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The formation of laser-induced periodic surface structures (LIPSS) on mirror-
polished 304-grade stainless steel sheets with dimensions 25 mm X 25 mm X
0.8 mm upon irradiation with picosecond laser pulses in air and water
environments at different wavelengths, number of pulses, and laser energy
densities was investigated. Atomic force microscopy (AFM) and scanning
electron microscopy (SEM) were used to characterize the LIPSS. Tunable
periodicity of the LIPSS was observed in both media at different wavelengths
and fluence. Fluence was shown to be the main formation parameter of LIPSS;
however, the medium was also demonstrated to play an important role. Our
results show that LIPSS can be successfully generated on stainless steel in a
single-step process and that they can be easily modified by adjusting laser
parameters.
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Introduction

Laser-induced periodic surface structures (LIPSS) are a phenomenon that occurs due
to intensive irradiation of surface material by linearly polarized light near the ablation
threshold. LIPSS have been studied extensively on a variety of metals, semiconductors,
and dielectrics (Graf and Miiller, 2015; Kru“ger and Kautek, 1996; Bonse et al., 2017;
Bonse et al, 2012). LIPSS offer a fast, environmentally friendly, and cost effective
manufacturing process for use in optics, medicine, tribology, and energy technologies.

Arrays of linear structures with sizes comparable to laser wavelength are observed.
The shape and orientation of the surface morphology depend mainly on the polarization
of the incoming light as well as the fluency, wavelength, pulse width, incidence angle, and
other properties inherent to the experimental environment, such as the refractive index
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and thermal conductivity of the media (Shukla et al, 2016;
Kobayashi et al., 2019; Rivera et al., 2021; Zhang et al., 2021).
Modifications in liquid (water) were shown to be more intensive
than in a gaseous (air) medium when a titanium surface was
modified by picosecond laser pulses (Trtica et al, 2018). A
titanium surface with LIPSS exhibited a twofold decrease in
surface friction as compared to untreated titanium (Bonse
et al, 2017). Moreover, a laser-structured surface on a
zirconia dental implant presented improved wetting, thermal
load resistance, osseointegration, and less contamination
(Delgado-Ruiz et al., 2011).

Although the formation and nature of the LIPSS are not
completely understood, proposed explanations are divided into
electromagnetic theories describing the transfer of optical energy
into the material and the matter reorganization theory based on
homogenous irradiation, solidification, and surface acoustic
waves (Bonse and Grif, 2020). It is widely thought that
electromagnetic scattering and interference are responsible for
the observed surface structures in addition to the excitation of
surface plasmon polaritons (SPP) (Bonse et al., 2016; Bonse and
Grif, 2021).

LIPSS are divided into low spatial frequency (LSFL) and high
spatial frequency (HSFL) structures based on their spatial
periodicity, A. While the interference model can be applied to
describe the mechanism of LSFL, it fails to describe HSFL due to
its smaller periodicity than the laser wavelength. Self-
organization, second harmonic generation, and surface
plasmon excitation models were proposed for HSFL (Sipe
et al., 1983; Albu et al., 2013). However, none of these models
adequately explain the formation of LIPSS.

The surface functionalization that can be achieved in a single-
step process when creating LIPSS can change optical, mechanical,
or chemical surface properties (Hauschwitz et al., 2021). For
instance, control of the wetting properties of stainless steel was
achieved using LIPSS created at different laser fluences
(Indrisitinas et al., 2022). In addition, it was shown that LIPSS
could significantly improve the absorbance of the steel sample
(Wang et al., 2020). The microholes in stainless steel trepanned in
one step using a circularly polarized femtosecond laser with the
generation of varied LIPSS on the internal surface were
investigated. The direction of the LIPSS was
perpendicular to the absorbed field direction (Hu et al., 2016).
A novel structure was discovered when femtosecond laser
double-pulse to produce LIPSS on
304 stainless steel (Li et al., 2021). It was claimed that the
observed structure was due to the weak energy coupling of

mainly

trains were used

subpulses when the intrapulse delay was longer than the
thermal relaxation time of stainless steel.

It should be noted that while there have been some studies on
steel-based LIPSS (Cunha et al., 2015; Shinonaga et al., 2015; Cunha
et al,, 2016; Gregor¢ic et al,, 2016; Epperlein et al., 2017; Huang et al.,
2022a; Huang et al., 2022b; Gong et al., 2022), our study is novel in
terms of the pulse width and laser fluence regime used. Ultrashort
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laser pulses, such as picosecond and femtosecond laser pulses, can
drive materials into highly non-equilibrium transient states. When
the laser pulses first interact with the surface, the shielding effect of
plasma that is created on a material’s surface, which reflects and
scatters the incident beam, determines how well the laser vaporizes
the material. Femtosecond lasers are known to be more effective
than nanosecond and picosecond lasers because they do not interact
with the plasma surface and terminate before the heat is dispersed on
the surface. In our study, we specifically use a picosecond laser
because its pulse width is on the same order as the energy relaxation
time. Therefore, understating the mechanism of how a picosecond
laser creates LIPSS is crucial. In this study, we investigated the effects
of laser fluence, wavelength, number of pulses, and medium on the
formation of LIPSS on steel and titanium. Our results show that both
wavelength and fluence have a direct effect on the morphology of
each sample.

Experimental setup

Two different lasers, a Helios (1064-5-50) and a Helios
(532-3-50), were focused on the sample surface with a nearly
normal incidence in air and water. The laser beam has a near
Gaussian shape (TEMO00). Both lasers have a maximum
repetition rate of 50 kHz, with a 2.5 mm beam diameter for
1,064 nm and 2 mm for 532 nm. The beams were expanded by
2x telescoping lenses to 5 mm and 4 mm, respectively. A lens
with a focal length of 50 mm was used to focus the beam on the
sample, resulting in a focal spot of 16.9 um for 1064 nm and
8.47 um for 532 nm. The measured powers at a 50 kHz
repetition rate immediately after the telescoping lenses were
4.1 W and 2.7 W for 1,064 nm and 532 nm, respectively. Both
lasers emit a vertically polarized beam with a pulse duration of
690 ps. The polarization of the beam ablating the surface of the
sample was horizontal.

The material used in all experiments was a sheet of #8 finish
mirror-polished 304-grade stainless steel, which is a commonly
used industrial material, with dimensions 25 mm X 25 mm X
0.8 mm. Its surface was ultrasonically cleaned in acetone for
5 min before each experiment. The height of the water above the
target during ablation in a water medium was 4 mm. The target
was placed inside an open-top polystyrene box with dimensions
65mm x 65mm x 12mm. The box was placed on a 3D
positioning system with three linear stages, each with a
resolution of 0.8 um. The z-direction was parallel to the beam
path. Patterns were obtained for different ablation times, using an
electronic shutter to accurately measure the time of ablation. In
order to verify the modified surface morphology, a scanning
electron microscope (Model: JEOL JSM-6510LV) in high
vacuum SEI mode with a 20 kV beam energy and an atomic
force microscope were used. The AFM system used was a
PicoPlus2 with a PicoView 1.20.3 software interface, operated
in tapping mode.
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Results and discussion
Effect of fluence and number of pulses

We performed several experiments to understand the effects
of laser parameters, especially the optimal laser fluence and
number of pulses required to obtain high-quality LIPSS.
Different LIPSS were obtained in air and water media with
1,064 and 532 nm ps laser pulses. Initially, the effects of laser
fluence and number of pulses were studied. The average fluence
for an unfocused beam in front of the lens is 4.3 x 107 J/cm? for
532 nm and 4.2 x 10~ J/cm? for 1,064 nm. The laser fluence and
number of pulses appear to be the parameters that most influence
the morphology. It is known that laser fluence plays a critical role
in laser-material interaction (Farha et al., 2012; Mahmood et al.,
2009; Farha et al., 2012; Fornarini et al., 2006; Lippert et al., 1993).
We previously found that laser fluence has a significant effect on
thin film and nanoparticle properties, such as size, surface
roughness, number of particles, and film density (Farha et al.,
2012; Belekov et al., 2020; Kholikov et al., 2018; Hakimov et al.,
2022).

The effect of fluence on the formation of LIPSS has been
investigated and the periodicity was shown to depend on the
fluence (Umm et al,, 2016; Xu et al., 2018). A transition from HSFL
to LSFL was observed when a critical fluence threshold was exceeded
(Xu et al,, 2018). The morphology and periodicity of the LIPSS were
observed to change with laser fluence (Hohm et al, 2012; Yao et al,
2017).

10.3389/ftmal.2022.1090104

The effect of fluence on tool steel was investigated using
picosecond laser pulses at different polarizations (Gregor¢ic et al.,
2016). The authors showed that when the sample is significantly
out of focus (low fluence), only HSFL occurs, parallel to the
polarization and lower than the incident wavelength. Figure 1
shows the LIPSS formed at different fluences, parallel to the
polarization of the laser beam in a water medium.

The fluence was adjusted by changing the distance between
the lens and the target. Our results clearly indicate that fluence
directly affects the morphology and periodicity of the pattern.
Initially, a grating-like structure was obtained. As the fluence
approaches the focal point, i.e., z ~7 mm, the initial grating-like
structure becomes prominent, individual three-dimensional
structures become bigger, and periodicity increases. Our
results also show that even near the ablation point,
picosecond laser pulses can still produce LIPSS inside the
focal spot area, where melt spots are also observed. Once the
fluence exceeds the ablation threshold, LIPSS are no longer
observed, and the laser simply removes the materials. It is
known that the number of pulses affects the morphology and
periodicity (Miyagawa et al., 2020; Rivera et al., 2021). The effect
of the number of pulses (1 s-8s) on LIPSS was investigated, as
shown in Figure 2. It can be seen that when the laser hits the
target for one second (50 kHz), the LIPSS are clearly observable,
and the periodicity is comparable to the wavelength. The
periodicity is (a) ~1500 nm, (b) ~1800 nm, and (c) ~2700 nm.

When the number of pulses is doubled, the periodic structure
becomes more prominent, the morphology of the pattern changes,

FIGURE 1

The effect of the fluence of 1,064 nm picosecond pulses in water on stainless steel LIPSS. The fluence was changed by moving the sample away
from the focal point, thus increasing the area of irradiation and lowering the fluence.
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FIGURE 2
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The effect of the number of 1,064 nm picosecond pulses in water at z = 4.5 mm on stainless steel LIPSS.

and the aspect ratio of the individual structure also changes. When
the number of pulses is increased three times, the morphology
changes again. More square-shaped structures are observed while
the periodicity remains the same. A further increase in the number
of pulses (4 x 50 kHz) caused a small change in morphology, and the
periodicity remained relatively similar.

Effect of medium

The effect of medium (vacuum and O,) on titanium LIPSS
was investigated (Umm et al, 2016). It was shown that the
periodicity of nano-scale LIPSS was higher in the case of
irradiation under vacuum conditions as compared to under
O, and O, reduced the ablation threshold and revealed new
phases (Umm et al, 2016). It is known that when a laser is
absorbed in a confined medium, the peak pressure value
increases up to 10-fold. This increase in pressure eventually
changes the structures formed on the surface.

The laser absorption depth and the amount of material
removed by a single laser pulse depend on the material’s
optical properties, the laser wavelength, and the laser energy
density.

The properties of laser-produced plasma, such as the degree
of ionization and the temperature of the plasma species, can
evolve quickly and strongly and depend on many parameters
such as the laser wavelength, energy density, repetition rate, pulse
duration, spot size on target, target composition, and surface
quality (Amoruso et al., 1999; Berthe et al., 1999). The laser pulse
energy is initially predominantly absorbed by surface electrons
leading to a sharp temperature gradient in the penetration depth
and plasma formation. The material experiences a phase
transformation from solid to vapor, and a pressure (shock)
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wave is generated and propagates through the depth of the
sample (Er et al, 2012). The energy is redistributed between
the energy of the plume and the shock waves during expansion
(Chrisey and Hubler, 1994; Eason, 2007). In laser-produced
confined plasma, a transparent overlay is essential, where
enhanced pressure (4-10 times higher) on the material surface
must be achieved in order to produce a strong shock wave
(Fabbro et al., 1990). Plastic deformations occur as the shock
wave travels through the substrate. The confined plasma is
essential when a sample is imprinted using laser shock wave
propagation (Ilhom et al., 2018a; Ilhom et al., 2018b).

We also studied the effect of the medium on LIPSS. Samples
were placed in air and water. Figure 1 shows the LIPSS on steel in
a water medium at z = 4.5mm. Figure 3 shows a similar
measurement performed with the same fluence in air. It can
be seen that LIPSS are barely observable in the air medium,
whereas a clear pattern can be observed in water, even for
1 s irradiation. As the number of pulses increase in air, the
LIPSS become more prominent, particularly after 4 s (periodicity
~850 nm) and 8 s (periodicity ~1,000 nm). Compared with the
same condition in water, the LIPSS are formed in a more self-
ordered manner in air, while structures formed in the water
medium contain more grooves and hierarchical structures in the
form of spikes and three-dimensional huts. Our results clearly
show that the medium affects both the morphology and
periodicity of the LIPSS.

Effect of wavelength on LIPSS
Both fluence and wavelength can change the electric field

intensity distribution and the electron density, which are related
to the periodicity and morphology of LIPSS (Wang et al., 2012;
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FIGURE 3

The effect of the fluence of 1,064 nm picosecond pulses in air at z = 4.5 mm on stainless steel LIPSS.

Lebugle et al., 2014; Kodama et al., 2020). The absorption process
is directly dependent on the wavelength of the irradiation.

The LIPSS created by the 1064-nm laser wavelength were
taller than those created by the 532-nm laser wavelength
(Kodama et al, 2020). A significant difference between the
damage threshold and the depth of the damage was seen
when various wavelengths were used on the surface of an
Inconel 600 superalloy (Stasi¢ et al., 2012).

We investigated the effect of the wavelength on a steel surface
in a water medium. Figure 4 clearly shows that, compared with
the 1064-nm-wavelength laser, the 532-nm-wavelength laser

FIGURE 4

required less energy density to produce LIPSS because it is
absorbed deeper into the substrate. In addition, the
morphology differs significantly. While the morphology
produced by the 532nm laser is more akin to a circular
structure, the 1,064 nm laser produced a more channel-type
structure, with a distinct boundary.

Figure 4A shows an interesting result. Because the beam is
Gaussian, the intensity is highest in the center of the beam.
Therefore, a differential fluence is expected in the beam axis. In
fact, this is manifested as differences in the pattern between the
center and edge of the beam in some LIPSS patterns. For instance,

The effect of wavelength. (A) 532 nm and (B and C) 1,064 nm picosecond pulses in air at z = 4.5 mm in water.
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Figure 4A shows a grating-like structure in the center and the
onset of LSFL formation can be observed in the outer region of
the beam; a channel-like structure with distinct periodicity begins
to appear toward the edge of the beam.

Figure 5 shows an AFM image of the LIPSS obtained in water
using 532 nm ps laser pulses. The periodicity of the LIPSS is
~400 nm, which is comparable to the wavelength. It is clear that
LSFL can be obtained under this condition.

Potential use of LIPSS on biofilm

Unlike conventional patterning methods, which are slow
and expensive, laser patterning is inexpensive, environmentally
friendly, very fast, with minimal distortion, and does not
involve any heating or etching process (Ye and Cheng,
2012). LIPSS have been used to modify the optical,
mechanical, and chemical properties of many materials
(Florian et al., 2020). It has been shown that hierarchical
spike structures produced by LIPSS on the surface of a
Ti6Al4V titanium alloy could be used for miniaturized
pacemakers, avoiding the unwanted growth of fibroblast cells
on their surfaces (Heitz et al., 2017; Trtica et al., 2018; Wang
et al., 2020; Li et al., 2021). Micro-patterned surfaces have also
been shown to decrease the surface attachment of numerous
microorganisms and to reduce biofilm formation in vitro (May
et al., 2014). It is known that frictional action at the prosthetic
interface causes stresses within tissues; these stresses may
damage the tissues and affect their normal functions. In
addition, a titanium surface with LIPSS presented a twofold
decrease in surface friction compared with untreated titanium
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(Bonse et al., 2017). As stated earlier, the laser-structured
surface on a zirconia dental implant exhibited improved
wetting, thermal load resistance, osseointegration, and less
contamination (Delgado-Ruiz et al.,, 2011). In addition to the
physical properties of the surface, the chemical composition of
the surface can affect a range of cellular behaviors (Dykas et al.,
2018). Stainless steel possesses a chromium oxide layer that
forms when chromium reacts with oxygen. This reaction is
instant, with formation speeds measured to be in the
nanosecond range, and layer thicknesses up to the micron
range. The presence of Al,0; and NdGaO; reduced biofilms’
effectiveness by approximately 20% and 40%, respectively,
compared with the control (100%), while zinc oxide had the
highest impact (Dykas et al., 2018). Stainless steel 316 is a
with added
molybdenum, which provides greater resistance to corrosion

chromium-nickel austenitic stainless steel
and pitting. However, it should be noted that although stainless
steel possesses an oxide layer, various microorganisms have the
ability to adhere to and produce biofilms on stainless steel
surfaces (de Castro et al., 2017; AwadTarek et al., 2018; Dula
and Ajayeoba, 2021). In fact, E. coli was shown to directly
adhere to the passive surface instead of the metallic surface.
Therefore, bacterial alteration and deterioration of this oxide
layer is a significant problem for the reliability and integrity of
steel structures (Seyeux et al., 2015).

Motivated by the benefits of LIPPS, our LIPSS will be further
evaluated in terms of biofilm formation efficiency. This goal is
extremely critical for prosthetic implants because surface roughness
and texture can drastically alter the characteristics of drag and
friction forces exerted on the surface of a moving object in a fluid
(Jimenez, 2004; Thill et al., 2008).

Friction - Trace - Main - Flatten:None
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FIGURE 5
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Surface topography of LIPSS formed in air, irradiated by 532 nm picosecond pulses for 1 s. The line scan is shown below the surface topography.
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Summary

The formation of LIPSS on mirror-polished 304-grade stainless
steel by picosecond laser pulses in air and water environments at
different laser wavelengths and densities was investigated. LIPSS
were observed to have tunable periodicity in both mediums at
different wavelengths and fluence. Fluence was shown to be the
main formation parameter of LIPSS, while the medium, number of
pulses, and wavelength also play important roles. Our results show
that surface patterns can be easily modified by adjusting the main
laser parameters. Overall, our work demonstrates that LIPSS are a
powerful single-step tool for the fabrication of multiple patterns on a
stainless steel surface. These results shed new light on the formation
mechanism of LIPSS using a picosecond laser in water and air. In the
future, biofilm formation on LIPSS will be evaluated as a preventive
measure for prosthetic joint infection.
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