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Laser-induced Tetragonal Periodic Surface Structures

Using Circularly-Polarized Laser Pulses
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In this article we report on the fabrication of a tetragonal type of laser-induced periodic surface
structure (LIPSS). Circularly-polarized femtosecond laser pulses were irradiated on the surface of
stainless steel substrates with uni-orientational scratches. LIPSSs with the tetragonal structure were
partly fabricated by optimizing the average laser power. The orientation of the tetragonal structure
was determined by the orientation of the scratches. We speculate that the surface scratches play a

key role in fabricating the tetragonal structure.
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1. Introduction

In recent years, laser-induced periodic surface structures
(LIPSSs, also called ripples) have been studied extensively
[1-3]. LIPSSs can be formed by irradiation with laser puls-
es on the surface of almost any solid material. The period
of LIPSSs is typically as short as or a few times shorter
than the wavelength of the laser, thus LIPSSs represent a
unique capability in surface nano processing. The applica-
tions of LIPSSs include control of optical, friction, and
wettability properties [1-5].

Linearly-polarized lasers have been used in most re-
search on LIPSSs. In such cases, a striped LIPSS consisting
of ridges and grooves (a one-dimensional [1D] periodic
pattern) is usually formed, and the orientation of the ridges
and grooves is determined by the orientation of the electric
field of the laser. The fabricated periodic structures are
usually not perfectly ordered: the ridges and grooves may
be slightly curved, and may contain branches. To make
highly-ordered LIPSSs, Miyazaki and Miyaji developed a
two-step process [6,7]. The first step is to irradiate two
femtosecond (fs) laser beams overlapping in space and time,
resulting in a regular 1D periodic interference pattern
whose period is a few times larger than that of the final
LIPSS. The second step is to irradiate a single fs laser beam
on the interference pattern, which yields a highly-ordered
LIPSS. Also, Kodama et al. used a combination method of
ultraprecise mechanical machining and laser processing,
that is, mechanically cutting regular grooves with a period
of 10 or 50 pm, followed by laser irradiation [8]. In addi-
tion, the fabrication of LIPSS without branches by precise-
ly choosing the laser and scanning parameters has been
reported [9-11].

Besides stripe patterns, linearly-polarized lasers occa-
sionally yield a two dimensional (2D) LIPSS [12-19]. For
example, Cong et al. conducted two-color irradiation (800
and 400 nm), and fabricated 2D dot array on a molyb-
denum substrate [15]. In addition, Maragkaki et al used a
stripe-patterned substrate, and obtained 2D LIPSSs by irra-
diation with linearly-polarized pulses [18].

When a circularly-polarized laser is used, 2D LIPSSs
(dot array, hole array, or granular structure) are usually fab-
ricated, with a period similar to that of 1D LIPSSs [20-22].
Romano et al. [23] and van der Poel et al. [24] observed
well-ordered hexagonal pattern 2D LIPSS, while most of
the 2D LIPPSs lack long-range order. Durbach et al. re-
ported that well 2D LIPSSs (hexagonal and tetragonal) of
gold nanoparticles were formed when circularly-polarized
nanosecond laser pulses were irradiated onto a silicon sub-
strate with a gold thin film formed on it [25]. Miyagawa et
al. reported that the pattern changed from spiral to dots
structures with increasing pulse number [26].

We here report that a 2D LIPSS with tetragonal perio-
dicity can be fabricated using circularly-polarized fs laser
pulses. By irradiation with galvanometer-scanned circular-
ly-polarized fs laser pulses, tetragonal LIPSSs were partly
formed on stainless steel substrates with uni-orientational
scratches on the surface. Gallego et al. investigated the
formation of LIPSSs on surfaces with uni-orientational
roughness, finding that the roughness has a major impact
on the regularity of the LIPSSs [27]. In this study, we
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Fig. 1 (a) Schematic representation of the optical setup.
HWP: half-wave plate; PBS: polarizing beam splitter; QWP:
quarter-wave plate; GM: galvanometer scanner; L: lens. (b)
Irradiation trajectory pattern. T indicates the orientation of
the long side of the zig-zag patten.
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demonstrate that the scratches also affect the lattice type of
the LIPSS.

2. Method

A schematic representation of the optical setup for laser
irradiation is shown in Fig. 1(a). The light source used was
a Yb:KGW fs laser (Pharos; Light Conversion), which
emits linearly-polarized 1030-nm 290-fs pulses at a repeti-
tion rate of 10 kHz. The power was controlled using the
combination of a half-wave plate and a polarizing beam
splitter. Then a quarter-wave plate changed the polarization
to circular. The irradiation point of the laser was scanned
using a galvanometer scanner (GVS002; Thorlabs)
equipped with a scanning lens (LSM04-BB; Thorlabs). The
beam diameter at the sample surface was roughly 20 pm
(1/€? intensity). The scanning trajectory pattern was a zig-
zag pattern as shown in Fig. 1(b). The orientation of the
long side of the zig-zag patten is indicated as 7. The dis-
tance between adjacent long-side lines was 20 um. The
scanning speed was 50 mm/s, correspondingly the distance
between neighboring irradiation points was 5 pum, thus ef-
fective pulse number per unit area was about 4.

The sample consisted of substrates of austenitic stain-
less steel (SUS304 in Japanese Industrial Standards, equiv-
alent to ISO X5CrNil8-10, AISI 304) with a 2B finished
surface. The samples were used as supplied. The surface
had uni-orientational scratches. The arithmetic mean
roughness (Ra) of the samples was approximately 0.07 um
in the orientation perpendicular to the scratches, as meas-
ured by a surface roughness tester (SV-2100; Mitsutoyo; tip
radius of 2 um).

The surface of the samples was observed using a scan-
ning electron microscope (SEM) (JSM-IT510LV; JEOL).
Fast Fourier Transform (FFT) analysis of the SEM images
was performed using ImageJ Fiji [28]. Numerical values of
FFT amplitude were extracted from the FFT images.

3. Results and discussion

Figure 2(a) shows a SEM image of the stainless steel
substrate before laser irradiation. There are uni-
orientational scratches as described in Section 2. Hereafter
this orientation is indicated as §. Fourier spectrum of Fig.
2(a) along horizontal axis is shown in Fig. 2(b). The spatial
frequency has a blurred peak around 1 pm™' but is widely
distributed.

Circularly-polarized fs laser pulses were irradiated on
these substrates while scanning the irradiation point. Fig-
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Fig. 2 (a) SEM images of the sample surface before laser
irradiation; (b) its FFT spectrum along horizontal axis.

ures 3(a) and 3(b) show the surfaces after irradiation with
an average laser power of 60 mW and 80 mW, respectively.
As seen in Fig. 3(a), a LIPSS with a tetragonal pattern was
partly fabricated. The period of the tetragonal pattern was
approximately 0.95 pum, which is slightly shorter than the
laser wavelength. The region of the tetragonal pattern was
not large, at a scale of approximately 10x10 dots. This
could be expanded by optimizing the experimental parame-
ters. In contrast, a random pattern was fabricated with an
average laser power of 80 mW, as seen in Fig. 3(b). This is
a typical 2D LIPSS formed with circular polarization. The
average laser power of 40 mW resulted in little change; no
LIPSS formation was observed. These results indicate that
the average power just above the LIPSS formation thresh-
old induces the tetragonal pattern. We speculate that strong
irradiation will counteract the substrate's influence, and
induce preferential patterns for circular polarization on
isotropic substrate, that is, hexagonal-like patterns.

FFT images semi-quantitatively show the difference in
LIPSS patterns. FFT images of Figs. 3(a) and 3(b) are
shown in Figs. 3(c) and 3(d), respectively. As seen, there
are spots reflecting the tetragonal lattice in Fig. 3(c), while
only a circle (with a radius corresponding to approximately
0.95 pum period) is seen in Fig. 3(d).

In the case of linearly-polarized light, the orientation of
the LIPSS is determined by the orientation of the polariza-
tion. However, there is no specific orientation in circularly-
polarized light. Therefore, the orientation of the tetragonal
pattern must be determined by some other factor. We con-
sidered the orientations of scratches .S and scanning T as
potential determining factors. In the images in Fig. 3, how-
ever, § and 7 were parallel to each other and it was there-
fore impossible to determine which was the determining
factor. To solve this problem, we performed experiments
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Fig. 3 (a) and (b) SEM images of the sample surface after
laser irradiation. The average laser power was 60 mW in (a)
and 80 mW in (b). § indicates the orientation of the scratches,
and T indicates the orientation of the long side of zig-zag
pattern of laser scanning. The 5 pm scale bar applies to both
(a) and (b). (c) and (d): FFT images of (a) and (b), respective-
ly. FFT was performed on the full images, and half of each
obtained FFT image was cropped. The 2 um’! scale bar ap-
plies to both (c) and (d).
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with § and 7 at different angles. Figures 4(a) and 4(b) show
the results. When the angle between S and T was 45° (Fig.
4(a)), a LIPSS with a tetragonal pattern was partly formed,
and one of the tetragonal lattice lines was parallel to S, and
not to 7, indicating that the orientation of the tetragonal
pattern was determined by S. It has been observed that
sometimes the orientation of LIPSS formed around pre-
existing scratches is more affected by the orientation of
scratches rather than the orientation of polarization [29].
We speculate that a similar mechanism is at work here so
that the orientation of the tetragonal pattern was determined
by S. In the case of a 90° angle between S and T (Fig. 4(b)),
the regularity of the structure was not very good. Figures
4(c) and 4(d) show FFT images of Figs. 4(a) and 4(b), re-
spectively. There are blurred spots corresponding to the
tetragonal lattice in Fig. 4(c), but there are no such spots in
Fig. 4(d). These results suggest that scanning orientation T
has an effect on the formed LIPSS.

Durbach et al. have also reported formation of tetrago-
nal LIPSSs [25], and honestly their LIPSSs seem to exhibit
better regularity than ours. In their case, the LIPSSs con-
sisted of gold nanoparticles on silicon substrates, which can
move on the substrate. They observed that regularity is
increased with increasing number of irradiated pulses. In
contrast, because we use bulk substrates, the surface mor-
phology is less easily changed compared to surface nano-
particles’ positions. This may be the reason that our LIPSSs
have lower regularity. Instead, in our method, the orienta-
tion of scratches can become a factor determining the ori-
entation of 2D LIPSSs. Regarding the determining factor of
the orientation of 2D LIPSSs with circular polarization, van
der Poel et al. supposed that the polarization was not per-
fectly circular, and the main axis determined the orientation
of the hexagonal periodic pattern [24]. In our experiments,
when changing the angle between S and 7, the sample was
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Fig. 4 (a) and (b): SEM images of the sample surface after
laser irradiation. The angle between § and T was 45° in (a)
and 90° in (b). The average laser power was 60 mW. The
5 um scale bar applies to both (a) and (b). (c) and (d): FFT
images of (a) and (b), respectively. FFT was performed on
the full images, and half of each obtained FFT image was
cropped. The 2 um'! scale bar applies to both (c) and (d).

rotated on the sample stage (in other words, the angle of §
with respect to the experimental apparatus was changed),
and the other conditions were not changed. Consequently,
even if the polarization were elliptical, the relationship be-
tween its major axis and 7 remains unchanged. Thus, the
hypothesis that the lattice orientation is determined by the
major axis of elliptical polarization does not agree with our
experimental results.

As mentioned in Section 1, Maragkaki et al. irradiated
linearly-polarized laser pulses on a stripe-patterned sub-
strate, and obtained 2D LIPSSs, that is, periodicity in an-
other orientation emerged [18]. They examined this with
two orthogonal polarizations, and obtained 2D LIPSSs in
both polarizations. Hongo et al. found that LIPSSs formed
along the pre-existing and randomly-oriented scratches by
irradiation with linearly-polarized subnanosecond laser
pulses, and the orientation of the LIPSSs was perpendicular
to the scratches [30]. These results suggest that there is a
mechanism behind periodicity along the ridge or scratch,
which merits future clarification.

Given that the orientation of the tetragonal pattern is
determined by the orientation of the scratches, the lattice
will not necessarily be tetragonal; it may be rectangular
(the periods are different in the orientations parallel and
perpendicular to §). A systematic examination of experi-
mental parameters may provide keys to controlling the lat-
tice pattern.

4. Conclusion

It was found that LIPSSs with a tetragonal pattern can
be fabricated by irradiation with circularly-polarized fs
laser pulses. Tetragonal LIPSSs were fabricated on the sur-
face of stainless steel substrates, where uni-orientational
surface scratches existed before laser irradiation. The peri-
od of the tetragonal lattice was slightly shorter than the
laser wavelength. In addition, tetragonal patterns were fab-
ricated with an average laser power just above the LIPSS
formation threshold; when the average laser power was
increased, the tetragonal structure disappeared, and a ran-
dom structure emerged. Surface scratches play a key role in
the formation and orientation determination of tetragonal
LIPSSs.
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