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Abstract

:

Large-area nanostructuring of glasses using intense laser beams is a challenging task due to the material’s extreme non-linear absorption of laser energy. Precise optimization of the process parameters is essential for fabricating nanostructures with large-area coverage. In this study, we report the findings on creating high-spatial-frequency LIPSS (HSFL) on borosilicate glass through direct laser writing, using a femtosecond laser with a wavelength λ = 800 nm, pulse duration τ = 35 fs, and repetition frequency frep = 1 kHz. We measured the single-pulse ablation threshold and incubation factor of Borosilicate glasses to achieve high-precision control of the large-area surface structuring. Single-spot experiments indicated that, when there was higher fluence and a larger number of irradiated laser pulses, a melt formation inside the irradiated area limited the uniformity of LIPSS formation. Additionally, the orientation of the scan axis with the laser beam polarization was found to significantly influence the uniformity of LIPSS generated along the scan line, with more redeposition and melt formation when the scan axis was perpendicular to the laser beam polarization. For large-area processing, the borosilicate glass surface was scanned line-by-line by the laser beam, with a scan orientation parallel to the polarization of the laser. The optical characterization revealed that the transmittance and reflectance of the borosilicate glass decreased significantly after processing. Additionally, the surface’s wettability changed from hydrophilic to super-hydrophilic after processing. These chemical contamination-free and uniformly distributed structures have potential applications in optics, microfluidics, photovoltaics, and biomaterials.
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1. Introduction


For the past few decades, the generation of laser-induced periodic surface structures (LIPSS) on various materials has been studied extensively due to its vast applications in optoelectronics, photonics, plasmonics, biomaterials and thermal radiation sources [1,2,3,4,5]. LIPSS can be generated on any solid material by irradiating the material surface with any linearly polarized laser light that has a fluence near the ablation threshold of the material [6]. Ultrashort pulsed lasers are efficient at generating LIPSS on nearly all kinds of solid materials [2,7]. It can create LIPSS on metals, semiconductors and dielectrics [8,9,10,11]. Based on the spatial periodicity of the induced structures, LIPSS can be categorized into two main divisions: low-spatial-frequency LIPSS (LSFL) and high-spatial-frequency LIPSS (HSFL). LSFLs have a periodicity close to the laser wavelength λ (ΛLSFL > λ/2), and HSFL have a periodicity less than half of the laser wavelength λ (ΛHSFL < λ/2) [12]. The formation of LSFL is thought to be caused by the interference of the incident laser beam with surface electromagnetic waves (SEWs) [13,14] and/or surface plasmon polaritons (SPPs) [7,15,16].



The formation of high-spatial-frequency LIPSS (HSFL) has been debated, with various theories suggesting self-organization [14], nanoplasmonic excitations [17,18], interference, second-harmonic generation [19,20,21] and Marangoni bursting [22], etc. The self-organization of nanoplasmas is believed to occur due to their semi-metallic properties, which affect the propagation of fields in a manner similar to planar metallic waveguides. The growth of planes is favored if they support modes whose field distribution reinforces their own growth, or where the field is enhanced by a suitably placed neighbor. The spacing between the planes is determined solely by the mode structure and scales linearly with the wavelength, independent of the laser pulse energy [23]. According to the theory of nanoplasmonics, when the pulse fluence reaches the ablation threshold, a pair of peripheral nanoplasma zones are created. These zones lead to local intensity enhancement, which can cause formation of more nanoplasma zones. This process, known as self-seeding, can lead to the formation of the periodic structure [17]. The interference effect is also a significant mechanism that predicts HSFL formation. Multi-photon absorption produces electrically unstable surfaces that result in intense emission of electrons and positive ions, which then form surface plasma and plasmons [24]. Surface plasmons are excited and interfere with absorbed laser field. This strongly reprofiles the intensity, creating periodic patterns that locally enhance the field and ablation that leads to the formation of periodic structures [25]. As the ripples grow, the grating-assisted surface-plasmon laser coupling plays an important role in further process [26]. Additionally, compound materials are anticipated to undergo modifications during multi-pulse irradiation. Thus, the near-surface region of these materials might facilitate harmonic generation and explain an orientation-insensitivity. It has been approximated that some of HSFL periods are laser second-harmonic wavelengths [27]. Besides these, Zhang et al. proposed that Marangoni bursting can be the primary driving force for the generation of HSFL when a transition metal placed in an organic solvent is irradiated by a femtosecond laser [22].



The spatial periodicity of the LIPSS under the irradiation with femtosecond laser pulses has been found to depend upon various experimental parameters, including incident laser wavelength [28,29], laser fluence [30], polarization [31], number of pulses [15], the ambient environment [32,33], and the properties of the material [34]. Taher et al. reported that the spatial periodicity of LSFL varied from λ/1.7 to λ/4.7 and HSFL altered from λ/8 to λ/30 upon increasing the wavelength from 400 nm to 2200 nm [28]. Shi et al. reported that lower fluence corresponds to the generation of HSFL and higher fluence corresponds to the generation of LSFL [30]. Bonse et al. showed that at a fixed peak fluence, the mean spatial periodicity of LIPSS generated on single crystalline silicon decreases monotonously between 770 nm and 560 nm as the number of shots increases from 1 to 1000 [15]. Gregorčič et al. reported that the rotation in the polarization of the irradiated picosecond laser pulse resulted in a corresponding rotation in the ripples produced on a steel substrate [31]. Gräf et al. reported that the threshold fluence for the formation of LSFL on fused silica is reduced and the periodicity of LSFL is increased by increasing the substrate temperature [32]. Nürnberger et al. reported that the orientation of LIPSS generated is influenced by the grain structure and the crystal orientation of each individual grain of the substrate [34].



The superior mechanical, physical, and chemical characteristics of the materials, such as borosilicate glass, soda–lime glass, and fused silica, make them into ideal choices for applications in optics, microfluidics, photovoltaics, and biomaterials [35]. Femtosecond laser-assisted processing has become a powerful and efficient way to nano-/microfabricate glass surfaces [36]. Many works have reported the formation of LIPSS on glass [13,37]. However, most of them are limited to a single spot or line segment. The lack of investigations is due to difficulties with LIPSS generation on glasses that are mostly brought on by the amorphous chemical structure and comparatively high band-gap energy of glass when compared to metals and semiconductors. This high band-gap energy causes ultrashort laser pulses to undergo non-linear, multi-photon absorption. These properties make glasses more vulnerable to changes in laser irradiation, defects, and incubation [35]. Additionally, only several studies exist that reported on generating LIPSS on borosilicate glass when compared to other glasses. LSFL are typically formed for higher laser fluences or number of pulses on silica-based glasses [13,37,38,39]. HSFL were observed only in few glasses [13,40]. Höhm et al. has reported the generation of high-spatial-frequency LIPSS, with spatial periods between 170 nm and 450 nm and an orientation perpendicular to the polarization on silica, using a femtosecond laser with a central wavelength of 800 nm and a pulse duration 150 fs [13]. This work study aims to explore the potential for creating high-spatial-frequency LIPSS (HSFL) over a large surface area of borosilicate glass. Additionally, we studied the optical and wetting characteristics of the induced structures.




2. Materials and Methods


Surface texturing of borosilicate glass was conducted by irradiating with a Ti–sapphire femtosecond laser system (Coherent Astrella) that emits a linearly polarized laser pulse of energy 7 mJ for a pulse duration of 35 fs. The laser has a central wavelength of 800 nm and a repetition rate of 1 kHz. An electromechanical shutter is used to control the laser dose applied to the target. A combination of half-wave plate and polarizing beamsplitter was used in the optical path to precisely control laser energy and choose a particular polarization. The beam was focused using a lens of 300 mm focal length onto the surface of the sample at normal incidence. Optically flat borosilicate glass of thickness 130 μm was used as the substrate. This was mounted onto a motorized XY translation stage for line-by-line scanning. All the texturing processes were carried out in atmospheric conditions and the complete schematic is shown in Figure 1.



The ablation threshold for a different number of laser pulses was determined using the D square method or Liu’s method [41], and the incubation parameter was determined using the accumulation model designed by Jee et al. [42]. For this, the surface of the substrate was irradiated with different number of shots ranging from 10 to 100, with different pulse energies ranging from 20 μJ to 100 μJ. The generation of LIPSS upon the variation in pulse number and pulse energy was studied by analyzing the topography of the crater formed on the substrate. Additionally, the generation of LIPSS over a single line was investigated for scanning orientation parallel and perpendicular to the laser beam polarization by varying the scanning speed. The large-area structuring was performed by line-by-line scanning over an area of 5 × 5 mm2, with a peak laser fluence of 2.71 J/cm2 at a scanning speed of 2000 μm/s along a scanning orientation parallel to the polarization axis.



The topographical analysis of the processed substrate surface was conducted using a field emission scanning electron microscope (Carl Zeiss Sigma VP) and an atomic force microscope (Keysight 5500AM). Additionally, the reflectance and transmittance of the processed substrate surface was determined using a UV-visible, near-IR spectrophotometer (Jasco V770). The wetting properties of the processed substrate surface were analyzed using a contact angle goniometer (Rame-hart 290-U1).



The quantitative analysis of the LIPSS generated on the material surface was conducted using the opensource software Gwyddion 2.62 [43] and imageJ 1.53k [44]. The two-dimensional fast Fourier transform (2D FFT) of the FESEM images was generated and analyzed using Gwyddion software. The analysis of the dispersion of the LIPSS orientation angle (DLOA) [45] was conducted using the plugin OrientationJ [46] (orientation distribution module with Riesz filters) of ImageJ software. To compare the DLOA for different processing conditions, we used a constant area of 9 × 9 µm2 of the FESEM images, taken under the same acquisition conditions, with a magnification of 20,000×.




3. Results and Discussion


3.1. Ablation Threshold Estimation


The ablation threshold of borosilicate glass was estimated using the D-squared method introduced by Liu [41]. According to this method, the diameter of the ablation crater is related to the applied laser pulse energy through the equation,


    D   2   = 2   ω   o   2     l n     E     E   t h        



(1)




where D is the crater diameter, ωo is the Gaussian beam radius at 1/e2 the peak value, E is the laser pulse energy and Eth is threshold pulse energy. For a Gaussian laser profile, threshold peak fluence (Fth) can be related to the threshold pulse energy (Eth) by


    F   t h   =   2   E   t h     π   ω   o   2        



(2)







The diameter of the crater was estimated accurately from the FESEM images. The beam radius was estimated by plotting the square of the crater diameters (D2) versus the logarithm of the laser pulse energy (E) for different numbers of irradiated laser pulses, as shown in Figure 2a, and the value was found to be 27.12 ± 1.95 μm. By extrapolating the least-squares fit curve, the threshold pulse energy and threshold fluence for different numbers of laser pulses were estimated.



The ablation threshold decreased from 1.94 J/cm2 to 0.87 J/cm2 when the number of laser pulses increased from 10 to 100 shots. This was caused by the material-dependent “incubation effect” [47,48,49]. The incubation effect is attributed due to the generation of surface defects by the interaction of multiple laser pulses with fluences lower than the single-shot ablation threshold. These defects can cause ablation at lower threshold levels as they alter the mechanical and/or chemical properties of the material [50,51]. In the case of femtosecond laser ablation, the most likely hypothesis on the origin of incubation is an increment in surface roughness after multi-shot irradiation due to ripple formation or the accumulation of surface defects. The initial laser pulses cause imperfections in the material, allowing subsequent pulses to be absorbed better, and thus improving the ablation and material removal process [52].



The observed accumulation behavior has been explained in terms of an incubation model by Jee et al. [42]. The ablation threshold fluence Fth(N) for N laser shots is related to the single-shot ablation threshold fluence through the power law:


    F   t h ( N )   =   F   t h ( 1 )       N   S − 1    



(3)







The incubation coefficient S (usually less than 1) serves to quantify the degree of accumulation that is present in a material. When S equals 1, the effect of accumulation is null, and the ablation threshold will be a constant value irrespective of the number of incident laser pulses. It can be understood from Equation (3) that the logarithm of the product N Fth(N) is proportional to ln N, with the proportionality constant S. In Figure 2b, the slope of the plot, which is the incubation parameter, is S = 0.68 ± 0.03. This S value determines that there is a significant accumulation effect present in the femtosecond laser processing of the material. By using Equation (3) and the incubation parameter S, the single-shot ablation threshold was found to be Fth(1) = 3.87 ± 0.26 J/cm2. Gräf et al. reported an ablation threshold of 4.1 J/cm2 for borosilicate glass upon undergoing irradiation with 5 shots of femtosecond laser pulse with a pulse duration of 300 fs and a central wavelength 1025 nm [39].




3.2. Single Spot Analysis


The evolution of LIPSS on borosilicate glass at a single spot was analyzed by varying the number of shots and the fluence of the incident laser light. The FESEM image of the crater that formed on the borosilicate glass irradiated with different numbers of linearly polarized femtosecond laser pulses at different peak fluences is shown in Figure 3. The laser peak fluence varied from 2.27 J/cm2 to 6.80 J/cm2 and the number of pulses also varied from 10 to 50. It was observed that laser-induced periodic surface structures (LIPSS), having an orientation parallel to the electric field vector, were formed on the borosilicate glass surface when it was irradiated with femtosecond laser pulses in the investigated parametric range. When the number of irradiated laser pulses was increased by keeping the laser peak fluence at a fixed value, e.g., F = 2.27 J/cm2 (Figure 3a,e,i,m,q), the peripheral region of the crater was found to be losing its periodic nature, leading to the formation of random nano-/microstructures over the outer region of crater. Additionally, on increasing the irradiated laser peak fluence for a fixed number of shots, e.g., 10 shots (Figure 3a–d), a melt formation was observed at the central region of the crater where the intensity was the maximum for a Gaussian beam profile and LIPSS formation was limited to the peripheral region of the crater. Gräf et al. and Ben-Yakar et al. reported the melt formation at the center of the crater of borosilicate glass at higher laser peak fluences [39,53].



When a substrate is irradiated with ultrashort laser pulses, a major portion of the absorbed energy by the substrate will be utilized by the plasma to expand into its surrounding gas [54]. A small portion of it remains in the substrate as thermal energy. This thermal energy, deposited in the bulk of the glass, forms a transient shallow area of molten glass beneath the expanding plasma [55]. During the lifespan of the melt, the forces (thermocapillary forces and the forces by the plasma pressure) acting on the molten material drive the liquid to the crater’s edges. When the melt resolidifies, they produce a raised rim around the ablated crater [53]. According to Gräf et al., these melt formations are unaffected by the inter-pulse effect of heat accumulation due to the sequential irradiation of laser pulses [39]. However, in our studies, we found that the size of these melt formations is reduced and even totally removed on increasing the number of shots (Figure 3n,r,s).



A quantitative analysis of the melt zone is conducted by taking the ratio of the melt zone to the crater area as a function of laser fluence and incident number of laser pulses as shown in Figure 4. The heat map representation is such that the darker region indicates more melt zone formation. According to this heat map, the most favorable conditions for the generation of a crater without melt zone is indicated by the lightly colored region.



Upon observing the topography of a crater formed by irradiating the substrate with 20 laser pulses with a fluence of 2.27 J/cm2 (Figure 5), it was found that the crater is fully covered with LIPSS. The 2D fast Fourier transform of the FESEM image of the crater (Figure 5c) reveals that the crater is covered mostly with LIPSS of periodicity 573 ± 46 nm, 307 ± 19 nm and 195 ± 15 nm. Where the ripples with periodicity of 573 ± 46 nm are categorized as low-spatial-frequency LIPSS (LSFL) and ripples with periodicities of 307 ± 19 nm and 195 ± 15 nm are categorized as high-spatial-frequency LIPSS (HSFL) [12].




3.3. Large-Area HSFL


Based on the single-spot trials, further investigations were performed to realize large-area homogenous structuring with high-spatial-frequency LIPSS (HSFL). For the generation of HSFL over a large area, LIPSS formation behavior in a single scan line parallel and perpendicular to the axis of the electric field vector was studied. For this, the surface of the substrate was irradiated in a scanning manner with a laser peak fluence of 2.71 J/cm2 at different scanning speeds, 1000 μm/s, 1500 μm/s and 2000 μm/s, along the horizontal and vertical scanning directions. Since the beam diameter was ~54 μm, the effective number of laser pulse per beam diameter was 54, 36 and 27, respectively. This fluence and the effective number of pulses fall within the lightly colored favorable region of the heat map shown in Figure 4.



The ripple structures generated on the material surface were analyzed qualitatively and quantitatively. The qualitative analysis revealed that, at a lower scan speed of 1000 μm/s (Figure 6a,d), the redeposition of nanoparticles was high when compared to that of higher scan speeds. When comparing the structures according to the scanning orientation, scanning along the vertical axis (⊥ to the direction of the electric filed vector) found it to have more redeposition than scanning along the horizontal direction (∥ to the direction of the electric filed vector). Additionally, the melt formations were observed at a higher scanning speed of 2000 μm/s along the vertical direction (Figure 6f). So, it is clear that the orientation of the scan axis with the laser beam polarization significantly affects the uniformity of large-area processing, with redeposition and melt formation being higher when the scan axis is perpendicular to the laser beam polarization.



The ripple structures were quantitatively analyzed by taking the fast Fourier transform of the FESEM images (inset image of Figure 6). In the FFT images, the most prominent ripple structure has a periodicity of approximately 360 nm. Additionally, the density of this ripple structure increases as the scanning speed increases. The regularity of the periodic structures was characterized by analyzing the dispersion of the LIPSS orientation angle (DLOA). The DLOA is defined as the half-width at half-maximum value of the distribution in the FFT. The analysis was conducted for an area of 9 × 9 µm2 of the FESEM images. The normalized data of LIPSS orientation (Figure 7a,b) reveals that the distribution is centered around 0°, which implies that the LIPSS orientation is mostly parallel to the electric filed vector. For highly regular structures, dispersion angles of the orientation are very low. So, from Figure 7c, it is clear that the only favorable scan speeds are 2000 μm/s for vertical scanning and 1500 μm/s and 2000 μm/s for horizontal scanning. However, from a qualitative standpoint, vertical scanning with a scan speed of 2000 μm/s is not preferrable due to the melt zone formation. Additionally, horizontal scanning with a scan speed of 1500 μm/s is not preferrable due to increased nanoparticle redeposition. Therefore, horizontal scanning with a scan speed of 2000 μm/s is the preferrable option for the large-area processing.



The large-area HSFL on borosilicate glass was generated by line-by-line scanning over the glass surface at a scan speed of 2000 μm/s along the horizontal direction with a laser peak fluence of 2.71 J/cm2. Since the single-line analysis revealed the width of the ablated area to be ~22 μm, the spacing between the lines was fixed at ∆x = 22 μm. The macroscopic image of the femtosecond laser processed borosilicate glass shown in Figure 8a reveals that the surface exhibits iridescence due to the presence of uniform HSFL. The FESEM image of the HSFL, generated on borosilicate glass, the magnified image of the central area of the scan line, and the overlapping area of the two-scan line are also shown in Figure 8b–d. The interface of the two lines is observed as losing its periodicity and this is due to the incubation effect. The 2D fast Fourier transform (FFT) (Figure 8e) of the large area shows that the periodicity of the HSFL is ~380 nm. Additionally, the AFM measurements (Figure 8f) reveal that the depth of the grooves are ~130 nm.



The transmittance and total reflectance of the surface-structured borosilicate glass were measured and compared with those of unstructured borosilicate glass. As shown in Figure 9a,b the transmittance and the reflectance of the glass surface were significantly reduced after HSFL formation. This may be due to the scattering or absorption by the micro/nanostructures, the light trapping capability of the regular periodic nanostructures and degradation of a material’s property by laser irradiation [37,56,57]. The low reflectivity of the material surface’s can be attributed to the anti-reflective properties of the periodic structures, which have been discussed in multiple investigations [56,57,58,59]. The reduction in the transmission can be attributed to the crystal formation at the surface of the glass, which alters the absorption characteristics of the incident radiation [60].



The wettability of the structured borosilicate glass was compared with the unstructured borosilicate glass by taking the contact angle measurement (Figure 10a,b). The initial, non-irradiated borosilicate glass surface was characterized by a contact angle of θ ≈ 42°, which corresponds to the hydrophilic behavior of the glass surface. After the formation of HSFL, the contact angle was decreased to θ ≈ 8°, which corresponds to a superhydrophilic behavior of the surface. This super-hydrophilic behavior of borosilicate glass with HSFL can be explained using Wenzel’s model. This takes into account how the roughness factor r affects the contact angle of an initially flat surface according to the equation cos θw = r cos θ [61], where the roughness factor r is the ratio of actual surface area to the geometrical surface area. So, according to this relation, the theoretical roughness factor can be estimated as r = 1.33. However, from the AFM measurements, the roughness factor can be estimated as r = 1.35. This deviation in the roughness factor is due to the fact that the Wenzel model only considers the topographical aspects, whereas Kietzig et al. report that the surface chemistry also has significant effect on wetting properties [62].





4. Conclusions


We investigated the generation of high-spatial-frequency laser-induced periodic surface structures (HSFL) on borosilicate glass using femtosecond laser pulses. The effects of laser fluence (F), number of laser shots (N), and scan direction with respect to laser polarization on large-area surface structuring were thoroughly investigated. The single-pulse ablation threshold of borosilicate glass was found to be 3.87 ± 0.26 J/cm2, and the incubation factor was found to be 0.68 ± 0.03. Single-spot experiments showed that the uniform LIPSS formation is limited by melt and crater formation inside the irradiated area for higher fluence and a larger number of irradiated laser pulses. The induced ripple structures were oriented parallel to the electric field vector. The orientation of the scan axis with respect to the laser beam polarization and scan speed were found to significantly affect the uniformity of LIPSS generated along the scan line. More redeposition and melt formation occurred when the scan axis was perpendicular to the laser beam polarization, and the higher scan speeds resulted in structures with a smaller spread of orientation angles. The optimal conditions for large-area processing were found to be a laser peak fluence of 2.71 J/cm2 and a scan speed of 2000 μm/s. These conditions were used to create large areas of HSFLs with periodicities of approximately 380 nanometers. The processed borosilicate glass surface exhibits iridescence because of the presence of uniform HSFL. The significant decrease in the reflection and transmittance, as well as the change in wettability from hydrophilic to superhydrophilic, demonstrates the potential of using large-area HSFL structures in optics, microfluidics, photovoltaics, and biomaterials.
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Figure 1. Schematic of the experimental setup used for femtosecond laser processing. HWP: half waveplate, PBS: polarizing cube beamsplitter. 
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Figure 2. (a) The squared diameter, D2, of the ablated craters is plotted as a function of the logarithm of laser pulse energy for different number of laser pulses. The solid lines represent the least-squares fit according to Equation (1). (b) Logarithm of the product of the number of laser pulses and the corresponding threshold fluence plotted as a function of logarithm of number of laser pulses and the solid line represent the least-squares fit according to Equation (3). 
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Figure 3. (a–t) FESEM images of the craters on the surface of borosilicate glass generated upon irradiation with different number of laser pulses, N, at varying peak fluences, F. The rows correspond to different number of laser pulses and the columns correspond to different fluences. The red arrow indicates the direction of the electric field vector. 
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Figure 4. Heat map of the ratio of melt zone to crater area as a function of fluence and number of pulses. 
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Figure 5. (a) FESEM image of a crater formed by irradiating the substrate with 20 laser pulses having a fluence of 2.27 J/cm2, (b) magnified image of the LIPSS and (c) 2D fast Fourier transform (FFT) of the FESEM image of crater shown in (a). The red arrow indicates the direction of the electric field vector. 
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Figure 6. FESEM images of the surface of borosilicate glass upon scanning with different scanning speed (SS) along horizontal (a–c) and vertical (d–f) direction with a laser peak fluence of 2.71 J/cm2. The magnified image of HSFL and the 2D FFT of the FESEM image are shown in the inset of each image. The 2D FFT image size is 10 μm−1 × 10 μm−1. The red arrow indicates the direction of the electric field vector. 
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Figure 7. Dispersion of the LIPSS orientation angle (DLOA) for (a) horizontal scanning and (b) vertical scanning. (c) DLOA value as a function of scanning speed for horizontal and vertical scanning. 
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Figure 8. (a) Macroscopic image of the processed borosilicate glass surface with uniform HSFL. (b–d) FESEM images of the large-area HSFL on a borosilicate glass surface upon irradiating the surface with a laser peak fluence of 2.71 J/cm2 at a scanning speed of 2000 μm/s along horizontal direction with a line spacing of ∆x = 22 μm. The magnified images are shown inset. (e) 2D fast Fourier transform (FFT) of the large area shown in (b). (f) 3D AFM image of the HSFL on borosilicate glass. The red arrow indicates the direction of the electric field vector. 
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Figure 9. (a) Transmission and (b) reflection spectra of structured borosilicate glass and unstructured borosilicate glass. 
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Figure 10. Wettability of (a) unstructured borosilicate glass and (b) structured borosilicate glass. 






Figure 10. Wettability of (a) unstructured borosilicate glass and (b) structured borosilicate glass.



[image: Photonics 10 00793 g010]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Counts (a.u.)

Horizontal scanning

Vertical seanning

[

%0

©

Counts (a0

DLOA 50 degree)
ENYRREEERSE

©

0 (degree)

0 (degree)

‘Speed (umis)






media/file4.png
D’ (um’)

3500

3000

2500 H

2000 -

1500

5.5 4

(b)

Intercept
Slope

Value Standard Error
1.37638 0.1019
0.67834 0.0295

30 35 40 45 50
In(N)

5.5

6.0





media/file18.png
12
90 _ (a) . (b) Borosilicate Glass
g Borosilicate Glass 10 4 Borosilicate Glass with HSFL
o o 5 . - RTINS i
80 Borosilicate Glass with HSFL
70 4 "
£ 60 2
51 (5]
g 50 4 § 6
By —] 5
5 40 - %
= & 44
~ 30+
20 H
2 -
10 -
0 T T T T T T T T T T T 0 T T T T T T T T T T
300 400 500 600 700 800 300 400 500 600 700 800

Wavelength (nm) Wavelength (nm)





media/file3.jpg
sy O Vi Sandand i D
[
=

n®

oy





media/file19.jpg
(a) . (b) .






media/file7.jpg
Fluence (J/cm?)

o

10

T
15

T
20

25 30 35
Number of pulses

T
40

T
45

Ratio of melt zone

to crater area
0000
01000
02000
03000
0.4000
05000
05000
07000
08000
09000
1000





media/file10.png
!
b
|9
| 4

i

S P






media/file14.png
Horizontal scanning

1.0
] (a) —— 1000 pm/s
— 1500 pm/s
0.8+ —— 2000 pm/s
—
= 0.6-
]
A —
£ 041 /
S
O g2 260
0.0 I ¥ T ¥ T L T ¥ T ¥ T N T T T
-80 60 -40 20 0 20 40 60 80

0 (degree)

Counts (a.u.)

Vertical scanning

1.0
] (b) —— 1000 pm/s
— 1500 pm/s
0.8+ —— 2000 pm/s
0.6 1
0.4
0.2+
0.0 1 i T * T " T 5 T % T . T ¥ T . I
-80 60 -40 20 0 20 40 60 80

0 (degree)

w
(o]

364

w W
N A
L

30-

DLOA 56 (degree)

N NN DN DN
o N b~ O
T N T R

(C) —— Horizontal
—e— Vertical

1000 1200 1400 1600 1800 2000
Speed (um/s)






media/file11.jpg
Horizontal scanning Vertical scanning

. 81000 (@ : 5521000 s

1 iy

(. SS- 1500 pms

10 jum 10 m

©  SS-2000 i - (1 S8-2000ums






media/file6.png
@ > b it e - @)






media/file15.jpg





nav.xhtml


  photonics-10-00793


  
    		
      photonics-10-00793
    


  




  





media/file16.png





media/file2.png
Power Meter

Femtosecond Laser
800nm, 35fs, 7mJ, 1kHz

Shutter HWP

PBS

XY Translation Stage





media/file20.png





media/file5.jpg
F=2.27 J/em®

F = 6.80 J/em®

®






media/file1.jpg
Power Meter

Femtosecond Laser
800nm, 358, Tm, 1z

XY Translation Stage





media/file12.png
10 pm

(b)

10 pm

SS- 1500 um/s

/

18812000 pm/s

S5~ 1000.

A
e

%L e

£






media/file9.jpg





media/file0.png





media/file8.png
Fluence (J/cmz)

($)]

N

Number of pulses

Ratio of melt zone

to crater area
0.000
0.1000
0.2000
0.3000
0.4000
0.5000
0.6000
0.7000
0.8000
0.9000
1.000





media/file17.jpg
@

E I R R R ERE R R ]
Wavelength () Waveleagh ()





