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Polarization-Dependent Anisotropy of LIPSSs' Morphology Evolution on a Single-Crystal Silicon Surface
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Utilizing the principle of laser-induced periodic surface structures (LIPSSs), this research delves into the morphological evolution of single-crystal silicon surfaces irradiated by a near-infrared picosecond laser through a scanning mode. With the increase in laser energy density, the nanostructure morphology on single-crystal silicon surfaces induced by incident lasers with different polarization directions sequentially produces high spatial-frequency LIPSSs (HSFLs) with a period of 220 nm ± 10 nm parallel to the laser polarization, low spatial-frequency LIPSSs (LSFLs) with a period of 770 nm ± 85 nm perpendicular to the direction of the polarization, and groove structures. Furthermore, by varying the angle between the laser polarization and the scanning direction, the study examined the combined anisotropic effects of the laser polarization scanning direction angle and the laser polarization crystal orientation angle on the genesis of LIPSSs on single-crystal silicon (100) surfaces. The experiments revealed polarization-related anisotropic characteristics in the morphology of HSFLs. It was found that when the polarization angle approached 45 • , the regularity of the LSFLs deteriorated, the modification width decreased, and the periodicity increased. This is critical for the precise control of the LSFLs' morphology.

Introduction

Laser-induced periodic surface structures (LIPSSs) are a phenomenon in which periodically distributed nanostripes are formed within the spot area when a laser irradiates the surface of a material [START_REF] Bonse | Laser-Induced Periodic Surface Structures-A Scientific Evergreen[END_REF]. This may be caused by the inhomogeneous deposition of photon energy due to the optical field pattern established by the interference between the incident light and the surface electromagnetic waves on the material surface during the irradiation of the laser pulse [START_REF] Sipe | Laser-Induced Periodic Surface Structure. I. Theory[END_REF][START_REF] Bonse | On the Role of Surface Plasmon Polaritons in the Formation of Laser-Induced Periodic Surface Structures upon Irradiation of Silicon by Femtosecond-Laser Pulses[END_REF][START_REF] Geng | Quasicylindrical Waves for Ordered Nanostructuring[END_REF] and the subsequent hydrodynamic-driven morphology organization, as in Refs. [START_REF] Rudenko | Self-Organization of Surfaces on the Nanoscale by Topography-Mediated Selection of Quasi-Cylindrical and Plasmonic Waves[END_REF][START_REF] Rudenko | High-Frequency Periodic Patterns Driven by Non-Radiative Fields Coupled with Marangoni Convection Instabilities on Laser-Excited Metal Surfaces[END_REF][START_REF] Bonse | Meets Marangoni-A Review of Theories on Laser-Induced Periodic Surface Structures[END_REF]. LIPSSs are commonly found in a variety of metal [START_REF] Sun | A Review of Effects of Femtosecond Laser Parameters on Metal Surface Properties[END_REF], dielectric [START_REF] Reif | Ripples Revisited: Non-Classical Morphology at the Bottom of Femtosecond Laser Ablation Craters in Transparent Dielectrics[END_REF], and semiconductor materials [START_REF] Borowiec | Subwavelength Ripple Formation on the Surfaces of Compound Semiconductors Irradiated with Femtosecond Laser Pulses[END_REF]. They are a flexible and convenient nanostructure processing technology with no masks, no contact, and small material limitations [START_REF] Chen | Surface Birefringence of Regular Periodic Surface Structures Produced on Glass Coated with an Indium Tin Oxide Film Using a Low-Fluence Femtosecond Laser through a Cylindrical Lens[END_REF][START_REF] Jiang | Extremely High-Quality Periodic Structures on ITO Film Efficiently Fabricated by Femtosecond Pulse Train Output from a Frequency-Doubled Fabry-Perot Cavity[END_REF][START_REF] Geng | Laser-Induced Deep-Subwavelength Periodic Nanostructures with Large-Scale Uniformity[END_REF], which are expected to overcome the challenges of complex fabrication processes, limited processing material, and high environmental requirements in micro-nano manufacturing processes, such as photolithography [START_REF] Wagner | Lithography Gets Extreme[END_REF], focused ion beam [START_REF] Li | Recent Advances in Focused Ion Beam Nanofabrication for Nanostructures and Devices: Fundamentals and Applications[END_REF], and electron beam lithography [START_REF] Hong | Solvent-Free Nanofabrication Based on Ice-Assisted Electron-Beam Lithography[END_REF]. They have the capability to change the optical, mechanical, and biological properties of materials, presenting considerable prospects for development in the field of material modification. Currently, they have been studied on metal structural color [START_REF] Geng | High-Speed Laser Writing of Structural Colors for Full-Color Inkless Printing[END_REF], surface antibacterial performance enhancement [START_REF] Georgakopoulos-Soares | Surface Antibacterial Properties Enhanced through Engineered Textures and Surface Roughness: A Review[END_REF], sensing [START_REF] Shen | Organelle-Targeting Surface-Enhanced Raman Scattering (SERS) Nanosensors for Subcellular pH Sensing[END_REF], polarization conversion of light [START_REF] Elshorbagy | Polarization Conversion Using Customized Subwavelength Laser-Induced Periodic Surface Structures on Stainless Steel[END_REF], friction properties [START_REF] Bonse | Femtosecond Laser Texturing of Surfaces for Tribological Applications[END_REF], absorption enhancement of solar cells [START_REF] Ferry | Optimized Spatial Correlations for Broadband Light Trapping Nanopatterns in High Efficiency Ultrathin Film A-Si:H Solar Cells[END_REF], and other applications, showing substantial potential applications in various fields, including medicine, optics, tribology, and energy technology, etc.

Due to the characteristics of ultrafast lasers with extremely high peak power and ultrashort pulse width, a novel phenomenon of sub-wavelength order periodicity in LIPSSs, known as high spatial frequency LIPSSs (HSFLs), is generated when it irradiates the surface of materials, has attracted widespread attention among researchers. However, the mechanism of its formation remains unclear. Silicon, as a representative semiconductor material, has been extensively investigated for the generation of LIPSSs on its surface by ultrafast laser irradiation [START_REF] Bonse | Laser-Induced Periodic Surface Structures (LIPSS)[END_REF]. A large-area HSFL ⊥ can be fabricated on silicon by using a nanojoule femtosecond laser with a repetition rate of 80 MHz [START_REF] Harzic | Large-Area, Uniform, High-Spatial-Frequency Ripples Generated on Silicon Using a Nanojoule-Femtosecond Laser at High Repetition Rate[END_REF]. LSFLs and grooves were observed in a study exploring the pulse overlap ratio and energy density levels during picosecond laser irradiation [START_REF] Mezera | Model Based Optimization of Process Parameters to Produce Large Homogeneous Areas of Laser-Induced Periodic Surface Structures[END_REF]. By varying the laser power and sample scanning speed, three distinct types of nanostructures, namely LSFL , HSFL ⊥ , and LSFL ⊥ , were observed through photothermal-induced oxidation on Si-on-Pt hybrid ultrathin films [START_REF] Geng | Laser-Induced Deep-Subwavelength Periodic Nanostructures with Large-Scale Uniformity[END_REF]. The different types of nanostructures mentioned above are generated under different processing parameters. However, there are few reports on the atypical structure of HSFL induced by a picosecond laser on single-crystal silicon surfaces in scanning mode. In addition, the coexistence of HSFLs and LSFLs on the same scan line under fixed processing parameters has hardly been found.

In practical application requirements, it is often necessary to consider adopting scanning methods for achieving large-scale nanostructure processing. By controlling the scanning direction, it becomes feasible to achieve the overall direction adjustment and shape control of the nanostructure. Consequently, studies in this domain have begun to focus on the influence of preformed nanostructures generated by the initial pulse during the scanning process on the unscanned regions [START_REF] Bánhegyi | Femtosecond LIPSS on Indium-Tin-Oxide Thin Films at IR Wavelengths[END_REF][START_REF] Fuentes-Edfuf | Surface Plasmon Polaritons on Rough Metal Surfaces: Role in the Formation of Laser-Induced Periodic Surface Structures[END_REF]. At the same time, when using linearly polarized laser processing, the polarization angle of the laser provides another degree of freedom of directional control for surface pattern processing by adjusting the stripe orientation of the LIPSSs. Moreover, it is noteworthy that the majority of studies typically assume that the polarization state of linearly polarized light solely determines the direction of the stripes [START_REF] Bonse | Laser-Induced Periodic Surface Structures (LIPSS)[END_REF]. In addition, when using a laser to process crystalline materials, the results may be different due to disparities in the relevant crystal properties [START_REF] Sedao | Influence of Crystal Orientation on the Formation of Femtosecond Laser-Induced Periodic Surface Structures and Lattice Defects Accumulation[END_REF][START_REF] Crawford | Crystalline Orientation Effects on Conical Structure Formation in Femtosecond Laser Irradiation of Silicon and Germanium[END_REF]. However, there is limited research on the effects of different relative angles among the scanning direction, crystal orientation, and laser polarization direction on the generation of LIPSSs in crystal materials. Han et al. [START_REF] Han | Femtosecond Laser Induced Tunable Surface Transformations on (111) Si Aided by Square Grids Diffraction[END_REF] conducted related research on the surface of Si (111), analyzing the anisotropy of elliptically modified morphologies caused by enhanced energy absorption along the laser polarization direction and scattering of surface plasmon polaritons (referred to as the laser polarization scanning direction anisotropy effect). They also examined its impact on the line width and continuity of low spatial frequency laserinduced periodic surface structures (LSFLs), as reported in their study. Jiang et al. [START_REF] Jiang | Crystal Orientation Dependence of Femtosecond Laser-Induced Periodic Surface Structure on (100)[END_REF] mitigated the aforementioned laser polarization scanning direction anisotropic effect on the surface of Si (100) by consistently maintaining the polarization direction perpendicular to the scanning direction. This approach elucidated the anisotropic characteristics of the continuity of LSFLs that depend on crystal orientation (referred to as the laser polarization crystal orientation anisotropy effect). Previous studies individually investigated one of the two types of anisotropic effects. When employing Si (100) and concurrently varying the angle between laser polarization and scanning direction, the theoretical analysis suggests that the process of generating LIPSSs will be influenced by both the aforementioned laser polarization scanning direction effect and the laser polarization crystal orientation effect. However, what kind of polarization-dependent anisotropic characteristics will the actual LIPSSs exhibit?

In this report, the LIPSSs generated on the surface of single-crystal silicon (100) by nearinfrared polarized picosecond laser irradiation is studied. The evolution of the morphology of nanostructures induced by incident laser beams with different polarization angles on the surface of single-crystal silicon materials with the increase in laser energy density is demonstrated. The combined effects of laser polarization scanning direction and laser polarization crystal orientation during the LIPSSs formation process have been investigated in an experiment. The study also examined the rules of polarization-dependent anisotropic characteristics in LSFLs' morphology, regularity, modification width, and periodicity resulting from the interaction of the aforementioned two distinct effects.

Materials and Methods

The experimental setup is shown in Figure 1. In our experiments, the sample is a singlesided polished p-type single-crystal silicon with a resistivity ranging from 0-20 Ω/cm and a crystal orientation of <100>. A Gaussian spatially distributed linearly polarized light with a wavelength of 1030 nm, repetition rate of 100 KHz, and pulse width of 1.2 ps is generated using an ultrafast laser system (Monaco, Coherent, Bangkok, Thailand). The continuous and precise adjustment of laser power is achieved through a combination of a half-wave plate and a polarizer. The laser beam is focused by an objective lens (Mitutoyo 2×, NA = 0.055, focal length f = 100 mm) and it is vertically incident onto the sample surface in air. A zero-order quartz half-wave plate in front of the objective lens is used to adjust the laser polarization direction. The three-dimensional motion platform (Aerotech ANT130) with a repeatability of ±75 nm enables precise movement of the sample within the laser focal plane. The crystal orientation, laser polarization direction, and sample scanning direction are defined in Figure 1, and the orientation of the sample's scanning direction with respect to the crystal's axis direction was determined by EBSD (electron backscatter diffraction).
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In the experiment, the scanning direction and the crystal axis [011] are kept parallel to the y-axis. The angle between the laser polarization direction and the y-axis (i.e., the scanning direction and the crystal orientation [011]) is defined as the polarization angle θ. After laser irradiation, the sample was ultrasonically cleaned in ethanol for 6 min, and its surface morphology and microstructure modification were characterized using scanning electron microscopy (SEM, Tescan Clara GMH, Shanghai, China). Employing a MATLAB R2021a algorithm based on the principles of two-dimensional fast spatial Fourier transform, the SEM images are processed to obtain the periodicity of the LIPSS structure. In the experiment, the scanning direction and the crystal axis [011] are kept parallel to the y-axis. The angle between the laser polarization direction and the y-axis (i.e., the scanning direction and the crystal orientation [011]) is defined as the polarization angle θ. After laser irradiation, the sample was ultrasonically cleaned in ethanol for 6 min, and its surface morphology and microstructure modification were characterized using scanning electron microscopy (SEM, Tescan Clara GMH, Shanghai, China). Employing a MATLAB R2021a algorithm based on the principles of two-dimensional fast spatial Fourier transform, the SEM images are processed to obtain the periodicity of the LIPSS structure.

Results and Discussion

Morphology Evolution with Energy Density under Laser Irradiation at Different Polarization Angles

The morphological evolution of the single-crystal silicon surfaces with increasing energy density was investigated under the picosecond laser irradiation with different polarization angles. The repetition rate of the laser pulse with a fixed pulse duration of 1.2 ps was set at 100 KHz and a scanning speed of 8 mm/s. When the polarization angles of the incident laser were 0 • , 20 • , 40 • , 45 • , 50 • , 70 • and 90 • , respectively, the morphology evolution of the material surface followed the same change law. Specifically, with the increase in the laser energy density, three distinct structures were sequentially generated. These structures included the high-spatial frequency LIPSSs (HSFLs) parallel to the polarization with a period Λ of 220 nm ± 10 nm, as shown in Figure 2a,e,i, the classical low spatial frequency LIPSSs (LSFLs) with Λ of 770 nm ± 85 nm perpendicular to the polarization direction, as shown in Figure 2b,f,j, and the groove structure growing from the center of LSFLs, as shown in Figure 2d,h,l.
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Figure 2. SEM images of the morphology evolution of a single-crystal silicon surface with increasing laser energy density under picosecond laser irradiation at different polarization angles. The polarization angle of (a1-d1) is 0°, and the energy densities are 0.137 J/cm 2 , 0.144 J/cm 2 , 0.196 J/cm 2 , and 0.262 J/cm 2 , respectively. (a2-d2) are the local enlarged graphs of (a1-d1), respectively. The polarization angle of (e1-h1) is 45°, and the energy densities are 0.163 J/cm 2 , 0.170 J/cm 2 , 0.222 J/cm 2 , and 0.262 J/cm 2 , respectively, and (e2-h2) are the local magnification graphs of (e1-h1), respectively. The polarization angle of (i1-l1) is 90°, the energy densities are 0.157 J/cm 2 , 0.170 J/cm 2 , 0.235 J/cm 2 , 0.262 and J/cm 2 , respectively, and (i2-l2) are local magnifications of (i1-l1), respectively. The bidirectional arrow indicates the laser polarization, the unidirectional arrow indicates the scanning direction, and the angle between them is the polarization angle θ. The blue rectangle in (a1) shows that, within a relatively lower range of energy densities, there are virtually no nanoparticles or ablation debris around the modified area. In contrast, the red rectangle in (b1) demonstrates that a higher range of energy densities leads to a greater quantity of nano-particles and ablation debris around the modified area. (a2-l2) provide respective magnified views of the areas within the yellow rectangles in (a1-l1).

At the same polarization angle, in a relatively lower range of energy density (slightly lower than the multi-pulse ablation threshold), the interference of near-field scattering , and the energy densities are 0.137 J/cm 2 , 0.144 J/cm 2 , 0.196 J/cm 2 , and 0.262 J/cm 2 , respectively. (a2-d2) are the local enlarged graphs of (a1-d1), respectively. The polarization angle of (e1-h1) is 45 • , and the energy densities are 0.163 J/cm 2 , 0.170 J/cm 2 , 0.222 J/cm 2 , and 0.262 J/cm 2 , respectively, and (e2-h2) are the local magnification graphs of (e1-h1), respectively. The polarization angle of (i1-l1) is 90 • , the energy densities are 0.157 J/cm 2 , 0.170 J/cm 2 , 0.235 J/cm 2 , 0.262 and J/cm 2 , respectively, and (i2-l2) are local magnifications of (i1-l1), respectively. The bidirectional arrow indicates the laser polarization, the unidirectional arrow indicates the scanning direction, and the angle between them is the polarization angle θ. The blue rectangle in (a1) shows that, within a relatively lower range of energy densities, there are virtually no nanoparticles or ablation debris around the modified area. In contrast, the red rectangle in (b1) demonstrates that a higher range of energy densities leads to a greater quantity of nano-particles and ablation debris around the modified area. (a2-l2) provide respective magnified views of the areas within the yellow rectangles in (a1-l1).

At the same polarization angle, in a relatively lower range of energy density (slightly lower than the multi-pulse ablation threshold), the interference of near-field scattering from small surface roughness or crystal defects with the incident laser causes inhomogeneity of the light field. And, near the material ablation threshold, the inhomogeneity energy deposition induces melting on the surface of the material, leading to the formation of HSFL rather than ablation. Due to the Gaussian distribution of the laser spot, as the energy density increases, HSFL initially begins to disappear at the central part of the modified region, as shown in Figure 2(i2). In the medium energy density range (equal to or slightly larger than the multi-pulse ablation threshold), the higher energy density enhances the laser ablation at the first few pulses, resulting in the generation of more and larger surface nanostructures on the material surface. This is evidenced by the appearance of nanoparticles and ablative debris in the red rectangular box in Figure 2(b1) and Figure 3a,b, which are not present in the blue rectangular box in Figure 2(a1). The generation of LSFL ⊥ is initiated by the interference of far-field scattering generated by the larger surface roughness with the incident laser. And the interference of the excited surface plasmon waves with the incident laser and the SPP grating-assisted mechanism further enhances generation of the LSFL ⊥ . At a higher energy density (much higher than the multi-pulse ablation threshold), the initial pulse will induce greater local topographical changes. At a high repetition frequency, the overlap of the laser spot of the last pulse and the area where the previous pulse has acted forms a feedback adjustment of the morphology-driven light field distribution, resulting in a more intense and non-uniform distribution of energy deposition. And the spatial Gaussian intensity distribution of the laser beam drives the melting of the single-crystal silicon and the accumulation of strong transverse and axial inhomogeneous temperature gradients on the molten surface. It induces the destruction of the LSFL ⊥ , and then the grooves are generated through the related hydrodynamic processes, such as hot capillary force.

It is noteworthy that there is a mixed state of HSFL and LSFL ⊥ , as shown in Figure 3a,b, that has not been discovered in previous studies. Additionally, we conducted experiments with femtosecond laser irradiation (central wavelength of 1030 nm, pulse width of 150 fs) on a single-crystal silicon (100) surface, under identical conditions to the picosecond experiments. These conditions included a constant laser scanning speed of 8 mm/s and a pulse repetition frequency of 100 kHz. As shown in Figure 3(d1-d4), with increasing laser energy density, the surface of single-crystal silicon successively formed nanoparticles, LSFL ⊥ , and grooves, without the generation of HSFL . The coexistence of observed nanoparticles and LSFL ⊥ was noted. Moreover, in all picosecond laser irradiation experiments where HSFL and LSFL ⊥ coexisted, HSFL appeared only at the leading edge of the same scan line under fixed processing parameters. This suggests that the HSFL formed by preceding pulses altered the light field distribution of subsequent pulses and promoted energy deposition, leading to a transition from HSFL to LSFLs. Similarly, in femtosecond laser pulse experiments, nanoparticles always appeared at the leading edge of the same scan line as LSFLs. This insight is beneficial for further understanding the formation mechanisms of LIPSSs at energy densities close to the ablation threshold. The reason why picosecond lasers generate HSFL instead of nanoparticles, compared to femtosecond sources, could be due to the provision of suitable heat and electric fields. Experimentally, this demonstrates that the formation of HSFL under picosecond laser irradiation and nanoparticles under femtosecond laser irradiation both promote the formation of classical LSFLs.

The energy density windows corresponding to different typical morphologies are shown in Figure 3c. In the polarization angle range of 0 • to 90 • , the threshold of LIPSS generation is larger as it is closer to 45 • , and the threshold at 0 • is smaller than 90 • . This may be related to the dependence of nonlinear ionization on crystal orientation, which will cause different polarization angles to produce differences in the dielectric constant due to the difference in free electron density. In our experiment, as the angle between the laser polarization direction and the crystal axis [011] or [011] tends to be 45 • , a decrease in the degree of nonlinear ionization results in an increase in the threshold.

previous pulse has acted forms a feedback adjustment of the morphology-driven light field distribution, resulting in a more intense and non-uniform distribution of energy deposition. And the spatial Gaussian intensity distribution of the laser beam drives the melting of the single-crystal silicon and the accumulation of strong transverse and axial inhomogeneous temperature gradients on the molten surface. It induces the destruction of the LSFL⊥, and then the grooves are generated through the related hydrodynamic processes, such as hot capillary force. , respectively. The corresponding energy densities of (d1-d4) are 0.222 J/cm 2 , 0.233 J/cm 2 , 0.248 J/cm 2 , and 0.458 J/cm 2 , respectively.

Polarization-Dependent Morphology Anisotropy of LIPSSs

The HSFL shown in Figure 4a-f and the LSFL ⊥ shown in Figure 4g-i, which generated by incident lasers with different polarization states. They both show obvious polarizationdependent anisotropy, that is, with the change in the laser polarization direction, HSFL forms an elliptical modified region with its long axis parallel to the laser polarization direction, instead of the circular region of the Gaussian spot. Along the laser polarization direction, the ablation of the front segment of the LSFL ⊥ is also enhanced, which may be attributed to the enhancement of directional scattering field due to the higher energy absorption efficiency in this direction. And along the scanning direction, the modified region is connected in different overlapping ways and areas, from 0 • to 90 • , following a gradual change from connecting the long axis of the elliptical modified region to the minor axis.

In different polarization states, the edges of the HSFL modified region are regular periodic fringes parallel to the laser polarization direction, as shown in Figure 4a-f. However, the regularity of the central part deteriorates, which may be related to the weakening of the feedback assistance effect of the surface stripes generated after the previous pulse on the unscanned area in the scanning direction. That is, when the direction of the fringes is the same as the scanning direction (θ = 0 • ), the near-field enhancement generated by the formed nanofringes has the strongest effect on the orderly guidance of subsequent fringes, and gradually decreases with the increase in the angle between them. , 50 • , and 90 • , respectively, and the energy densities are 0.137 J/cm 2 , 0.137 J/cm 2 , 0.163 J/cm 2 , 0.154 J/cm 2 , 0.154 J/cm 2 , 0.163 J/cm 2 , 0.163 J/cm 2 , 0.167 J/cm 2 and 0.167 J/cm 2 , respectively. (a2) and (b2) are local magnifications of (a1) and (b2), respectively. The yellow dotted ellipses in the figure schematically represent the morphology of the elliptical modification areas induced by laser pulses with different polarization states.

LSFL ⊥ exhibits polarization-dependent regularity anisotropy, as shown in Figure 5. Considering the enhancement of the scattered field under polarization guidance, when the polarization direction of the laser is parallel to the scanning direction (θ = 0 • ), the SPP excitation in the unaffected region and the coupling between the incident laser and the surface plasma wave are the strongest in the scanning direction, which is the most beneficial for improving the regularity of the stripes. As the polarization angle of the laser changes from 0 • to 90 • , the far-field assistance effect of SPPs gradually weakens, and the regularity gradually decreases. However, in the experimental results, as the polarization angle approaches 45 • , the regularity becomes worse. The reason is that SPPs plays a role in the generation mechanism of LSFLs, but it may not be the sole contributing factor. When LSFLs are generated in the scanning processing mode, the feedback effect of light field distribution and material surface modification during the cumulative effect of pulses in the scanning direction should also be fully considered. The enhanced absorption caused by the pre-existing ripple structures, especially the extremely strong near-field enhancement at the tip of the ripple, will cause directional ablation in this direction, which guides the growth of the stripes along the original trajectory. Therefore, when the scanning direction is parallel to the stripe direction (θ = 90 • ), the enhancement effect on the unacted area's local field in the scanning direction is strongest, which is most favorable for improving the regularity of the stripes. As the laser polarization angle varies from 90 • to 0 • , the auxiliary effect of local field enhancement gradually weakens, and the regularity gradually decreases. Considering the combined influence of the aforementioned two effects and the experimental results, it is evident that both play an important role in the generation mechanism of LSFLs in the scanning mode. And, among these angles, the regularity of 0 • and 90 • is relatively good, which is due to the strongest controlling effect of the far-field interference of the SPP and the most influential guiding effect of the field enhancement of the generated local morphology change, respectively. The combined effect of both factors results in the lowest regularity when the angle approaches 45 field interference of the SPP and the most influential guiding effect of the field enhancement of the generated local morphology change, respectively. The combined effect of both factors results in the lowest regularity when the angle approaches 45°. The polarization angles are 0°, 20°, 45°, 70°, and 90°, respectively, the energy density is 0.177 J/cm 2 , the scanning speed is 8 mm/s, and the pulse repetition rate is 100 KHz. The yellow elliptical dotted lines represent the elliptical modified regions formed when the laser irradiates the silicon surface with different polarization states and the long axis of these ellipses is parallel to the direction of laser polarization. The relative position of the modification area movement, determined by the fixed scan speed and pulse repetition rate, is indicated by a red dotted line.

Polarization-Dependent Period and Modified Width Anisotropy of LSFL⊥

The characteristic parameters of LSFLs generated by laser irradiation on the surface of single-crystal silicon irradiated at different polarization angles were analyzed. The SEM image shown in Figure 6a was processed using the two-dimensional fast space Fourier transform method, as depicted in Figure 6b. Through this method, the periodicity corresponding to LSFLs, as shown in Figure 6c, was obtained. The period of LSFLs generated by irradiation under the same polarization state does not vary much with increasing energy density. The period of LSFLs generated by laser irradiation with different polarization states shows the maximum at 45° and the minimum at 0° over the entire range of energy densities. The variation in the modification width of LSFLs with increasing energy density under different polarization states is shown in Figure 6d. Under irradiation in the same polarization state, the modification width increases with increasing energy density. However, under irradiation in different polarization states, the modification width almost reaches its maximum at 90° in the entire range of energy densities. And the closer the polarization angle is to 45°, the smaller the modification width becomes, which can also be seen visually in Figure 5. , respectively, the energy density is 0.177 J/cm 2 , the scanning speed is 8 mm/s, and the pulse repetition rate is 100 KHz. The yellow elliptical dotted lines represent the elliptical modified regions formed when the laser irradiates the silicon surface with different polarization states and the long axis of these ellipses is parallel to the direction of laser polarization. The relative position of the modification area movement, determined by the fixed scan speed and pulse repetition rate, is indicated by a red dotted line.

Polarization-Dependent Period and Modified Width Anisotropy of LSFL ⊥

The characteristic parameters of LSFLs generated by laser irradiation on the surface of single-crystal silicon irradiated at different polarization angles were analyzed. The SEM image shown in Figure 6a was processed using the two-dimensional fast space Fourier transform method, as depicted in Figure 6b. Through this method, the periodicity corresponding to LSFLs, as shown in Figure 6c, was obtained. The period of LSFLs generated by irradiation under the same polarization state does not vary much with increasing energy density. The period of LSFLs generated by laser irradiation with different polarization states shows the maximum at 45 • and the minimum at 0 • over the entire range of energy densities. The variation in the modification width of LSFLs with increasing energy density under different polarization states is shown in Figure 6d. Under irradiation in the same polarization state, the modification width increases with increasing energy density. However, under irradiation in different polarization states, the modification width almost reaches its maximum at 90 • in the entire range of energy densities. And the closer the polarization angle is to 45 • , the smaller the modification width becomes, which can also be seen visually in Figure 5.

With the increase in laser energy density at the same polarization angle, the area of the modified region of LSFLs will gradually increase due to the threshold effect. And the electron density of the modified region will not increase linearly with the increase in laser energy density. Consequently, the period of LSFLs does not change much as the laser fluence increases. According to the polarization dependence of the LIPSS generation threshold in Section 3.1, at the same energy density, the closer the polarization angle of incident light is to 45 • , the less energy deposited into the material, the smaller the modified area of LSFLs is, and the modified area of 0 • should be greater than 90 • . The reason for the minimum modification width observed at 0 • in the experimental results may be that the polarization-oriented scattering field enhancement also plays an important role in the formation process of LSFLs. As revealed in Section 3.2, when the material surface is irradiated by laser beams in different polarization states, an elliptical modified region with its long axis parallel to the laser polarization direction is formed, as shown by the yellow elliptical dotted line in Figure 5. Therefore, as the laser polarization angle rotates from 0 • to 90 • , perpendicular to the scanning direction, the transverse width of the modified region gradually changes from the short axis length to the long axis length. On the contrary, along the scanning direction, the longitudinal length of the modified region gradually changes from the long axis length to the short axis length. In addition, at a constant scanning speed and pulse repetition frequency, the relative position shift of the modified region is depicted by the red dashed line in Figure 5. Considering the combined influence of the aforementioned factors, it is consistent with the experimental results that the transverse modified width is the largest when the polarization angle is 90 • and becomes smaller as it becomes closer to 45 • . The overlapping area of the modified region is minimized at the polarization angle of 45 • and maximized at 0 • . According to the coupling theory of SPP and the laser field assisted by LSFLs [START_REF] Huang | Origin of Laser-Induced Near-Subwavelength Ripples: Interference between Surface Plasmons and Incident Laser[END_REF], the smallest period occurs at the polarization angle of 0 • because of the strongest positive feedback effect, while the period is the largest at 45 • where the positive feedback effect is the weakest, which is also consistent with the experimental results that the period at the polarization angle of 20 With the increase in laser energy density at the same polarization angle, the area of the modified region of LSFLs will gradually increase due to the threshold effect. And the electron density of the modified region will not increase linearly with the increase in laser energy density. Consequently, the period of LSFLs does not change much as the laser fluence increases. According to the polarization dependence of the LIPSS generation threshold in Section 3.1, at the same energy density, the closer the polarization angle of incident light is to 45°, the less energy deposited into the material, the smaller the modified area of LSFLs is, and the modified area of 0° should be greater than 90°. The reason for the minimum modification width observed at 0° in the experimental results may be that the polarization-oriented scattering field enhancement also plays an important role in the formation process of LSFLs. As revealed in Section 3.2, when the material surface is irradiated by laser beams in different polarization states, an elliptical modified region with its long axis parallel to the laser polarization direction is formed, as shown by the yellow elliptical dotted line in Figure 5.Therefore, as the laser polarization angle rotates from 0° to 90°, perpendicular to the scanning direction, the transverse width of the modified region gradually changes from the short axis length to the long axis length. On the contrary, along the scanning direction, the longitudinal length of the modified region gradually changes from the long axis length to the short axis length. In addition, at a constant scanning speed and pulse repetition frequency, the relative position shift of the modified region is depicted by the red dashed line in Figure 5. Considering the combined influence of the aforementioned factors, it is consistent with the experimental results that the transverse modified width is The polarization angle is 70 • , and the energy density is 0.169 J/cm 2 . (b) is a fast two-dimensional space Fourier transform diagram of (a). Under picosecond laser irradiation at various polarization angles, (c) is the variation in the periodicity of the LSFLs within the laser-modified region on the single-crystal silicon surface with energy density, along with its corresponding standard deviation and the fitted curves, while (d) is the variation in the width of the modified region with energy density, along with its corresponding standard deviation and the fitted curves.

Large-Area LIPSSs Arrays with Angled Stitching Based on Polarization Control

To achieve a large-area meta-surface based on LIPSS arrays with angled stitching on the surface of single-crystal silicon (100), as illustrated in Figure 7, it is crucial to consider the polarization-dependent anisotropy of LIPSSs mentioned above. The white rectangle on the left side of Figure 7a contains LSFLs created at a polarization angle of 0 • with a periodicity of 720 nm ± 67 nm and a modification region width of 9.05 µm ± 0.21 µm. Within the yellow rectangle on the right, at the same energy density but with the polarization angle adjusted to 45 • , the LSFLs have a periodicity of 780 nm ± 148 nm and a modification region width of 7.45 µm ± 0.22 µm. When stitching these two sets together, in addition to considering the appropriate gap for stitching, it is also necessary to address the drop in stitching quality due to inconsistent periodicity on both sides. For the more complex pattern processing displayed in Figure 7b, resolving the stitching quality issues for LIPSSs at multiple angles is even more complicated. These challenges are not within the scope of this paper; however, in future work, it is hoped that by using different laser wavelengths to affect the periodicity of LIPSSs, it might be possible to compensate for the differences in periodicity between LIPSSs of various polarization states to improve the quality of stitching. complex pattern processing displayed in Figure 7b, resolving the stitching quality issues for LIPSSs at multiple angles is even more complicated. These challenges are not within the scope of this paper; however, in future work, it is hoped that by using different laser wavelengths to affect the periodicity of LIPSSs, it might be possible to compensate for the differences in periodicity between LIPSSs of various polarization states to improve the quality of stitching. 

Conclusions

In this paper, we investigate the formation of LIPSSs on single-crystal silicon surfaces under picosecond laser pulse irradiation with different polarization states relative to crystal orientation and scanning direction. With increasing laser energy density, the LIPSSs' morphology successively evolves from HSFL∥ to LSFL⊥ and finally to grooves. Particularly, the coexistence of HSFL∥ and LSFL⊥ on the same scan line with fixed processing parameters has been observed. Moreover, the study explores the combined effects of laser polarization scanning direction and laser polarization crystal orientation on the generation of LIPSSs on the Si (100) surface. The experimental results indicate that the former affects the overlapping manner of elliptical modified morphologies while the latter influences the LIPSSs generation threshold and results in different modified area sizes at the same laser energy density. The interplay between these two effects impacts the size of the overlapping modified areas and, in conjunction with a feedback mechanism, leads to polarization-dependent anisotropic characteristics in LIPSSs' morphology, regularity, 
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In this paper, we investigate the formation of LIPSSs on single-crystal silicon surfaces under picosecond laser pulse irradiation with different polarization states relative to crystal orientation and scanning direction. With increasing laser energy density, the LIPSSs' morphology successively evolves from HSFL to LSFL ⊥ and finally to grooves. Particularly, the coexistence of HSFL and LSFL ⊥ on the same scan line with fixed processing parameters has been observed. Moreover, the study explores the combined effects of laser polarization scanning direction and laser polarization crystal orientation on the generation of LIPSSs on the Si (100) surface. The experimental results indicate that the former affects the overlapping manner of elliptical modified morphologies while the latter influences the LIPSSs generation threshold and results in different modified area sizes at the same laser energy density. The interplay between these two effects impacts the size of the overlapping modified areas and, in conjunction with a feedback mechanism, leads to polarization-dependent anisotropic characteristics in LIPSSs' morphology, regularity, modification width, and periodicity, which are distinct from those caused by a single effect. When the polarization angle approaches 45 • , the regularity of LSFLs deteriorates, the modification width decreases, and the periodicity increases. This is crucial for the precise control of patterned LSFLs processing based on dynamic scanning and polarization control.
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 1 Figure 1. Schematic diagram of the experimental setup.
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Figure 2 .

 2 Figure 2. SEM images of the morphology evolution of a single-crystal silicon surface with increasing laser energy density under picosecond laser irradiation at different polarization angles. The polarization angle of (a1-d1) is 0 • , and the energy densities are 0.137 J/cm 2 , 0.144 J/cm 2 , 0.196 J/cm 2 , and 0.262 J/cm 2 , respectively. (a2-d2) are the local enlarged graphs of (a1-d1), respectively. The polarization angle of (e1-h1) is 45 • , and the energy densities are 0.163 J/cm 2 , 0.170 J/cm 2 , 0.222 J/cm 2 , and 0.262 J/cm 2 , respectively, and (e2-h2) are the local magnification graphs of (e1-h1), respectively. The polarization angle of (i1-l1) is 90 • , the energy densities are 0.157 J/cm 2 , 0.170 J/cm 2 , 0.235 J/cm 2 , 0.262 and J/cm 2 , respectively, and (i2-l2) are local magnifications of (i1-l1), respectively. The bidirectional arrow indicates the laser polarization, the unidirectional arrow indicates the scanning direction, and the angle between them is the polarization angle θ. The blue rectangle in (a1) shows that, within a relatively lower range of energy densities, there are virtually no nanoparticles or ablation debris around the modified area. In contrast, the red rectangle in (b1) demonstrates that a higher range of energy densities leads to a greater quantity of nano-particles and ablation debris around the modified area. (a2-l2) provide respective magnified views of the areas within the yellow rectangles in (a1-l1).

Figure 3 .

 3 Figure 3. (a,b) SEM images of the mixed state of HSFL∥ and LSFL⊥ on the surface of single-crystal silicon under incident picosecond laser irradiation with a polarization angle of 25° and 20°. The corresponding energy densities of (a,b) are 0.150 J/cm 2 and 0.160 J/cm 2 , respectively. (a2,b2) are local magnification diagrams of (a1,b1), respectively. (c) The energy density windows of different typical morphologies and generation threshold curves of LIPSSs generated by picosecond laser irradiation on single-crystal silicon surface at different polarization angles. (d1-d4) SEM images of the nanoparticles, mixed state of nanoparticles and LSFL⊥, LSFL⊥, and grooves on the surface of single-crystal silicon under incident femtosecond laser irradiation at a polarization angle of 90°, respectively.
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 3 Figure 3. (a,b) SEM images of the mixed state of HSFL and LSFL ⊥ on the surface of single-crystal silicon under incident picosecond laser irradiation with a polarization angle of 25 • and 20 • . The corresponding energy densities of (a,b) are 0.150 J/cm 2 and 0.160 J/cm 2 , respectively. (a2,b2) are local magnification diagrams of (a1,b1), respectively. (c) The energy density windows of different typical morphologies and generation threshold curves of LIPSSs generated by picosecond laser irradiation on single-crystal silicon surface at different polarization angles. (d1-d4) SEM images of the nanoparticles, mixed state of nanoparticles and LSFL ⊥ , LSFL ⊥ , and grooves on the surface of single-crystal silicon under incident femtosecond laser irradiation at a polarization angle of 90• , respectively. The corresponding energy densities of (d1-d4) are 0.222 J/cm 2 , 0.233 J/cm 2 , 0.248 J/cm 2 , and 0.458 J/cm 2 , respectively.

Figure 4 .

 4 Figure 4. SEM images of (a-f) HSFL and (g-i) the front segment of the LSFL ⊥ on the surface of single-crystal silicon under irradiation at different polarization angles. The polarization angles of (a1), (b1), and (c-i) are 0 • , 20 • , 45 • , 70 • , 90 • , 90 • , 50• , 50 • , and 90 • , respectively, and the energy densities are 0.137 J/cm 2 , 0.137 J/cm 2 , 0.163 J/cm 2 , 0.154 J/cm 2 , 0.154 J/cm 2 , 0.163 J/cm 2 , 0.163 J/cm 2 , 0.167 J/cm 2 and 0.167 J/cm 2 , respectively. (a2) and (b2) are local magnifications of (a1) and (b2), respectively. The yellow dotted ellipses in the figure schematically represent the morphology of the elliptical modification areas induced by laser pulses with different polarization states.

Figure 5 .

 5 Figure 5. SEM images of LSFL⊥ on the surface of a single-crystal silicon irradiated with different polarization angles. (a-e) The polarization angles are 0°, 20°, 45°, 70°, and 90°, respectively, the energy density is 0.177 J/cm 2 , the scanning speed is 8 mm/s, and the pulse repetition rate is 100 KHz. The yellow elliptical dotted lines represent the elliptical modified regions formed when the laser irradiates the silicon surface with different polarization states and the long axis of these ellipses is parallel to the direction of laser polarization. The relative position of the modification area movement, determined by the fixed scan speed and pulse repetition rate, is indicated by a red dotted line.
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 5 Figure 5. SEM images of LSFL ⊥ on the surface of a single-crystal silicon irradiated with different polarization angles. (a-e) The polarization angles are 0 • , 20• , 45• , 70 • , and 90 • , respectively, the energy density is 0.177 J/cm 2 , the scanning speed is 8 mm/s, and the pulse repetition rate is 100 KHz. The yellow elliptical dotted lines represent the elliptical modified regions formed when the laser irradiates the silicon surface with different polarization states and the long axis of these ellipses is parallel to the direction of laser polarization. The relative position of the modification area movement, determined by the fixed scan speed and pulse repetition rate, is indicated by a red dotted line.

Figure 6 .

 6 Figure 6. (a) SEM image of LSFLs generated by picosecond laser on the surface of single-crystal silicon.The polarization angle is 70°, and the energy density is 0.169 J/cm 2 . (b) is a fast two-dimensional space Fourier transform diagram of (a). Under picosecond laser irradiation at various polarization angles, (c) is the variation in the periodicity of the LSFLs within the laser-modified region on the single-crystal silicon surface with energy density, along with its corresponding standard deviation and the fitted curves, while (d) is the variation in the width of the modified region with energy density, along with its corresponding standard deviation and the fitted curves.
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 6 Figure 6. (a) SEM image of LSFLs generated by picosecond laser on the surface of single-crystal silicon.The polarization angle is 70 • , and the energy density is 0.169 J/cm 2 . (b) is a fast two-dimensional space Fourier transform diagram of (a). Under picosecond laser irradiation at various polarization angles, (c) is the variation in the periodicity of the LSFLs within the laser-modified region on the single-crystal silicon surface with energy density, along with its corresponding standard deviation and the fitted curves, while (d) is the variation in the width of the modified region with energy density, along with its corresponding standard deviation and the fitted curves.

Figure 7 .

 7 Figure 7. (a) SEM image of a double-angle stitched Within the white and yellow rectangular frames are LSFLs generated on a single-crystal silicon (100) surface irradiated by linearly polarized light at polarization angles of 0° and 45°, respectively. The green rectangular frame highlights the area where both sets of LSFLs are stitched together. The direction of the laser scan is indicated by the white single-headed arrow. (b) SEM image of a multi-angle stitched grating.

Figure 7 .

 7 Figure 7. (a) SEM image of a double-angle stitched grating. Within the white and yellow rectangular frames are LSFLs generated on a single-crystal silicon (100) surface irradiated by linearly polarized light at polarization angles of 0 • and 45 • , respectively. The green rectangular frame highlights the area where both sets of LSFLs are stitched together. The direction of the laser scan is indicated by the white single-headed arrow. (b) SEM image of a multi-angle stitched grating.

  • is smaller than at 70 • .
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