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Abstract: Uniform periodic microstructure formation over large areas is generally challenging in
Direct Laser Interference Patterning (DLIP) due to the Gaussian laser beam intensity distribution
inherent to most commercial laser sources. In this work, a diffractive fundamental beam-mode
shaper (FBS) element is implemented in a four-beam DLIP optical setup to generate a square-shaped
top-hat intensity distribution in the interference volume. The interference patterns produced by a
standard configuration and the developed setup are measured and compared. In particular, the
impact of both laser intensity distributions on process throughput as well as fill-factor is investigated
by measuring the resulting microstructure height with height error over the structured surface. It
is demonstrated that by utilizing top-hat-shaped interference patterns, it is possible to produce

on average 44.8% deeper structures with up to 60% higher homogeneity at the same throughput.
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Moreover, the presented approach allows the production of microstructures with comparable height
and homogeneity compared to the Gaussian intensity distribution with increased throughput of 53%.
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doi.org/10.3390/ma15020591 1. Introduction

In recent years, laser surface texturing (LST) has proven to be a suitable tool for
producing various surfaces with controllable topography, leading to improved surface
properties, such as wettability [1,2] and self-cleaning [3], tribology [4] and antifouling
properties [5]. Nowadays, out of the available LST methods, Direct Laser Interference
Patterning (DLIP) has arisen as an innovative and effective tool for high throughput surface
micro-structuring [6-9]. This technique enables a direct fabrication of flexible and perfect
periodic surface patterns with a well-defined long-range order based on the interference
principle [10-15]. In addition, it has been shown that the number of interfering laser
beams, their geometrical arrangement, individual angles, phase and polarization influence
the shape of the interference pattern as well as its typical repetitive distance (spatial
period) [16,17]. Due to the flexibility to achieve highly complex patterns in a one-step
process, DLIP is especially interesting for industrial applications. Moreover, no chemicals,
post-treatments or vacuum conditions are required, making it an eco-friendly, fast and
cost-optimized process [12].

During DLIP processing, the material interacts with the laser radiation predominantly
at the positions corresponding to the interference maxima, inducing various metallurgical
Attribution (CC BY) license (https;//  PTOCEsses such as melting, ablation and recrystallization [18,19]. During nanosecond-pulsed
creativecommons.org/licenses /by / laser processing of metals, the structuring mechanism is mainly based on recoil vapour
40). pressure and Marangoni convection, that have an effect on the overall picture of melt
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flow [20,21]. Since the local intensity at the interference maxima positions is directly related
to the intensity distribution in the laser beam profile, the use of a round Gaussian beam leads
to inhomogeneous surface textures due to the non-uniform intensity distribution of the
input laser beam [22,23]. However, most commercial lasers provide beams with Gaussian
(TEMO0O0) intensity distribution. This intensity profile preserves its distribution during
propagation, and it can be focused to a diffraction-limited spot. Furthermore, the energy
distribution of the Gaussian beam gradually decreases from the center to the boundary
of the laser spot. Consequently, the spot area limited by a beam diameter (at 1/e? level)
includes only 86.5% of the laser beam energy, and the intensity at the boundary is only
13.5% of the peak intensity [23]. Moreover, previous investigations showed that only 36.8%
of the pulse energy is used efficiently at the focal position for a Gaussian beam [24,25]. In
particular, the energy per unit of area (fluence) at the tails can be much lower than the
ablation threshold leading to undesired heating effects of the surface surrounding the laser
spot without any ablation (see Figure 1a). In addition, the excess energy located at the
center of the beam can lead to uncontrolled melting (over melting), which in turn affects
the microstructure quality. Consequently, nearly two-thirds of the used laser power of a
Gaussian beam is potentially wasted during laser micro-structuring process.
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Figure 1. Laser energy contribution to material ablation and formation of Heat affected Zone (HAZ)
when (a) Gaussian and (b) top-hat beams are utilized Illustration of structured area coverage during
DLIP with (c) square and (d) hexagonally distributed Gaussian laser spots as well as (e) top-hat
shaped laser beam. hy denotes a hatch distance between two consecutive pulses.

Another disadvantage of the Gaussian beam profile is the footprint of the ablated zone,
which has a round shape and causes both an inhomogeneous profile along the processing
line and a low fill-factor [26] (see Figure 1c,d). This is usually circumvented by an increase
of the pulse-to-pulse overlap that leads to an improved pattern homogeneity but at the
same time to lower throughputs and an increased Heat Affected Zone (HAZ) [23,26,27].
Different process strategies have been already developed to improve the uniformity of the
produced structures and process throughput. For instance, in the work of B. Voisiat [7],
the ablation rate in interference patterning was improved by developing a laser source
providing directly a top-hat profile. In this way, the process strategy shown in Figure 1e
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can be implemented. However, for creating the interference pattern, an image optic system
had to be developed which means that for producing different pattern geometries and
sizes, certain optical elements have to be replaced. In consequence, the mentioned strategy
cannot be implemented with standard laser sources providing Gaussian beams. In recent
research, the concept of implementing a fundamental beam-mode shaper (FBS) [28,29]
applied to a four-beam DLIP setup was introduced [30]. Although the possibility of
producing interference patterns within a top-hat envelope was demonstrated, up to now,
this configuration was not utilized to process any kind of material and its advantages in
terms of increased throughput was not experimentally demonstrated.

In this context, this study presents the usage of FBS in combination with a DLIP optical
configuration to treat flat metallic surfaces. The interference patterns produced by the
symmetrical four-beam DLIP setup with Gaussian and top-hat intensity distributions are
compared. The impact of the laser fluence and hatch distance on the process throughput,
the filling factor of the structured area and the resulting microstructure height and the
height error across the structured surface are analysed and compared.

2. Materials and Methods
2.1. Sample Preparation

The DLIP laser texturing experiments were performed on flat samples of 1.4301 stain-
less steel (AISI 304). This material was chosen due to its wide application fields, including
sinks, kitchen equipment such as pans, tubing etc. It has to be mentioned that the objec-
tive of this work relies on demonstrating how it is possible to improve the homogeneity
of structured surfaces as well as to increase throughput. Therefore, the selection of this
material is related only to demonstration purposes. Samples have a thickness of 0.7 mm
and average surface roughness (Ra) of 52 nm. The substrates were used as received.

2.2. Principle of a Fundamental Beam-Mode Shaper

The fundamental beam-mode shaper is a specially designed diffractive optical ele-
ment introduced in front of the focusing lens, which converts the input Gaussian beam
distribution into a square-shaped top-hat intensity distribution at the focal plane. The
FBS beam shaper typifies a kind of phase plate with a continuous and smooth phase relief
profile which redistributes irradiance and phase of the wave front [23,29]. The depth of
focus for the reshaped beam FBS element is close to the Rayleigh length of the Gaussian
beam focused with the same lens [23,29]. The FBS element has a high conversion efficiency
of 95% in an area limited by 1/e? level, where only 5% of the laser energy is dissipated in
the tail region. The tolerance of areal uniformity of the top-hat profile is +2.5%. The FBS
approach requires specific input laser beam parameters, such as high beam quality (TEMO00,
M2 <1.4)and a particular beam diameter of 4 mm with +5% tolerance [23,28].

2.3. Nanosecond Four-Beam-DLIP Setup and Process Strategy

The laser experiments were carried out using a four-beam interference setup, produc-
ing interference patterns with a dot-like morphology. A schematic representation of the
experimental DLIP setup (Fraunhofer IWS, Dresden, Germany) [31] is shown in Figure 2a,
which includes a nanosecond (ns)-pulsed laser system (Laser Tech 1053 Advanced, Laser
Export) operating at a wavelength of 1053 nm with a maximum average output power of
4 W (at 4 kHz repetition rate) and 6 ns pulse duration. The experimental setup also includes
a compact DLIP optical configuration, where the main beam is split into four identical
sub-beams using a diffractive optical element (DOE). Then, the beams are parallelized by
a pyramid (with an apex angle of 138.4°) and finally focused and superposed by using a
condenser lens with a focal distance of 100 mm. The four sub-beams are symmetrically
distributed around the optical axis, as depicted in Figure 2a. The FBS beam shaper (TOPAG
Lasertechnik GmbH, Darmstadt, Germany) was integrated prior to the four-beam DLIP
optical configuration [30] and a confocal telescope with a 4x magnification was used to
provide an input beam at the FBS element with a diameter of 4.0 mm. The resulting in-
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terference intensity pattern consists of periodically distributed peaks (DLIP pattern) with
square symmetry, as shown in Figure 2b,c. The laser fluence (or energy density), defined
as the laser energy deposited per unit of area, is one of the most important parameters
that control the morphology and quality of the periodic patterns as has been shown in
other studies [21,27]. In this work, the laser fluence Fp was varied by adjusting the laser
power between 70 and 100% (corresponding to 0.95 and 1.93 W, respectively). In this way,
the range of used laser fluences can be calculated being from 2.10 J/cm? up to 2.97 J/cm?.
The beam radius, determined using the D-squared method, was 64.7 um [32]. To structure
larger areas, the sample was moved using XY-stages (PRO Series, Aerotech Ltd., Ramsdell,
UK) The arrangement of the pulse positioning during the structuring process is illustrated
schematically in Figure 1c—e. In this way, the laser pulses were shifted and overlapped
in the x and y-directions in such a way that the hatch distance (hy) was always kept as a
multiple of the spatial period (A4 = 6.5 um) to guarantee a well-defined periodic structure.
Consequently, hy values of 71.5 pm and 104.0 pm result when considering 6 and 11 times
the spatial period, respectively. Furthermore, the hatch distance is a very relevant parame-
ter for maximizing throughput as already published in [21,27]. The maximum throughput
(Thr) is proportional to the hatch distance and it can be calculated by Equation (1):

Thr [em?/min] = hy-2-f, 1
where f is the repetition rate. In our case, the repetition rate was set to 4 kHz.

) (b) Focused gaussian laser beam
mirror DLIP optics configuration with interference modulation

Gaussian laser
beam profile Lens

\ (c) . . . Focused top-hat laser beam
} DLIP optics configuration
1 P 8 with interference modulation

1 Lens

\
% 71’ Gaussian laser

Substrate beam profile

Figure 2. (a) Schematic representation of the experimental setup for structuring dot-like pattern using
a DOE-based DLIP optical configuration combined with an FBS element; the inset at the sample
surface shows the sketch of four symmetrically distributed interfering sub-beams. The incidence
angle 6 is the same for all four beams. The azimuthal angle ¢ between each consecutive beam is
90° and the spatial period can be calculated by Ay = A/(1/2-sin 8), where A is a laser wavelength.
Representation and measurement of the interference pattern distribution (with a beam profiling
camera) for the setup without (b) and with (c) the FBS element.

2.4. Surface Characterization

To describe the uniformity of the fabricated structures, two topographical parameters
were used, namely the structure height error and the filling factor (short: fill-factor). The
last describes the ratio between surface completely covered with microstructures and actual
structured surface. For this purpose, the surface topography of the structured samples
was measured using a confocal microscope (Sensofar, S Neox non-contact 3D Surface
Profiler, Barcelona, Spain) utilizing a 50 x magnification objective. This objective allows
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recording 351 um X 264 um areas at each measured position with lateral and vertical
resolutions of 340 nm and 4 nm, respectively. Afterward, using the software MountainsMap
7.4 (Digital Surf, Besangon, France), the surface profiles of the measured topographies are
extracted applying morphological filters (ISO16610-14), and the topographical 3D rough-
ness parameters are calculated (ISO 25178-2) [27]. A morphological filter is applied on
the area of interest and it is based on dilation and erosion operation, with the structuring
element (SE) set to the size of the structure spatial period (A4 = 6.5 pm). By applying the
dilation operation, the upper structure envelope is calculated that represents the height
distribution of structure hills. In the same manner, erosion operation extracts the lower
structure envelope, which represents the distribution of depths of structure valleys. Ac-
cordingly, the fabricated structure average height distribution is achieved by subtracting
the lower from the upper envelopes. Referring to ISO 25178-2, the average structure height
(Smean) and root mean square (Sq) can be noted and structure height error can be calculated
(herr = (S¢/Smean)-100%) [27]. In addition, high-magnification images were acquired using
a scanning electron microscope at an operating voltage of 15 kV (JEOL Ltd., JSM 6610LV,
Akishima, Tokyo, Japan). The captured images were analyzed using ImageJ 1.8.0_172
software (Java-based software developed by National Institutes of Health, Bethesda, MA,
USA) [33]. The fill factor was determined by the following steps: (i) binarization (8 bit), (ii)
application of a threshold (>55.20%) and (iii) pixel interpretation (number of white and
black pixels) employing the Otsu method [34].

2.5. Design of Experiments

To analyze the effect of beam shaping in the DLIP process, a set of experiments were
designed. The first experiments aimed to study the pattern characteristics of a single DLIP
spot ablated with Gaussian and top-hat beam profiles. For this purpose, the steel surfaces
were first irradiated with laser spots forming compact and regular square arrays with a
fixed hatch distance hy of 130 um, this being value larger than the beam diameter of the
interference region (~120 pm), in order to achieve separate ablated areas to be analyzed
individually, and variable laser fluence values from 2.10 up to 2.97 J/cm?. The effect of
beam reshaping from Gaussian to a top-hat beam was analyzed by means of the structure
height, structure error and ablated spot size on a defined 130 pm x 130 pum area of interest,
as mentioned in the previous section. Measurements were performed at three random
positions inside the structured area.

The second set of experiments aimed to investigate the beam shaping effect on large
area structuring in terms of surface quality and process throughput. For this purpose,
matrices containing structured areas of 3 mm x 3 mm in size were treated for three
different process conditions: (i) Gaussian beam interference with a square distribution of
ablated spots (Figure 1c); (ii) Gaussian beam interference with a hexagonal distribution of
ablated spots (Figure 1d); and (iii) square-shaped top-hat beam interference pattern with
a square distribution of the ablated spots (Figure le). In each matrix, the hatch distance
between the pulses was varied from 71.5 to 104.0 pm as was the laser fluence from 2.10 up
t0 2.97 J/cm?. The effect of beam reshaping from Gaussian to a top-hat beam on large area
structuring was analyzed on a defined, 351 pm x 264 um area of interest, as described in
the previous section. The measurements were performed over a defined area of interest at
a random position inside the structured area.

3. Results and Discussion

Confocal microscope images of surface topographies are presented in Figure 3 showing
regular ordered hole-like patterns with a spatial period of A4 = 6.5 um on the steel surface,
irradiated with one pulse per spot at a laser fluence of 2.97 J/cm? using both Gaussian and
top-hat beam profiles. In Figure 3, also the surface profiles of the produced topographies are
shown, which follow the laser beam intensity distribution shown in Figure 2b,c, respectively
(beam profiling camera measurements).
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The obtained results for both configurations are clearly different. In case of the DLIP
setup without the FBS element, due to the Gaussian distribution of the laser beam intensity,
the ablated spots are rounded and the structure depth decreases gradually, going from
the center to the edges of the spot (Figure 3a). In contrast, the patterns produced with the
top-hat intensity profile exhibit approximately the same structure depth all over the square
shaped spot (Figure 3b). Besides material ablation during nanosecond DLIP processing,
redeposition of the molten material driven by Marangoni convection and recoil vapor
pressure [20,35] takes place. It has to be also mentioned that during four-beam DLIP, all
round-shaped holes are formed simultaneously at the interference maxima positions. There-
fore, during the ablation process, the flow of molten material from interference maxima
to minima positions results in a merging of recast material at the regions surrounding the
holes, leading to structures with higher aspect ratios [36,37]. In the case of the Gaussian
beam, the amount of recast material decreases near to the spot edge due to the lower laser
intensities, while in the middle of the Gaussian beam (see surface profile in Figure 3a)
it forms high peaks due to superfluous energy. Consequently, the inhomogeneous laser
intensity leads to a reduced uniformity of the final structure. However, in the case of the
top-hat beam distribution, the recast material is formed around the holes with roughly
the same height (see profile in Figure 3b) due to the even intensity distribution in the
beam profile.
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Figure 3. Confocal microscope images of surface topographies produced in stainless steel and
corresponding surface profiles using the (a) Gaussian and (b) top-hat beam profiles. Only one laser
pulse was used for each spot. The laser fluence was 2.97 J/cm? and the hatch distance was 130 um.

Figure 4 shows the effect of the laser fluence variation on the characteristics of to-
pographies structured with Gaussian and top-hat laser beams. The single ablated spot
structure height was calculated using the method described in the surface characterization
section. The average structure height was measured over a squared-shaped area of interest
of 130 um x 130 um centered with the ablated spot. In the case of structures fabricated
using the FBS element, it was observed that the produced patterns were significantly higher
for the used laser fluences compared to the standard configuration. The achieved structure
mean height ranged from 0.135 £ 0.086 um to 0.490 & 0.177 pm and from 0.380 £ 0.155 um
to 0.630 £ 0.054 um in the case of Gaussian and square-shaped top-hat beam profiles,
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respectively, when laser fluence was increased from 2.10 J/ cm? t0 2.97 ] /cm? (see Figure 4a).
This means that the fabricated structures using the FBS element are on average 44.8%
higher, according to the comparison between the average structure’s height produced with
Gaussian and top-hat beam profiles, calculated with the following equation:

Top—hat

Gauss
- Smeanpn

‘ Smeanpn

Structure Height improvement [%)] x 100%, (2)

1 n
n Zi =1 Top—hat
Smeanp

n

Top—hat .
where Smean%;nauss and Smeanpnp are structure mean height at used laser fluence

(Fn € [210]/cm?:2.97]/cm?]), patterned with Gaussian and top-hat beam profiles,
respectively.

Moreover, the reshaping of the beam allowed producing more uniform patterns. The
structure uniformity can be described in terms of average structure height error, which is
plotted in Figure 4b with respect to the applied laser fluence. It can be seen that, in the case
of the square-shaped top-hat profile, the height error is always significantly smaller than
in the case of the Gaussian beam profile, denoting a more uniform fabricated pattern. On
average, the structure height error was 48.7% smaller for the top-hat beam and is decreasing
from 41% down to 15% when laser fluence was increased from 2.1 J/cm? to 2.97 J/cm?.
Moreover, at high laser fluence, the structured surface homogeneity is improved by ~60%
when the square-shaped top-hat profile was used for patterning.
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Figure 4. Topographical parameters of hole-like structured steel samples with both Gaussian and
Top-hat beams: (a) average structure height, (b) structure height error, (c) size of the ablated spot at
different laser fluence values. The lines serve only as a guide to the eye.
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The other significant difference between the two optical configurations can be noticed
in the spot size dependence on the applied laser fluence plotted in Figure 4c. For both
optical configurations, the spot size depends almost linearly on the laser fluence. However,
in the case of the Gaussian beam configuration, this increase is more pronounced (see slope
of the fit), showing a more sensitive dependence of the spot size on the laser fluence, which
is governed by the exponentially decreasing peak fluence from the center of the spot [32].
The reshaped beam’s intensity profile is constant across the spot area, with a sharp peak
fluence drop around the edges. This drop also contributes to the variation of the spot size
with the laser fluence. However, due to the sharpness of the intensity drop, this variation is
much smaller.

Representative SEM micrographs of the fabricated patterns for each fabrication strat-
egy are shown in Figure 5. The patterns shown in the first row in Figure 5 are formed with a
lower laser fluence of 2.59 J/cm? and a relatively large hatch distance of 91.0 um. However,
the patterns in the second row in Figure 5 are formed with a maximal laser fluence of
2.97]/cm? and smaller hatch distance of 78.0 um. It can be seen that the patterns in the first
row contain non-structured areas left after the DLIP process, especially when the Gaussian
beam is used (Figure 5a,b). The smallest amount of such untreated areas is visible for the
case corresponding to the shaped laser beam (Figure 5c), demonstrating the benefit of a
square-shaped spot for achieving better fill factors. By increasing the laser fluence and
decreasing the hatch distance (Figure 5d—f), the non-structured areas also vanish in the area
with hexagonal spot distribution patterned with the Gaussian beam (Figure 5e). However,
in the case of square spot distribution (Figure 5d), the non-structured areas are still visible,
showing the ineffectiveness of this approach in filling the area with the pattern (Figure 5a,d).
In the case of square spot distribution, patterned with the shaped laser beam with increased
laser fluence and decreased hatch distance (Figure 5f), the surface is completely covered
with patterns and shows deeper structures.

(a)-Gaussian, Square orientation - .

hg=91.0 um

F=2.97/cm?
hy=78.0 pm -

Figure 5. Scanning electron microscope (SEM) images of textured surfaces using the nanosecond
four-beam DLIP configuration, produced on 1.4301 steel. The spatial period A4 was 6.50 um and the
following process parameters were used: (a—c) F=2.59 ]/ cm?, hy = 91.0 um; (d-f) F=2.97]/cm?,
hgq = 78.0 pm. The patterns were produced using (a,c,d,f) the square and (b,e) hexagonal distribution
of the laser spots with (a,b,d,e) Gaussian and (c,f) top-hat configurations.

Each patterned area in all three matrices was analysed with a confocal microscope over
a 351 ym x 264 pum area of interest and three topographical parameters were measured,
namely, mean structured height, its error and the fill-factor. Figure 6 depicts the summary of
the measured parameters in the form of 2D contour plots, where the parameter dependends
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on the applied laser fluence and hatch distance (note that the hatch distance is relevant for
maximizing the fabrication throughput, as indicated by Equation (1)).
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Figure 6. Contour plots of topography characteristics structures mean height (a—c), structures height
error and (d-f), fill-factor (g—i) of the patterned surface with Gaussian ((a,d,g): square orientation;
(b,e,h) hexagonal orientation) and top-hat (c,f,i) beam profiles as a function of laser fluence and
hatch distance.

The basic trends of the measured parameters are similar for all three patterning
strategies. The mean structure height and fill factor increases with increasing laser fluence
and decreasing hatch distance. However, the height error behaves with the opposite
behaviour, showing the smallest values at the highest laser fluence and smallest hatch
distance. The height error decreases with increasing the laser fluence and decreasing the
hatch distance. The reason for the lower height errors lies in the reduction of the non-
ablated area due to the higher fluences producing an enlargement of the ablated spot size.
Secondly, the higher overlapping Gaussian beams provide almost constant accumulated
fluence over the irradiated area, resulting in more homogeneous structures as has been
previously discussed in previous work of A.I. Aguilar-Morales [21] and M. El-Khoury [27].
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The main difference between the three fabrication strategies is in the slopes and
absolute values of the parameter trend. The largest difference can be seen between the
Gaussian and top-hat strategies, in particular for the fill-factor. The top-hat pattern’s fill-
factor grows and reaches 100% of coverage area much faster than in both other cases using
the Gaussian configuration (see Figure 6i). This is mainly due to the change of the footprint
of the focus spot from Gaussian round geometry to square geometry of the top-hat beam
profile. Round spot geometry leaves unstructured areas along the patterning path (so-called
saw-tooth pattern), like in Figure 5d, as long as the pulse-to-pulse overlap is lower than
80% [38]. In addition, the redistribution of the energy from Gauss to a Top-Hat profile
affects the spot’s ablation area, as was demonstrated in the first part of the experiments.
This tendency demonstrates again the advantage of using square-shaped spots compared
to round-shaped Gaussian beams.

The higher top-hat beam’s filling factor also contributes to the overall higher average
depth of the structures formed with the shaped laser beam (see Figure 6¢), which means
that the fabrication of a pattern with a specific depth can be finally produced faster with
a top-hat beam. In addition, the height error of the structures fabricated with the top-hat
beam setup also differs strongly from the other two structuring strategies (Figure 6d,e). In
this case, the height error decreases faster with increasing laser fluence and decreasing hatch
distance (see Figure 6f). Therefore, a larger process window allowing high homogeneity
is possible.

Similar advantages over the square-oriented Gaussian spots can be noted for the
structures fabricated with hexagonally oriented Gaussian spots. However, the difference
is much smaller in this case of structure height (Figure 6a,b) as well as structure error
factor (Figure 6d,e), mainly noticeable in the fill factors (Figure 6g,h). Thus, the usage of
hexagonal distribution of the Gaussian spots for patterning the large areas is another way
of getting more homogeneous structures if the beam shaping option is not possible.

Finally, to emphasize the advantage of using a reshaped top-hat laser beam in DLIP,
the process throughput for fabricating periodic patterns with certain quality was calculated.
As an example, periodic structures with a fill factor over 80% were produced at a laser
fluence of 2.97 J/cm? and the process throughput was calculated. The results are presented
in Figure 7.
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Figure 7. Mean height (Smean) and standard deviation (Sq) of produced periodic hole-like structures

having a filling factor over 80% (produced at F = 2.96 J/ cm?, with 1.93 W of laser power and a
repetition rate of 4 kHz).
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As can be observed, depending on the needed structure height, different throughputs
are possible. For example, for a structure height of 0.5 um, a speed of ~20.0 cm? /min can be
reached with the top-hat beam profile, while for the Gaussian beam with either square or
hexagonal arrangements, the throughput is ~14.5 cm? /min. Hence, it is possible to pattern
the surface ~43% faster if the top-hat beam profile is used. Moreover, if higher structures
are needed, the top-hat configuration allows avoiding an excess of deposited intensity on
the processed surface, which is important for decreasing uncontrolled melt of the material
and thus lower qualities.

4. Conclusions

In this study, a diffractive beam-shaping element, which applies the FBS principle
to generate a square-shaped top-hat beam profile, was used in a four-beam DLIP setup.
The capabilities of the FBS-DLIP system for laser surface patterning was compared with
a standard configuration using a Gaussian beam. Several advantages resulted in this
investigation. For example, the structure height could be increased by ~44.8% when using
the top-hat configuration for the same laser fluence. Furthermore, the uniformity could
be improved by ~60% due to the effective redistribution of laser intensity inside the beam.
Furthermore, higher fill-factor was obtained for lower hatch distances leading to increased
throughput. Finally, it was demonstrated that the productivity could be improved by ~53%
(from 14.5 t0 20.0 cm? /min), taking into consideration a periodic pattern with 0.5 pm height
and over 80% filling factor.
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