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Abstract

Ultrashort laser pulses are used to generate Laser-Induced Periodic Surface Structures (LIPSS). To apply LIPSS on small
confined areas, the laser source must be focused to a small spot diameter. Contrary to commonly used high numerical aperture
objectives, we present a Bessel beam-based approach to produce LIPSS covered lines with a width of 4 to 10 um. Therefore,
an 800 nm Ti:Sa-laser with a pulse duration of 110 fs and a repetition rate of 5000 Hz was used. The setup convinces with
an extended depth of focus. Thus, high reproducibility of the process was proven, while no focus control and no specific
requirements for the surface quality are needed. The applicability of this method is demonstrated by structuring the shell

surface of nickel-titanium wires.
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1 Introduction

Laser-Induced Periodic Surface Structures (LIPSS) are self-
organized patterns appearing on different surfaces exposed
to short and ultrashort laser pulses. They were first discov-
ered by Birnbaum in 1965 [1] and can be found on metals,
semiconductors, dielectrics [2], and even on 2-D materials
[3, 4]. One remarkable feature of these structures is that the
period of the LIPSS can be much less than the wavelength of
the incident laser light. This makes these structures attractive
for micro- and nano-patterning. Conditions for the formation
of LIPSS with extreme properties such as best homogeneity
[5], minimal period [6], or maximal aspect ratio [7] attract
much attention during the recent years.

The physical mechanisms of the LIPSS formation are
still debated in the literature [8]. It is still not clear whether
this periodic pattern is a result of interference between the
incident and the surface-scattered electromagnetic waves
[9-11], or it is formed by an instability developed in a thin
laser-excited surface layer [12—14]. The period of LIPSS
generated by the interference mechanism is comparable to
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wavelength of the laser, this structure is referred to low spa-
tial frequency LIPSS (LSFL) [8]. A matter of interest, both
practically and theoretically, regarding these structures is
the minimum size required to cover an area with homogene-
ous LIPSS. Li et al. [15] reported arrays of LIPSS-covered
holes with approximately 1 um diameter in zinc sulfide.
From the theoretical point of view, the answer shades the
light on the role of the boundary effects on the periodic pat-
tern [16]. After the crater is formed by the first laser pulses,
the electromagnetic waves of the following pulses scattered
by the opposite crater edges can interfere with each other,
so that the LIPSS period can become dependent on the spot
size. The influence of the boundary conditions plays also an
important role on the symmetry of the pattern formation in
optical systems [17]. One of the possible practical applica-
tions of LIPSS is data storage, hence the reduction of the
LIPSS-covered area increases the data density [18]. Another
need for LIPSS on small confined lines can be found in the
field of black marking [19]. The spatial limitation of LIPSS
covered areas can help to create deep black patterns with
sharp contours, e.g., for identification and security markings
[20] of small components, e.g., for medical products [21].
These problems raise the question of the practical meth-
ods for making LIPSS on small confined areas: single spots
or thin lines. Usually, the following methods are applied to
keep the spatial extend of the LIPSS covered area low:
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1. LIPSS are generated using high-NA (numerical aper-
ture) objective to achieve nearly diffraction-limited laser
spots. Single LIPSS covered craters of approximately
4 um in diameter and lines of approximately 2 um can
be achieved in this way, see, e.g., [22]. The drawback
of the high-NA optics is the short Rayleigh length—it
requires very precise positioning of the sample surface
with respect to the laser focus [23], so that reproducible
results can be achieved only with great efforts on very
smooth flat surfaces.

2. LIPSS are generated very close to the threshold of the
LIPSS formation, so that only the very tip of the Gauss-
ian beam profile has enough intensity for LIPSS. Lines
of several micrometer width can be made in this way, but
this is also only possible on smooth and homogeneous
surfaces with high pulse-to-pulse stability of the laser.
However, the line width varies as the laser parameters
approach the threshold causing irregularities in the lines
[24].

3. Recently Bessel beams were proved as a practical tool
for the generation of small LIPSS craters due to their
small focal spot [15]. Another important advantage of
Bessel beams is to overcome high demands on the sur-
face homogeneity as well as on the focus control. Dif-
fraction-limited Bessel beams not only have an extended
focus with several tenths of mm in depth but also the
diameter of the central core of the Bessel beam profile
remains unchanged along the optical axis [25]. This is
why they are suitable for processing LIPSS on curved
areas [26, 27]. The most common method to produce
Bessel beams for micro-processing is focussing a Gauss-
ian beam by an axicon [28, 29]. The characteristic radial
intensity distribution of Bessel beams is an interference
pattern that shows a narrow central core surrounded by
higher order maxima rings. The diameter of the central
core (at 1/¢) only depends on the axicon angle @, the
axicon refractive index n and the wavelength A of the
laser and can be calculated by the following equation
[30]:

_ 175-2
"z - sin(B) @)

with g calculated by the following equation:
p = (90° — a) — arccos(n - cos(90° — a)) )

Due to the needle-like shape of the central core maxi-
mum, the Bessel beam is a well-suited tool for micro-pro-
cessing structures with sharp contours [31]. Axicons were
used earlier to demonstrate LIPSS before by Wang et al.
[32], but in a different way. Wang et al. observed LIPSS
in the ring-shaped craters formed by the diverging annu-
lar beam after the axicon focused by a 20 X microscope
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objective. We notice that pseudo-nondiffracting line focus
formed by a wedge reflector (referred to as reflective MEMS
axicon) can also be used for large-area periodic pattern for-
mation in the plane perpendicular to the line focus orienta-
tion [33]. However, from the images reported in [33], one
can argue whether the periodic pattern can be assigned to
a self-organisation process, such as LIPSS or DLIP (direct
laser interference patterning).

In this paper, we use a Bessel beam-based approach for
LIPSS generation on small confined curved surfaces without
any precise positioning. In contrast to [33], we use a clas-
sical transitive axicon lens and demonstrate LIPSS whose
period is smaller than the wavelength of the incident light.
The generation of LIPSS on rounded surfaces has already
been investigated by Kunz et al. [34], who applied LIPSS to
multiple, 10 pm thick carbon fibers at one time. Compared
to [34], we precisely processed much thicker single wires
with a diameter of 250 um. We generate the periodic struc-
tures on nickel titanium (NiTi) wires. Due to its shape mem-
ory effect, NiTi is a highly interesting material in actuator
technology [35, 36], e.g., for medical products [37]. Thus,
further research into the surface functionalization of NiTi
components can, therefore, broaden their range of applica-
tion. One aspect for future research could be to use the shape
memory effect to modify the LIPSS period. LIPSS on flat
NiTi surfaces were first observed by Nozaki [38]. Here, we
use NiTi wires and demonstrate that despite an inhomogene-
ous cylindrical surface covered with drawing grooves and
the absence of any focusing control, narrow lines filled with
homogeneous LIPSS can be achieved. For this purpose, it
is essential to make sure only the central core, and not the
higher order maxima contribute to the process. It is pos-
sible to work with the Bessel beam (central core diameter
11.2 um) over several millimeters working distance without
significant intensity deviations or divergence, while a Gauss-
ian beam with the equal diameter would have a calculated
Rayleigh length of just 123 um.

2 Experimental setup

NiTi wires with a diameter of 250 um (Ingpuls GmbH, 49.8
at % Ni, martensitic at room temperature, straight annealed)
were used for the experiments. Before processing, wires
were cleaned in an ultrasonic bath using ethanol. Subse-
quently, the wires were pickled at 60 °C for 10 min using
Titan-Etch (a mixture of sodium fluoride, ammonium persul-
phate, and distilled water). Following another cleaning step
in the ultrasonic bath for 10 min. This ensures the removal
of unwanted surface oxides due to prior heat treatments
in the wire production and also improves surface quality.
Ultimately, wires were heated to 80 °C on a hotplate and
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then cooled down to room temperature. Thus, the material
experiences a shape memory transformation cycle. It trans-
forms into austenite without load when heated, remembers
its shape, cools down to room temperature, and converts
back into martensite without any further change in shape.
Resulting in a non-bent wire with a defined material state,
which allows better handling when placing them on the sam-
ple holder. The surface topography of the pickled wires was
characterized by a 3D laser-scanning microscope (Olympus
LEXT OLS 5000). The drawing grooves were dominating
the surface roughness having a depth of up to 2 um.

The sample holder is a steel plate with a U-formed groove
in it. The wires were placed over the groove and taped to the
steel plate at both ends using copper tape, see inset in Fig. 1.
The sample holder was mounted to an xyz-stage [M-521.DD
for x- and z-axes, M-521.DG for y-axis, Physik Instrument
(PD)] to realize the relative movements between the laser
beam and the sample. The experimental setup of the process
is shown in Fig. 1.

The beam source used was a Ti:Sa laser (Spitfire Ace,
Spectra-Physics) emitting at a central wavelength of 800 nm
(60 nm bandwidth). The repetition rate of the laser was
set to 5 kHz and the power can be adjusted by rotating a
lambda-half plate in front of a polarization filter. Beyond
the polarization filter and subsequent mirrors, the laser
beam was polarized vertically. The average laser power was
measured with a powermeter (VEGA, Ophir Photonics) in
front of the axicon to determine the pulse energy. The pulse
width of the laser was 110 fs, measured with an autocorre-
lator (APE Mini, Angewandte Physik & Elektronik GmbH)

behind the beam splitter. An axicon (Thorlabs AX255-B)
was used to transform the 8.3 mm Gaussian raw beam into
a Bessel beam. The axicon angle was 5°, which results in a
good compromise between a small spot diameter and a long
focal length with low intensity gradient along the optical
axis. The diameter of the central core of the Bessel beam
can be calculated by Eq. (1) to 11.2 um (1/¢%). The distance
between the axicon and the sample was set to 61.5 mm cor-
responding to the point of highest intensity of the central
core of the Bessel beam.

Single lines of LIPSS were processed on the NiTi wires
by moving the stage through the focus of the Bessel beam.
The lines were written perpendicular to the wire axis with
the laser beam polarization oriented as well along as per-
pendicular to the writing direction. The starting and ending
points of the laser beam trajectory were chosen before and
after the wire to make sure that the acceleration and decel-
eration of the stage axis do not influence the process. In this
way, the LIPSS cover the top half of the wire, whereas the
distance between the axicon and the sample, the incident
angle and the laser spot area and ellipticity change. The
velocity of the axis was set to 2.75 mm/s. With the given
repetition rate, the spatial distance between two consecutive
pulses was 0.55 um, which results in a pulse overlap of 95%
(i.e., 20 pulses per spot).

An Argon gas flow was used to avoid oxidation during the
laser process. Therefore, a gas nozzle was placed next to the
sample with an angle of 40° to the sample holder surface.
The gas flow rate was 8 1/min.

laser

beam dump
half-wave plate
my N
polarizing

beamsplitter

Yy
I axicon

mirror

gas nozzle

61,5 mm

Fig.1 Axicon-based (a = 5°) laser setup and orientation of laser polarization
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After the laser process, the samples were cleaned again
by the ultrasonic bath to remove possible process debris. A
scanning electron microscope (Zeiss EVO MA10) was used
to characterize the LIPSS.

3 Results

Two kinds of different orientated LIPSS formation experi-
ments have been carried out. For the first one, the samples
were positioned as shown in Fig. 1 to create LIPSS having
their ripples aligned perpendicular to the writing direction.
Contrary to this, a rotation of the samples by 90° to the
fixed polarization of the incident beam leads to LIPSS hav-
ing their ripples aligned parallel to the writing direction.

3.1 LIPSS perpendicular to the writing direction

When the writing direction is set parallel to the polari-
zation of the laser beam, the grooves of the LIPSS are
aligned perpendicular to the writing direction. Thus,
a high number of short grooves was produced by this
technique. The experiments were used to determine the
period of the LIPSS as well as the width of the processed

Fig.2 Typical results for dif-
ferent pulse energy regimes: a
LIPSS patches (36 wJ), b Homo-
geneous LIPSS (56 uJ), ¢ LIPSS
with irregularities (88 pJ).
Images a—c were taken at the
center of the wire, where the
incident angle of the laser beam
was 0°. d Homogeneous LIPSS
(56 W) at the side away from
the center of the wire, where the
incident laser angle was 45°
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lines. Therefore, the pulse energy of the laser was varied
between 8 and 100 pJ in steps of 4 pJ. Each experiment
was performed on three different samples to prove repro-
ducibility. The measurements of line width and LIPSS
period were carried out with the scanning electron micro-
scope (SEM) at the center of the wires, where the optical
axis was aligned perpendicular to the surface during the
process. Due to the limited resolution of the SEM as well
as surface irregularities on the NiTi-wires (e.g., grooves
from the wire drawing process), the measurement of the
LIPSS period would have been too imprecise. Thus, the
length of ten periods was measured and calculated down
to a single period.

The results of the experiments can be classified into three
different micro structuring regimes. Figure 2 shows a selec-
tion of typical surface structures for the different regimes.
Up to a pulse energy of 28 uJ, no ablation or LIPSS forma-
tion was detected. Just a little darkening of the processed
area was observed. The first microstructure regime was in
the range between 32 and 36 uJ pulse energy. The processed
samples show no homogenous LIPSS pattern, but single
patches where LIPSS formation took place (see Fig. 2a). It is
suspected that the LIPSS formation started at these patches
due to surface irregularities, but the number of pulses in

-
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combination with the utilized pulse energy was not sufficient
for the LIPSS to expand over the whole focus area.

The second process regime was between 40 and 76 pJ
pulse energy, where homogeneous lines of LIPSS were gen-
erated (see Fig. 2b). In this process window, the period of
the LIPSS was almost constant for the different pulse ener-
gies and it was determined to be 517 nm with a standard
deviation of 56 nm. Results are similar to the periods meas-
ured in [38] and [39] on flat NiTi surfaces with comparable
laser central wavelengths. The homogeneity of the LIPSS
was disturbed for samples processed with pulse energy of
80 WJ and above in the third pulse energy regime. While the
LIPSS are still homogeneous close to the edge of the pro-
cessed area, the structured lines show lots of irregularities
at the center of the line, such as interrupted grooves, bulging
material, and arrays of round indentations (see Fig. 2c). The
observed material behaviour might be attributed to a change
in LIPSS formation orientation caused by the higher fluence
in the center of the beam profile. Such fluence-dependent
orientation of LIPSS formation has already been observed
for other materials [40—-42].

With respect to the measured width of the processed lines
(shown in Fig. 3), an influence of the interfering pattern sur-
rounding the central core of the Bessel beam itself can be
excluded, since the width of all processed lines is smaller
than the diameter of the central spot of the Bessel beam.
Thus, the intensity of the higher order ring beams around
the central core of the Bessel beam did not carry enough
energy to form LIPSS on the sample surface. This can also
be proven by a theoretical consideration: the spatial intensity

2
10 = 4%

. exp<—2<(n -1-z-

-JOZ(ZTE -n—=1)-r- tan(a))

tan*(a) - (n — 1)* - z- 1,

tan(a)
D,

3

))

where r and z are the radial and axial coordinates, respec-
tively. Dy is the raw beam diameter and I, is the on-axis
intensity. J, is the zero order Bessel function. If Eq. 3 is
evaluated at the processing point, it results in a peak inten-
sity ratio between the first ring and central core of 0.16.
Due to the linear correlation between pulse energy and peak
intensity, the intensity in the first ring around the central
core of the Bessel beam is—even for the maximum pulse
energy experiments (100 pJ)—below the observed threshold
of 32 uJ for LIPSS formation.

The relation of the width of the patterned line versus the
applied pulse energy shows an increasing, but degressive
trend. This relation can also be attributed to the peaked
intensity profile of the central core of the Bessel beam
given by Eq. 3. The intensity distribution of the Bessel
beam described by Eq. 3 helps to compare the experi-
ments with literature. An evaluation of the equation at the
working distance shows, that the central core of the Bes-
sel beam carries only approximately 32% of the energy,
the rest is spread to the higher order maxima rings. Thus,
only this fraction of the pulse energy E, must be used to
calculate the fluence with the following equation:

distribution of a Bessel beam behind an axicon is given by e 2-32%-E,
the following equation [43, 44]: Bessel,Core = — ", dsz /4 “)
Fig.3 Width of the processed ;
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Using Eq. 4, it can be calculated, that, e.g., for the
minimum applied pulse energy of 40 pJ for homogeneous
LIPSS generation, the theoretical fluence of the central
core of the Bessel beam Fp,( o 1S 26 J/em? and it is
by far higher than the fluence in comparable experiments
with Gaussian beams from literature [2]. However, the
propagation of ultrashort pulses through an axicon lens
is a complex topic, that is in the scope of research for a
long time. Some models and simulation have been imple-
mented to understand the mechanisms of ultrashort pulsed
Bessel beams [44, 45], but there is still no work that takes
into account all effects that occur at once. Thus, it cannot
be excluded that the theoretically calculated fluence dif-
fers from the actual applied fluence in the experiments. At
least, the experimental results confirm, that the polariza-
tion does not change by propagating through an axicon,
since the ripples are aligned vertically to the polarization
direction, as it is known for LSFL structures on metals [2].

To prove the applicability of Bessel beams to uniformly
cover the rounded shell surface of the wire, additional inves-
tigations were made away from the center of the wire. Fig-
ure 2d shows the same LIPSS line as Fig. 2b (processed
with 56 pJ pulse energy), but at the point, where the angle
between the surface and the laser beam was 45°. The topog-
raphy of the LIPSS is similar at both investigated points.
The LIPSS period at the incident laser angle of 45° was
480 nm, which is 7% lower compared to vertically incident
laser radiation. A reduction in LIPSS period at higher inci-
dent laser angles has already been reported for other beam
shapes in prior work [24].

3.2 LIPSS parallel to the writing direction
In a second set of experiments, the sample orientation (and

with it the LIPSS orientation) was rotated by 90°. Thus,
the grooves of the LIPSS were orientated parallel to the

Fig.4 Width of LIPSS Struc-
tures orientated parallel to the

Pulse Overlap: ®99.5 %

writing direction. The change of the LIPSS formation
direction allows to observe whether there are bounding
effects determining a smallest possible number of ripples
next to each other. The pulse energy was varied in the range
between 20 pJ and 60 pJ in steps of 4 wJ. The experiments
were carried out at a pulse overlap of 95% (20 pulses per
spot), 97.5% (40 pulses per spot), 99% (100 pulses per spot),
and 99.5% (200 pulses per spot), respectively. Higher pulse
overlap was realized by reducing the velocity of the stage
axis. The higher pulse overlap should give the LIPSS the
chance to expand over large distances instead of creating
LIPSS patches as it was observed before. Again, a LIPSS
line of each set of parameters was applied to three different
samples.

The width of the processed lines was measured and aver-
aged for all samples with a continuous LIPSS covered pro-
cess zone. The corresponding diagram (Fig. 4) shows some
deviations compared to the experiments of the previous sec-
tion for the pulse overlap of 95%. The threshold for homo-
geneous LIPSS formation is slightly higher for the LIPSS
aligned parallel to the writing direction (48 uJ compared to
40 ). One possible explanation for the different minimum
pulse energy for LIPSS formation is the dependency of the
absorption coefficient from polarization direction and the
angle between the incident beam and the surface. Although
the measurements were made at the center of the wire, the
beam is not always aligned normally to the surface because
of the drawing grooves covering the surface. Since the
drawing grooves are all aligned parallel to the wire axis, the
rounded surface of the drawing grooves affect the absorption
of both polarization directions to different degrees.

Nevertheless, LIPSS could be generated even with lower
pulse energies by reducing the velocity of the stage axis,
and thus increasing the pulse overlap. Homogeneous LIPSS
have been generated with a pulse energy of 40 pJ by setting
the pulse overlap to 97.5%. With a pulse overlap of 99.5%,
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Fig.5 SEM images of LIPSS aligned parallel to the writing direction processed with 32 uJ pulse energy and 99.5% pulse overlap at different

magnifications

the minimum pulse energy for the generation of homoge-
neous LIPSS could be reduced to 28 uJ. SEM images of
the results are shown in Fig. 5. It can be seen from Fig. 5a,
that even with 32 pJ pulse energy, the LIPSS continuously
cover the rounded surface of the wire as well as the drawing
grooves of the wire. Most of the ripples of the LIPSS extend
over several tens of um. The high pulse overlap allows the
LIPSS—once started at irregularities on the wire surface—
to extend continuously along the writing path.

With respect to the minimum width of the LIPSS covered
lines, Fig. 4 shows some interesting results. Regardless of
pulse overlap, the minimum width of homogenously struc-
tured lines is around 6 um. The measurements were carried
out in the middle of the sample, where the beam was per-
pendicular to the surface. The minimum width of the lines is
equivalent to a minimum number of ripples of approximately
10. Regarding to the results the question arises whether there
is a minimum number of ripples that can be set next to each
other. The results are an indication that the width of the lines
cannot be reduced below a minimum. However, proving the

Fig.6 LIPSS formation on the
edge of a drawing groove (pulse
energy 60 uJ, pulse overlap
99.5%)

assumption as well as understanding the mechanisms limit-
ing the minimum number of ripples next to each other is
beyond the scope this paper, but it is an interesting starting
point for future research.

Beside the thin lines at low pulse energies, also the
combination of a high pulse overlap and high pulse ener-
gies gives some interesting insights into the LIPSS for-
mation. While the laser beam travels over the edges of
the drawing grooves of the wire, the height of the LIPSS
ripples is in the range of the depth of the drawing grooves.
Due to the cylindrical and groove covered surface of the
wire, there is a chance to get a sectional view on the rip-
ples without further preparation of the samples by just
tilting the sample in the SEM. With a flat surface, how-
ever, this view would only be possible after fine cutting
and grinding of the processed surface. Figure 6 shows a
sample processed at a pulse energy of 60 uJ and with a
pulse overlap of 99.5%, where LIPSS ripples with a verti-
cal peak-to-valley distance of 1.5 pm can be observed in

@ Springer
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the center of the line. This corresponds to a LIPSS aspect
ratio (ratio of the depth to period) > 2.

4 Conclusion

Within the presented paper, the Bessel beam was success-
fully proven as a suitable tool for the generation of LIPSS
structures in small confined areas. The Bessel beam was
used in a pulse energy regime, where only the central core of
the Bessel beam contributes to the LIPSS formation. Thus,
LIPSS were generated with a minimum spatial extension of
4 to 10 um. An alignment of the LIPSS parallel to the writ-
ing direction resulted in a minimum number of ripples next
to each other of approximately 10, with the length of the rip-
ples being several tens of pm. Compared to former research
in this field using Gaussian beams and objectives with high
numerical aperture, no complex adjustment was required
in the presented setup, nor high demands are placed on the
evenness of the sample surface. Instead, the long focus of
the Bessel beam allows structuring of even complex shaped
surfaces with LIPSS, as it was proven on the rounded shell
surface of NiTi wires. The LIPSS cover the top half of
the wire, which means a difference in working distance of
125 pum. By eliminating the need for any focus control from
the process, we believe the presented technique to be an
important step towards reliable mass production of LIPSS
covered functionalized surfaces.
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