuring the contrast of structures obtained on nickel and copper sur-faces which are supposed to have different behavior under nonequilibrium conditions, the effects of energy coupling and relaxation strength have been correlated to LIPSS for-mation [20]. The amount of material experiencing solid-to-liquid transitions appears to be correlated to the ripples height. Finally, the characteristic development time of LIPSS formation will be discussed in the context of matter transformation phases using an hydrodynamic approach. Simulations of laser-matter interaction coupling hydrody-namics and heat transfer will be presented to estimate laser energy deposition, electron-ion nonequilibrium stage, ma-terial heating and growth. The subsequent phase transfor-mation and the lifetime of molten region can have implica-tions on thermocapillarity phenomena. This will be effec-tively estimated by applying characteristic timescales fram-ing the positive feedback of ripple growth under multipulse irradiation. Finally, the depth of the formed pattern will also affect the grating coupling varying ripples periodicity via electromagnetic feedback effects.

Plasmon wavelength defining LIPSS periodicity

As LIPSS performed on absorbing materials such as metals or excited semiconductors have been mostly found to grow along the direction perpendicular to the laser polarization, LSFL has been early attributed to the excitation of surface plasmon polaritons [8], [21]. A photon cannot transform into a SP without a coupling system (i.e a prism or a grating). Since a rough surface corresponds to a superposition of a number of different gratings, the mechanism underlying the coupling of SP on a rough interface is essentially the same as that via a single corrugation [22]. It is well known that in the specific case of a resonance harmonic grating, the incident laser wave impinging on the grating at a certain angle transforms into a diffracted wave propagating along the grating surface as an SP wave.. The proposed method allows correlating the excitation of plasmons in the optical domain to the formation of ripples. We have investigated the formation of LIPSS on pre-structured nickel surfaces having periodic gratings with a prechosen range of periodicities upon irradiation by single linearly polarized Ti:sapphire laser pulses (800 nm, 150 fs) in air as a function of the grating period and orientation of the polarization [18]. Considering only the first diffraction order, n = 1, the condition of phase-matching simplifies to a SP wave with a wavelength equal to the grating spacing. For the experimental part, a Mach-Zehnder interference scheme has been used to create a number of corrugation gratings on nickel plates coated with a thin photoresist deposited on a Ni substrate by spin coating. Different grating periods G ranging from 440 nm to 800 nm, with 10 nm increment, have been fabricated. The struc-tures surfaces were irradiated by a single fs laser pulse. Fig. 1a) shows an example of periodic nanorelief written on a Ni sample before irradiation.

From the complex optical index of Ni, 2.48+i4.38 given in Ref. [START_REF]Handbook of optical constants of solids: ED Palik Academic[END_REF], we estimate that the maximal coupling should occur at G = 790 nm. To show that the grating of 10 nm thickness does not modify the expected resonant period, we have calculated the 0th-order reflection efficiency. This calculation is performed for an incident TM wave at 800 nm irradiating a Ni surface grating of 10 nm depth by Rigorous Coupled Wave Analysis (RCWA) [START_REF] Lyndin | [END_REF]. A rectangular profile of the grooves has been assumed, according to AFM measurements of the gratings. Fig. 1b) illustrates the 0th-order reflection efficiency response; it can be seen that the maximal resonant coupling is close to the expected value of 790 nm, for this relatively low grating depth. Consequently, it can be assumed that the resonant position is not affected by this relatively small grating depth as it will be discussed in more details in section 4.

Figure 1: Grating-coupled surface plasmon enhanced excitation. Example of a representative pre-structured surface at 750 nm (a). 0th order reflection efficiency calculated by RCWA show-ing a resonance expected for nm (b). SEM image of the LIPSS formation observed for the specific grating period nm (c) and corresponding 2D-FT image (d). Radially averaged autocorrelation function R(r) processed from the selection on the SEM image (e).

The irradiation of each grating by a single pulse at a fluence of 1.42 J/cm2 for the two polarizations at normal incidence reveals that ripples formation only occurs for TM irradiation and a well defined grating period of G = 750 nm. Fig. 1c) shows the LIPSS structure generated for this grating periodicity. Single pulse irradiation allows achieving only the early stage of ripple formation and we observe that the pattern is not homogeneously distributed in the irradiated spot. 2D Fourier transform (2D-FT) on the selected part of the acquired image is displayed in Fig. 1d), showing a vertical sickle-shaped feature confirming that ripples are perpendicular to the laser polarization as ex-pected for LSFL on metals. The SEM image and the corre-sponding 2D-FT reveal that the period of the formed ripples is 750 nm. This result indicates that the specific grating period for which SP mode is efficiently excited is correlated to the ripples structure. The observed resonance is however different from the expected one around 790 nm. Hence, it is supposed that the ultrafast material excitation aects the dielectric properties during the laser pulse, modifies the plasmonic dispersion relation and thus results in a dierent grating periodicity for which resonance occurs. A radially averaged autocorrelation function R(r) has also been calculated in the direct-space to take into account the k vectors concentrated along the arcs in a (kx, ky) plane. R(r) is calculated from the autocorrelation of pixels of the binary SEM image as a function of the radial distance r [START_REF]Radially Averaged Autocorrelation Function has been processed with ImageJ, a public domain java-based image processing software[END_REF]. The calculated function is displayed on Fig. 1e). The oscillating behavior of R(r) is characteristic of a long-range order with periodicity 750 nm, which is more difficult to observe in the SEM image in Fig. 1(c). The decay of the oscillation amplitude is mainly due to features such as ir-regular orientation, bifurcation and limited periodic structures. However, the correlation of the LIPSS appears to extend over several periods. The observed spatial periods of the LIPSS, somewhat smaller than the expected one, can be explained by transient changes of the dielectric proper-ties of the laser-excited material [8], [18], [22]. To illustrate this, we have calculated SP wavelength for a range of optical index. The required optical index allowing to reach SP = G 750 nm is ñ=0.9+i2. The optical index corresponding to an unexcited material is ñ=2.48+i4.38. Several optical index are possible to reproduce this SP period.

Hydrodynamic stages

The plasmonic approach presented in the first section establishes preliminary steps defining orientation and energy modulation guiding the mechanisms of LIPSS formation. Once the process is triggered, further steps towards nanostructuration follow and several processes are responsible for the final morphology. They require extended approach defining the role of material response from a thermodynamic and hydrodynamic perspective. In particular, material behaviour is strongly dependent on the electronic response upon ultrafast excitation. The effect of the laser irradiation with the response of the material is commonly described by the two-temperature model (TTM).

The energy balance between the electron cloud and the lattice is described by the temporal evolution of the electron and the lattice temperatures through a coupling parameter related to the electron-phonon scattering rate and by thermal diffusion processes occurring within each subsystems. The presence of a transient nonequilibrium stage has strong implications on the energy distribution and thus on the final morphology. As energy relaxation dynamics are material dependent, we generated LIPSS on representative materials with different electronic configuration in order to investigate the influence of and thermal diffusion efficiency on the specific contrast of LIPSS. Metals with a large range of coupling strengths were exposed to ultrafast laser excitation and the patterning surface has been investigated exsitu by atomic force microscopy, and scanning electron microscopy [20].

The experimental results were obtained for Ni and Cu irradiated by 50 pulses of 80 J (150 fs) at 800 nm. The focal spot obtained in the case of nickel appears much wider than for copper due to different absorption coefficient. Nevertheless, absorbed fluence allows to generate LIPSS at the periphery of the focal spot.The relative strength and the electron temperature (Te) dependence of the electron-phonon coupling in the metals were identified as key factors affecting the initial energy redistribution and the dimensional size of the region undergoing transient melting and resolidification. It appears that growth of the contrast and increase of the ripples height are correlated to the evolution of the constant of coupling and to the amount of material experiencing solid-to-liquid transitions.

The amplitudes varies as a function of the material since Ni has an averaged peak-to-peak amplitude H200 nm while Cu presents a nearly two fold lower contrast H100 nm. These two materials differ mainly by their electron-We have seen that LIPSS are readily formed upon ul-trafast excitation on metals by laser pulses with a fluence sufficient to induce phase transformation. Following sin-gle-pulse exposure, a quasi-amorphous resolidified layer of several tens of nm in thickness has been experimentally observed [29]- [30]. These results suggest that the freezing structures morphology can depend on the thermodynamic properties of the irradiated materials. To investigate the transient thermodynamic stages of the metal surface, we have performed the simulation of the nonequilibrium heating of a nickel sample under laser irradiation using a one dimensional two temperature hydrodynamic code (Esther) [31]- [32]. The approach solves, according to a Lagrangian scheme, the fluid equations for the conservation of mass, momentum and energy for electronic and ionic species. The interaction between the laser field and the target is calculated by solving the Helmholtz wave equation in the inhomogeneous media. During relaxation, the material thermodynamic properties are described by the Bushman-Lomonosov-Fortov multiphase equation of state covering a large range of densities and temperatures between con-densed states and hot plasmas [33]. This calculation en-ables us to monitor thermodynamic transformations of the surface, the energy profile, the onset of phase transition and hydrodynamic movement in the longitudinal direction (cor-responding to laser propagation in normal incidence) to correlate them with the expected evolution of the surface topology. As a result, the evolution of thermodynamic con-ditions experienced by the surface is determined and de-picted on Fig. 4. The figure indicates time-resolved tem-perature [Fig. 4(a)] and density [Fig. 4(b)] profiles of the heated surface under a 150 fs pulse laser irradiation at 800 nm for a fluence regime allowing exceeding melting tem-perature at the surface but preventing an ablation process (0.35 J/cm2 in the simulation). As a fact, ripples are sup-posed to appear only when a sufficient energy is deposited at the surface to induce liquid phase transformation and material flow, whereas for higher fluence vaporization and ablation of the surface will loosen the modulated energy deposition then inhibiting LIPSS formation. The simula-tions show also the kinetics of melting and solidification under ultrafast excitation. A time of a few picoseconds is required to reach the melting temperature, with the rise slope being related to the electronic temperature depend-ence of the electron-phonon coupling. Heat conduction to the bulk of the sample leads to cooling below the melting temperature, causing resolidification on several hundreds of picoseconds timescale at the surface. The averaged ve-locity of solidification can be estimated at around 80 m.s-1, close to the one observed in experiments performed on Ag thin films heated by a fs excitation [34]. Depth of melting evolves as a function of time and reaches a maximal value of 85 nm at 17 ps. This time corresponds to the characteris-tic value for acoustic propagation at the sound velocity. Therefore, the depth of the molten zone decreases after shock relaxation but electronic thermal conduction contin-ues to favorize the increase the thickness of the melted layer in the following tens of picoseconds, up to around one hundred of picoseconds. We note that the size of the liquid layer is in agreement with the estimated electron diffusion depth in the solid Ni at the melting threshold since electronic thermal diffusion defines the heated depth in a nonequilibrium system [20]. The time scales of melting ( ps) and resolidification ( ps) as well as the melting depth ( nm) estimated in this simulation, are consistent with other calculations [35] and with most experimental observations [35]- [39].

Feedback process

The above calculation corresponds to single pulse con-ditions. However in multipulse exposure conditions, the morphology of the final irradiation differs strongly from the observed single-shot one. A feedback is therefore invoked. The feedback that causes coherent structures to grow can originate from different mechanisms. Ripples growth requires a positive feedback and we discuss in this last section possible feedback processes related to surface tension effects and plasmonic resonance alterations which can lead to non-trivial structure development.

1D-hydrodynamic calculation restricts to study in-depth effects whereas due to the large surface-to-volume ratio at nanoscale, the surface tension is supposed to play an im-portant role in lateral organization [40]. A possible scenario of surface motion in a hydrodynamic process is that strong gradient of surface tension can cause a thermocapillary force (also referred to Marangoni effect or Bénard-Marangoni convection) since decreases as the equilibrium temperature (referred as T) increases [41]. A gradient of surface tension occurs being driven by a temperature gradi-ent T which will force the liquid to flow away from regions of low surface tension. Therefore, thermal gradients can drive the liquid flow from hotter to colder regions leading to a modulated material transport on mesoscopic scales. The time required for one convective cycle should be smaller than the total laser dwell time in terms of melt life-time [40], [START_REF] Bäuerle | Laser Processing and Chemistry[END_REF]. At least several pulses (N) can be required to induce a significant contrast of the induced structure It results from previous considerations that plasmonic stage does not necessarily select the dominant modulation of the final pattern since thermocapillary waves can also contribute to a nonlinear growth of specific periodicities. Never-theless, feedback process induced by several laser shots can involve both plasmonic and capillary processes since SP are surface modes strongly localized at the surface of the metal, and therefore they are sensitive to any changes that occur in the vicinity of the air/metal interface. Indeed, the approach described in section 2 is based on a plasmonic response serving as the starting inhomogeneous absorption of the surface. This mechanism is supposed to determine both the orientation of the structures, due to a polarization dependency, and an initial periodicity which should evolve in time since LIPSS contrast increases as the number of pulses N increases. Hence, surface modification results in an increasing grating depth which, in turn, changes the surface wave dispersion. This surface modification shifts the position of the resonant grating period, where the amplitude of the shift depends on the LIPSS contrast. Figure 2 illustrates the zero-th order reflexion efficiency evolution from a grating with varying depth modulation from 10 nm to 100 nm. The calculation has been performed for a TM wave at 800 nm incident on a rectangular surface grating of nickel using RCWA [START_REF] Lyndin | [END_REF]. As it has been already shown [46], the SP resonance shifts toward a smaller periodicity for deeper gratings and a broadening of the resonance is observed. At this point, we note that a grating depth of about 75 nm is required to re-produce the resonance observed in our experiment at 750 nm and that the shift discussed in section 2 cannot be at-tributed to an undesired pertubative effect. For stuctures deeper than 30 nm, a large laser absorption is expected, accelerating the structuring process and promoting positive cumulative effects for a specific wavelength. Coherent structures are then supposed to develop with a dominant period related to the most enhancing or the most rapidly growing period given by the optimal multi-pulse electro-magnetic and hydrodynamic feedback.

Conclusion

In conclusion we have indicated some fundamental as-pects deriving from the plasmonic coupling, the electronphonon nonequilibrium stage, the subsequent sequence of phase transformation and finally the surface dynamics via surface tension gradients. Grating-coupled Surface Plas-mon Polaritons on metallic surface has been exploited to investigate the correlation between ripples formation under ultrashort laser exposure and SP g e n e r a t i o n conditions. The main finding of this experiment was an experimental dem-onstration of the resonant coupling of the fs-laser pulse to the grating structure, based on SP excitation, and its impact on the early stage of LIPSS formation. The understanding formation dynamics of regular self-organized nanoscale structures under laser exposure of materials still required rigorous concepts related to modulated energy deposition, laser-induced nonequilibrium phenomena and the related relaxation paths involving mass transport. Nevertheless we have shown that in the particular case of strongly absorbing materials which can undergo capillary action as metals, hydrodynamic modeling approaches should be involved to explain the observed patterns. Extended understanding ef-fort has to be made to check if optically-induced modula-tion can be preserved when the system undergoes phase transitions and how feedback mechanisms can cause the growth of grating periodicities by coupling to the diffrac-tive laser light, involving plasmonic/hydrodynamic effects.
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 2 Figure 2 : Calculation of 0th-order reflection efficiency as a func-tion of grating period for different grating depth.