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ARTICLE INFO ABSTRACT

Keywords: Laser-Induced Periodic Surface Structures (LIPSS) manufacturing is a convenient laser direct-writing technique
LIPSS for the fabrication of nanostructures with adaptable characteristics on the surface of virtually any material. In
Laser i this paper, we study the influence of 1D laser wavefront curvature on nanoripples spatial regularity, by irradi-
Femtosecon ating stainless steel with a line-focused ultrafast laser beam emitting 120 fs pulses at a wavelength of 800 nm and
Nanostructure . s . . . . . .

Coherence with 1 kHz repetition rate. We find high correlation between the spatial regularity of the fabricated nano-
Regularity structures and the wavefront characteristics of the laser beam, with higher regularity being found with quasi-
Wavefront plane-wave illumination. Our results provide insight regarding the control of LIPSS regularity, which is essen-

tial for industrial applications involving the LIPSS generation technique.

1. Introduction

LIPSS are regular and periodic nanopatterns with periods ranging
from tens to hundreds of nanometers. Their fabrication is highly ver-
satile, since they can be fabricated with most types of pulsed lasers and
in almost any material, ranging from dielectrics to metals. They also
exhibit a high degree of geometrical freedom: period, height and
orientation can be controlled through parameters such as the number of
applied pulses and fluence [1], angle of incidence [2] polarization [3] or
laser wavelength [4]. Although many types of LIPSS have been
described, the most commonly discussed types are Low Spatial Fre-
quency LIPSS (LSFL), with periods A similar to the wavelength of the
laser A (A~41), and High Spatial Frequency LIPSS (HSFL), with periods
much shorter than the laser wavelength (A< <) [5]. Bonse et al. [6]
recently discussed the two main existing theories about LIPSS formation:
generation due to electromagnetic scattering and interference effects [7,
8], or as a consequence of hydrodynamic matter redistribution and
diffusion effect [9]. The authors concluded that depending on the ma-
terial and irradiation conditions, experimental observations showed
signs supporting one or other (or both) theoretical approaches. There-
fore, both of them remain valid within certain parameter range. This
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theoretical background can be used in novel experimental techniques
and strategies that further improve the results obtained in LIPSS nano-
structuring applications (e.g., through high reliability, ease of imple-
mentation in industry).

Nowadays, LIPSS nanostructuring is being extensively used as a
method capable of generating periodic nanostructures smaller than the
diffraction limit in a simple and effective procedure, consisting of a
single-pass laser beam. It has proven its effectiveness in key applications
such as the fabrication of geometrical phase elements [10], gas sensing
[11], improved tribological properties towards drag reduction [12], cell
migration control [13] or structural colorization [14].

Developments in laser technology and beam-focusing strategies have
vastly increased the processing rates of LIPSS, currently meeting in-
dustry productivity demands. Namely, the use of lasers with high
repetition rates in combination with galvanometer scanners [15] or la-
sers with high pulse energy with cylindrical lenses [16-18] has
increased productivity by several orders or magnitude. However, ap-
plications still find their main limitation in the lack of control over the
reproducibility and spatial regularity of nanostructures. To address
these challenges, advances in the knowledge about the LIPSS formation
phenomenon and the role of different irradiation parameters become
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critical. In this context, it is decidedly important to consider the ach-
ieved regularity in the processing of LIPSS, since the coherence in spatial
distribution and period will determine their effectiveness in applica-
tions, such as those involving induced birefringence [19] or controlled
reflectance and refraction [20]. However, there is not much literature
available about the influence of processing parameters on LIPSS regu-
larity, in particular when generated with beam shaping techniques,
which hinders the research on LIPSS applications.

LIPSS present some degree of sinuosity that depends on the pro-
cessing conditions and material employed, which is usually described as
spatial coherence or regularity. When assessing LIPSS regularity, the
Dispersion of LIPSS Orientation Angle (DLOA [21]) parameter proves
useful. This parameter measures the weighted distribution of the ori-
entations described by the sinuous shapes of the ripples over a large
area. This results in a quantitative measurement of LIPSS spatial
coherence that can be used to evaluate their regularity. Due to a lack of a
better definition for LIPSS regularity or coherence, DLOA is generally
used in the literature as an indicative of this property, with lower values
of DLOA hinting at better coherence. DLOA has been correlated in
previous works with material plasmonic properties and laser irradiation
wavelength for single beam scanning [21].

In this work, we address the problem of reliably manufacturing LIPSS
with controllable regularity, by studying the influence of 1D wavefront
curvature of a cylindrically focused Gaussian beam in their generation.
The introduction of a cylindrical lens allows us to observe the variations
in wavefront curvature around the beam focus in a one-dimensional
axis, without undesired effects from the radial symmetry that would
arise from a spherical focusing. We were able to correlate the DLOA of
the fabricated LIPSS nanopatterns with the laser wavefront curvature.
This result indicates that LIPSS regularity can be controlled and even
optimized with the laser beam wavefront, which, in the case of a
Gaussian beam, is easily controllable by adjusting the position of the
surface with respect to the focal plane. We believe that this work pro-
vides good experimental ground for a better understanding of LIPSS
formation while it can also help boosting their applications by providing
a useful tool for efficient LIPSS manufacturing.

2. Experimental setup

A Ti:Sapphire laser beam was focused along the Y-axis onto the
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Fig. 1. Focusing system used in the processing of the samples. LSFL were
produced perpendicular to the laser polarization. The sample was translated
along the X-axis.
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surface of the sample through a cylindrical lens with a focal length of
100 mm as shown in Fig. 1. The laser system (M2 < 1.3) produced 120 fs
pulses with a central wavelength of 1 = 800 nm and a repetition rate of 1
kHz. Pulse energy was adjusted with a variable attenuator formed by a
half-wave plate and a polarizer. A motorized half-wave plate was used to
set the polarization of the laser beam parallel to the translation axis. XZ
motorized stages were used to move the sample along the X-axis and to
control the position in the Z-axis.

To better understand how the sample position relative to the beam
focus affects the processing, a complete characterization of the beam
size around its focus (this is, the focus along the X-axis) was made with a
calibrated CCD (Fig. 2), measuring the beam half-width at 1 /€2 in both
directions (wy and w)). The intensity profile of the focused beam showed
a Gaussian distribution with high ellipticity due to the very different
axes wy and wy (a constant value of wy, = 6 mm was found in the studied
range). Since the elliptic beam can be considered as two independent
beams in the X- and Y- axes [22], the values found for w,(z) were fitted
to the propagation of a Gaussian beam along the X-axis (Fig. 2) ac-

2
cording to the well-known equation wy(2) = woxt/1 + (1’5’) , where

Wox is the waist. z is the distance along the beam propagation axis, with
20 = 2(Woy), and 2zgy is the Rayleigh length. The corresponding wavefront
curvature radius for such a Gaussian beam in the x-axis, Ry, is described

2
by [22] Ry = (2 — 20) (1 +%> , with the wavefront curvature being

its inverse, Ry 1

Therefore, a cylindrically focused beam generates a highly elliptical
spot around the focal plane of the lens, whose wavefront along the non-
focused axis remains approximately constant in the propagation around
the focus of the lens, leaving the variation of wavefront curvature in the
X-axis as the only variable in this matter. On the other hand, the
wavefront generated near the focal plane of a beam focused with a
spherical lens presents radial symmetry. This leads to a situation in
linear scanning configurations where it would be difficult to decorrelate
the influence on LIPSS formation of scanning direction and wavefront
curvature.

The irradiated material was stainless steel (AISI 304). The raw
samples were mechanically polished obtaining an average roughness of
Ro=276.3 A. As a result, the surface of the sample presented lines with a
clear directionality. Before and after the laser process the samples were

(1) z-zy=-22mm (2) z-2z5=-02mm
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Fig. 2. Experimental values for w, near the focus (maroon dots) and the cor-
responding fit to the propagation of a Gaussian beam (orange line). Optimal fit
is found for values of wy, — 54.5 pm and 2g, = 1.46 mm. Inset: images of the
focused beam at different focal planes (z-zop = -2.2 mm and -0.2 mm), with
constant w, = 6 mm, and wy = 97 pm and 55 pm respectively.
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introduced in an acetone ultrasonic bath for 3 min in order to remove
dirt and particles generated during the process. Multiple samples were
fabricated in a range of pulse energies E (0.55, 0.8, 1.4, 1.5, 1.75 and 2
mJ), processing speeds v (0.39, 0.625, 1, 1.6 and 2.56 mm/s) and dis-
tances z-z9 (between -2 mm to +2 mm, every 0.2 mm) to provide
different values for fluence and number of pulses. Average fluence per
pulse F was calculated as F = E/(wewyew,). The number of pulses N that
overlap over a point in the sample during the non-static irradiation is N
= 2w,/(veT), where T is the inter-pulse period of the laser [19].

The scanning direction was parallel to the directionality of the pol-
ishing lines. Polarization was also aligned with the scanning direction as
seen in Fig. 3. This configuration between scanning direction, polishing
lines and polarization gave the best results for LIPSS regularity. In this
configuration, the polishing lines were erased in the writing of the LIPSS
and showed no influence. However, when the polarization was
perpendicular to the polishing lines (this is, with LIPSS parallel to the
lines), the marks act as scattering sources generating LIPSS parallel to
their orientation. Since the orientation of these lines is not perfectly
consistent, this result in areas of LIPSS having slightly different orien-
tations and showing discontinuities in the intersection among areas.
Additionally, the relation between scanning direction and polarization
was studied prior to the fabrication of the samples. The best regularities
were observed for polarization parallel to the scanning direction (this is,
with LSFL perpendicular to the advance of the laser beam), closely fol-
lowed by perpendicular polarization. Regularity decreased for angles in
between, with a clear minimum with diagonal polarization.

The surface of the processed steel was characterized with scanning
electron microscopy (SEM). DLOA parameter was measured from these

a) wWz=55um,v=1 mm/s, E=1.4 mJ
f=50 mm, z-z,=0.6 mm f=100 mm, z- 2,=0.2 mm

Fig. 3. Regularity comparison between pairs of samples with equal F and N and
different distance to the focal plane. Examples (a) and (b) are provided in order
to illustrate the behavior in a range of fabrication conditions. Processing pa-
rameters are shown in the image, resulting in: (a) F = 0.14 J/cm? and N = 110,
(b) F = 0.11 J/cm? and N = 130. It can be seen that LIPSS are much more
regular when the irradiation takes place near the focal plane, this is, when the
wavefront shows less curvature, regardless of other parameters (namely, F and
N). Top-left corner: schematization of the beam shape, scanning direction (SD)
and polarization (P) used in the presented samples.
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images. The standard procedure for the measurement of DLOA was
carried as explained in [21], this is, using the Orientation Distribution
module in OrientationJ plugin available for ImageJ software. Specific
parameters used were local window of 1 pixel with Riesz filters. The
software then analyzes the local orientation of ripples and integrates
them over the area covered by the image, resulting in a distribution
centered on the main direction of the LIPSS. The FWHM of this curve is
the DLOA value.

From the two-dimensional Fast Fourier Transform (2D-FFT) of the
micrographs, LIPSS period was extracted. Samples with high noise in the
FFT (when the DC component is much more intense than the peaks
corresponding to the frequency) due to a lack of LIPSS formation, or
formation at its early stages, as well as samples that exhibited a domi-
nant double frequency (also known as Type-2s [6]) were discarded. In
particular, LIPSS with double-frequency would disrupt the homogeneity
in the type of LIPSS in our study, since we only take into consideration
LSFL (Low Spatial Frequency LIPSS) with A ~ A (type-s).

In order to stablish a direct comparison between samples fabricated
under similar irradiation conditions, additional cylindrical lenses of
focal lengths 50 mm and 75 mm have been used. Due to the different
propagation of the laser beam under said lenses, similar w, are found for
different propagation distances and, accordingly, for different wavefront
curvatures. Hence, samples with equal F and N but different wavefront
curvature can be fabricated. Fig. 3 shows two pairs of samples showing
that fluence or number of pulses are not the only irradiation parameters
that affect LIPSS regularity. It can be seen that in both cases, LIPSS show
higher regularity near the focal plane, which has lower wavefront cur-
vature. This can be observed in the SEM micrograph, where LIPSS are
straight and continuous in the images on the right. This regularity
continues uninterrupted within the region of approximately constant
fluence along the projected laser line unless they reach an imperfection
in the material. This means that their length is in the order of a few
millimeters in our case, which could be overcome easily with a wider
laser beam and a better-polished surface. Additionally, regularity can be
clearly seen in their FFT transform, where the dispersion in angles
(vertical axis) and periods (horizontal axis) is much smaller in the
samples fabricated near the focus.

3. Results and discussion

The period of nanopatterns in the samples was found to be between
500 nm and 650 nm. Period holds a decreasing trend with increasing
number of pulses as reported in literature [23] when fluence is kept
constant. After discarding invalid samples as described in the previous
section, 77 samples with LSFL remained. The fabrication parameters for
these samples included the entire range of energies, distances and speeds
previously detailed, with the exception of v = 0.39 mm/s for which no
samples presented the required LIPSS. Their DLOA values found are
between 7.6° and 12.4°. Although DLOA values vary depending on the
image magnification of the micrograph used [24], similar values for
steel are found in the literature [21,24]. In this work, a constant
magnification of 950x is used, covering a processed area of 126 x 126
pm?,

In order to analyze the influence of the distance to the focal plane in
LIPSS regularity, DLOA has been averaged over the multiple samples
with different fabrication conditions (this is, different E and v, resulting
in a wide combination of F and N) for each z-zy distance measured. The
results show great symmetry around the focus (Fig. 4, left axis). A
minimum can be observed along the points of lowest w,, exhibiting a
plateau from -0.4 mm to +0.4 mm, where said minimum is kept con-
stant. At larger distances, DLOA rapidly grows until maxima found at
-1.4 mm and 1.2 mm, after which it decreases again. These values have
been compared to the absolute value of the wavefront curvature radius, |
Rx|_1 (Fig. 4, right axis). It shows a minimum |Ry| -1 (planar wavefront)
in the focus of the beam followed by a fast increase up to a maximum at
2-20 = 2Zrx. Using the values found for the beam propagation fit, this
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Fig. 4. Left axis (red): DLOA measured from the SEM micrographs at different
distances along the propagation axis. Error bars are the standard deviation of
the mean. Right axis (blue): absolute value of the wavefront curvature, |R,| ™%,
derived from the fit shown in Fig. 2. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article.)

maximum is at zgx = 1.46 mm. Beyond this distance, the wavefront
curvature slowly decreases with |R,| ! (c0) —» 0 mm’. Consequently,
similar behavior can be observed between DLOA and |R,|~}, with a
minimum in the focus for both parameters and maxima around 2zg,,
continued by a decrease at larger distances.

This correlation between DLOA and wavefront curvature in a
Gaussian beam has not been addressed in the theoretical or experi-
mental literature to the best of our knowledge. The relation between the
excitation of SPPs and LIPSS regularity has been studied in [21]. The
influence of coherence in the laser source [25] and the effect of intra-
pulse interferences has been also studied [6,26]. These studies are in
agreement with our results showing that a planar coherent wavefront
generates LIPSS with higher regularity, which in the case of a Gaussian
beam is related to DLOA as reported in Fig. 4. For other beam distri-
butions, different relations could be found, such as the minimum DLOA
being found outside the focal plane. This may be exploited with beam
shaping or other techniques in order to extend the region of high reg-
ularity by maintaining low wavefront curvature through a larger prop-
agation distance.

We believe that the main factor in the observed LIPSS behavior arise
from the interference between surface plasmon polaritons (SPPs)
generated at different defects within an area smaller than the propaga-
tion length (5 pm for the air/steel interface [21]). The lower curvature of
the laser wavefront near the beam focus would lead to excitation of SPPs
with similar conditions, coherently interfering with each other, resulting
in LIPSS with high regularity.

Another factor that has been proposed to have an influence on reg-
ularity is the spot size [21]. According to this, a small irradiation spot
increases the regularity of LIPSS since it reduces the interaction between
SPPs generated from different defects. In general, this effect is better
described by the SPP active area [27]. This parameter measures the area
in which the carrier density exceeds the threshold for SPP activation. In
our experiment, the condition for SPP activation is fulfilled intrinsically
since Re[¢] < -1. The spot size as shown in Fig. 2 cannot explain the
increase in LIPSS regularity seen for distances greater than z-zp = 2gy.
However, the SPP active area may vary from the spot size, in particular
for such distances, and therefore should be taken into consideration.

Despite finding a minimum value for DLOA in the beam focus, we see
that this value is limited (~8° in stainless steel in our experiments),
unlike the curvature of the wavefront which is also minimum in the
focus but with a theoretical value of |[R,|~! = 0 mm™!. Although irreg-
ularities in the wavefront can reduce LIPSS regularity [25], we believe
that the main limiting factor in the minimum achievable DLOA is the
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mean free path of SPPs, meaning that it should be characteristic of the
material [21].

Therefore, our findings add another parameter to consider in the
fabrication of LIPSS, in addition to the already well-known influence of
laser wavelength, fluence or number of pulses [2]. Laser wavefront and,
in particular, its curvature along the propagation of a laser beam, is a key
aspect in the fabrication of LIPSS with high regularity. The implications
of this are that special care should be put in positioning the sample in the
focus of the laser beam if high spatial coherent is the desired result.
Other experimental procedures currently used in LIPSS techniques, such
as changing the position of the sample along the propagation axis in
order to change the irradiation spot size, will also lead to LIPSS with
varying regularity.

4. Conclusions

In this work, we have experimentally demonstrated the correlation
between the regularity (coherence) of LIPSS and the wavefront curva-
ture of the incident elliptical Gaussian beam. The reported results show
that LIPSS with low DLOA can be found both around the beam focus and
far from the focus, with a maximum DLOA in between at about the
Rayleigh length from the focus. This is the same behavior exhibited by
the beam waveform curvature, suggesting a strong influence in the
formation of LIPSS. We explain this correlation as the result of irregu-
larities in the excitation of SPPs and interferences that generate the
LIPSS, although numerical simulations with these conditions should be
performed for a better understanding of the process.

Our results imply that optimal fabrication conditions for the pro-
duction of highly regular LIPSS require a good positioning of the sample
in the beam propagation axis. Additionally, a highly coherent and reg-
ular wavefront is expected to help improve LIPSS regularity.

Furthermore, the presented technique is easy to implement in high-
speed processing of LIPSS. This is the case in this setup, based on cy-
lindrical focusing, where LIPSS with varying regularity are generated
within a single beam pass 6 mm wide at speeds in the order of 2 mm/s
resulting in a production rate of 12 mm?/s, much higher than that ob-
tained with spherical focusing and similar to galvanometric scanning.
This value is easily scalable with laser pulse energy or repetition rate,
with the advantage over other scanning techniques using small beam
sizes that LIPSS regularity is uninterrupted throughout the projected line
length.

We believe that the results reported in this work can contribute to
advances in dynamic fabrication of LIPSS and, combined with last
generation femtosecond lasers, constitute a future viable technique for
LIPSS in industrial applications.
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