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ABSTRACT

Besides the optimization of the laser and processing parameters, the adaptation of the focal intensity distribution offers great potential for a
well-defined control of laser processing and for improving the processing results. In this paper, different tailored intensity distributions were
discussed with respect to their suitability for femtosecond laser material processing on the micro- and nanoscale such as cutting, marking,
and the generation of laser-induced periodic surface structures. It was shown by means of laser processing of stainless steel that the numeri-
cal simulations for the beam shaping unit are in good agreement with the experimental results. Also, the suitability of the beam shaping
device to work with a scanner and an F-theta lens as commonly used for material processing was demonstrated. In this context, the
improvement of the machining results was shown experimentally, and a significant reduction of the machining time was achieved.

Key words: femtosecond laser processing, beam shaping, donut, top-hat, laser-induced periodic surface structures
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I. INTRODUCTION

The generation of tailored intensity distributions of the laser
radiation in the focal region is still an active field of research with
the aim of achieving a user-defined interaction with the material.
For this purpose, the usually Gaussian laser radiation is converted
into suitable beam profiles by means of special optics. In addition
to increasing the efficiency of conventional laser processing such as
cutting, drilling, and microablation, this transformation aims at
reducing the achievable structural sizes and improving the quality
of the processes mentioned above.'™ Moreover, the beam shaping
facilitates to create novel surface structures that are of potential
interest, for example, for biomimetic surfaces with specific func-
tional properties.’™

The beam shaping approaches are very diverse: In order to
generate, e.g., top-hat profiles with a uniform intensity distribution
over the beam cross section, apertures are used to select the flat
portion from expanded Gaussian beams.” Field mapping shapers
enable to transform a Gaussian input beam into the desired field

distribution based on refractive’ '’ and diffractive optical ele-

ments.”'" Finally, beam integrators or homogenizers can be used
to split the input beam into several beamlets that are superimposed
in the output beam to ensure the homogeneous intensity distribu-
tion in a given working plane.”'” As an alternative, spatial light
modulators provide flexible optical devices that are able to dynami-
cally modify the amplitude, phase, and polarization of an incoming
laser beam and thus create versatile intensity profiles.'”™"”
Refractive beam shapers are characterized, in particular, by
their very high conversion efficiency and a simple structure.
Compared to diffractive elements, they are easier to manufacture
and more insensitive with respect to wavelength changes.
Therefore, it is the subject of this work to introduce a very compact
and flexible refractive, aspheric beam shaping element for material
processing. In combination with a focusing lens, it transforms a
collimated Gaussian intensity profile of the input beam into a
focused beam with different focal intensity distributions including
top-hat and donut profiles available in different working distances.
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As an advantage, the modular system enables smooth integration
into existing setups and the large input diameter of 10 mm allows
the transformation of large radiation powers. Also, the beam
shaper can be used with collimated laser beams or fiber-coupled
sources. Furthermore, the input and output beams are scalable
enabling a wide range of top-hat and donut widths provided by a
single beam shaper.

A central aspect of this work was to clarify whether the device
is suitable for material processing working with a scanner and an
F-theta lens. This aspect is essential in order to optimally utilize
the high repetition rates of modern laser systems and to ensure
high processing efficiency. For this purpose, selected design investi-
gations as well as results of the practical testing are presented. The
latter was carried out on stainless steel as the substrate material
using a Yb:KYW thin disc femtosecond laser (fs-laser). Application
examples include surface nanostructuring based on laser-induced
periodic surface structures (LIPSS), which are of great potential
concerning functional surfaces,'™'” and surface microstructuring
based on laser ablation as the conventional material processing
technique.'” The formation and properties of LIPSS on stainless
steel have been the subject of numerous studies.'”™*' In general, the
existence of different types of LIPSS was demonstrated by several
authors. These structures can be generated in dependence on the
laser and material parameters.'””> The present study focuses on
low-spatial frequency LIPSS on metals, hereinafter referred to as
LIPSS. On metals, they are characterized by spatial periods A in the
order of the utilized laser wavelength A and an orientation perpen-
dicular to the linear beam polarization.””

Il. GENERATING TAILORED FOCAL INTENSITY
DISTRIBUTIONS

When talking about tailoring focal intensity distributions, one
automatically enters the field of Fourier optics. Any lens used for
focusing performs a Fourier transformation of the incoming inten-
sity distribution into the focal plane. It is, therefore, a common
approach to ask the inverse question of how the incoming beam
profile needs to look like for a certain focal distribution.””** For
homogenous surface structuring (e.g., based on LIPSS), the
so-called top-hat distributions are very promising due to the
uniform intensity distribution over the beam cross section.”” Thus,
to obtain a focused top-hat intensity distribution, the input inten-
sity function needs to be the Fourier transform of a circ-function.
Based on this knowledge, the optical design task comes down to a
beam shaping that performs conversion of a collimated beam with
a Gaussian intensity distribution to a collimated Bessel-sinc shaped
profile. There are several ways to solve this. However, the most
elegant way is to introduce a phase plate as described in Ref. 26. It
overcomes the problem of generating the endless side maxima of
the Bessel profile by simply assuming that the focal top-hat distri-
bution does not need to have perfectly steep edges like a circ-
function. The principle layout of this approach is shown in Fig. 1.
As schematically depicted, the Bessel function is approximated by
imitating the first root and the first side maximum only, skipping
the higher spatial orders. This is done choosing the step height of
the center region to introduce a phase delay of 7 within the 1/¢®
diameter of the incoming Gaussian beam intensity distribution.

ARTICLE scitation.org/journal/jla

1T

FIG. 1. Principle layout of the beam shaping system, consisting of a phase
plate and a focusing optics, with the correlated intensity distributions in the focal
region.

The working principle of this beam shaping system is based
on manipulating the radial phase distribution of the incoming
beam. Thus, it is changing the interference conditions in the whole
focal region. Depending on the working distance, the focal intensity
distribution changes significantly, which is illustrated in Fig. 2 by
normalized beam profile sections along the propagation direction
(z axis). The depicted range is +1.5 mm around the original waist
position of the focusing lens (f=100mm, numerical aperture
NA =0.05 at 1025 nm) used. For better orientation, cross sections
at five different working distances are shown, whereas the experi-
mental results presented in Sec. IV are obtained at pos. 1-4. A
closer examination of the focal region reveals the formation of
three different top-hat profiles along the direction of propagation.
The first two show slight fluctuations of the intensity at the top,
and the last one (pos. 4) is the smoothest and most promising can-
didate for large-area LIPSS generation based on a scanning proce-
dure.”” The beam waist (pos. 3) is very similar to the beam waist
generated by focusing without the phase plate. Its distance from the
focusing lens is slightly increased. The donut profile (pos. 1) is
highly interesting, too, as it changes the depth of the middle dip
with the working distance. Thus, by choosing the working distance,
the shape of this donut profile can be tuned. Another feature of
this beam shaping approach is the scalability of the profile width
with the NA of the focusing lens. Accordingly, a wider profile
requires a lower NA. One way to achieve this would be to simply
scale the focal length of the lens, but this leads to problems with
the working distance as the focal length scales roughly linear with
the profile width. For example, increasing the top-hat diameter
from about 50 to 500 um can easily lead to an increase in focal
length to 1 m or more when working with the same phase plate. Of
course, it would also be possible to use different phase plates for
different widths. We propose a modular combination that allows
flexible and fast scaling with a minimum number of optical ele-
ments involved.

As for all beam shaping approaches, a specification of the
incoming beam is needed as the resulting element will only work
under this condition. For the practical realization of the beam
shaping system, the input beam diameter (1/€*) was defined as
10 mm on the left side of the phase plate also to ensure the feasibil-
ity for higher laser power. This automatically leads to the next
question of how to adapt an arbitrary laser source to match this
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FIG. 2. Visualization of normalized beam profiles along the z-direction in a range of +1.5mm around the focal plane and corresponding beam profiles for the different
planes. Focusing lens has NA = 0.05 at 1025 nm with f= 100 mm. Positions pos. 1-4 correspond to the experimental results in Sec. |V.

input condition for the phase plate. This can be realized by beam
expansion systems. If used together with the a|BeamExpanders, this
is alignment free by just screwing all parts together due to the high
precision mounts involved. In the case of a fiber-coupled laser
source, an a|AspheriColl can be added.”” Due to the chosen
approach of generating a collimated Bessel-sinc-like profile, the
system output is perfectly scalable by adding a|BeamExpanders
behind the phase plate. This allows not only to generate nearly
arbitrary dimensions of top-hat beam profiles but also to adapt the
working distances. An exemplary layout of the discussed configura-
tion is shown in Fig. 3.

For efficient material processing, it is essential to be able to
use such a beam shaping unit with a (galvanometer) scanner
system. The experimental results in Sec. IV were obtained with a
maximum scan field of (50 x 50) mm?. Therefore, Fig. 4 shows the
numerical simulations of all relevant focal distributions (pos. 1-4)
at the center, 5mm (a tilt angle of 1.4°), 12.5mm (a tilt angle of
3.5°), and 25 mm (a tilt angle of 7°) obtained with a perfect F-theta
lens. These simulations show modifications, especially for the
center dip/tip of the regions, for all profiles with increasing deflec-
tion angle. Partially this is caused by the perfect F-theta lens, which
slightly changes the condition of Fourier transformation for each

deflection angle. Unfortunately, it was not possible to simulate the
experimental setup with the real lens used. Nevertheless, the experi-
mental results showed no such profile changes toward the edges of
the scanning field.

lll. MATERIALS AND METHODS

For laser material processing, a diode pumped Yb:KYW thin
disk fs-laser system (JenLas D2.fs, Jenoptik, Germany) was used as
the radiation source. The linearly polarized output beam was char-
acterized by a central wavelength of A =1025nm, a pulse duration
of 7=300 fs (FWHM), a repetition frequency of f,., = 100 kHz, and
pulse energies Eimp, <40 uJ. The Gaussian output beam (M? ~ 1.08)
was widened by a beam expander (5x) and subsequently shaped by
means of the beam shaping element (Fig. 5). Using a galvanometer
scanner (IntelliScan14, Scanlab, Germany) equipped with an
F-theta objective lens (JENar, Jenoptik, Germany) with a focal
length of f; =100 mm, the laser beam was focused on the sample
surface. The focal spot diameter in the beam waist (pos. 3 in
Fig. 2) was experimentally determined to be 2wp~34um
(1/€*-intensity) using the method proposed by Liu.*® The focal
intensity distributions along the z-direction were analyzed by a
beam profiling camera (SP928, Ophir).

J. Laser Appl. 31, 042019 (2019); doi: 10.2351/1.5123051
© Author(s) 2019

31, 042019-3


https://lia.scitation.org/journal/jla
海纳光学
高亮


Journal of

Laser Applications

2X
2X

AiryShape Focusing Lens
BeamExpanders BeamExpander

ARTICLE scitation.org/journal/jla

100 mm

FIG. 3. Flexible adaption of input and output beam diameter of the beam shaping setup. Both configurations generate identical focal distributions, having the same NA as
the shortening of the focal length (=100 mm) is compensated by scaling down the beam diameter by the same factor (bottom).

Commercially ~ available  austenitic ~ stainless  steel
(X2CrNiMo17-12-2, Outokumpu, Germany) was used as the sub-
strate material. The sample surface was manually grounded and
polished to a mirror finish with an average surface roughness of
R, ~4nm using SiC abrasive paper of 800, 1200, and 2400 grits
and 6, 3, and 1um polycrystalline diamond suspension, respec-
tively. The laser processed sample surfaces were ultrasonically
cleaned in acetone and isopropanol and subsequently characterized
concerning their morphology by scanning electron microscopy
(SEM) (SigmaVP, Carl Zeiss, Germany) at an accelerating voltage
of 5kV using a secondary electron detector. In this context, the

o o o o —l
25mm (7°) 12.5mm (3.5°) 5.0mm (1.4°) center (0°) b
g A e A g 8 f
aﬁ .‘A'. i zﬁ 11 . aH ;n. {ﬂ, J /l /I
pos. 1 = v B8/ V V
€ € € £
-0.04 -0.02 0 0.02 0.04 -0.04 -0.02 0 0.02 0.04 004 -002 0 002 004 -0.04 -0.02 0 0.02 0.04
< o g
E E P g : o
z /\ z f 3 - aH ," 1
pos. 2 i3 . e f 1 Iz } e -
g B/ G B
-0.04 -0.02 0 002 0.04 -0.04 -0.02 0 002 0.04 0.04 -002 0 0.02 0.04 -0.04 -0.02 0 0.02 0.04
o =4 o
. A = A g . A
2 I 4 z & z 2 $ 1
pos.3 :; i i g5 &
£ Py £ ! £ £ i
S S B -
-0.04 -0.02 0 0.02 0.04 -0.04 -0.02 0 0.02 0.04 2004 002 0 002 0.04 -0.04 -0.02 0 0.02 0.04
§ /\/\ § /\J\ § /-.\ § /—\
z 2 z z
pos. 4 g ] { \ £ { 1 £2
= J K c ¥y k = :

004 -002 0 002 0.04 004 002 0 002 0.04

-0.04 -0.02 0 0.02 0.04

alignment and the spatial periods of the LIPSS were quantified by
2D-Fourier transform (2D-FT) analysis of the SEM micrographs.
The surface topography was evaluated by white light interference
microscopy (WLIM) (CCI HD, Taylor Hobson, Germany)
equipped with a 50x objective.

IV. RESULTS AND DISCUSSION

A. Single spot experiments

In a first step, the adequate function of the beam shaping
element was evaluated by single spot experiments on stainless steel.

-0.04 -0.02 0 0.02 0.04
50mm

FIG. 4. Numerical simulations of all relevant focal distributions (pos. 1-4) at the center, 5 mm (tilt angle: 1.4°), 12.5 mm (tilt angle: 3.5°), and 25 mm (tilt angle: 7°) of the
beam shaping unit when used with an ideal (galvanometer) scanner and a perfect F-theta lens. Positions pos. 1-4 correspond to the experimental results in Sec. [V.
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For this purpose, the material surface was placed in the focal posi-
tion under the focusing optics of the laser scanner, and the specific
intensity profiles were selected based on the respective z-positions
(Fig. 2). Figure 6 shows the corresponding SEM micrographs of the
ablation spots obtained from irradiating the surface as a function of
the fs-laser pulse number N. For all ablation spots, the surface was
irradiated at normal incidence under an ambient air atmosphere,
and the pulse energy Ejn,, was kept constant at 13 uJ. The latter
results in a variation of the fs-laser peak fluence F due to the
deviating diameters of the beam profiles (Fig. 2). In the Gaussian
beam waist (pos. 3) with the smallest beam diameter of
2wg~ 34 um, the utilized pulse energy results in an fs-laser peak
fluence of F= 2Eimp/(7rwf2) =2.8]J/cm®. The comparison of the SEM
micrographs reveals the ability to generate tailored focal intensity
distributions at the sample surface in dependence of the z-position.
The depth of the corresponding ablation craters increases with
increasing N. The donut-shaped intensity profile (pos. 1) leads to a
ring-shaped ablation geometry provided by the well-pronounced
minimum of intensity in the center of the beam profile
[Figs. 6(a)-6(c)]. In this area, the material surface remains
unaffected by the laser radiation even at the highest pulse number
N=200. The ablation spot fabricated with the top-hat profile
(pos. 2) exhibits a slightly modulated surface topography
[Figs. 6(d)-6(f)]. In the beam waist (pos. 3), the SEM micro-
graphs reveal melt formation [Figs. 6(g) and 6(h)] and an exces-
sive, inhomogeneous ablation in the center of the ablation crater,
which can be observed, in particular, for the largest pulse number
of N=200 [Fig. 6(i)]. Both effects are caused by the very high

sample
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FIG. 5. Experimental setup used for
the practical testing of the beam
shaping element consisting of the
fs-laser system, a beam expander (5%),
the beam shaping element, and a gal-
vanometer scanner equipped with an
F-theta objective lens (f, =100 mm) for
scanning the focused fs-laser beam
over the sample surface.

laser
scanner

IAZ

intensity in the center of the Gaussian beam profile accompanied
by heat accumulation effects. On the contrary, the unmodulated,
flat plateau of the top-hat intensity profile (pos. 4) results in a
very homogeneous ablation over the beam cross section
[Eigs. 6(j)-6(1)].

A detailed analysis of Fig. 6 reveals the appearance of charac-
teristic nanostructures in the ablation spots induced by fs-laser irra-
diation. They refer to LIPSS that are characterized by a spatial
period of about 940 nm (i.e, A ~0.9-1). In accordance with the
literature of LIPSS formation on metals, they exhibit an orientation
perpendicular to the linear polarization as indicated by the direc-
tion of the electrical field vector E in Fig. 6(j).'”*"** These experi-
mental observations on metals support the well-accepted theory
that describes the formation of LIPSS by interference effects of inci-
dent light with electromagnetic waves scattered at the rough mate-
rial surface.”” Alternative approaches to explain their formation
include self-organization of the irradiated material resulting from
laser-induced thermodynamic instabilities that lead to the redistri-
bution of the material.””*" The single spot experiments reveal that
the LIPSS orientation is independent of the focal intensity distribu-
tion. Similar results were reported using radial, azimuthal, and
spiral structures generated by cylindrical vector fs-laser beams.*™*
Moreover, significant differences concerning the periodicity of the
LIPSS fabricated with the different intensity distributions were not
observed. This aspect is consistent with other studies that demon-
strated only a minor influence of the fs-laser peak fluence F on the
spatial period in the fluence ranges where LIPSS is experimentally
obtained.”” It is worth mentioning that, in the intensive center of
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FIG. 6. SEM micrographs of the stainless steel surface upon irradiation with the specific beam profiles provided by the beam shaping element at the different z-positions
as a function of the laser pulse number N. In all experiments, the pulse energy Eim, was kept constant at 13 uJ. The direction of the electrical field vector E of the linearly

polarized radiation is indicated in (j).

the beam, waist LIPSS is superimposed by melt formation, which
led to larger structural features such as microholes. In contrast, a
well-pronounced LIPSS pattern was generated homogenously over
the entire ablation spot by means of the top-hat profile (pos. 4).
Figure 7 illustrates the comparison of SEM micrographs and
WLIM micrographs obtained from the ablation spots (N =200)
with the intensity distributions measured with the beam profiling
camera. The results demonstrate a very good agreement between
theoretical and experimental results. This concerns on the one
hand the correlation of geometric aspects such as beam and abla-
tion diameters and on the other hand the agreement of characteris-
tic features of the respective intensity distributions with the
resulting surface topography. The latter is particularly emphasized
by the donut-shaped beam profile [Fig. 7(a)] as well as by the slight
modulation of the surface topography related to the top-hat profile
(pos. 2) [Fig. 7(b)]. With regard to the geometric aspects, ablation
diameters of about 70 um (pos. 1), 53 um (pos. 2), 35um (pos. 3),
and 62 um (pos. 4) were determined by WLIM, which are in the
order of magnitude of the simulated beam diameters. In addition, a
value of about 20 um was measured for the ablation depth in the
beam waist, which is almost twice as large as for the other beam
profiles. This can be explained by the distribution of the constant

pulse energy to the larger beam diameters, which results in a
reduced fs-laser peak fluence.

B. Large-area structuring with LIPSS

Functional surfaces based on LIPSS for industrial applications
require in most cases the ability to produce large surface areas with
high quality at reasonable costs. In addition to the homogeneity of
the structures, the processing time plays an important role in this
context. Figure 8(a) shows an LIPSS pattern that was produced by
unidirectional scanning of the surface using a scanning velocity of
v=0.67 m/s, a lateral spacing of Ax=6um between two adjacent
scan lines, a pulse energy of Ej,, =2.6uJ, and the Gaussian beam
profile in the beam waist. The corresponding focal spot diameter
2wg=34um is indicated by the circle in the SEM micrograph. It
becomes evident that the generated gratinglike structures consist of
highly regular LIPSS oriented perpendicular to the linear polariza-
tion. The micrograph reveals that LIPSS can be coherently written
over a large area despite the linewise scanning process. The proper-
ties of the grating with respect to the spatial period, orientation,
and homogeneity can be quantitatively described by 2D-FT of the
SEM micrograph [inset in Fig. 8(a)]. The cross section
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FIG. 7. Comparison of the calculated focal intensity distributions with SEM micrographs and WLIM micrographs of the ablation spots fabricated with N =200, Eim, =13 uJ,
and the corresponding intensity profiles: (a) donut (pos. 1), (b) top-hat (pos. 2), (c) Gaussian beam waist (pos. 3), and (d) top-hat (pos. 4). Note the different scaling of
the color bars in the WLIM micrographs, which indicate the determined ablation depth in micrometers.

demonstrates in terms of the narrow characteristic peak that the determined to be 86~ 9°. This small value confirms the perfect
spatial period is limited to a very narrow range. It was determined alignment of the gratinglike structures. For completeness, typical
to be (940 + 30) nm. Based on the method described by Gnilitskyi values of the modulation depth of the LIPSS pattern are in the
et al,”' the dispersion of the LIPSS orientation angle was order of 200nm.'”” In order to achieve large areas of well-
J. Laser Appl. 31, 042019 (2019); doi: 10.2351/1.5123051 31, 042019-7
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FIG. 8. SEM micrographs of the stainless-steel surface structured with LIPSS
using linearly polarized fs-laser radiation: (a) Gaussian beam profile (2wy
~ 34 um, Eimp=2.6 ud, v=0.67 m/s, and Ax=6um), (b) top-hat (2w;~ 47 um,
Emp=6uJ, v=067m/s, and Ax=6um), and (c) top-hat (2w;~ 47 um,
Eimp=6uJ, v=12m/s, and Ax=6um). The respective beam diameters are
illustrated by the white dotted circles. The insets correspond to the 2D-FT of the
SEM micrographs and their corresponding cross sections, which quantify the
homogeneity and orientation of the LIPSS. Here, 86 refers to the dispersion of
the LIPSS orientation angle, and the laser wavelength (0.975um™") is indicated
by the white circle in the 2D-FT spectra.

pronounced LIPSS with the top-hat profile (pos. 4) as well, the
pulse energy was increased to Ejn,=6uJ [Fig. 8(b)]. The SEM
micrograph and its Fourier transformation confirm a similar
quality of the fabricated LIPSS pattern in terms of spatial period

ARTICLE scitation.org/journalljla

FIG. 9. Structural colors on a stainless steel sample of (10 x 10) mm? obtained
from white light illumination. The corresponding LIPSS pattern illustrated in
Fig. 8(c) was fabricated with the focal top-hat intensity profile (pos. 4).

and alignment. The most striking feature of LIPSS-based surfaces is
related to the appearance of varying colors observed at different
viewing angles upon illumination with white light.”*~*” They origi-
nate from the diffraction behavior of the gratinglike structures.
Figure 9 illustrates these structural colors on the stainless steel
surface structured with a top-hat focal intensity distribution
[Fig. 8(c)]. For the top-hat profile (pos. 4), the SEM micrograph in
Fig. 8(c) demonstrates that the scanning velocity can be doubled to
v=1.2m/s without further optimization of the processing parame-
ters. The calculated Fourier transformation shows that the quality
of the surface pattern remained almost constant. The resulting
reduction of the processing time by a factor of 2 (approx. 30's per cm?),
however, results in a significant advantage for the economic scaling
of the structuring process to large surface areas.

C. Conventional material processing

Figure 10 shows SEM micrographs obtained from channel-like
structures fabricated by fs-laser ablation on stainless steel as a
function of the number of overscans. The channels were prepared
with the same parameters (v=0.1m/s, Ejy,=11.34]) in order to
allow direct comparability of the topography induced by the
different focal intensity distributions. All SEM micrographs
obtained from the surface after a single overscan illustrate once
again the possibility to coherently write LIPSS by means of a scan-
ning process [Figs. 10(a), 10(e), and 10(i)]. With an increase in the
number of overscans, the ablation depth generally increases, result-
ing in microscale channel-like structures, whose surface is superim-
posed with the nanoscale LIPSS. In this context, it becomes evident
that, due to the smallest beam diameter in the beam waist, the nar-
rowest channel with a width of about 30 um and a depth of about
20 um can be generated. Analogous to the single spot experiments,
the bottom of the channel in Fig. 10(f) is characterized by an inho-
mogeneous ablation after several overscans, which results from the
high intensity in the beam center. The other two beam profiles
result in larger channel widths and smaller ablation depths and
exhibit a very homogeneous ablation. This is also confirmed by the
WLIM micrographs in Figs. 10(d), 10(h), and 10(l) that illustrate
the 3D geometry of the corresponding channels obtained from ten

J. Laser Appl. 31, 042019 (2019); doi: 10.2351/1.5123051
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FIG. 10. SEM micrographs of channel-like structures fabricated by fs-laser ablation on stainless steel with v=0.1m/s and Eim, = 11.3 uJ as a function of the number of
overscans using different focal intensity distributions: (a)-(c) donut (pos. 1), (e)~(g) Gaussian beam waist, and (i)-(/) top-hat (pos. 4). WLIM micrographs in (d), (h), and
(1) illustrate the 3D geometry of the corresponding channels obtained from ten overscans.

overscans. The micrographs reveal that at this stage of processing
the respective beam profile is reflected in the cross section of the
channels. Consequently, the beam shaping element, in particular,
by means of donut and top-hat profiles, facilitates to realize
specific wall inclination angles as well as tailor-made cross-
sectional geometries of the channels in a relatively simple way by
changing the z-position of the sample surface. Additionally, the
spot size can be utilized to scale the width of those geometries, as
discussed in Sec. II.

V. CONCLUSIONS

In this paper, various tailored intensity distributions are dis-
cussed with respect to their suitability for material processing on

the micro- and nanoscale such as cutting, material ablation, and the
fabrication of LIPSS. Numerical simulations for the beam shaping
unit predicted the generation of several different intensity distribu-
tions, which could all be experimentally verified by beam profiling
and laser processing. More specifically, there are three different
top-hat profiles generated in the focal region, of which one (pos. 4)
was used to generate very homogeneous large-area LIPSS.
Furthermore, the processing speed was doubled by using the beam
shaping unit when compared to the conventional approach of focus-
ing a Gaussian beam. Thus, it was possible to structure a surface
area of 1 cm® within approx. 30s. Additionally, the focused top-hat
profile and a donut profile are compared to a focused Gaussian
beam by creating channel-like structures via multiple line scans,
which is typical for microstructuring of materials. The utilization of

J. Laser Appl. 31, 042019 (2019); doi: 10.2351/1.5123051
© Author(s) 2019

31, 042019-9


https://lia.scitation.org/journal/jla

Journal of

Laser Applications

these other focal intensity distributions results in precise channels
with well-defined walls and without melt artifacts as observed with
the conventional approach. Thus, we propose using such tailored
focal distributions for deterministic micromachining.
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