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Abstract

:

Laser induced periodic surface structures (LIPSS) are generated on titanium and silicon nitride surfaces by multiple femtosecond laser pulses. An optical imaging system is used to observe the backscattered light during the patterning process. A characteristic fringe pattern in the backscattered light is observed and evidences the surface modification. Experiments are complemented by finite difference time domain numerical simulations which clearly show that the periodic surface modulation leads to characteristic modulations in the coherently scattered light field. It is proposed that these characteristic fringe pattern can be used as a very fast and low-cost monitor of LIPSS formation formation during the manufacturing process.
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1. Introduction


Laser induced periodic surface structures (LIPSS) have been in the focus of surface functionalization for a many years. They have been observed for the first time by Birnbaum in 1965 [1] and can be generated by linearly polarized laser pulses on almost all material classes, for example, metals [2,3,4,5], semiconductors [6,7,8], dielectrics [9,10,11].



LIPSS are easy to fabricate with femtosecond laser systems of moderate power and have found widely spread application (cf. e.g., Reference [12] and references therein) influencing the physical and chemical properties of surfaces. They can be applied to control wettability and friction of surfaces [13,14], to generate structural colors [15] or to optimize cell growth in biomedical applications [16].



There are two different LIPSS types: Low Spatial Frequency LIPSS (LSFL) with periods on the order of the laser wavelength and High Spatial Frequency LIPSS (HSFL) with periods significantly shorter than the laser wavelength. The orientation of the LIPSS depends on their type and the material. In metals, LSFL are oriented perpendicular to the laser polarization.



The formation of LIPSS in metals by ns pulses can be described by the interference of the incident laser beam with a surface-scattered electromagnetic wave [17,18,19] leading to inhomogeneous energy deposition into the material. The formalism has been extended towards fs-pulse interaction with metal surfaces by Bonse and coworkers [9,20]. There is no consensus yet on the underlying principles leading to HSFL. Different models have been discussed covering nonlinear frequency conversion [9,21], nanoplasmonic excitation [22] and self-organization [23].



In order to study the formation process and to gain information on the underlying principles, different monitoring processes have been developed, for example, in situ diffraction [24], in situ imaging deploying a microscope [25] and in situ surface second harmonic generation [26]. In situ imaging and diffraction requires a pump probe setup, that is, a probe beam at lower wavelength in addition to the patterning beam.



Here, we present another monitoring method which is based on an interesting discovery in our recent experimental work. In that work, LIPSS on titanium and Si3N4 samples were fabricated in-situ as targets for laser particle acceleration and X-ray generation [27,28]. In such experiments laser pulses with ultra-high intensity ∼(1018…1020) W/cm2 are applied to a solid target, where ions from a contamination layer at the target rear side are accelerated due to the target normal sheath acceleration (TNSA) mechanism [29]. Depending on the target material, an X-ray flash is released in addition as result of the high intensity laser target interaction [30]. LIPSS have been generated by the same but strongly attenuated laser pulses. As soon as LIPSS have been formed, a characteristic fringe pattern in the back-reflected light is observed which is the basis of the proposed imaging system. The method proposed in the present work does not require an additional monitoring beam but analyzes the backscattered light of the patterning laser.



Currently, much effort is spent to advance such secondary radiation sources towards repetitive applications. LIPSS formation is a very promising target manufacturing method capable to provide optimized laser-target interaction and—given the availability of a monitoring system—compatible with high repetition rate applications.



Such simple monitoring system will not only be essential in facilitating efficient high repetition rate laser driven secondary radiation sources but will be helpful in any application that needs very fast evaluation of LIPSS formation processes (ideally while writing the structures), such as required for inspection of large surface in industrial applications [31].



In this work we investigate the origin of the fringe pattern with the help of of a 3D Maxwell solver based on the finite difference time domain (FDTD) method. The modulation period found in simulation accounts for the fringe pattern observed in experiment. After description of the experimental setup, parameters and optical imaging system we display produced surface structures and images of the scattered light fields. Details of the simulations are briefly summarized and different case calculations are discussed to underpin that LIPSS are the origin of the observed fringe pattern.




2. Experimental


Experiments have been performed at the Max-Born-Institute High Field Ti:Sapphire laser. In the current work we investigated nanostructuring of 1 μm thick titanium and Si3N4 foils within a proton acceleration experiment. Details for the laser acceleration experiments are described elsewhere [27]. Here, we concentrate only on the nanostructuring part. The pulse duration of the p-polarized laser is about (30–35) fs. The experimental setup is shown in Figure 1.



After carefully adjusting the target position, such that the focal plane of the off-axis parabolic mirror (OAP) lies in the target plane (focal distance = 15 cm), an aperture is introduced into the beam path and reduces the beam diameter to ∼6 mm. The energy on target was carefully measured and could be varied by changing a laser amplifier delay. Typically, we used energies of about 10–30 μJ. With the reduction of beam diameter, the focal spot size increases to FWHM of about 25 μm and the spatial profile shows the typical Airy pattern. Under these conditions we were able to generate LIPSS in the central part of the focal spot. The intensity in the Airy-rings was not sufficiently high in order to induce ripple formation. LIPSS were characterized both by scanning electron microscopy (SEM) and atomic force microscopy (AFM). Typical results are shown in Figure 2. SEM and AFM also revealed that the initial surface quality of the samples differs significantly. While Si3N4 has a nearly perfect optical surface, the titanium foils are relatively rough. In agreement with others, LIPSS in Ti have a periodicity of ∼600–800 nm, a height of ∼200 nm [3,32] and an orientation perpendicular to the polarization vector of the laser field. However, in contrast to those works, relatively low pulse numbers (5–50) and relatively high fluences (2–6 J/cm2) were applied. Furthermore, our laser pulse duration was shorter and the experiments were performed in vacuum. LIPSS on Si3N4 have a lower periodicity of ∼250 nm and a lower height of about 50 nm but the same orientation with respect to the laser field polarization vector. Occasionally, we have also observed larger structures in Si3N4 but those structures are usually restricted to a small part of the structured region. Here, the periodicity is again about 800 nm and the height is about 140 nm. Our setup comprises a backreflection imaging system: Backscattered light is collected and collimated by the same off-axis parabolic mirror that focuses the laser pulse onto the target. Part of this backscattered light leaks through a dielectric mirror (M2 in Figure 1) and is refocused onto a CCD camera (PIXIS with (25 μm)2 quadratic pixels) by a lens (focal distance of 150 cm). Thus, the imaging system has a magnification of 10×. Mirror M2 may also be replaced by a beam splitter. In our particular setup the mirror was required to deliver highest possible pulse energies to the sample for the laser acceleration experiments.



With the onset of LIPSS generation, our backreflection changes dramatically: a secondary diffraction pattern (in addition to the Airy pattern due to the aperture) appears with LIPSS (cf. Figure 3). The fringe distance is 3–4 px, corresponding to 75–100 μm in the image plane. We do not observe a significant difference between the fringe patterns for titanium or Si3N4 samples.




3. Computational


In order to investigate where the observed secondary fringe pattern is originating from, we carried out numerical simulations with Lumerical FDTD Solutions. Finite difference time domain (FDTD) method is widely applied for solving different electromagnetic problems by discretizing Maxwell’s equations, both in time and space with central difference approximations. Typically a Cartesian volume element having   Δ x  ,   Δ y  ,   Δ z   dimensions is used for the space discretization (the most common discretization technique is the Yee scheme [33,34]) and a time step   Δ t   for the time discretization [35]. In the FDTD method electromagnetic radiation (e.g., a plane wave) is injected to the simulation volume at some initial time and new field components are computed from differences based on the field components of the previous time interval. This process is continued iteratively until the transient solution for the fields has converged to a steady-state solution. The near-field solution that one obtains for the fields inside the computational domain is then Fourier transformed into the frequency domain and subsequently propagated into the far-field. This computational approach is extensively used for studying scattering problems of nanostructured surfaces [36].



Our goal was to model the far-field response of the nanostructured surface illuminated by laser pulses. We applied a linearly polarized light source with central wavelength of 800 nm, with Airy-disk beam profile having 25 μm FWHM diameter. The simulation volume had dimensions of 60 × 60 × 1.2 μm3. Perfectly matched layer boundary conditions were used on all sides of the calculation domain. The model system consisted of a substrate with a structured central part of 30 μm diameter in the same geometrical arrangement as for the laser irradiated sample. The nanostructure is modeled by a one-dimensional sinusoidal height modulation. The direction of the periodic structures was perpendicular to the polarization direction of the illumination. We applied two substrates, Ti and Si3N4. Their dielectric properties were taken from references [37,38]. The whole structure was surrounded by vacuum (index of refraction   n = 1  ). To ensure an accurate calculation of the reflected beam from the surface structures, mesh/grid size of 24 nm was chosen. A 2D frequency domain field profile monitor at 500 nm above the surface was used to visualize the field distribution of the reflected light components. The data of this monitor was later applied to calculate far-field response of the structured surface by letting the field components propagate to a given distance in space. This way, we could calculate the static response of the structured sample surface in the far-field upon laser illumination.




4. Results


Figure 4 shows the simulated two-dimensional near field distribution of the light backreflected from a structured titanium sample. The structure is applied only in the central region with a diameter of 30 μm.



The near field distribution shows modulations in the central region of the reflected beam (where the incident beam interacted with the structured region) (Figure 4a) but not in the Airy rings (cf. Figure 4b).



In Figure 5 we show the simulated far-field distribution of the backreflected light from (a) an unstructured and (b) a structured titanium surface at 50 μm distance from the sample surface. In this case, the structure was applied to the entire sample, the period of the structure was 600 nm and its height was 300 nm.



The color scale was chosen such that modifications in the Airy rings are clearly visible, that is, the central spot is saturated.



The intensity of the light backscattered from the structured sample is strongly reduced. This is because the sub-wavelength nanostructure strongly reduces the reflectivity of the sample. In addition, we clearly observe the appearance of vertical fringes in the presence of the nanostructure. In order to elucidate the origin of the observed fringe pattern, we will numerically investigate the role of relevant parameters, in the following.



4.1. Influence of Geometrical Properties of the Surface Structure


4.1.1. Size of Structured Area


We first tested if the fringes appear in the simulation allover the beam profile even if only the central part of the sample is structured. This is important since in the experiment fringes are observed in the Airy rings although the structure is created only in the central beam part. The results of comparative simulations are shown in Figure 6. To emphasize the structure-induced changes to the far-field we plot the difference between the far field of the light backreflected from the structured and unstructured surface. In (a) we show the structure-induced difference, if the structure is applied all over the sample while in (b) the structure is present only in the central 30 μm diameter spot. As already seen in Figure 5, the entirely structured sample shows a reduced reflectivity and the appearance of vertical fringes. If only the central part is structured (b), the reflectivity in the region of the Airy rings is nearly unchanged but in addition to the vertical fringe pattern also a circular fringe pattern appears which originates from diffraction from the circularly shaped structured area. The distance between the circular fringes is significantly larger than the period of the vertical fringe pattern. From these simulations we conclude that the fringes observed in the Airy rings are caused by the structure in the central part of the beam.




4.1.2. Influence of Structure Period


As described in the experimental section, similar fringe patterns were observed for titanium and Si3N4 samples although the structural parameters were very different as well as the dielectric properties of the samples. Therefore, we have investigated the role of the structure period for the 2D electric field distribution. The resulting fringe pattern only slightly depends on the structure period: Fourier analysis of the field distribution yields fringe periods of ∼1.55 μm, 2.01 μ m, 2.17 μm and 2.35 μm for nanostructured titanium samples with a structure height of 300 nm and structure periods of 200 nm, 600 nm, 700 nm and 800 nm, respectively. The highest contrast of the fringe pattern is observed for the 800 nm structure.




4.1.3. Role of Crater


In the case of the titanium samples, during target structuring also a crater was formed. In contrast, the structured Si3N4 samples do not show a crater. In principle, it could be conceivable that a fringe pattern is also generated by interference of the light reflected from an (unstructured) crater ground and light reflected from the unmodified surface. Our simulations show that the circular crater generates an additional circular diffraction pattern. But only if the ripple surface structure is present also the vertical fringe pattern appears. We observe a small variation of fringe pattern with the crater depth: The observed fringe period slightly decreases with increasing crater depth. While a 600 nm structure without crater shows a fringe pattern with 2.0 μm period and a 250 nm deep crater almost leaves the fringe period unchanged, a 500 nm deep crater reduces the fringe period to 1.8 μm. We also investigated, whether the different distance of the surface structure from the detector (due to the presence of the crater) can account for the change of fringe period but did not find any change on these scales.





4.2. Role of Optical versus Geometric Properties


So far, we used the optical properties of cold titanium surface for all simulations. However, the experimental results show that very similar fringe patterns are observed for both the titanium and Si3N4 samples. This is particularly interesting since not only the structures in both cases are significantly different but also the optical properties, that is, one question that needs to be addressed is the role of the carrier density. It is indeed conceivable that the increase of carrier density during the interaction with the laser pulse is essential for the generation of the fringe pattern as this modifies the optical properties significantly. Si3N4 has a wide bandgap (∼4.5 eV), that is, at least the absorption of three photons is required to generate an electron hole pair. Nevertheless with the applied fluences and intensities a significant increase of carrier density during the laser solid interaction must be expected. We have compared the structure-induced changes for a titanium and a Si3N4 sample with the same structural parameters (200 nm structure period, 50 nm structure height). Fringe periods are 1.56 μm and 1.28 μm for titanium and Si3N4.



The far-field strength is significantly higher in case of the metal surface. While the circular fringe pattern originating from diffraction from the circular structured shape is clearly visible in both cases, the vertical fringe pattern is only present in case of a metal, that is, for high carrier density. Thus, to become sensitive to LIPSS formation, a high carrier density is needed in the instant at which the backscattered signal is generated. that is, backscattered light from a cold insulator (low carrier density) will not carry sufficient information about the presence of the structure. Analyzing the backscattered light from the pulse generating the structure is a very simple approach to gain information about the structure presence.



The results of these simulations are supported by experimental observations: We did not succeed to experimentally reproduce the fringe pattern in the backreflected light when illuminating LIPSS at much lower intensities.





5. From Fringe Patterns in the Far Field to the Experimentally Observed Fringes


So far, we have investigated how the far field distribution at a given distance from the sample surface is affected by the presence of a surface nanostructure. This does not directly relate to the experimental observation of the fringe pattern since an imaging system is involved. To further elucidate the origin of the fringe pattern, we investigate the far-field distribution as function of distance from the sample surface. Figure 7 shows a two-dimensional map of the far field distribution    E 2   ( x , y = 0 , z )   . The color scale is chosen such that the modulations in the Airy rings are easily visible, that is, the central part of the beam profile is saturated.



The 2D-map shows that the modulations already observed in the farfield distribution at a given distance actually originate from new, discrete angular contributions to the outgoing wave. Some examples are highlighted by thick, coloured lines. These new angular components are generated by the surface nanostructure. It seems that they originate from a virtual source around (65…75) μm behind the sample. The angles with respect to the sample normal are α = ∼5° (cyan), ∼9° (black), ∼10° (red) and ∼11°. In addition, we not only observe single beams outgoing at different angles but bundles of beams as exemplarily shown for the cyan lines. Those contributions outgoing under sufficiently small angles can be imaged by our imaging system. The (half) acceptance angle of the parabola is 14°, that is, the highligted beams will be transported by the imaging system. Since the virtual source lies behind the sample plane, these newly generated discrete beams will be focused in front of the original image plane. This is sketched in Figure 8. The original beam from the unstructured surface(red) is focused in the image plane and exhibits an intensity profile similar to the beam incident on the sample surface with the Airy diffraction pattern of the aperture(thick red curve). Since the reflectivity in the structured region is strongly reduced, the intensity ratio between the individual intensity maxima of the reflected light may however be different from the incident light. In the image plane, the wave vector (thick, red arrow) of this beam is parallel to the optical axis. The blue line shows the LIPSS generated beam with its focal plane in front of the original image plane, that is, its wave vector (thick blue arrow) includes a finite angle β with the original beam (reflected from the surface) which leads to interference in the image plane.



β is given by α and the magnification factor of the imaging system M = 10 via M tan β = tan α, that is, for new angular components of ∼5° on the sample side, the intersection angle of the two wavefronts at the image plane is ∼0.5°. Interference between these two tilted beams give rise to fringes with a distance of   Δ L =  λ  sin β   ∼ 90   μm, which is in very good agreement with our experimental observation of (75…100) μm



So far, we have concentrated on the smallest angles observed in the farfield distribution. The larger angles will lead to smaller fringe distances, for example, for the 9° angle on the sample side, we expect fringe periods of 50 μm in the image plane, which corresponds to only 2 pixels of our CCD camera. This is the Nyquist limit to reproduce the fringe pattern. Given the assumption made in the numerical model and the precision in determining the angular contributions it is conceivable that those fringe patterns are not resolved with our setup.




6. Conclusions


In this work we have described an optical setup which is capable to monitor the appearance of laser induced periodic surface structures. In particular, we have shown that the generation of LIPSS on titanium and Si3N4 surfaces give rise to a characteristic fringe pattern in the backscattered light of the patterning laser. This fringe pattern was experimentally observed and very well reproduced by Lumerical simulations using finite difference time domain method. They clearly show that the fringe pattern is unambiguously related to the periodic surface structure. Nevertheless, some questions remain open. We could not yet unambiguously resolve the role of carrier density. And also the fact that the very different LIPSS periods in Si3N4 and titanium lead to quite similar fringe pattern is surprising. The described backreflection diagnostics is therefore a very simple way to monitor the generation of LIPSS with sub- laser wavelength periodicity during the structuring process. This on-line monitoring technique will allow fabricating and using nanostructured targets/samples within a single experimental step, that is, without time-demanding sample characterization. One very promising application could for instance be the use of nanostructured targets for high-repetition rate laser ion acceleration (e.g., in radiation therapy): ions are accelerated by laser pulses (e.g., at 10 Hz) making use of tape targets. In between the individual high energy laser pulses, a high repetition rate laser can structure the sample. Its backreflection gives information about the presence of the structure.







Author Contributions


Conceptualization, A.L., Z.P. and M.S.; methodology, A.L., Z.P. and M.S.; validation, A.L., Z.P. and M.S.; formal analysis, A.L. and Z.P.; investigation, A.L., Z.P. and M.S.; writing—original draft preparation, A.L.; writing—review and editing, A.L., Z.P. and M.S.; visualization, A.L. and Z.P.; funding acquisition, Z.P. and M.S.




Funding


This research was funded by Deutsche Forschungsgemeinschaft (project—Relativistic Nano-Plasma Photonic SCHN953/2-1) and National Office for Research, Development and Innovation (FK 128077).




Acknowledgments


We thank C. Lienau (University Oldenburg), R. Grunwald (MBI), B. Pfau (MBI) and J. Bonse (BAM) for extensive and fruitful discussion. In particular, we thank C. Lienau for triggering our collaboration and J. Bonse for providing additional samples. M.S. acknowledges funding from the Deutsche Forschungsgemeinschaft (project—Relativistic Nano-Plasma Photonic SCHN953/2-1). Z.P. thanks the support from National Office for Research, Development and Innovation (FK 128077).




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Birnbaum, M. Semiconductor Surface Damage Produced by Ruby Lasers. J. Appl. Phys. 1965, 36, 3688–3689. [Google Scholar] [CrossRef]

	



Jee, Y.; Becker, M.F.; Walser, R.M. Laser-induced damage on single-crystal metal surfaces. J. Opt. Soc. Am. B 1988, 5, 648–659. [Google Scholar] [CrossRef]

	



Tsukamoto, M.; Asuka, K.; Nakano, H.; Hashida, M.; Katto, M.; Abe, N.; Fujita, M. Periodic microstructures produced by femtosecond laser irradiation on titanium plate. Vacuum 2006, 80, 1346–1350. [Google Scholar] [CrossRef]

	



Vorobyev, A.Y.; Makin, V.S.; Guo, C. Periodic ordering of random surface nanostructures induced by femtosecond laser pulses on metals. J. Appl. Phys. 2007, 101, 0349003. [Google Scholar] [CrossRef]

	



Bonse, J.; Koter, R.; Hartelt, M.; Spaltmann, D.; Pentzien, S.; Höhm, S.; Rosenfeld, A.; Krüger, J. Femtosecond laser-induced periodic surface structures on steel and titanium alloy for tribological applications. Appl. Phys. A 2014, 117, 103–110. [Google Scholar] [CrossRef]

	



Young, J.F.; Preston, J.S.; van Driel, H.M.; Sipe, J.E. Laser-induced periodic surface structure. II Experiments on Ge, Si, Al, and brass. Phys. Rev. B 1983, 27, 1155. [Google Scholar] [CrossRef]

	



Costache, F.; Kouteva-Arguirova, S.; Reif, J. Sub-damage-threshold femtosecond laser ablation from crystalline Si: surface nanostructures and phase transformation. Appl. Phys. A 2004, 79, 1429–1432. [Google Scholar] [CrossRef]

	



Hsu, E.M.; Crawford, T.H.R.; Tiedje, H.F.; Haugen, H.K. Periodic surface structures on gallium phosphide after irradiation with 150 fs – 7 ns laser pulses at 800 nm. Appl. Phys. Lett. 2007, 91, 111102. [Google Scholar] [CrossRef]

	



Dufft, D.; Rosenfeld, A.; Das, S.K.; Grunwald, R.; Bonse, J. Femtosecond laser-induced periodic surface structures revisited: A comparative study on ZnO. J. Appl. Phys. 2009, 105, 034908. [Google Scholar] [CrossRef]

	



Das, S.K.; Dufft, D.; Rosenfeld, A.; Bonse, J.; Bock, M.; Grunwald, R. Femtosecond-laser-induced quasiperiodic nanostructures on TiO2 surfaces. J. Appl. Phys. 2009, 105, 084912. [Google Scholar] [CrossRef]

	



Kasischke, M.; Maragkaki, S.; Ostendorf, A.; Gurevich, E.L. Simultaneous nanopatterning and reduction of graphene oxide by femtosecond laser pulses. Appl. Surf. Sci. 2018, 445, 197–203. [Google Scholar] [CrossRef]

	



Bonse, J.; Kirner, S.V.; Höhm, S.; Epperlein, N.; Spaltmann, D.; Rosenfeld, A.; Krüger, J. Application of laser-induced periodic surface structures (LIPSS). Proc. SPIE 2017, 10092, 100920N. [Google Scholar]

	



Conradi, M.; Drnovšek, A.; Gregorčič, P. Wettability and friction control of a stainless steel surface by combining nanosecond laser texturing and adsorption of superhydrophobic nanosilica particles. Sci. Rep. 2018, 8, 7457. [Google Scholar] [CrossRef] [PubMed]

	



Bonse, J.; Koter, R.; Hartelt, M.; Spaltmann, D.; Pentzien, S.; Höhm, S.; Rosenfeld, A.; Krüger, J. Tribological performance of femtosecond laser-induced periodic surface structures on titanium and a high toughness bearing steel. Appl. Surf. Sci. 2015, 336, 21–27. [Google Scholar] [CrossRef]

	



Dusser, B.; Sagan, Z.; Soder, H.; Faure, N.; Colombier, J.P.; Jourlin, M.; Audouard, E. Controlled nanostructures formation by ultra fast laser pulses for color marking. Opt. Express 2010, 18, 2913–2924. [Google Scholar] [CrossRef]

	



Wallat, K.; Dörr, D.; Harzic, R.L.; Stracke, F.; Sauer, D.; Neumeier, M.; Kovtun, A.; Zimmermann, H.; Epple, M. Cellular reactions toward nanostructured silicon surfaces created by laser ablation. J. Laser Appl. 2012, 24, 042016. [Google Scholar] [CrossRef]

	



Emmony, D.C.; Howson, R.P.; Willis, L.J. Laser mirror damage in germanium at 10.6 μm. Appl. Phys. Lett. 2019, 23, 598–600. [Google Scholar] [CrossRef]

	



Zhou, G.; Fauchet, P.M.; Siegman, A.E. Growth of spontaneous periodic surface structures on solids during laser illumination. Phys. Rev. B 1982, 26, 5366. [Google Scholar]

	



Sipe, J.E.; Young, J.F.; Preston, J.S.; van Driel, H.M. Laser-induced periodic surface structure. I Theory. Phys. Rev. B 1983, 27, 1141. [Google Scholar] [CrossRef]

	



Bonse, J.; Munz, M.; Sturm, H. Structure formation on the surface of indium phosphide irradiated by femtosecond laser pulses. J. Appl. Phys. 2005, 97, 013538. [Google Scholar] [CrossRef]

	



Borowiec, A.; Haugen, H.K. Subwavelength ripple formation on the surfaces of compound semiconductors irradiated with femtosecond laser pulses. Appl. Phys. Lett. 2003, 82, 4462–4464. [Google Scholar] [CrossRef]

	



Martsinovskiĭ, G.A.; Shandybina, G.D.; Smirnov, D.S.; Zabotnov, S.V.; Golovan, L.A.; Timoshenko, V.Y.; Kashkarov, P.K. Ultrafast excitations of surface polaritons and waveguide modes in semiconductors. Opt. Spectrosc. 2008, 105, 67–72. [Google Scholar] [CrossRef]

	



Reif, J.; Costache, F.; Henyk, M.; Pandelov, S.V. Ripples revisited: Non-classical morphology at the bottom of femtosecond laser ablation craters in transparent dielectrics. Appl. Surf. Sci. 2002, 197–198, 891–895. [Google Scholar] [CrossRef]

	



Höhm, S.; Rosenfeld, A.; Krüger, J.; Bonse, J. Femtosecond diffraction dynamics of laser-induced periodic surface structures on fused silica. Appl. Phys. Lett. 2013, 102, 054102. [Google Scholar] [CrossRef]

	



Jia, X.; Jia, T.Q.; Peng, N.N.; Feng, D.H.; Zhang, S.A.; Sun, Z.R. Dynamics of femtosecond laser-induced periodic surface structures on silicon by high spatial and temporal resolution imaging. J. Appl. Phys. 2014, 115, 143102. [Google Scholar] [CrossRef]

	



Zhang, J.; He, Y.; Lam, B.; Guo, C. Real-time in situ study of femtosecond-laser-induced periodic structures on metals by linear and nonlinear optics. Opt. Express 2017, 25, 20323–20331. [Google Scholar] [CrossRef]

	



Lübcke, A.; Andreev, A.A.; Höhm, S.; Grunwald, R.; Ehrentraut, L.; Schnürer, M. Prospects of target nanostructuring for laser proton acceleration. Sci. Rep. 2017, 7, 44030. [Google Scholar] [CrossRef]

	



Lübcke, A.; Schnürer, M.; Ehrentraut, L.; McGlynn, E.; Byrne, D.; Lowry, S.; Wehner, R.; Grunwald, R. Vol. 2.2 (Surface Photochemistry, Ultrafast Surface Dynamics) of Encyclopedia of Interfacial Chemistry: Surface Science and Electrochemistry; Elsevier: Amsterdam, The Netherlands, 2018; Chapter Interaction of Ultrafast Laser Pulses with Nanostructure Surfaces. [Google Scholar]

	



Daido, H.; Nishiuchi, M.; Pirozhkov, A.S. Review of laser-driven ion sources and their applications. Rep. Prog. Phys. 2012, 75, 056401. [Google Scholar] [CrossRef]

	



Ewald, F.; Schwoerer, H.; Sauerbrey, R. Kα-radiation from relativistic laser-produced plasmas. Europhys. Lett. 2002, 60, 710. [Google Scholar] [CrossRef]

	



Simões, J.G.A.B.; Riva, R.; Miyakawa, W. High-Speed Laser-Induced Periodic Surface Structures (LIPSS) generation on stainless steel surface using a nanosecond pulsed laser. Surf. Coat. Technol. 2018, 344, 423–432. [Google Scholar]

	



Okamuro, K.; Hashida, M.; Miyasaka, Y.; Ikuta, Y.; Tokita, S.; Sakabe, S. Laser fluence dependence of periodic grating structures formed on metal surfaces under femtosecond laser pulse irradiation. Phys. Rev. B 2010, 82, 165417. [Google Scholar] [CrossRef]

	



Yee, K.S. Numerical solution of initial boundary value problems involving Maxwell’s equations in isotropic media. IEEE Trans. Antennas Propag. 1966, 14, 302–307. [Google Scholar]

	



Yang, P.; Kattawar, G.W.; Liou, K.N.; Lu, J.Q. Comparison of Cartesian grid configurations for application of the finite-difference time-domain method to electromagnetic scattering by dielectric particles. Appl. Opt. 2004, 43, 4611–4624. [Google Scholar] [CrossRef] [PubMed]

	



Taflove, A.; Hagness, S.C. Computational Electrodynamics: The Finite-Difference Time-Domain Method; Artech House: Boston, MA, USA, 2005. [Google Scholar]

	



Parsons, J.; Burrows, C.P.; Sambles, J.R.; Barnes, W.L. A comparison of techniques used to simulate the scattering of electromagnetic radiation by metallic nanostructures. J. Mod. Opt. 2010, 57, 356–365. [Google Scholar] [CrossRef]

	



Lynch, D.W.; Olson, C.G.; Weaver, J.H. Optical properties of Ti, Zr, and Hf from 0.15 to 30 eV. Phys. Rev. B 1975, 11, 3617. [Google Scholar] [CrossRef]

	



Luke, K.; Okawachi, Y.; Lamont, M.R.E.; Gaeta, A.L.; Lipson, M. Broadband mid-infrared frequency comb generation in a Si3N4 microresonator. Opt. Lett. 2015, 40, 4823–4826. [Google Scholar] [CrossRef] [PubMed]








[image: Applsci 09 03636 g001 550] 





Figure 1. Experimental setup. Backscattered light from the target is collected by an off-axis parabola (OAP). Part of it is leaking through a mirror (M2) and is focused by a lens onto a CCD camera. 
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Figure 2. SEM (a) and AFM images of nanostructured titanium foil (b) and AFM image of nanostructured Si3N4 (c). 
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Figure 3. Si3N4 sample surface imaged during nanostructuring by the back reflection diagnostic. (a) first pulse, (b) back reflection after the structure has been formed. Scales refer to the image plane. Magnification factor: M = 10×. 
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Figure 4. Simulated near field distribution of the reflected light at 500 nm distance from the surface. Two different color scales are used to show that fringes are visible only in the central part (a) and not in the Airy ring (b). 
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Figure 5. Simulated far-field distribution of the reflected light at 50 μm distance from the surface. (a) Unstructured titanium. (b) Sinusoidally structured titanium surface (600 nm period, 300 nm height). 
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Figure 6. Structure-induced intensity changes to the far-field distribution at 50 μm distance, that is, the difference between the far-field distribution of reflected light from structured and unstructured samples. (a) For an entirely structured sample surface. (b) For a sample where only the central spot (30 μm diameter) is structured. 
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Figure 7. Simulated far-field distribution map    E 2   ( x , y = 0 , z )    as function of distance from the sample surface which is located at   z = 0  . 
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Figure 8. New LIPSS-induced angular components to the backscattered light are focused in front of the original image plane. Interference between the original and LIPSS-induced beam in the detector plane gives rise to the experimentally observed fringe pattern. 
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