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Abstract

:

The self-organized formation of nanoscale laser-induced periodic surface structures (LIPSS) is still not fully understood with respect to the dynamics and interplay of contributing complex mechanisms. The transition from randomness to order and the specific role of nano-feedback are of fundamental interest because of their general aspects. In our study, the very first steps of the surface reconfiguration are demonstrated by analyzing the topology of evolving nano-crater maps. The evolution of spatial frequencies and directional arrangement indicate a feedback-driven adaptation of k-vectors to the required excitation conditions of elementary dipoles in the linearly polarized laser field. The time-dependent structure formation was studied by pump-probe diffraction and scattering experiments. The ratio of the contributions of characteristic light patterns enables plasmonic and non-plasmonic mechanisms to be distinguished, which subsequently act at distinctly different time scales. Recently developed multistage models for the dynamics of material modification are confirmed. The influence of accumulation effects is clearly demonstrated by characteristic changes in scattering and diffraction with an increasing number of preceding pulses. It is assumed that the thermal and plasmonic contributions to accumulation are coupled and thus generate spatially variable modifications.
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1. Introduction


Shortly after the invention of the laser, it was reported by Milton Birnbaum that the illumination of semiconductor surfaces with intense laser radiation can lead to the generation of grating-like structures in solid surfaces [1]. Dynamic changes of the surface reflectivity were interpreted to be related to the induction of electron-holes pairs. One of the materials studied in these early experiments was silicon, which, nowadays, belongs to the most important materials in optoelectronics, photonics, photovoltaics, and many other industries. On a microscale, the structural modifications of polished silicon after laser treatment were found to consist of “numerous small pits and irregular cracks about 10−3 cm in length”. In the following years, such laser-induced periodic surface structures (LIPSS), often simply referred to as “ripples”, were obtained in many kinds of materials, including metals and isolators like glasses, ceramics, diamond, or polymers. Nanostructured materials in metals and compound structures with specific plasmonic properties are of growing interest for applications for surface-enhanced Raman spectroscopy [2], laser particle acceleration [3], photocatalysis, or as antibacterial agents [4,5], to mention only a few.



The mechanisms of LIPSS formation, however, were found to not be of a universal nature and are still often controversially discussed. They can be determined by the type and fine structure of the material, as well as by the parameters of the illuminating light (wavelength, intensity, pulse energy, pulse shape, number of pulses, polarization map, angular profile, ambient media, scanning velocity, orbital angular momentum etc.). Among the various explanations of LIPSS-formation, we find the excitation of laser-induced surface plasma waves [6,7,8,9,10], the generation of Wigner excitons [11], hydrodynamic mechanisms [12], or the thermo-mechanical relaxation of surface instabilities with material transport [13,14,15]. All of these models of laser-induced structure formation are based on immanent feedback loops in combination with self-organization mechanisms which selectively react to parameter variations.



The plasma wave model starts from statistically distributed initial scatterers which are randomly scattering in all directions in half space. The scattered light undergoes a spatial selection which is determined by the k-vector selection rules and therefore also by the spectral bandwidth. Contributions which fulfill the selection rules are promoted, whereas mismatching spatial frequency components are suppressed. The spatial acceptance characteristics are convoluted with the dipole characteristics of the scatterers, which can thus be interpreted as nano-antennas of a variable diameter [16,17]. On this basis, the generation of low-spatial-frequency LIPSS (LSFL) can be well-understood. It is furthermore assumed that, in the periodical field maxima, photoelectrons are emitted, leaving positively charged lattice parts which are locally ablated by Coulomb micro-explosions. The polarization-selectivity of the feedback leads to a subsequent narrowing of the angular spectrum so that the degree of order is increased and the ripples approximate a highly parallel orientation. Ripples are found to appear both parallel and perpendicular to the polarization vector. The responsible physics is not always the same and depends on the specific laser-material interaction scenario. For example, dynamic polarization flip effects near the plasmon resonance [18] or intrinsic frequency conversion [19] can strongly modify the orientation of the ripples. The optical feedback directly modulates the rates and efficiency of absorption and ablation by field enhancement, resonance effects, and light-redistribution [20,21]. Grating-like patterns consisting of alternating melted and solid zones were observed, which are closely related to the length scales of different optical and thermodynamically mechanisms [22]. Apart from the LSFL, the generation of high-spatial-frequency LIPSS (HSFL) with feature sizes far below the optical wavelength was reported from experiments with ultrashort-pulsed lasers [23,24,25,26,27]. The formation of this particular type of LIPSS can be attributed to alternative mechanisms like harmonic generation [19]. As we previously demonstrated, the formation of LIPSS in transparent large-bandgap materials (e.g. ZnO or TiO2) is supported by multiphoton excitation in focused highly intense laser fields [28,29]. For an appropriate explanation, the classical Drude model had to be extended by including a nonlinear term which leads to a transient metal-like state that provides the required carriers for generating surface plasmon polaritons (SPPs) [28]. The nonlinear excitation model corresponds to experimentally observed, intensity-dependent ripple periods. This was confirmed, e.g., by radially continuously varying periods for illumination with Gaussian intensity profiles [28]. The relevance of SPPs as essential contributions to the ripple generation was confirmed by several studies [30,31,32,33,34,35,36]. A strong indication of the existence of plasmonic mechanisms is the dependence of the structure formation on the polarization of the inducing laser beam [37]. Two-plasmon resonance is addressed as another possible origin of HSFL [38].



For metals like Ti, Al, and Au, it was shown that nanoscale surface boiling plays a role in sub-threshold damage, as well as above-threshold spallation by femtosecond laser pulses [39,40]. Although thermal material modification and rearrangement were detected at different time scales compared to the exciting light pulses, the ripple formation is significantly influenced by plasmons initially induced by the ultrafast laser pulses [39]. These findings indicate that a combination of sub-surface bubble generation and plasmon-related spatially periodical energy insertion results in the generation of isolated or merged nanovoids, depending on the fluence. In other words, the cooperation of non-thermal and thermal mechanisms can lead to a kind of memory effect for plasmonic spatial frequency information, which also has to be expected for the ultrafast excitation of transparent materials. This picture is further supported by observations of volume bubble formation and rearrangement in glasses which were found to be related to plasmonic mechanisms [41,42]. Recent studies of the dynamics of LIPSS formation in silicon with time- and pulse-number-resolved microscopic pump-probe reflectometry with the moving-spot approach [43,44] revealed that the generation of free electrons at a high power density leads to non-thermal melting, liquid phase overheating, and finally to a rapid solidification into the amorphous phase. In this paper, it was argued that far- and near-field scattered light interferes with the incident laser light without the need to involve surface plasmon polaritons. The results of other groups, however, provide a strong indication of plasmonic contributions [35,45]. Recent studies with nanosecond pulses also include the possibility of SPP generation [46]. In two-color double-pulse experiments, the evidence for a plasmonic origin of LIPSS generation in silicon was clearly shown [47]. Because of the existence of a critical carrier density for plasmon excitation, ultrafast excitation is required. Some phenomena like the reported independence on a variation of the angle of incidence [48] or the detailed pathways to HSFL [49] are not yet fully understood.



Pump-probe measurements can be performed, for example, with respect to spectral properties, phase, reflectivity, or surface structure. Recently, pump-probe imaging was used to study the ultrafast dynamics of LIPSS formation on gold films [50].



Here, we report on complementary femtosecond-laser experiments by (i) exploring the very early process stages by analyzing the microscale structural changes with respect to the spatial frequency evolution and the convergence of the angular characteristics of micro-craters, and (ii) analyzing the structural evolution by pump-probe scattering and diffraction measurements [20,51].The micro-crater evolution is investigated following an alternative strategy targeting self-organized spatial frequency and angular domain parameters simultaneously. Moreover, pump-probe measurements are performed with a femtosecond-range temporal resolution and two-dimensional, highly sensitive detectors.



Specific spatio-temporal changes of interference features are addressed, which indicate non-stationary plasmonic contributions. The results confirm that the LIPSS generation in silicon with near-infrared femtosecond lasers can only be explained by a hybrid model of subsequent non-thermal and thermal processes on different time scales. Moreover, systematic pulse-number-dependent measurements emphasize the role of feedback and accumulation effects for the self-organizing emergence of periodic nanostructures in silicon surfaces.




2. Experimental Techniques


Single as well as multiple pulses for illumination can be extracted from a Ti:Sapphire laser (Spitfire, Spectra Physics/Newport, central wavelength 800 nm, pulse duration 120 fs, spectral FWHM 10 nm, repetition frequency 1 kHz, typical average laser power 2.3 W, linearly polarized). The pulse sequence can be selected by the integrated laser steering software. The pulses are inserted into an extended Mach-Zehnder interferometer. The experimental setup for pump-probe scattering and diffraction measurements is schematically depicted in Figure 1. The beam splitter generates two partial beams by transmitting 20% and reflecting 80% of the original pulse power. The first optical path (including mirrors M1 and M2) guides the reflected contribution as the pump beam to the silicon specimen. The pulse power is adjusted by a rotatable half wave plate, which acts as a polarization analyzer. A cylindrical lens (L1, f = 100 mm) focuses the pump beam onto the surface of the silicon specimen. The second part of the light (transmitted at the beam splitter) is frequency converted by second harmonic generation (SHG) in a beta barium borate (BBO) crystal. The frequency doubled (400 nm) pulses are used as probe pulses at low (sub-threshold) fluence values to avoid parasitic short-wavelength-induced ripples. The time delay between the pump and probe pulses can be adjusted by varying the distance between mirrors M1 and M2. After being reflected at Mirror M6, the probe beam is focused by a spherical lens (f = 100 mm) and hits the surface at an angle of 15° with respect to the normal incidence. The diffusely scattered and diffracted light reaches a screen which is imaged onto a single-photon capable, 2D electron multiplying charge coupled device (EMCCD) camera (iXon, Andor, LOT).



To enhance the contrast, the specular reflection of the probe beam is suppressed by guiding it through a pinhole in the screen on a beam trap (shield). The spatial and temporal coincidence of pump and probe beams was roughly pre-adjusted by detecting the non-collinear (SHG) intensity cross-correlation signal generated by a second BBO crystal with a photodiode. For fine adjustment, a ZnO nanolayer (thickness about 300 nm) was used for the frequency conversion, thus enabling optimization of the spatio-temporal overlap with a high resolution and the definition of the zero temporal delay state.



The intensity profile of the pump beam was measured with a beam profiler (M 100, Metrolux, Göttingen, Germany). At a maximum pump power of 1.2 W, a maximum intensity of 2.13 TW/cm2 and a fluence of 0.55 J/cm2 in the focal spot were obtained, whereas the probe pulse intensity was estimated to be 18 times lower. Surface structures in silicon were inspected with a high-resolution field-emission scanning electron microscope (FE-SEM, JEOL JSM-6400F, JEOL GmbH, Freising, Germany), including energy dispersive X-Ray Spectroscopy (EDS). A spatial frequency analysis of SEM images was performed by two-dimensional Fast Fourier Transform (FFT).




3. Material Properties


To enable a plasmonic contribution to LIPSS formation, two preconditions have to be fulfilled: (1) The material has to be capable of generating enough free carriers, and (2) coupling of light into the plasmons has to be enabled by an appropriate re-distribution mechanism (scattering). Furthermore, possible transitions from crystalline to amorphous Si require the involvement of specific material parameters for both states. In the following, related electronic and optical properties are discussed on the basis of a simplified model which enables a qualitative description of the pre-conditions of the laser-material interaction processes. It should be noticed that, in order to evaluate the material properties at maximum fluence, we considered peak values for the carrier density corresponding to constant optical parameters like reflectivity. It is clear that, for dynamic modelling, most optical parameters have to be assumed to be time-dependent, as shown in detail in the literature [36,44,52,53,54,55]. The difficulty for any realistic confinement of the modelling is the high complexity of the mechanisms, including dynamic feedback. One has to expect not only a transient change of the optical parameters with the carrier density, but also changes by eliminating thin oxide layers in the initial stage, amorphization after melting and re-solidification, the accumulation of defects, and changes induced by the evolving nanostructures. In particular, the optical action of the growing nanostructures opens selective feedback channels by diffraction and enhancement, which can be studied by pump-probe diffraction and scattering experiments.



3.1. Crystalline Silicon


Pump-probe experiments were performed with phosphorus-doped crystalline <100> silicon wafers. The specific resistance of 0.1 to 2 Ω cm (data from CrysTec) corresponds to carrier densities in the range of 8.35 × 1016 cm−3 to 2.36 × 1015 cm−3. At a central wavelength of λ0 = 800 nm, room temperature, and the given crystal orientation, the complex dielectric function εSi and the complex refractive index nSi of n-doped Si are found to be [54]


εSi=εSi′+iεSi″=13.557+i 0.044,



(1)






nSi=nSi,real+ikSi=3.682+i 0.006,



(2)




where εSi’ and εSi’’are the real and imaginary part of the dielectric function, respectively, and nSi,real and kSi are the real part of the refractive index and extinction coefficient, respectively. For λ0, a linear absorption coefficient of αSi = 942.48 cm−1 can be calculated on this basis. The (low intensity) reflectivity at normal incidence is RSi = 0.328 at the central laser wavelength. The two-photon absorption coefficient is in the range of βSi = 6.8 × 10−11 m/W [55]. Assuming that the number of excited electrons ne equals the number of donors, one can roughly estimate ne for a wavelength of λ0 = 800 nm, a pulse duration of τ = 120 fs, and a peak fluence of Φ0 = 0.55 J/cm2 via the following relationship (after [45]):


ne~ 1hν·Φ0(1−RSi)·[αSi+βSi·Φ0·(1−RSi)]2τ·2π



(3)




where (hν = photon energy at λ0 = 800 nm) has to be in the order of 7.51 × 1021 cm−3.



It has to be noticed that the estimation is related to unexcited material and the pulse absorption is regarded as instantaneous. In a more realistic model, the time dependence of the parameters has to be taken into account. The effective optical mass of the carriers for moderately doped n-Si with an excited state carrier density in the conduction band of about 5 × 1021 cm−3 is reported to be mopt,n-Si = 0.57 me (me = rest mass of the electron) [56]. With the plasma frequency


ωp,n−Si=ne,n−Si·e2ε0·ε∞·mopt,n−Si = 6.48 × 1015 s−1



(4)




(ε0 = vacuum permittivity), the angular frequency


ω=2πcλ0 = 2.35 × 1015 s−1



(5)




(c = vacuum velocity of light), and the dielectric function of a Drude-Sommerfeld metal (here: highly excited transient metallic silicon [57]


εSi−Met=ε∞·[1−ωp,n−Si2(ω2+iωτD,n−Si)],



(6)




and after complex conjugation and inserting the Drude collision time in n-Si, τD,n-Si = 4.1 × 10−15 s, one ends up with the real and imaginary parts:


εSi,Met′=ε∞·[1−ωp,n−Si2(ω2+1τD,n−Si2)]



(7)






εSi,Met″=ε∞·[−ωp,n−Si2(ω3τD,n−Si+ωτD,n−Si)]



(8)




The term ε∞ describes the dielectric function of the positive ion background, which can be neglected if the effects of free carriers dominate [58]. In our case, this condition is fulfilled (ε∞ = 1), so the influence on the plasma frequency in Equation (4) is cancelled out. The transient, complex dielectric function of n-Si can therefore be written as


εSi,Met=εSi,Met′+iεSi,Met″=−6.51+i 0.781.



(9)




On the basis of different confined theoretical models for the transient optical properties of ultrafast excited silicon, the complex material response was quantitatively predicted in the literature [36,53].



In particular, the reflectivity is expected to have a maximum and the impact ionization coefficient should depend nonlinearly on the laser intensity [53]. Lifetimes of modified optical states are calculated to be in the order of a few tens of femtoseconds. Minimum reflectivity indicates the transition to metallization and the achievement of the ionization threshold. The simulations basically confirm that the electronic material properties support the generation of SPPs. The interference mechanisms (light, SPPs and SPPs, SPPs and light, SPP recombination), however, are still much debated. Observations suggest that multiple mechanisms can act in a complex scenario, depending on dynamic material parameters and non-stationary excitation conditions.



Studies of few-pulse modification of subsurface morphology suggest that the initial phase is significantly defined by defect generation [59] and incubation [60].




3.2. Amorphous Silicon


The amorphization of crystalline Si is known to be an essential contribution to the scenario of LIPSS formation [45,61]. At fluences well below the single pulse ablation threshold, a shock wave propagates along the surface, which leads to melting and which is followed by re-solidification into a layer of amorphous material (a-Si) with a parabolic profile with a depth of a few tens’ nm [45]. For unexcited amorphous Si, the dielectric function at the laser wavelength and the complex refractive index are [62]


εa−Si=εa−Si′+iεa−Si″=−15.167+i 0.852



(10)






na−Si=na−Si,real+ika−Si=3.896+i 0.109



(11)




The linear absorption coefficient


αa−Si= 4πkSiλ0



(12)




can be estimated to be αa-Si = 17.122 cm−1. The two-photon absorption coefficient of amorphous Si of βa-Si = 3.7 × 10−10 m/W [63] delivers an effective optical mass of mopt,a-Si = 0.18 × me and a Drude collision time of τD,a-Si = 1 × 10−15 s. The reflectivity at normal incidence is Ra-Si = 0.35. With the help of these parameters and Equations (3) and (4), it follows that


ne,a−Si≈5.56 × 1022cm−3



(13)






ωp,a−Si=3.14 × 1016s−1



(14)




The transient, complex dielectric function of a-Si can be calculated on the basis of Equations (7) and (8):


εa−Si,Met=εa−Si,Met′+iεa−Si,Met″= −150.16 + 64.3



(15)




The evaluation of the calculated material functions is part of the section with experimental results.





4. Spatial Frequencies and Plasmon Coupling


For the coupling of a photon to a surface plasmon, only k-vector components parallel to the surface with polarization parallel to the plane of incidence are necessary. From the dispersion relations for SPPs, however, it follows that this component does not exist for perfectly smooth surfaces [64]. Nonradiative plasmons in both thin and thick films, however, can couple to electromagnetic radiation in the presence of surface roughness or by means of a grating [65]. With increasing roughness, the spatial frequency spectrum of a surface contains more components which match the coupling condition. On the other hand, increasing losses by scattering and beam distortion may work against this tendency so that one has to expect the existence of an optimum spatial frequency with optimum (center of gravity) angular characteristics determined by the polarization vector. A grating as a coupler provides the required momentum matching by enhancing the transversal k-vector component by multiples of 2π/kgrating [66]. The coupling behavior was experimentally demonstrated for gratings with typical LIPSS periods [32]. The role of micro-craters in the initial phase of LIPSS formation in Si was investigated for femtosecond laser irradiation at fluences in a few J/cm2 range [45]. It was shown that after the first pulse, a random distribution of craters with diameters in the range of 0.5–5 µm appears. The spatial density and size of the craters is obviously influenced by beam hot spots and local material inhomogeneities. Fringe-like sub-structures around certain (but not all) craters indicate (a) the dipole-like, polarization-dependent generation of SPPs, which is (b) preferentially found around craters of a selected size and/or inner structure, obviously for best matching spatial frequency components. This goes well with the assumptions on the existence of optimum conditions for spatial and angular selection resulting from laser spectrum, polarization, and dielectric function.




5. Results and Discussion


5.1. Dynamic Initial Feedback Mechanism


5.1.1. Micro-craters


Building on previous findings on the crucial role of initial roughness for starting the generation of LIPSS and spatially filtering SPPs [67], and, in particular, on the random formation of craters by micro-explosions including non-thermal melting [45,68], we investigated the temporal aspects of self-organized, feedback-driven surface modification at the very beginning of the laser-material interaction (pre-LIPSS stage). The distribution of craters after defined numbers of laser pulses with known intensity profiles was detected by SEM. Peak intensity and peak fluence at the angle of incidence of 0.42° (due to focus) were chosen to be 2.13 TW/cm2 and 0.55 J/cm2, respectively. After irradiation with a pulse number of N = 1, statistically distributed craters with an average diameter of dcrater = 0.37 µm were found. In the center of the beam profile (higher intensity), a more distinct deviation from randomness towards an ordered configuration was found (Figure 2). The initial crater formation is also (slightly) influenced by the existence of a thin (few nm) oxide layer on top, which is later blown away. This cover layer provides a certain amount of a-Si [45,61], which has to be taken into account for quantitatively simulating the metallization and losses after the first pulse.



For identical pulse power, a tendency towards ordered structures was also observed with increasing pulse number. This tendency was confirmed by two-dimensional Fast Fourier Transform (2D-FFT).




5.1.2. Distance Function and Angular Characteristics


A more detailed, quantitative analysis was performed by adapted image processing software, programmed in Visual Basic for Applications and Excel. The algorithm calculates, for a selected field of (up to 150) micro-craters, the scatterer distances and the corresponding direction angles for all connecting lines between the centers of gravity (schematically in Figure 3).



Experimental data for spatial micro-crater maps derived for different pulse numbers are analyzed in Figure 4. The arrows in the polar plots provide information on both (a) the mean distance <D> between neighboring craters, and the mean direction angle <φ> (according to the scheme in Figure 3). For pulse numbers N > 1, new craters obviously overwrite old craters. With increasing intensity, the distance vector components normal to the polarization vector decrease systematically. This continues until the average center-center distance of neighboring craters gcrater in a normal direction reaches about twice the average crater diameter (gcrater = 0.75 µm ≈ 2 dcrater). The directionality with respect to the polarization agrees with findings published in ref. [45]. The reconfiguration of crater maps leads to a more efficient feedback by generating new spatial frequency components and by creating point gratings with an optimum orientation with respect to the polarization, both favoring the generation of SPPs. The dimensions of the craters can be compared with simple estimations. At normal incidence, the SPP wavelengths for n-Si and a-Si can be calculated to be 736 nm and 797 nm, respectively. For sinusoidal plasmons, the corresponding half periods have dimensions of about 368 nm and 398 nm, respectively. The value for n-Si is very close to the observed crater geometry. It can be summarized that, under the given experimental conditions, (a) the scatterer geometry is nonstationary and self-organized via polarization driven feedback, and (b) the directional and spatial-frequency adaptation to optimum SPP-coupling is relatively fast (here, it takes 10 pulses to perfectly match, at most).





5.2. Pump-Probe Scattering and Diffraction


5.2.1. Measuring Conditions


In contrast to previously reported pump-probe diffraction experiments [69] where the scattered signal was detected by a photo diode, we used a highly sensitive EMCCD camera as a detector, which allowed us to simultaneously monitor the two-dimensional intensity patterns and thus to extract specific spatial image information. The optical delay range of the automated measurement was limited by the maximum interferometer arm length to 30 ps. For comparing measurements at a larger time difference (2 s), the path was adjusted by hand. The pump and probe pulse had, in good approximation, Gaussian temporal-shape functions with FWHM values of 120 fs and 85 fs, respectively. The foot-to-foot time duration of the pump pulse is > 300 fs. All pump-probe measurements were performed at initial pump and probe peak intensities of 2.13 TW/cm2 and 0.12 TW/cm2, respectively, with a minimum step width of 30 fs delay. After taking into account reflection losses at normal incidence and an angle of 15°, these intensities reduce to 1.43 TW/cm2 and 0.06 TW/cm2, respectively. The probe beam was inserted with perpendicular polarization relative to the plane of incidence. By subtracting a background image from a single probe pulse reflected at pristine silicon, the linear influences on the measurement were eliminated. All images represent the same field of view on the screen (angular range from 1° to 47° from right to left in the following figures, in relation to the probe reflex which is located at the right edge). To avoid optical distortions, the sample, screen, and EMCCD had a parallel orientation. In the following, we present experimental data on two cases with N = 1, N = 2, and N = 3 pulses. One should notice that the zero time delay (Δt = 0 fs) corresponds to the exact overlap of pump and probe peaks, i.e., the starting point is the time of maximum pump intensity.




5.2.2. Initial Pulse (N = 1)


Detected scattering patterns for 15 selected time intervals between 30 fs and 2s are presented in Figure A1 (Appendix A) for a field of view of 14 × 14 cm2. Within the first 1000 fs, no significant scattering or diffraction effects are observed. The contrast of possible plasmonic field amplitudes from the pristine silicon wafer surface, if there are some, is too low to be detected. At a time difference Δt = 30 ps, slightly enhanced scattering becomes visible. The related crater formation at this time corresponds to structures as shown in Figure 2a,b and should mostly have a non-thermal origin. The mechanism behind this can be explained as follows. As shown in the introduction, the dielectric function of silicon can be changed to be negative. This enables plasmon modes which transfer energy to the lattice, finally leading to a melt with periodical electron plasma in the upper surface planes. Within the surface melt, extremely hot electrons appear (compared to the average electron temperature in the melt) that can cause nano-explosions or phase explosions [70] and bubbles. The SEM images show residual material deposition (debris) in the proximity of the craters, which can be traced back to the bursts of the bubbles. In a transiently liquid material, the bubbles are able to move. If most energy is deposited in periodical zones perpendicular to the plasmon propagation direction, most bubbles should be collected there. Such a mechanism would explain the beginning orientation of the scatterers after a single pulse (see Figure 2b). This picture is also supported by other studies on metals and dielectrics. Corresponding mechanisms were discussed for Ag, Au, and Ti under high fluence excitation [39,40], and for volume structures in glasses [42,71] (where surface plasmons, however, may be replaced by the coupling of many local plasmons). The ripple formation at the surface of fused silica is explained by the interplay of plasmons and incubation effects (accumulation of defect sites) [72].




5.2.3. Pulse Number N = 2


In Figure A2 (Appendix B), the time evolution for N = 2 is plotted. After 30 fs, modifications of the optical functions start, which are indicated by temporarily changing brightness. Between 120 fs and 210 fs, interference patterns appear, which are (with high probability) caused by SPPs. Parallel to these plasmon dynamics, a further change in brightness is also observed. After 5 ps, a weak indication of contributions by diffraction becomes visible. Such a time conforms with data from the literature [73]. These contributions manifest over the subsequent time intervals until the diffraction pattern has a high contrast on the ns-scale (see the last image in Figure A2 for 2 s). The interval of diffraction angles reaches from 33.8° to 46.4° (averaged angle: 40.1°). This corresponds to a range of spatial ripple periods between 704 nm and 791 nm (period related to the averaged angle: 741 nm). These values are related to LSFL structures. HSFLs are not resolved by the pump-probe setup. High-frequency SPPs, however, can be indicated by low-frequency beatings of interference patterns. Furthermore, we would like to address that between 120 fs and 210 fs, a rotation of the interference stripes can be seen. It can be assumed that counter-propagating plasmon modes interfere with an angular dynamic influenced by the micro-crater map. To evaluate the time interval for plasmonic activity in comparison to our experimental findings, we estimated the SPP travel time based on the Drude model, including losses from metallic and dielectric Si, and considered different phases of Si (see introductory part). For excited n-Si, a characteristic lifetime of 46 fs was theoretically calculated. For excited a-Si, the lifetime was estimated to be 298 fs (assuming a layer thickness of 60 nm in agreement with refs. [41,57]). These values represent the lower and upper limits for SPP lifetimes. This temporal range was verified by the behavior detected in the experiment (interval from 120 fs to 210 fs).




5.2.4. Pulse Number N = 3


The experiments for N = 3 (Appendix C, Figure A3) show that, induced by the ripples from the preceding first two pulses, a distinct diffraction pattern remains visible after the third pulse. The above mentioned changes in visibility (see N = 2) are again observed. At 120 fs, weak interference is still recognizable. Moreover, measurements with smaller step widths indicated that the behavior in this time regime depends sensitively on small variations in the homogeneity of the material (not shown here). This is a further hint to the presence of a plasmonic mechanism. The diffraction is accompanied by an increase of the scattered, unstructured contribution (right side of the images). We explain this observation by an additional induction of bubbles or craters in the crests of the ripples (which correspond to the areas of minimum SPP field strengths). In these areas, non-thermal processes may be less erased by thermal processes during the first few pulses.






6. Conclusions


To conclude, the dynamics of femtosecond-laser-induced ripple formation in silicon surfaces was studied with particular emphasis on structural changes and feedback. The analysis of the very initial stages confirms a self-organized reconfiguration of micro-crater maps towards adapted spatial frequencies and grating directionality. In contrast to previous publications [41], this strategy was enabled by a detailed pre-analysis of pulse-number-resolved SEM micrographs with adapted image processing software. Theoretical considerations concerning the material parameters show, in good agreement with other studies in the literature, the realistic potential for an efficient excitation of SPPs. This was well-confirmed by the results of femtosecond pump-probe experiments, extending the capabilities of previously applied techniques [49] to a higher temporal resolution and 2D spatial detection by a single-photon-sensitive EMCCD matrix camera. The observation of distinct and evolving interference patterns clearly indicates a plasmonic contribution mainly during the excitation pulse, followed by a thermal reconfiguration process at a picosecond to nanosecond time scale. In contradiction to some alternative assumptions which either exclude the influence of plasmons or, vice versa, reduce the mechanism to an interference effect, our findings give a strong indication for a more complex hybrid mechanism. Under the conditions of our experiments, the complete LIPSS formation scenario has to be regarded as a combination of non-thermal and thermal processes where the SPPs are responsible for a reconfiguration of nano-bubbles along a grating geometry and the thermal part provides the required mobility by melting the material. The pre-analysis of pulse-number-resolved micro-crater maps at equal fluence compared to the diffraction experiments allows the assumptions on local material modifications (field-induced bubbles, melting etc. [68,71]) to be transferred to the LIPSS formation scenario. The relevance of accumulation effects is underlined by the pulse number dependence [74]. The model of LIPSS formation can be described by three regimes [20]: (I) plasmon regime (free electron generation, electron heating), (II) structure regime (nonthermal melting, electron-lattice heating), and (III) stabilization regime (thermal melting, ablation, resolidification), which dominate the dynamics at different time scales (0–250 fs, 250–100 ps, 100 ps–2 ns). In all regimes, the feedback enhances with increasing pulse number, which leads to more distinct diffraction patterns. During the plasmon regime (I), an increasing degree of order of craters is obtained by field-induced micro-explosions and non-thermal melting together with polarization-related feedback. This favors SPPs interference by overcoming the wave vector discrepancy. The progressing reconfiguration of scattering craters in the earliest stage of the plasmon regime (I) was clearly demonstrated. Energy investment within the maxima of SPP interference fringes can lead to an enhanced formation of bubbles. Merging of bubbles along temporally elastic stripes of maximum carrier density requires thermal melting, which is obtained in the structure regime (II) when the transfer of electronic energy to the lattice is completed. The stabilization regime (III) is finished after 1–2 ns, i.e., long after the end of the pump pulse. The different regimes can be clearly seen in the temporally resolved 2D scattering/diffraction patterns in Figure A1, Figure A2 and Figure A3. All findings support our basic statement about the central role of feedback-driven self-organization for LIPSS generation by femtosecond-laser irradiation of polished crystalline silicon.



It is expected that the efficiency and topology of feedback and SPP formation can strongly be supported by controlling the geometrical boundary conditions, e.g., by resonant gratings or waveguiding structures. Further improvements of the spatio-temporal resolution could be obtained by applying adapted deconvolution and image recognition algorithms, photoelectron emission spectroscopy, or time resolved x-ray scattering.
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Appendix A. Pump-Probe Scattering and Diffraction for N = 1
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Figure A1. Spatially resolved intensity patterns detected by pump-probe scattering after irradiating silicon in air by a single pulse (N = 1) of a Ti:Sapphire laser (central wavelength: 800 nm; pulse FWHM: 120 fs; effective peak intensities of pump and probe pulses after subtracting losses: 1.43 TW/cm2 and 0.06 TW/cm2, respectively; field of view: 14 × 14 cm2). Varying optical functions modulate the visibility temporarily. No distinct diffraction effect is observed up to the maximum time difference of 2 s. 
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Appendix B. Pump-Probe Scattering and Diffraction for N = 2




[image: Surfaces 02 00021 g0a2 550]





Figure A2. Spatially resolved intensity patterns detected by pump-probe scattering after irradiating silicon in air by three pulses (N = 2) of a Ti:Sapphire laser (central wavelength: 800 nm; pulse FWHM: 120 fs; effective peak intensities of pump and probe pulses after subtracting losses: 1.43 TW/cm2 and 0.06 TW/cm2, respectively; field of view: 14 × 14 cm2). Three effects are observed: (1) varying optical functions modulate the visibility temporarily; (2) between 120 and 210 fs, interference indicates plasmonic contributions; and (3) distinct diffraction is observed after 2s. 
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Appendix C. Pump-Probe Scattering and Diffraction for N = 3
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Figure A3. Spatially resolved intensity patterns detected by pump-probe scattering after irradiating silicon in air by three pulses (N = 3) of a Ti:Sapphire laser (central wavelength: 800 nm; pulse FWHM: 120 fs; effective peak intensities of pump and probe pulses after subtracting losses: 1.43 TW/cm2 and 0.06 TW/cm2, respectively; field of view: 14 × 14 cm2). As in Figure A2 and Figure A3, varying optical functions modulate the visibility temporarily. Distinct diffraction is observed in all images. 
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Figure 1. Pump-probe configuration for the time-dependent characterization of femtosecond laser-induced LIPSS in silicon/air (BS1: 80/20 beam splitter, M1-M6: HR mirrors, L1: f = 100 mm cylindrical lens, L2: f = 100 mm spherical lens, λ/2: half wave plates, P: linear polarizers, BBO: beta barium borate crystal for second harmonic generation, F: BG39 color glass filter, EMCCD: 2D electron multiplying charge coupled device camera). 
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Figure 2. Initial micro-craters in silicon after N = 1 pulses (central wavelength: 800 nm, peak intensity: 2.13 TW/cm2): (a) outer rim and (b) center of the ablation area. The degree of spatial order increases towards a higher intensity. 
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Figure 3. Analysis principle implemented in the image processing software for studying the evolution of maps of micro-craters (yellow circles and ellipses) (schematically). The main geometrical parameters are the center-to-center scatterer distances D and the direction angle φ relative to the orientation of the polarization vector (double arrow). Averaged values <D> and <φ> are obtained as a function of the number of pulses N. After that procedure, the program sorts the distances into (73) angular intervals so that the data can be plotted in a polar plot. Figure 4 shows the evolution of <D> and <φ> for crater maps induced by N = 1, 2, 6, and 10 pulses, respectively. 
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Figure 4. Evolution of micro-crater maps in Si during the initial phase of LIPSS formation characterized by average scatterer distance <D> and average direction angle <φ>. Numbers inside filled areas stand for N = 1, 2, 6, and 10 (linearly polarized) laser pulses (black double arrow: polarization vector). The spatial frequency increases, whereas the angular orientation stepwise approaches the polarization direction. 
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