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In this work, we present an new approach for creating laser-induced periodic surface structures (LIPSS) on a
soda-lime glass using a femtosecond (fs) laser source, marking the first instance of such a process. The formation
of LIPSS upon irradiation with linearly polarized fs-laser pulses (t = 300 fs, A = 1030 nm) in the air environment
is experimentally studied. Due to the nonlinear absorption behavior of the fs-laser beam in soda-lime glass, we
conducted three different investigations to irradiate the glass substrate: (i) thin film-mediated LIPSS under top
material irradiation, (ii) thin film-mediated LIPSS under bottom material irradiation, and (iii) LIPSS on glass
substrate under bottom material irradiation. In the first case, High Spatial Frequency-LIPSS (HSFL) are observed,
with parallel orientation to the laser beam polarization (E), across four different repetition rates or frequencies
(f): 10 kHz, 50 kHz, 100 kHz, and 250 kHz. Additionally, the scan-axis alignment with the laser beam polari-
zation significantly influences the uniformity of the generated LIPSS along the scan line. Redeposition is observed
when the scan axis is parallel to the laser beam polarization, as compared to the perpendicular direction. In the
second case, simultaneous formation of parallel (HSFL) and perpendicular Low Spatial FrequencyLIPSS (LSFL) to
the laser beam polarization was highlighteded, exhibiting periods ranging from 200 nm to 550 nm for bottom
irradiation. This observation occurs as the repetition rate varies between 10 kHz to 250 kHz. In the third case, we
observed the LSFL formation without thin film layer on soda-lime glass material (bottom irradiation) when
utilizing the maximum repetition rate f = 250 kHz. A notable alteration in the spatial period (545 nm - 585 nm)
upon adjusting the focal distance (71 mm - 72 mm) between the substrate and the focal lens was evidenced. A
possible mechanism of LIPSS formation has been discussed in the three different cases. The observation of
regularly distributed LIPSS holds promise for applications in optics, microfluidics, photovoltaics, and
biomaterials.

1. Introduction

The selection of glass materials is crucial for a wide range of high-
tech applications, including optics, solar cells, microfluidics, and bio-
materials [1]. It is worth noting that their surface-specific properties,
including absorption, reflection, and wettability, can be finely tuned
through surface engineering. The most prevalent type is soda-lime glass,
known for its cost-effectiveness and remarkable stability, along with
favorable mechanical properties [2]. The CO; laser can be used for rapid
processing for surface modification with an efficient laser source that is
capable of operating as a continuous wave at high power, also the
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long-wavelength infra-red (LWIR) region [3]. This highly flexible CO,
laser can be utilized in both industrial-scale production and
smaller-scale laboratories for glass modification. In thin film patterning,
short pulse lasers ranging from nanoseconds to femtoseconds in duration
have conventionally been preferred [4]. Because of their exceptionally
short-pulse durations, femtosecond lasers utilize multiphoton absorp-
tion and electron plasma for material removal [5,6]. In general, mech-
anisms involved with picosecond and nanosecond lasers are thermal
ablation, phase explosion, and photo-thermal effects, which arise due to
their extended pulse durations [7]. Although, femtosecond lasers pro-
vide superior precision with minimal thermal damage, nanosecond

Received 23 March 2024; Received in revised form 6 May 2024; Accepted 12 May 2024

Available online 23 May 2024

0143-8166/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


mailto:nadjib.semmar@univ-orleans.fr
www.sciencedirect.com/science/journal/01438166
https://www.elsevier.com/locate/optlaseng
https://doi.org/10.1016/j.optlaseng.2024.108321
https://doi.org/10.1016/j.optlaseng.2024.108321
https://doi.org/10.1016/j.optlaseng.2024.108321
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optlaseng.2024.108321&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

K.D.A. Kumar et al.

lasers may induce more defects or alterations of the material properties.
Moreover, femtosecond (fs) lasers have been established as a versatile
tool for creating functional structures within transparent materials
(nano gratings) [8], as well as on the surfaces of various materials [9].

Understanding the spontaneous appearance of patterns on laser-
irradiated surfaces has been a topic of interest for many years. The
possibility of obtaining micro and sub-micrometric structuring on
various substrates using laser irradiation tools has drawn global atten-
tion to the generation of laser-induced periodic surface structures
(LIPSS). Over the past decade, there has been a notable surge in atten-
tion towards LIPSS [10], despite their first observation by Birnbaum on a
semiconducting material surface in 1965 [11]. LIPSS have a significant
impact on various application fields, primarily associated with
enhancing surface functionalities such as hydrophobicity, optical prop-
erties, and cellular differentiation [12,13]. Typically, LIPSS can be
induced by the presence of ultra-short laser sources (like ps and fs), and
these spatial periods (A) are significantly closer to or smaller than the
laser irradiation wavelength (A) used [14-16]. When irradiating solids
with linearly polarized fs-laser pulses in air at normal incidence, typi-
cally two distinct types of LIPSS are observed, Low Spatial Frequency
LIPSS (LSFL) and High Spatial Frequency LIPSS (HSFL), aligned either
parallel or perpendicular to the polarization E of the laser beam.
Numerous experimental parameters have been recognized as crucial
factors for LIPSS generation, such as laser wavelength (A), beam polar-
ization (E), angle of incidence, bandgap, repetition rate (f) and two key
parameters: the laser fluence (F) (energy density in J/cm?) and the
number of laser pulses (N) applied in the same area (static mode), that
contribute to the energy dose evaluation by accumulation, absorbed by
the material surface [17-20].

In recent decades, many works have been published based on the
approach of LIPSS generation by ultra-short pulses laser systems on
metal, semiconductors, and selected observations on dielectric mate-
rials. J. Bonse et al. [19] reported LIPSS generation on different mate-
rials such as metal (titanium), semiconductor (silicon), and dielectric
(fused silica), which were chosen as substrates to investigate a wide
range of optical bandgap values. In particular, recent studies have been
conducted on the formation of LIPSS in air environment upon fs-laser
pulse irradiation in dielectric substrates, especially focusing on fused
silica [21-24]. Most of the studies observed HSFL on dieletric materials
with spatial period sizes ranging from 75 nm to 350 nm, while the LSFL
periods ranged between 500 nm and 800 nm [21,23,24]. The investi-
gation into LIPSS formation on glass materials becomes more exciting
when considering the exploration of various parameters such as wave-
length, laser pulse count, fluence, and beam polarization. Although,
various glasses may share similar optical properties, the formation of
LIPSS is primarily influenced by the chemical composition of the glasses,
especially their respective viscosities [25].

Recently, Stephan Graf et al. [25] reported the systematic investi-
gation of LIPSS formation on dielectric materials (or high gap glasses)
such as fused silica, borosilicate glass, and soda-lime-silicate glass using
fs-laser radiation by changing different parameters of fluence, number of
pulses, and repetition rate. They have observed the presence of both
LSFL and HSFL on fused silica and borosilicate glass substrates. How-
ever, in the case of soda-lime-silicate glass, the LIPSS are remarkably
occured in the material melt phase and the HSFL are hardly visible at
low fluence, F = 3.3 J/cm?. At the highest fluence, F = 14.6 J/cm?, the
melting process is strongly promoted and the material surface of the
ablated area is completely flat without the presence of any LIPSS-like
surface. To the best of our knowledge, there is still no observation of
LIPSS on the soda-lime glass due to its strong non-linear absorption and
melt formation behaviors.

In this contribution, we examine the current research state in the
field of LIPSS generation on both sides (top and bottom irradiation) by
fs-laser pulses in an atmospheric environment. The key innovation in
this study is the utilization of external copper tape (double side tape)
placed between the glass surface and the sample holder, which plays a
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crucial role in generating LIPSS due to facilitating the formation of
Surface Plasmon Polaritons (SPPs) via copper ions. We also explore the
generation of LIPSS on soda-lime glass mediated by a thin film (Ag + Cr)
layer. In this case, the metal thin film plays an essential role in creating
LIPSS through the excitation of SPPs (interface between air and film) as
reported by Juraj Sladek et al. [26]. The proposed mechanism for
transitioning from HSFL formed at low repetition rates to LSFL, which
are characteristic of high repetition rates, is also discussed.

2. Materials and methods

To investigate the LIPSS formation on wide bandgap materials, we
opted to use a dielectric substrate (soda-lime glass). This choice is based
on the expectation of a significant contrast between the optical prop-
erties of dielectric materials (non-linear absorption), and those of strong
absorption materials such as metals or semiconductors. We selected a
high-purity soda-lime glass (with an energy bandgap of Eg= 3.9 eV)
made from a dielectric transparent material (Suprasil, Hanau, Ger-
many). We recently reported the photograph and chemical composition
of the chosen soda-lime glass bottle [27]. The chemical composition of
the soda-lime glass was determined using X-fluorescence, and the results
are presented in Table 1.

Perior to the laser processing, the material was precision-cut into a
rectangular shape measuring 20 x 20 x 3 mm>. The glass substrate
experienced ultrasonic cleaning in both acetone then isopropanol before
and after the laser processing procedure. To enhance absorption on the
glass substrate, we opted to deposit a bilayer thin film system
comprising Silver (Ag) and Chromium (Cr). It is widely accepted that Ag
film exhibits excellent absorption properties, while the Cr layer serves to
strengthen the adhesion of Ag onto the substrate. The choice of film
thickness values for the bilayer system is more important for creating
highly regular structures on dielectric substrates. Dostovalov et al. [28]
reported LIPSS on chromium films with different thicknesses and
observed that highly ordered structures are formed when the film
thickness is less than 125 nm, while LIPSS on thicker films (>125 nm) is
accompanied by the formation of poorly ordered ablation structures due
to oxidation. Therefore, we have decided to perform this experiment
using a bilayer thin metal film system (30 nm Cr + 100 nm Ag). The
desired thicknesses of both Cr and Ag were deposited by direct current
(DC) magnetron sputtering of a 4-inch Cr target and a 2-inch Ar one on a
soda-lime glass substrate having thicknesses of >3 mm. The Cr layer was
deposited prior to the Ag layer to enhance the adhesion of Ag onto the
substrate. Both thin film deposition runs were performed at a pressure of
0.5 Pa with 20 sccm of Ar as a sputtering gas, while maintaining power
at 200 W (Cr) and 50 W (Ag) during 36 s and 90 s respectively (sub-
strate-target distance close to 10 cm). The HV chamber process is
described in the previous report by Graillot-Vuillecot et al. [29], and the
classical circular magnetrons in cold configuration have been used for Cr
and Ag deposition [30]. This substrate was used for thin
film-mediated-LIPSS formation on glass.

A linearly polarized Yb: YAG femtosecond pulsed laser system
(Satsuma, Model, Amplitude) emits laser pulses characterized by their
pulse duration (t) of 300 fs, a center wavelength (A) of 1030 nm
(equivalent to a single photon energy of 1.20 eV), a maximum pulse

Table 1
Composition of the soda-lime glass measured
by X-fluorescence [27].

Elementals (%mol)
SiO, 72

CaO 9.9
Al,O3 2.1
Na,O 15.5
K0 0.3
CeO, 0.1
Fe,03 0.1
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repetition rate (f) of 250 kHz, and a pulse energy (E) of up to 10 pJ. In
this work, laser processing has been carried out in both static and dy-
namic (scanning) modes for top irradiation. A schematic representation
of the experimental setup for fs-laser processing on soda-lime glass is
given in Fig. 1. The laser beam was focused onto the sample surface by a
spherical lens (75 mm). Double-sided copper tape has been used to
attach the bottom side of the glass substrate to the sample holder.
Furthermore, on the top of the glass surface, we used thin film as a metal
layer for SPPs excitation. LIPSS were produced by irradiating the sample
surface (both top and bottom irradiation) at normal incidence within an
ambient air atmosphere. Different values of fs-laser repetition rate (f),
laser fluence (F), and focal distance (fq) were selected as the parameters
for investigating the formation of LIPSS on soda-lime glass. We utilized
linearly polarized laser pulses with a Gaussian beam spatial profile. The
beam spot size and fluence were adjusted by the distance between the
focal lens and the material surface. In the single spot case, the working
distance (from the focusing lens to the substrate surface) was deter-
mined to be approximately 72 mm. A Gaussian beam profile (with M? ~
1.08) and a beam diameter (at the lens) of about 2.5 mm were directed
onto the sample surface to generate the LIPSS profile. For the top irra-
diation, the obtained beam diameter is 33 um and the calculated focal
depth is 1.72 mm. Nevertheless, the values undergo slight alterations
attributed to the extended focal distance of 75 mm (3 mm substrate
thickness) for bottom irradiation. Thus, the beam diameter and the focal
depth are 35 um and 1.8 mm, respectively. Therefore, the fluence values
can be varied accordingly with the changes in beam diameter and focal
length.

This study employed three characterization approaches. Firstly, we
examined the laser-irradiated sample surfaces using a Zeiss Supra 40
scanning electron microscopy with a field emission gun (SEM - FEG).
Before the SEM observation, the glass substrate experienced platinum
sputtering (4 nm) in a Leica sputter coater to avoid the charging effect
during the measurement. The SEM instrument with a secondary electron
detector, operates at an accelerating voltage ranging from 1 kV to 5 kV.
In each instance, the characterization was performed within the central
region of the sample, and their chemical composition was determined
using an energy dispersive X-ray spectroscopy (EDX) detector with an
accelerated voltage of 10 kV. Secondly, the presence of LIPSS, their
amplitude and periodicity were identified and measured using a Bruker
Dimension Icon atomic force microscope (AFM). Finally, Laser-induced
breakdown spectroscopy (LIBS) measurements were also conducted to
provide evidence of the presence of Cu ions in the formation of LIPSS,
followed by determining the heat accumulation caused by copper ions.

IR = 1030 nm Power controller

Femtosecond
laser source

Shutter
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3. Results and discussion

3.1. Thin film-mediated LIPSS on glass (top material irradiation in static
mode)

In this study, to induce absorption on the surface of soda-lime glass,
we utilized high repetition rates of 10 kHz, 50 kHz, 100 kHz, and 250
kHz, each with a constant energy of 10 uJ. The number of laser pulses
(N) applied onto the same area can significantly influence the dynamics,
morphology, and periodicity of LIPSS formation [21]. In Fig. 2, SEM
images illustrate the features of LIPSS depending on the repetition rates
on soda-lime glass in the static mode, at a central wavelength of 1030
nm. We performed the laser texturing with a process time of 1 second for
the entire range of repetition rates (10 to 250 kHz) which means (N =
10* to 25 10*). As the process period decreases versus the repetition rate,
the post-irradiation cooling not allows to reach the initial (ambient)
temperature leading to heat accumulation that is more significant in
dieletric substrates as sodalime.

The average fluence of four different LIPSS formations is F = ~ 2 J/
cm?. In the case of f = 10 kHz, the low laser frequency leads to the
formation of HSFL (Fig. 2a), parallel to the polarization (E) direction of
the laser beam. According to reports, HSFL with small period sizes (AgspL
< A/2) have been predominantly observed in transparent materials, with
orientations frequently perpendicular and occasionally parallel to the
polarization direction [19] due to self organization. The development of
these smooth regions is a consequence of insufficient beam ablation
[31]. The spatial period (A) of the observed irregular LIPSS is about 180
(£10) nm. Thus, increasing the f to 50 kHz results in the formation of the
same HSFL structures which become more pronounced and regular, and
the A size is slightly increased up to about 200 (+10) nm as given in
Fig. 2b. A further increase of f to 100 kHz increase the area covered with
LIPSS keeping the direction parallel to the E, resulting in a homogenous
pattern of HSFL (Fig. 2¢). The observed regular HSFL period is about 250
(£10) nm. At a high repetition rate (250 kHz), the alignment of highly
regular HSFL is formed which is parallel to the polarization, E, and the A
size is 275 (£10) nm (Fig. 2d). The repetition rate has influenced the
period structures, sizes, and morphologies. At low f, the interaction
between laser plasma and thin film significantly impacted smooth ma-
terial irradiation, producing irregular period structures (Fig. 2a,b). On
the other side, at high f, the laser-plasma interaction effectively removed
the thin film layer during top material irradiation of the glass (see EDX
results Fig. 2h), leading to the formation of highly regular period
structures (Fig. 2¢,d). The LIPSS generation is largely related to surface
melting [32,33].

-

Copper tape

S ——————

-
S ————"

Stage controller

Fig. 1. Schematic of experimental setup process used for femtosecond (Yb:YAG) laser processing on soda-lime glass. Please note that this experiment is performed in
two types: (1) with a bilayer metal thin film system (30 nm Cr + 100 nm Ag) for top irradiation, and (2) without a thin film system for bottom irradiation.
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Fig. 2. (a-d) presents SEM images (top irradiation) depicting the surface of thin film-mediated LIPSS on soda-lime glass under irradiation with varying repetition
rates: (a) 10 kHz, (b) 50 kHz, (c) 100 kHz, and (d) 250 kHz. The 2D FFT of the SEM images is displayed in the inset of each corresponding image. Fig. 2 (e and f)
showcase the 2D and 3D AFM images of the HSFL at 100 kHz. Fig. 2 (g and h) displays the EDX spectrum capturing the surface composition of a thin film-mediated
LIPSS on soda lime glass through top irradiation. Fig. 2(g) represents the untreated surface, and (h) showcases the LIPSS region at 100 kHz repetition rate. The inset
images of Fig. 2 (g and h) represents the magnified views of both the untreated and HSFL images.

The 2D Fast Fourier Transform (2D-FFT) images of a large area reveal
the periodicity of HSFL structures, as depicted in the insets of Fig. 2(a-d).
The confirmation of LIPSS periodicity aligns with the SEM images. The
inset Fig. 2(a) fails to define a periodic pattern at 10 kHz; but, it presents
a mere depiction of the rough topology of HSFL at 50 kHz, which is given
in inset Fig. 2(b). At 100 kHz, remarkably clear HSFL ripples are
observed, confirmed by the marked defect lines in inset Fig. 2(c). The
HSFL ripples exhibit a periodicity size of 250 (+20) nm parallel to the
polarization direction. At 250 kHz, distinct HSFL ripples aligned direc-
tion parallel to E are visible in inset Fig. 2(d). The quantitative analysis
of FFT data allows for the assessment of LIPSS periods, revealing a
notably consistent quasi-constant periodicity of 275 (£20) nm in the
prominent HSFL, complemented by SEM observations. The images in
Fig. 2(e) and (f) represent 2D and 3D AFM visualizations, respectively,
for the repetition rate of 100 kHz. In this scenario, the AFM-scanned
zone (10 x 10 pmz) reveals an HSFL period size of 260 (4+20) nm,
closely aligning with the SEM-FFT values for the respective material
surface.

Furthermore, EDX analysis was employed to examine the chemical

composition of the surfaces before and after the laser irradiation. Fig. 2
displays representative signals for the material surface exposed to the
optimum repetition rate of 100 kHz, along with signals from the un-
treated film. In Fig. 2, SEM images corresponding to untreated (g) and
100 kHz frequency treated surface (h). The EDX spectra of the untreated
sample (Fig. 2, g) revealed signals of silver (Ag), evidencing the sput-
tered Ag thin layer, and platinum (Pt) originating from the conductive
thin film deposited for SEM measurement. After irradiation at 100 kHz
(LIPSS regime), the material surface exhibits signals including Si, O, Na,
Mg, Al and Ca, originating from the soda-lime glass. Notably, Si and O
demonstrate particularly strong signals compared to the other elements
(Fig. 2, h), signifying their noticeable presence from the glass surface as
evidenced in Table 1 (chemical composition of soda-lime). Furthermore,
weak signals arise from Ag, and there is no signal from Cr, indicating
their removal during laser irradiation and confirming their contribu-
tions to the generation of LIPSS on the glass substrate.

In summary, the irradiation of soda-lime glass in this configuration
predominantly exhibits HSFL aligned parallel to the laser beam polari-
zation. The observed periodicity ranges between 180 (+10) nm and 275
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(£10) nm, showing a gradual increase with the rising repetition rate.

3.2. Thin film-mediated LIPSS on glass (top material irradiation in
scanning mode)

In this section, dynamic scanning mode investigation is conducted to
achieve uniform structuring with HSF-LIPSS for the selected repetition
rate of 100 kHz. To generate HSFL across a wide area, the laser irradi-
ation was examined along a single scan line parallel and perpendicular
to the axis of laser beam polarization. To achieve this, the surface of the
soda-lime glass substrate coated with thin film layer was irradiated in a
scanning manner at 100 kHz. The scanning occurred at a speed of ~1
mm/s in both horizontal and vertical directions. The spot diameter was
approximately 30 pm in both scanning directions, and Fig. 3 (a, b) dis-
plays the corresponding SEM images. The HSFL generated on the ma-
terial surface was qualitatively analyzed, revealing a noticeable
redeposition of nanoparticles during parallel scanning (Il to the E) in
Figure 3(a) compared to perpendicular scanning (L to the E) in Figure 3
(b). Thus, it is evident that the alignment of the laser beam scanning axis
with the polarization direction significantly affects the uniformity of
large-area processing with higher redeposition. R. Rajendran et al. [34]
observed similar behavior in the redeposition of nanoparticles on a
borosilicate surface during large-area scanning at a speed of 1 mm/s.

LIPSS formation occurs parallel to the polarization in both scanning
directions. However, vertical/perpendicular scanning displays highly
regular HSFL periods compared to horizontal/parellel one. The 2D-FFT
images displaying the large area periodicity of HSFL formation are
presented in the insets of Fig. 3 (a, b). The quantitative analysis of the
FFT data assesses the HSFL, indicating a periodicity of around 135 (+10)
nm for perpendicular scanning and 115 (+10) nm for parallel scanning.
Hence, Fig. 3 indicates that the preferable scan speed for generating
regular periodicity LIPSS is 1 mm/s in the vertical scanning (1) when
compared to horizontal scanning (ll) direction to the E.

The representative signals (EDX) for the material surface exposed to
the optimum repetition rate f = 100 kHz at vertical scanning direction to
the polarization as given in Fig. S1 (suplimentary materials). The LIPSS
regime exhibits signals including Si, O, Na, Mg, Al, and Ca, originating
from the soda lime glass. Additionally, Ag denotes a thin film layer,
consistent with observations in static mode in Fig. 2(h). The presented
table in Figure S1 indicates that the chemical composition of Si and O
exhibits higher occupancy on the LIPSS surface, as evidenced by Table 1,
thereby confirming the formation of HSFL on the soda-lime glass
substrate.
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3.3. Thin film-mediated LIPSS on glass (bottom material irradiation in
static mode)

According to the literature, the laser fluence needs to be at a mini-
mum of ~ 5 J/cm? and or the energy to reach about 20 pJ for the
effective absorption of the laser beam on wide bandgap materials [25].
At minimum laser energy, the laser beam diffuses completely within the
transparent glass substrate, preventing from absorption or texturing of
its surface. Choosing a higher laser repetition rate presents a favorable
solution to resolving absorption issues on dielectric materials.

Considering the results outlined above in Section 3.1, the glass
substrate coated with a thin film was employed on the opposite side for
laser irradiation (bottom/or back side irradiation), as illustrated clearly
in the photo/images presented in Fig. S2 (supplementary materials). In
this experiment, copper (Cu) tape was utilized and positioned between
the substrate and sample holder to secure the substrate in place. For this
analysis, we utilized a consistent energy of 10 pJ across a range of
repetition rates, spanning from 10 kHz to 250 kHz for 1 second time
duration, as detailed in Section 3.1. Across all repetition rate cases, there
was no absorption nor texturing on the top surface of the glass, as the
laser beam fully diffused inside the transparent glass substrate, inter-
acting solely with the thin film coated on the bottom side.

Fig. 4 (a-d) provides a comprehensive view of the SEM micrographs
depicting the formation of LIPSS at different repetition rates ranging
from 10 kHz to 250 kHz, respectively. The average spot diameter was 35
um, with slight variations occurring for each repetition rate, conse-
quently leading to a slight change in laser fluence, ranging from ~ 1.75
J/em? to ~ 2 J/ecm?. Regular formation of LIPSS was observed at 10 kHz,
as depicted in Fig. 4(a), with the HSFL direction parallel to the E.
Simultaneously, significant redeposition of nanoparticles took place on
the surface of the HSFL. The specific value of Aysp, depends on the
respective repetition rate, which is correlated with the energy distri-
bution of the fs-laser beam. At 10 kHz, the measured spatial period value
is Agspr, = 200 (£10) nm. The increase of f = 50 kHz yields a highly
regular formation of parallel HSFL in the central region of the irradiated
area with the absence of redeposition. This increase leads to a larger
periodicity of Agspr, = 310 (£10) nm, as shown in Fig. 4(b). A subse-
quent increase in f = 100 kHz induces a modification in LIPSS orienta-
tion from parallel to perpendicular to the laser beam polarization, E,
illustrated in Fig. 4(c). Hence, it is clear that the alignment of LIPSS is
significantly affected by the repetition rate during bottom irradiation.
This could be attributed to the change of energy distribution across the
ablated area caused by the coupling of metal and the thin film-coated
glass substrate. This transition from HSFL to LSFL formation results in
an increased periodicity of Apgpr, = 510 (£15) nm, demonstrated in
Fig. 4(c). The distribution of LSFL persists with a further increase of the
repetition rate up to 250 kHz, resulting in an enlarged period size of 550

Fig. 3. (a, b) SEM images (top irradiation) of the surface of thin film mediated LIPSS on soda lime glass with a scanning speed (SS) of ~1 mm/s along horizontal (a)
and vertical (b) direction with the laser repetition rate is 100 kHz. The magnified image of HSFL and the 2D FFT of the SEM image are shown in the inset of

each images.
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Fig. 4. (a-d) SEM images (bottom irradiation) of the surface of thin film-mediated LIPSS on soda-lime glass under irradiation with varying repetition rates: (a) 10
kHz, (b) 50 kHz, (c) 100 kHz, and (d) 250 kHz. The 2D FFT of the SEM images is displayed in the inset of each corresponding image. Fig. 4(e and f) showcase the 2D

and 3D AFM images of the LSFL at 100 kHz.

(£10) nm (Fig. 4, d). However, partial redeposition of nanoparticles
persists over the LIPSS in both LSFL cases, underscoring the significant
role of metal (Cu) ions in this redeposition process. It can be concluded
that the repetition rate is the primary factor influencing the preservation
of the LIPSS arrangement for both HSFL (Il to the E) and LSFL (L to the
E). Xuesong Shi et al. [35] reported that the transition from HSFL to
LSFL occurs with increasing fluence values on a fused silica substrate.
Other reports have also found that the transition from HSFL to LSFL
occurs as the fluence [21,36] is increased.

2D-FFT representations were displayed in the insets of Fig. 4(a-d),
which confirms the consistency of LIPSS periodicity. In Fig. 4(a) inset,
only the rough topology of HSFL was observed at 10 kHz. Upon
increasing the repetition rate to 50 kHz, a clear observation of HSFL
ripple alignment was evidenced in inset Fig. 4(b), marked by periodic
lines, similar to the SEM observation. For 100 kHz, the LIPSS periodicity
transitioned from HSFL to LSFL, with the period size increases from 300
(+£10) nm to 500 (+10) nm, respectively (inset Fig. 4b and c). The LSFL
ripples align direction perpendicular to the E. At 250 kHz, large LSFL
ripples associated direction perpendicular to the E are noticeable in inset
Fig. 4(d). The observed LSFL ripples exhibit a quasi-constant periodicity
of 550 (+10) nm. Fig. 4(e) and (f) display 2D and 3D AFM visualizations,
respectively, for the repetition rate of 100 kHz. In this context, clear
LIPSS periods were observed in both the 2D and 3D images. The scanned
area (10 x 10 pmz) revealed an LSFL period size of 500 (£+25) nm,
closely aligning with the SEM-FFT values obtained for the material
surface.

Figure S3 (supplementary materials) shows the EDX spectrum of the
soda-lime glass substrate for untreated surface (a), under 100 kHz
irradiation (b), and the border zone (near the LIPSS regime) are depicted
in (c). The EDX spectra of the untreated sample (Figure S3, a) exhibited
only signals for Ag and Pt, consistent with those observed in Fig. 2(g).
When subjected to 100 kHz irradiation (LIPSS regime), the material
surface displays signals such as Si, O, Na, Mg, Al, and Ca, originating
from the soda-lime glass. Moreover, Figure S3 (b) highlights the
remarkable strength of Si and O signals in comparison to the other el-
ements, as evidenced in Table 1. Additionally, the presence of copper

(Cu) signal also emerges from the LIPSS regime. This is because both Cu
and the thin film were simultaneously involved during laser irradiation.
Subsequently, Cu ions from the irradiated area diffused onto the glass
substrate due to plasma formation (coupling between the surface elec-
trons and the incident electric field), thereby supporting the contribu-
tion to the formation of LIPSS on glass substrate. Furthermore, our
observation highlights the significant role of Cu metal in transitioning
the spatial period of LIPSS from HSFL to LSFL, evident through its higher
signal compared to Ag (also confirmed in the table by considering the
limitations of EDX accuracy). Figure S3 (c) specifically highlights the
border regime observed near the LIPSS, displaying a notably stronger Cu
signal than Ag.

Several reports have explained the relationship between energy
density (fluence), and the number of pulses with LIPSS periodicity,
whereas the impact of repetition rate significantly influences the for-
mation of periodic structures [37]. The LIPSS spatial period as a function
of repetition rate is depicted in Fig. 5 for both types of irradiations (top
and bottom). The figure illustrates that the spatial periods for top irra-
diation, exhibit an increase from 180 (£10) nm to 275 (+10) nm as the
repetition rate is increased from 10 kHz to 250 kHz, respectively. The
increasing trend of HSFL spatial periods is attributed to chemical
expansion, and or high energy accumulation in the ablation regime. For
bottom irradiation, the observed periodicity of HSFL remains the same
until 50 kHz, beyond which it transitions to LSFL at high repetition rates
(100 kHz, 250 kHz). As the pulse number increases by f, the surface
morphology undergoes a possible transition process from HSFL to LSFL.
The results indicated that HSFL and LSFL transformation occurs from the
electromagnetic mechanism involving local field enhancement and field
interference during multi-pulse irradiation [38]. The observed LSFL
spatial period ranges from 510 (+10) nm to 550 (£+10) nm for 100 kHz
and 250 kHz, respectively. This confirms that the effective number of
pulses strongly influences the spatial periods.

3.4. Direct LIPSS on glass (bottom material irradiation in static mode)

In this study, we aim to explore the impact of the focal distance
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Fig. 5. Spatial period of parallel (Agsrill) and perpendicular (Arspr L) LIPSS as a
function of repetition rate under static mode for bottom and top irradiations in
the case of thin film-mediated LIPSS.

between the lens and the substrate for the formation of LIPSS on a soda
lime-glass substrate. The generation of LIPSS was observed on the sub-
strate bottom surface when employing a maximum repetition rate f =
250 kHz, a pulse count of N = 250 x 10%, and an energy of 10 pJ.
Generally, In dielectric materials, the anticipated period (Aygpr) is ex-
pected to align direction perpendicular to the E, although occasionally,
they may also align parallel to it [19]. It has been proven that both LSFL
and HSFL can be obtained on dielectric or wide bandgap materials,

coups (cps)/eV
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especially on fused silica [25,36,39]. Accordance with the literatures,
LIPSS initiation occurs at the boundary of the laser-irradiated spot when
reaching a threshold laser fluence, and then they expand to cover the
entire area. In general, at low laser energy, LSFL tends to appear on the
outer boundary of the spot, whereas HSFL is noticed on the inside. As the
laser energy increases, it allows LSFL to occupy the entire ablated area.
Multiple researchers have documented this transition across various
materials. This phenomenon has been validated through several
dielectric materials, including fused silica, borosilicate, and soda-lime
silicate [25].

Fig. 6 (a, b) displays SEM images depicting the LIPSS formed on the
glass substrate surface, captured at two distinct focal distances: 71 mm
and 72 mm, respectively. At a focal distance of 71 mm, we observed
LSFL formation with a period size of 540 (£10) nm with a direction
perpendicular to the E depicted in Fig. 6(a). The uniform occurrence of
LSFL indicates the dispersion of laser energy throughout the entire ab-
lated zone. At a focal distance of 72 mm, we observed consistent LSFL
with a direction perpendicular to the E (Fig. 6b). Simultaneously, the
period size of the LSFL increased to 585 (+10) nm. Bonse et al. [19]
observed that the period size of LSFL measures approximately 500 nm
when utilizing a laser wavelength of 800 nm on a fused silica substrate.
This observation likely contributes to our understanding of the behavior
and characteristics of LSFL on such substrates. It is worth noting that the
periodicity of LSFL increases with increasing focal distance between lens
and the substrate. In Fig. 6(c), the 3D AFM image (10 x 10 pmz) rep-
resents the optimal focal distance of 72 mm. It distinctly exhibits LSFL
periods, similar to the SEM image depicted in Figure 6(b). Fig. 6 (d and
e) display the EDX spectra for the soda-lime glass substrate surface in its
untreated regime and under 250 kHz irradiation (LIPSS regime),
respectively. The EDX spectra of the untreated sample (Fig. 6, d)
exhibited the predicted signals, including Si, O, Na, Mg, Al, and Ca,
originating from the glass material. While, the LIPSS regime (Fig. 6, €)

500 nm
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Fig. 6. (a, b) SEM images of soda-lime glass substrate after the exposure at 250 kHz (N = 250 x 10° pulses) at different focal distances: (a) 71 mm and (b) 72 mm, (c)
represents the 3D-AFM image at 72 mm. Fig. 6(a-c) showcase the images representing LSFL. Fig. 6(d and e) represents EDX spectra of the untreated surface, and LIPSS
region at 100 kHz repetition rate, respectivey. The inset images of figure (d and e) represents the magnified views of both the untreated and HSFL images.
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has revealed a signal from Cu, suggesting its significant contribution to
the formation of LIPSS on the glass substrate. As outlined in Section 3.3,
Cu metal significantly contributes to the formation of LSFL at a high
repetition rate (250 kHz).

So far, LIPSS formation on soda-lime glass has been investigated by
Stephan Graf et al. [25] using a femtosecond laser operating at a fluence
of 4.1 J/cm? and a repetition rate of 1 kHz, employing a single spot
irradiation technique. However, they observed rare occurrences of
melted LSFL across the entire spot area, primarily attributed to signifi-
cant surface melt formation. In our study, we observed the formation of
regular LIPSS at a fluence of ~ 2.5 J/cm? and the repetition rate of 250
kHz, in both cases of two distinct focal distances.

Our findings will aid in tailoring LIPSS-based structures on soda-lime
glass, especially significant for high repetition rates. These advance-
ments hold particular promise to intricate applications in plasmonics
[40], manipulating cell behavior via patterned surfaces [41,42],
microfluidic devices [43], and crafting surfaces with targeted wetting
properties [44,45].

3.5. Mechanism of direct and thin film-mediated LIPSS formation on soda
lime glass

Indeed, the literature offers various perspectives on the proposed
mechanisms underlying LIPSS formation on dielectric materials. Ac-
cording to the Sipe theory, the formation of LIPSS on dielectric materials
is attributed to radiation remnants (RR) [46]. Here, we explore possible
mechanisms for both LSFL and HSFL formation on soda-lime glass,
providing an in-depth examination of these mechanisms under various
conditions. Fig. 7 provides a schematic representation illustrating these
mechanisms across three different scenarios.

Thin film mediated LIPSS on Glass

Metal interference

Thin film

Glass substrate

Laser beam

®

(i)
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Figure 7(a) describes thin film-mediated LIPSS on soda-lime glass
(top material irradiation; Section 3.1), this involves the interfer-
ence between incident light and the electromagnetic wave of the
thin film (Ag-+Cr) layer by SPPs. Here, thin film layer plays a key
role in absorbing light into the conduction band of the metal film,
exciting electrons to the valence band through multi-photon ab-
sorption. This demonstrates a shared aspect in the formation of
LIPSS on metals or semiconductors, induced by SPPs on a glass
substrate through thin film absorption. As the repetition rate in-
creases, the metal film layer is subsequently removed by a higher
number of pulses, resulting in the formation of high spatial LIPSS
on the glass substrate. This phenomenon, known as HSFL, can be
attributed to potential factors such as self-organization [15] or
the involvement of distinct plasmon modes [47].

Figure 7(b) defines thin film-mediated LIPSS on soda-lime glass
(bottom material irradiation; Section 3.3). Under these circum-
stances, we utilized copper tape to affix the substrate onto the
sample holder, as outlined in Figure S2 (supplementary mate-
rials). The distinct formation of LIPSS on the bottom side is
notably different due to the important function of the copper tape
during the irradiation process on the glass substrate. In this
context, the incident laser beam initially diffuses within the glass
substrate, facilitating interaction with the copper tape along with
the metal film to induce SPPs interference, resulting in the gen-
eration of LIPSS on the glass material. At high repetition rates
(100 kHz and 250 kHz), bottom irradiation exhibited LSFL with
510-550 (+£10) nm spatial periods direction perpendicular to the
laser beam polarization. LSFL can emerge through a process
involving local melting and a rapid solidification process. While
the excitation of a scattered electromagnetic wave from the rough
surface (thin film) of the material and copper tape contributes to
this type of LSFL formation.
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Fig. 7. A schematic representation outlining the potential mechanisms for LIPSS formation: (a) For the top irradiation, the electromagnetic wave of the thin film
(Ag-+Cr) layer which primarily driven by the SPPs. (b) For the bottom irradiation, laser beam initially diffuses within the glass substrate, followed by the interaction
between copper tape and metal film creates SPPs interference. (c) For the bottom irradiation without thin film layer, the diffused laser beam which enabling
interaction only with copper ions to creates SPPs interference by substantial accumulation (heat accumulation) of plasma ejection from the copper ions.
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(iii) Fig. 7(c) defines LIPSS generation on soda-lime glass (bottom
material irradiation; Section 3.4). This investigation utilized the
optimal repetition rate of 250 kHz. Referring to the prior instance
in Figure 7(b), the same mechanism takes place as the incident
laser beam initially diffuses within the glass substrate, enabling
the coupling of copper ions to induce SPPs typically involves the
interaction of copper ions with substrate surface, leading to the
generation of LIPSS on the glass material. The process occurs due
to the substantial accumulation (heat accumulation) of plasma
ejection from the copper surface (detailed discussion is presented
in Section 3.6). However, the spatial period size increases up to
585 (+10) nm when compared to the thin film-mediated LIPSS
(550 (+£10) nm) with the same f. The findings highlight a note-
worthy change in the spatial period when transitioning between
thin film-mediated and direct laser irradiation.

3.6. Laser-induced breakdown spectroscopy (LIBS)

Identifying copper (Cu) within the meterial is crucial to confirm the
presence of heat accumulation during laser irradiation, essential for the
formation of LIPSS. Spectroscopic analysis was conducted through LIBS
investigation, utilizing an optical multi-channel analyzer. In Fig. 8, the
emission spectrum of neutral copper (Cu I) displays wavelengths at 327
nm, 512 nm, and 520 nm, obtained from copper tape along with glass
substrate. Additionally, the broader ionic line of Cu II emerges around
the wavelength range of 600 nm —700 nm. These findings suggested that
the plasma induced a higher concentration of atomic Cu within the
copper tape compared to ionic Cu, facilitated by the femtosecond laser.
Moreover, the presence of nitrogen (N3) is a typical occurrence in the
atmosphere and is associated with the copper surface. The emission
spectrum validates that the current LIBS method is capable of identi-
fying the presence of Cu ions. The detailed experimental procedures and
results have been discussed in the supplementary materials.

3.6.1. Heat accumulation (effect of repetition rate)

Performing laser irradiation with a continuous stream of pulses at
high repetition rates, insufficient time for complete cooling of the ma-
terial causes a rise in the base material temperature [48]. This phe-
nomenon referred to as the heat accumulation process. In order to
estimate the heat accumulation during the multipulse laser treatment of
glass substrate, it is essential to assess when the surface reaches its
maximum heating temperature at one end and starts cooling with
respect to the laser pulses. In this scenario, we assume that the absorbed
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Fig. 8. Plasma spectrum of high purity copper tape with glass substrate during
the laser irradiation with 1030 nm.
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laser energy is utilized for heating, and the cooling process initiates as
soon as the maximum heating temperature is attained. The substrate
temperature distribution can be estimated using the following relation
[49];

Thax = —— (€D)

@

where, T ax is the maximum temperature, E is the laser fluence, A is the
absorptivity, and C denotes the volumetric heat capacity of the glass
substrate. Eq. (2) denotes the realistic maximum temperature which
include the Enthalpy of melting (L) along with the density (p). During
laser treatment at a high repetition rate, the glass substrate’s surface
might not sufficiently cool to its initial temperature between pulses.
Consequently, the residual temperature of the surface after the impact of
a number of pulses (N) when the N + 1 th pulse arrives can be assessed
using the following relation [49];

N S :
st (=) = TS S oo - i) ©

here, AT is the residual temperature, a is the thermal diffusivity, fis the
pulse repetition rate, ry is the radius of the laser beam spot and r is the
radial distance from the centre of the beam. This is crucial due to the fact
that the dynamics of surface temperature are depending upon the
number of laser pulses, N. The residual temperature AT serves as the
initial temperature for the subsequent pulse and is influenced by the
repetition rate, f. Simultaneously, the residual temperature remains in-
dependent of the pulse duration, allowing this expression to be
employed for estimating the accumulated heat on the glass substrate
surface when using ultrashort laser pulses. The calculations utilize
parameter values for the glass substrate (dielectric material), which
have been averaged from various literature sources [27,49-51]; a =
4800 cm™; A = 0.22-1; C = 1.78 Jem >.K ~ '; a = 0.034 - 0.063 cm>
s1. Here, the effective absorption coefficient of soda-lime glass at the
wavelength of A = 10.6 pm is considered based on our prior study, as the
same material is being used [27]. Fig. 9 displays the calculated tem-
perature variation (at r = 0 pm) as a function of pulse number at
different repetition rates of 10, 50, 100, and 250 kHz. As per Eq. (1), the
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Fig. 9. The evolution of the calculated temperature with respect to the pulse
number at various repetition rates, at a radial position of (r = 0 pm) from the
center of the laser beam. The dashed lines indicates the melting and boiling
temperatures.
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maximum temperature (Tpay) reaches approximately 965 °C (1240 K),
falling within the temperature range between the transition (<600 °C)
and melting (>1600 °C) temperatures of the glass substrate. However,
when the Enthalpy of melting (L, = 100 kJ/kg) is included along with
the density (p = 2520 kg/m®) for soda-lime glass, the absolute Ty,a, was
reduced to 800 °C using Eq. (2). The attained Ty is referred to as the
operating temperature for the heat accumulation process. For the
direct-LIPSS formation process, the initial temperature of heat accu-
mulation on the soda-lime glass surface is ~925 °C after one pulse (N =
1), as determined by Eq. (3). This temperature increases to ~4120 °C
after five pulses (N = 5) when irradiated with a femtosecond laser at a
pulse repetition rate of 250 kHz. Shane M. Eaton et al. [52] observed a
similar temperature enhancement, increasing from 1200 °C (N = 1) to
4200 °C (N = 5), for a borosilicate substrate when irradiated with a
femtosecond laser at a pulse repetition rate of 500 kHz. Further
increasing the number of pulses, the accumulated heat temperature also
increases accordingly until it reaches the saturation temperature. This
observation confirms that heat accumulation is strongly dependent on
the number of pulses. As we used minimum energy with high repetition
rates, the ablation temperature is achieved in a significantly shorter time
duration. Consequently, the saturation temperature calculated using
adiabatic Eq. (3) may not accurately represent the actual temperature
range. Nevertheless, the approximate saturation temperature is reached
to ~ 5200 °C within a 1 s duration for 10 kHz due to the higher number
of pulses (N = 10 x 10%). The supplementary materials include a plot of
the saturation temperature as a function of the number of pulses
(Figure S6). On the other side, the obtained heat accumulation tem-
peratures are 973 °C, 2600 °C, 3370 °C, and 4350 °C for different
repetition rates, such as 10 kHz, 50 kHz, 100 kHz, and 250 kHz in the
case of thin film-mediated LIPSS at N = 5. Hence, we can infer that
significant heat accumulation occurs, leading to an expanding melted
volume correlated with both pulse number and repetition rate.

4. Conclusions

We investigated the generation of both high-spatial-LIPSS (HSFL)
and low-spatial-LIPSS (LSFL) on soda-lime glass using a femtosecond
laser irradiation. Extensive studies were carried out to examine the in-
fluence of laser repetition rate and scan direction with laser polarization
on large-area surface structuring. Thin film-mediated LIPSS for top
material irradiation exposed HSFL for four different repetition rates
from 10 kHz to 250 kHz with a time of 1 second, adjusting the number of
pulses according to the each repetition rate. In contrast to the bottom
irradiation, both HSFL at low frequencies (10 kHz, 50 kHz) and LSFL at
high frequencies (100 kHz, 250 kHz), were observed and extensively
discussed. Elemental analysis (EDX) confirms strong signals originating
from Si and O, indicative the glass substrate; while detecting the least
signals attributed to the thin film of Ag and Cr. In the case of direct LIPSS
observation, no HSFL was detected. Instead, LSFL displayed with larger
spatial periods, measuring 585 (+10) nm direction perpendicular to the
E. Additionally, the EDX analysis confirms that the signals of Si and O
originate from the spatial periods, with an additional observation of a Cu
signal. This confirms the formation of LIPSS patterns on soda-lime glass
material through laser-plasma interaction with the copper tap (Cu ions).
In conclusion, the morphology of LIPSS on soda-lime glass shows two
different forms: LSFL perpendicular to laser polarization and HSFL
parallel to laser polarization.
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