
Article

Not peer-reviewed version

Direct Femtosecond Laser Processing

for Generating High Spatial Frequency

LIPSS (HSFL) on Borosilicate Glasses

with Large Area Coverage

Rajeev Rajendran , E. R. Krishnadev , K. K. Anoop 

*

Posted Date: 26 May 2023

doi: 10.20944/preprints202305.1865.v1

Keywords: Femtosecond laser processing; Laser Induced Periodic Surface Structures (LIPSS); high spatial

frequency LIPSS (HSFL); Borosilicate glass

Preprints.org is a free multidiscipline platform providing preprint service that

is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons

Attribution License which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.

https://sciprofiles.com/profile/3003620
https://sciprofiles.com/profile/2965737


 

Article 

Direct Femtosecond Laser Processing for Generating 

High Spatial Frequency LIPSS (HSFL) on Borosilicate 

Glasses with Large Area Coverage 

Rajeev Rajendran1, E. R. Krishnadev1 and K. K. Anoop1,2,*  

1 Department of Physics, Cochin University of Science and Technology, Kochi-22 
2 Inter University Centre for Nanomaterials and Devices (IUCND), Cochin University of Science and Technology, Kerala 

682022, India 

* Correspondence: anoopkk@cusat.ac.in 

Abstract: Large-area nanostructuring of glasses using intense laser beam remains a difficult task due to the 

extreme non-linear absorption of the laser energy by the material. 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. The orientation of the HSFL was found to be parallel to the electric field vector. We measured the 

single pulse ablation threshold (Fth=3.87±0.26 J/cm2) and incubation factor (S=0.68±0.03) of Borosilicate glasses 

for precise control for large area surface structuring. Single-spot experiments indicate that uniform LIPSS 

formation is limited by melt formation inside the irradiated area for higher fluence and a larger number of 

irradiated laser pulses. The orientation of the scan axis with the laser beam polarization is found to be 

significantly influencing the uniformity of the large area processing. We found 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. Large-area processing of the borosilicate glass surface is done by line-by-line scanning over the 

surface with a scan orientation parallel to the laser beam polarization. The optical characterization reveals that 

the transmittance and reflectance of the borosilicate glass decreased significantly after processing. Also, the 

wettability of the surface has been 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. 

Keywords: femtosecond laser processing; Laser Induced Periodic Surface Structures (LIPSS); high spatial 

frequency LIPSS (HSFL); borosilicate glass 

 

1. Introduction 

For the past few decades, generation of Laser Induced Periodic Surface Structures (LIPSS) on 

various materials is studied extensively due to its vast applications in optoelectronics, photonics, 

plasmonics, biomaterials and thermal radiation sources [1–5]. LIPSS can be generated on any kind of 

solid material by irradiating the material surface with any linearly polarized laser light having a 

fluence near the ablation threshold [6]. Ultrashort pulsed lasers are efficient in generating LIPSS on 

nearly all kind of solid materials [2,7]. It can create LIPSS on metals, semiconductors and even 

dielectrics [8–10]. Based on the spatial periodicity of the induced structures, LIPSS can be categorized 

into two main divisions: those with Low Spatial Frequency and those with High Spatial Frequency. 

Low spatial frequency LIPSS (LSFL) are having a periodicity close to the laser wavelength λ (ΛLSFL > 

λ/2) and high spatial frequency LIPSS are having a periodicity less than half of laser wavelength λ 

(ΛHSFL < λ/2)[11]. It is generally agreed that the formation of LSFL is caused by the interference of the 

incident laser beam with a surface electromagnetic wave (SEW) [10,12] and/or surface plasmon 

polaritons (SPPs) [7,13,14].  
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The formation of High Spatial Frequency LIPSS (HSFL) has been debated, with various theories 

suggesting self-organization [12], nanoplasmonic excitations [15,16], interference and second-

harmonic generation [17–19], etc. Linearly polarized femtosecond laser writing with high pulse 

energies and long pulse duration results in formation of self-organized periodic nanostructures. 

Reported structures in fused silica are of orientation perpendicular to electric field vector. The 

existence of a steady average period irrespective of target motion suggests a self-replication 

mechanism behind formation of nanogratings [20]. According to nanoplasmonics, as pulse fluence 

reaches the ablation threshold, a pair of peripheral nanoplasma zones are created leading to local 

intensity enhancement, as in the case of the central nanoplasma zone. This evolution of the onset of 

side-maxima and the corresponding “self-seeding” from the incubation effect led to the formation of 

the periodic structure [15]. 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, hence forms surface plasma and plasmons [21]. Surface 

plasmons are excited and interfere with absorbed laser field. Then, intensity is strongly reprofiled 

and shows periodic patterns that locally enhances the field and ablation which leads to the formation 

of periodic structures [22]. As the ripples grow, the grating assisted surface plasmon-laser coupling 

plays an important role in further process [23]. Besides these, compound materials are anticipated 

undergoing modifications during multi-pulse irradiation. Thus, near surface region of these materials 

might facilitate harmonic generation and explain an orientation insensitivity. There is an approximate 

correspondence that some of HSFL periods are laser second harmonic wavelengths [24]. 

The spatial periodicity of the LIPSS under the irradiation with femtosecond laser pulses has been 

found to depend upon various experimental parameters such as incident laser wavelength [25,26], 

laser fluence [27], polarization [28], number of pulses [13], the ambient environment [29,30] and also 

the properties of the material [31]. Taher et al. reported the variation in the spatial periodicity of LSFL 

from λ/1.7 to λ/4.7 and HSFL from λ/8 to λ/30 upon increasing the wavelength from 400 nm to 2200 

nm [25]. Shi et al. reported that the laser fluence plays a vital role in the formation of LIPSS and they 

show that lower fluence corresponds to the generation of HSFL while higher fluence corresponds to 

the generation of LSFL [27]. Bonse et al. showed that at a fixed peak fluence, the mean spatial 

periodicity of LIPSS generated on a single crystalline silicon is decreased monotonously between 770 

nm and 560 nm as on varying the number of shots from 1 to 1000 [13]. Gregorčič et al. reported that 

the rotation in the polarization of the irradiated picosecond laser pulse resulted in corresponding 

rotation in the ripples produced on a steel substrate [28]. Gräf et al. reported that the threshold fluence 

for the formation of low-spatial frequency LIPSS (LSFL) on fused silica is reduced and the periodicity 

of LSFL is increased up on increasing the substrate temperature [29]. Nürnberger et al. reported that 

the orientation of LIPSS generated is influenced by the grain structure as well as the crystal 

orientation of each individual grain of the substrate [31]. 

The superior mechanical, physical, and chemical characteristics of materials such as borosilicate 

glass, soda-lime glass, and fused silica make them an ideal choice for applications in optics, 

microfluidics, photovoltaics, and biomaterials [32]. Femtosecond laser assisted processing has 

become a powerful and efficient way for nano/microfabrication of glass surfaces [33]. There are many 

works that have reported the formation of LIPSS on glass [10,34]. But most of them are limited to 

single spot or a line segment. The lack of investigations is due to difficulties with LIPSS generation 

on glasses, which are mostly brought on by their amorphous chemical structure and comparatively 

high band gap energy when compared to metals and semiconductors. This high band gap energy 

causes ultrashort laser pulses to undergo a non-linear, multi-photon absorption. These properties 

make glasses more vulnerable to changes in laser irradiation, defects, and incubation. Also, only few 

works are reported on generating LIPSS on borosilicate glass when compared to that of other types 

of glass. The LSFL are typically formed for higher laser fluences or number of pulses on silica-based 

glasses [10,34–36]. The HSFL was observed only in few glasses[10,37]. Höhm et al. has reported the 

generation of high-spatial-frequency LIPSS with spatial periods between 170 nm and 450 nm and 

orientation perpendicular to the polarization on silica using femtosecond laser with central 

wavelength 800 nm and pulse duration 150 fs [10]. This work mainly 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. 
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2. Materials and Methods 

Surface texturing of Borosilicate glass was done by irradiating with a Ti-Sapphire femtosecond 

laser system (Coherent Astrella) which emits a linearly polarized laser pulse of energy 7 mJ and 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 on the target. A combination of half-

wave plate and polarizing beam splitter was used in the optical path for precise control of laser energy 

and to 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 is used as the substrate which has been mounted on 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. 

 

Figure 1. Schematic of the experimental setup used for femtosecond laser processing. HWP: Half 

Waveplate, PBS: Polarizing Cube Beamsplitter. 

The ablation threshold for different number of shots was determined using the D square method 

or Liu’s method [38] and the incubation parameter was determined using the accumulation model 

by Jee et.al [39]. For this the surface of the substrate is 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. Also, 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 done by line-by-line scanning over an area of 10 x10 

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 done using a Field Emission 

Scanning Electron Microscope (Carl Zeiss Sigma VP) and Atomic Force Microscope (Keysight 

5500AM). Also, the reflectance and transmittance of the processed substrate surface was done using 

a UV-Visible-near IR spectrophotometer (Jasco V770). The wetting properties of the processed 

substrate surface was analyzed using a contact angle goniometer (Rame-hart 290-U1). 

3. Results and Discussion 

3.1. Ablation threshold estimation 

The ablation threshold of borosilicate glass was estimated using D squared method introduced 

by Liu [38]. According to this method, the diameter of the ablation crater is related to the applied 

laser fluence through the equation, 𝐷ଶ = 2𝜔௢ଶ 𝑙𝑛 ൬ 𝐹𝐹௧௛൰ (1)

where D is the crater diameter, ωo is the beam radius at 1/e2 the peak value, E is the laser pulse energy, 

F is the peak fluence of the incident laser pulse and Fth is threshold fluence. For a gaussian laser 

profile, threshold peak fluence (Fth) can be related to the threhold pulse energy(Eth) by, 𝐹௧௛ =  2𝐸௧௛𝜋𝜔௢ଶ   (2)
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Diameter of the crater was estimated accurately from the FESEM images. The beam waist 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. The peak fluence versus crater diameter plot for different numbers of 

overlapping pulses is shown in Figure 2a. The threshold fluence (Fth) for different number of shots 

was estimated by extrapolating the least square fit. 

 

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 shots. The solid lines represent the least-squares 

fit according to Eq. (1). (b) logarithm of threshold fluence versus logarithm of number of laser pulses 

and the solid lines represent the least-squares fit according to Eq. (3). 

From Figure 2a it is found that 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, which is caused by the material-

dependent ʺincubation effect” [40–42]. The incubation effect is attributed to be 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[43,44]. 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 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 [45].  

The observed accumulation behavior has been explained in terms of an incubation model by Jee et 

al. [39]. The ablation threshold fluence Fth(N) for N laser shots is related to the single-shot ablation 

threshold fluence through the power law: 𝐹௧௛(ே) = 𝐹௧௛(ଵ) 𝑁ௌିଵ (3)

The incubation coefficient S serves to quantify the degree of accumulation which is present in a 

material. When S equals 1, the effect of accumulation is null. It can be understood from Eq. (3) that 

the logarithm of the product N Fth(N) is proportional to ln N with the proportionality constant S. From 

Figure 2b the slope of the plot, which is the incubation parameter, was found to be S = 0.68±0.03 and 

using the Eq. (3) the ablation threshold for single shot 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 irradiating with 5 shots of 

femtosecond laser pulse having pulse duration 300 fs, a central wavelength 1025 nm [36]. 

3.2. Single Spot Analysis 

The evolution of LIPSS on borosilicate glass at a single spot is analyzed by varying the number 

of shots and the fluence of the incident laser light. The FESEM image of the crater formed on 

borosilicate glass irradiated with different number of linearly polarized femtosecond laser pulses at 

different peak fluences is shown in Figure 3. The laser peak fluence is varied from 2.27 J/cm2 to 6.80 
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J/cm2 and the number of pulses varied from 10 to 50. It is observed that Laser Induced Periodic Surface 

Structures (LIPSS) having an orientation parallel to the electric field vector is formed on the 

borosilicate glass surface when it is irradiated with femtosecond laser pulses in the investigated 

parametric range. When the number of irradiated laser pulses is increased by keeping the laser peak 

fluence at a fixed value, say 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. Also, on increasing the irradiated laser peak fluence for a fixed number of 

shots, say 10 shots (Figure 3a‒d), melt formation was observed at the central region of the crater 

where the intensity is maximum for a gaussian beam profile and LIPSS formation is 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 [36,46]. 

 

Figure 3. FESEM images of the surface of borosilicate glass upon irradiation with different number of 

linearly polarized laser pulses, N, of different peak fluences, F, at a repetition frequency frep = 1 kHz. 

The red arrow indicates the direction of the electric field vector. 

When a substrate is irradiated with ultrashort laser pulse, a major portion of the absorbed energy 

by the substrate will be utilized by the plasma to expand into its surrounding gas [47]. 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 [48]. 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 craterʹs edges, and when the melt resolidifies, they produce a 

raised rim around the ablated crater [46]. According to Gräf et al. these melt formations are unaffected 

by inter-pulse effect of heat accumulation due to the sequential irradiation of laser pulses [36]. But in 

our studies, we found that the size of these melt formations is reduced and even gets totally removed 

as on increasing the number of shots (Figure 3n,r,s).  
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Upon observing the topography of a crater formed by irradiating the substrate with 20 laser 

shots having a fluence of 2.27 J/cm2 (Figure 4), it was found that the LIPSS formed on the surface are 

having a periodicity 320±60 nm. These kind of LIPSS having periodicity less than half of the 

wavelength of the laser are categorized to be high spatial frequency LIPSS(HSFL) [11]. 

 

Figure 4. FESEM image of a crater formed by irradiating the substrate with 20 laser shots having a 

fluence of 2.27 J/cm2. The red arrow indicates the direction of the electric field vector. 

3.3. Large Area HSFL 

Based on the single-spot trials, further investigations were aimed to realize large areas 

homogenously structured with high spatial frequency LIPSS (HSFL). For the generation of a large 

area with HSFL, the LIPSS formation behavior in a single scan line along parallel and perpendicular 

to the axis of the electric field vector is studied. For this the surface of the substrate is irradiated in a 

scanning manner with a laser peak fluence of 2.71 J/cm2 at different scanning speeds, say 1000 µm/s, 

1500 µm/s and 2000 µm/s, along the horizontal and vertical scanning directions. 

The HSFL generated at different scanning speeds are found to be having almost same 

periodicity. At lower scan speed of 1000 µm/s (Figure 5a,d) the redeposition of nanoparticles is 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) is 

found to be having more redeposition than scanning along horizontal direction (∥ to the direction of 

the electric filed vector). Also, at a higher scanning speed of 2000 µm/s along vertical direction (Figure 

5f) the melt formations are observed. 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 large area HSFL on borosilicate glass is generated by line-by-line scanning of 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 that the width of the ablated area was found to be ~22 

µm the spacing between the lines was fixed to be ∆x = 22 µm. The FESEM image of the HSFL 

generated on borosilicate glass and the magnified image of the central area of the scan line and the 

overlapping area of the two-scan line is also shown in Figure 5a‒c. The interface of the two lines is 

observed to be losing its periodicity and this is due to the incubation effect. The 2D Fourier transform 

(FFT) (Figure 5d) of the large area shows that the periodicity of the HSFL is ~380 nm. Also, the AFM 

measurements (Figure 5e) reveals that the depth of the grooves are ~130 nm. 
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Figure 5. FESEM images of the surface of borosilicate glass upon scanning with different scanning 

speed (SS) along horizontal (a, b, c) and vertical (d, e, f) direction with a laser peak fluence of 2.71 

J/cm2 at a repetition frequency frep=1 kHz. The magnified image of HSFL is shown in the inset of each 

image. The red arrow indicates the direction of the electric field vector. 
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Figure 6. (a,b,c) FESEM images of the large area HSFL on 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. (d) 2D Fourier 

transform (FFT) of the large area shown in (a). (e) 3D AFM image of the HSFL on borosilicate glass. 

The red arrow indicates the direction of the electric field vector. 

The transmittance and total reflectance of the surface structured borosilicate glass were 

measured and compared with the unstructured borosilicate glass. As shown in Figure 7a,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, and 

degradation of material property by laser irradiation [34]. The low reflectivity of the material surface 

can be attributed to the anti-reflective properties of the periodic structures, which have been 

discussed in multiple investigations [49,50]. The reduction in the transmission can be attributed to be 

due to the crystal formation at the surface of the glass, which alters the absorption characteristics of 

the incident radiation [51]. 
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Figure 7. (a)Transmission and (b)reflection spectra of structured borosilicate glass and unstructured 

borosilicate glass. 

The wettability of the structured borosilicate glass is compared with the unstructured 

borosilicate glass by taking the contact angle measurement(Figure 8a,b). The initial, non-irradiated 

borosilicate glass surface is characterized by a contact angle of θ ≈ 420, which corresponds to the 

hydrophilic behavior of the glass surface. After the formation of HSFL, the contact angle was 

decreased to θ ≈ 80, 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, it 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 [52], 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. But 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. reported that the surface chemistry also has 

significant effect on wetting properties [53]. 

 

Figure 8. Wettability of (a) unstructured borosilicate glass and (b) structured borosilicate glass. 

5. 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. We measured the single pulse ablation threshold (Fth=3.87±0.26 J/cm2) and incubation factor 

(S=0.68±0.03) of Borosilicate glasses for precise control for large area surface structuring. Single-spot experiments 

show that 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 optimized conditions were used to create large areas 

of high-spatial-frequency laser-induced periodic surface structures (HSFLs) with a periodicity of approximately 

380 nanometers. The induced structures were oriented parallel to the electric field vector. Scanning in the same 

direction as the laser polarization results in more uniform surface structuring. The significant change in the 

reflection and transmittance of processed borosilicate glass, as well as the change in wettability from hydrophilic 

to superhydrophilic, demonstrates the potential of large area-HSFL structures in optics, microfluidics, 

photovoltaics, and biomaterials. 
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