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Abstract

Laser-Induced Periodic Surface Structures (LIPSS) have been reported in the literature for over
three decades. These structures can be generated in almost any material. These structures
can control the surfaces’ optical, chemical, electrical, and mechanical properties. It has been
shown that the spatial characteristics of LIPSS depend on the material’s optical, thermal, and
physical properties (such as roughness r) and irradiation parameters. The main parameters that
influence these characteristics are periodicity A, height H, and orientation. This work aims
to investigate the creation of LIPSS in thin aluminum films. For that, an experimental setup to
fabricate these structures was built. The model consists of a six ns pulsed IR (1064 nm) laser
with energy up to 20 mJ. Laser scans were created at a speed 8 um/s (N = 4) with £, = 1 Hz and
F, =16.2 J/cm?, with a separation distance Ay = 60 ym on thin aluminum films. The substrates
used to deposit the Al thin films were 8 mm x 40 mm, while the thickness of the thin films was
1um. The resulting structure is 300 nm deep.

Resumen

Las estructuras de superficie perioédicas inducidas por laser (LIPSS, por sus siglas en inglés) han
sido reportadas durante mas de tres décadas. Estas estructuras se pueden generar en casi cual-
quier material y pueden controlar las propiedades 6pticas, quimicas, eléctricas y mecanicas de
las superficies. Se ha demostrado que las caracteristicas espaciales de LIPSS dependen de las
propiedades opticas, térmicas y fisicas del material (como la rugosidad r) y los parametros de
irradiacion. Entre los principales factores influenciados en estas caracteristicas, se encuentran
la periodicidad A, la altura H y la orientacion. En este trabajo se investiga la creacion de LIPSS
en peliculas delgadas de aluminio. Para ello se construy6 el arreglo experimental con el que se
propone fabricar estas estructuras. Se utiliz6 un laser IR pulsado de 6 ns (1064 nm) con ener-
gia de hasta 20 mJ. Los barridos se crearon a una velocidad de 8 um/s (Ney = 4) con f.,, = 1 Hz
y F, =16.2 J/em?, con una distancia de separacion Ay = 60 um. Las peliculas delgadas de aluminio
tienen unas dimensiones de 8 mm x 40 mm y un espesor de pelicula de 1 um, estas LIPSS tienen
una profundidad aproximada de 300 nm.

https://ai-photonics.com
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1. Introduction

The power and duration of a pulsed laser beam have a crucial influence on the
interaction of a laser beam with materials. A certain material absorbs a frac-
tion of light energy, converting it into heat, which is then conducted into the
material over long time scales. If the beam is powerful enough, it will melt the ma-
terial and lead to heat buildup in the surrounding areas. Different parameters
can modify these physical processes involving the laser-matter interaction during
materials processing [1].

Under certain conditions, exposure of a solid surface to a laser beam gives
rise to the formation of Laser-Induced Periodic Surface Structures (LIPSS), which
have been reported for over three decades. Some materials where LIPSS have
been reported include quartz-copper, aluminum (Al), semiconductors (Ge, Si),
and other metals. This is a phenomenon that can be generated in almost any
material in a linear consistent way with linearly polarized radiation; these struc-
tures can be produced with pulsed laser light, and depending on the material
and irradiation parameters, different characteristics are obtained [2-6].

Cavitation erosion is a significant problem in fluid systems such as hy-
draulic turbines, ship propellers, and water pumps, where the kinetic energy
exerted by collapsing vapor bubbles causes surface damage. Due to this in-
convenience, many materials linked to different engineering processes have
been applied to prevent such phenomena [7]. Although little attention has
still been paid to the resistance to cavitation erosion on these surfaces, in-
stead of hardening the material, these structures could dampen the cavita-
tion dynamics [8].

Developing LIPSS manufacturing techniques through micro and nano laser
processing on different materials is relevant for medical and technological appli-
cations. These LIPSS can potentially improve resistance to cavitation erosion [8],
and further research is required to understand its behavior and applications in
this field.

This work aims to obtain the parameters for fabricating LIPSS in Al thin
films using a nanosecond pulsed laser. The material’s optical and surface prop-
erties can be altered, this would help mitigate the effects of cavitation.

2. Methods

In this study, the experimental setup shown in Figure 1 was used. It consists
of a Q-switched, Nd: YAG, laser emitting 6 ns pulses with maximum energy
per pulse of 40 mJ at a 1064 nm wavelength with repetition rate up to 15 Hz
(Continuum brand and Minilite model). As shown in Figure 1, the laser beam is
directed towards the sample using a series of mirrors, while a couple of irises
with a 2 mm and 4 mm aperture aim to control the size of the laser spot. An
aspheric (f= 8 mm) lens focuses the beam on the sample’s surface.
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Figure 1.

Implementation of the experimental arrangement for forming the LIPSS.

The sample is then placed on a translation stage that allows movement in the
X, Y, and z axes. These degrees of freedom will precisely position the sample in
the beam path. Sample displacements are controlled through Kinesis software,
which provides a velocity range of O um/s to 2400 pm/s.

A 30:70 Reflection-Transmission beam splitter was placed in the laser path
to monitor pulse energy in this experimental setup. Light reflected from the
beam splitter is directed to an energy meter (JUNO, Ophir). This reading was
calibrated to the laser energy incident on the sample.

A separate section of the experimental setup serves to visualize the struc-
ture of the samples, which consists of a halogen lamp (QTH10, Thorlabs) as an
illumination source, a condenser lens (= 100 mm) is a 50:50 beam splitter that
transmits light to a microscope objective (100x E Plan, Nikon). Light reflected
from the sample is transmitted through the microscope objective, which forms
an image of the sample brought to a video camera 2 (PL-B776F, Pixelink) with a
biconvex lens (/= 50 mm).

Implementing experimental characterization of the laser beam by pro-
cessing images captured from camera 1 provides a practical and effective al-
ternative for determining the laser spot size and calculating laser fluence. This
approach offers several advantages and merits, contributing to the compre-
hensive understanding and control of the laser beam profile.

A Gaussian function can describe the transverse intensity profile of the
laser beam. When the aspheric lens focuses this beam, the wavefront converg-
es at the focal plane, where the beam diameter reaches its minimum value,
known as the beam waist, as shown in Figure 2. The radius of the beam at the
focal plane is represented by and is defined as the point where the maximum
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intensity decays to e% It is possible to obtain the average value of o, from the
Gaussian beam propagation theory [9] through expression:

2wy = 42L ()

Where:

\: Laser wavelength

f: Lens focal length

D: Beam diameter incident on the lens

This expression provides an estimate of the average size of the beam waist
in the focal plane, which is useful for evaluating and controlling laser fluence
during materials processing.

Laser beam

<
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Figure 2.

Propagation of a Gaussian laser beam through a lens.

In this project, LIPSS patterns are generated on Al thin film with a thick-
ness of 1 um. The generation of these patterns is achieved through the process
of laser ablation, which involves the removal of material from a solid sample
by converting optical energy into thermal energy through the excitation of
electrons. When the fluence of the laser pulse (F,) exceeds a specific threshold
for the material, chemical bonds break, and the material begins to be ejected [1].

Each material has a laser ablation threshold fluence at specific laser pulse
duration and wavelength. This threshold per pulse laser fluence is crucial to
establish the proper laser ablation conditions and generate LIPSS patterns in
the Al thin film. From this value, the fluence parameters and pulse duration
can be adjusted to achieve the fluence necessary for controlled ablation and the
formation of the desired patterns.
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Within the framework of the experiment, a strategy is implemented to
generate a matrix of irradiation points on Al thin films. Variations are carried
out using two key parameters: the per pulse laser fluence and the number of
pulses deposited at each irradiation point.

This experimental approach allows us to explore how different combina-
tions of per-pulse fluence and several pulses influence the formation of LIPSS
patterns in Al thin films. The objective is determining the optimal values to
generate the most desirable LIPSS patterns. The implemented variations aim
to identify the most appropriate experimental conditions to obtain the desired
results regarding the formation and characteristics of the LIPSS patterns.

The study of LIPSS has received a lot of attention due to its applications
in surface functionalization [9]. It is essential to explore the ability of LIPSS to
nanostructure large surface areas.

To generate LIPSS in large areas, laser scans of the sample are necessary.
Therefore, the scanning speed (v) must be considered, which is determined by
the effective number of pulses deposited (Neff). The scan speed can be calcu-
lated using Equation 2 [9]:

v = —frep (2)

Under this consideration, different scans will be carried out by varying
the speed and the overlap separation (Ay), which corresponds to the distance
between each scan, as shown in Figure 3. To establish the separation Ay, the
criterion is based on the measurement of the diameter of the area defined by
the LIPSS in the punctual irradiations.

L I ',- 2o

Figure 3.

Representative scheme of scans generated by superimposed laser pulses. The separation
between each scan is Ay, the diameter of the incident beam is defined by 2w,, v indicates
the direction of the scanning speed.

3. Results and discussion

To determine the threshold combination of laser pulse fluence and number of
pulses that produce LIPSS, a matrix like the one shown in Figure 4, exploring
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several combinations of these parameters was constructed. This method al-
lows for a controlled investigation of the impact of the laser on the material,
ensuring that the influence of each pulse is carefully examined. It is important
to note that each column of the matrix corresponds to a different fluence,
having a 5% variation, while each row represents a different number of pulses.
It was found that at a per pulse fluence of 16.2 ]/cm? and a range of pulses be-
tween 1 and 30, images with the physical appearance of LIPSS were obtained.
Figure 4 shows only the lowest laser fluence values for which changes in the
samples were detected. This systematic and controlled approach contributes
to a more nuanced understanding of the laser-material interaction, paving the
way for targeted applications in surface engineering and microfabrication.

Per pulse laser fluence (J/cm?)

16.2 25.3 34.8

1 @ o ©
.0 ® @ @
i.o 0 @
100 @ ‘I’ I'I'
200 ‘l’ ‘I' ‘I'|

Figure 4.

Matrix of irradiation using Al thin films.

Using equation 2, it was possible to determine the speed at which the
sample should be transported (8 um/s), resulting in 4 effective pulses with a
frequency of 1 Hz. Following the methodology described in the previous sec-
tion, a Ay = 60 um distance was determined. According to the methodology
followed, such distance is greater than the corresponding one, but when the
experiment was carried out with smaller distances, the film completely de-
tached from the substrate.

Figure 5 shows the micrographs of the samples in Al thin films obtained
with an optical microscope, specifically an Olympus (BX41), known for its pre-
cision and ability to accurately measure the characteristics of complex surfaces
such as LIPSS. These samples were also examined using a profilometer, result-
ing in a maximum depth of 300 nm.

By analyzing these micrographs, it was determined that the structures do
not correspond to LIPSS, although they presented some similar physical char-
acteristics to those of the LIPSS. This discrepancy can be attributed to several
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factors. First, LIPSS are characterized by their precise periodicity and align-
ment relative to the laser polarization, and the observed structures lack this
specific periodicity or orientation, indicating a different formation mechanism.
Upon visual inspection, the samples might display patterns that superficially
resemble the typical features of LIPSS, such as line-like formations and regular
arrays, but detailed imaging reveals an absence of any consistent periodicity.
Second, although the samples may display patterns resembling LIPSS, their
microstructural features (such as depth, spacing, and uniformity) differ due to
variations in laser parameters or material properties during processing. This
further underscores the processes’ complexity and suggests that the observed
phenomena might stem from different interactions between the laser and the
material surface.

Figure 5.

Observed micrographs of the samples in Al thin films, a) With 20X objective, b) With
40X objective.

4. Conclusion

The experimental results decisively demonstrate that generating LIPSS on Al thin
films under the utilized conditions is impractical. This finding aligns with the
study by Reyes-Contreras et al. [2], which also highlighted the limitations in
laser parameters and material properties for forming LIPSS on thin metal films.

The research establishes that achieving overlap in Al thin films is unat-
tainable within the experimental parameters. In previous studies, such as that
by Santillan et al. [3], it has been indicated that the overlap of LIPSS can be in-
fluenced by the laser fluence and film thickness, suggesting the need to adjust
these parameters to obtain optimal results carefully.

The observed structures differ from LIPSS in terms of periodicity, orien-
tation, and microstructural features. These differences arise from variations
in laser parameters and material properties during processing, corroborating
observations from other studies, such as those by Robles et al. [5] and Segovia
et al. [6]. Further research to optimize laser parameters and explore alternative
materials could provide insights into overcoming these limitations.
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Additional studies, such as those by Chang et al. [7] and Gonzalez-Parra

et al. [8], suggest that exploring new laser techniques and materials could en-
hance our understanding of LIPSS formation and improve the reproducibility
of these structures.
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