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1. Introduction

The controlled manipulation of the surface topography plays a
pivotal role in surface engineering, tailoring the material’s prop-
erties to the requirements of the aimed field of application. In
nature, many plants and animals have well-defined, ordered

surface structures that fulfill very specific
functions based on several thousand years
of evolution.[1] In recent years, more and
more scientists have used the advantageous
properties of such surfaces as a template
and transferred them to technical compo-
nents. The benefits of engineered surface
structures extend across a wide spectrum
of fields by providing control over certain
characteristics such as friction and wear
in tribological systems,[2–4] electrical resis-
tance,[5] insertion forces and fretting behav-
ior in electrical systems,[6,7] wettability,[8–11]

solar cell efficiency,[12,13] antimicrobial
behavior,[14,15] biological cell adhesion,[16,17]

and decorative or diffractive properties for
protection against counterfeit.[18,19]

Several approaches have been explored
to create such structures, ranging from
traditional methods like mechanical mill-
ing,[20] micro-coining,[21] burnishing,[22]

honing,[23] lithography and chemical etch-
ing,[24] to more sophisticated laser-based
techniques such as direct laser writing
(DLW) or DLIP.[25,26] Among these, DLIP

has emerged as a superior candidate, offering a rapid, reproduc-
ible, and highly controllable means of producing well-defined,
periodic surface structures. This technique harnesses the inter-
ference patterns of multiple laser beams to induce a periodic
modulation, providing a versatile and scalable approach for
surface engineering.[27]
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The manipulation of topography is crucial in surface engineering to customize
material properties and surface functionalities for specific applications. Scientists
have been inspired by natural surfaces found in plants and animals and have
increasingly used engineered surface structures to improve characteristics such
as friction, wear, electrical resistance, wettability, and antimicrobial behavior
across various fields. Direct laser interference patterning (DLIP) is a technique
that can rapidly create well-defined, periodic surface structures. However, it can
still face challenges such as surface roughness and non-uniformity, which require
complementary post-processing techniques. This article investigates the effec-
tiveness of electropolishing in phosphoric acid as a post-processing method for
DLIP-treated copper surfaces. Through systematic characterization and analysis,
it is demonstrated that electropolishing selectively smoothens DLIP-treated
surfaces by removing undesired by-products, such as oxides and redeposited
material while retaining the underlying structure. The real surface area and,
consequently, the S ratio are diminished by up to 13%, while the root mean
square roughness Rq along the topographic maxima of the line pattern is reduced
by ≈90%. These findings contribute to the advancement of our understanding of
surface modification techniques and their potential applications in diverse fields.
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While DLIP exhibits promising advantages, there remains a
pressing need for further refinement and enhancement of these
surface structures depending on the application. Challenges
such as surface roughness and non-uniformity on a sub-
wavelength scale persist, prompting the exploration of comple-
mentary post-processing techniques. Laser processing of metals
usually results in the formation of oxides and redepositedmaterial,
primarily on the topographical maxima of the pattern. Moreover,
laser-induced periodic surface structures (LIPSS) can be produced
through the interference between the incident laser beam and
electromagnetic waves.[28] These waves are initiated by the excita-
tion of surface plasmon-polaritons on metals when utilizing ultra-
short pulsed laser sources.[29] In the case of strongly absorbing
materials like metals, low-spatial-frequency LIPSS often emerge,
characterized by a structure period close to the laser wavelength
and an orientation perpendicular to the beam polarization.[30]

Conversely, transparent materials predominantly exhibit high-
spatial-frequency LIPSS with significantly smaller periods.[31–33]

In tribological systems, as a consequence of the superimposed
surface roughness, sharp asperities protruding from the contact
area plastically deform due to high local contact pressures or
get worn off during the run-in between the contacting surfaces.
Upon continuous tribological exposure, those wear particles
may significantly increase the abrasive component of the tribolog-
ical system.[25] Another important field in which DLIP-derived
consequences might play a detrimental role are electrical contacts.
In this case, it is well known that contaminants and low-order
irregularities increase the electrical contact resistance, resulting
in Joule heating losses at the interface, compromising their proper
function and reducing the operational life of components.[34]

In the field of physical vapor deposition (PVD), substrate sur-
face irregularities and particle contaminations are a notorious
source of layer defects caused by shadowing effects during the
deposition process.[35] For instance, rough surfaces and sharp
asperities protruding from the substrate’s surface can result in
the formation of non-uniformly distributed pores and increased
interface roughness in magnetron sputtered, nanoscale reactive
multilayers.[36–39] Although no attempt has yet been made to spe-
cifically manipulate the layer morphology of reactive multilayers
by laser structuring the substrate, the process-related superim-
posed roughness would very likely have a negative impact on
the layer growth. However, controlling the size and area distri-
bution of the surface topography variations could introduce large
area variations in film morphology.

The range of options for complementary post-processing of
structured surfaces is limited. Mechanical polishing is only able
to process and smoothen the profile tips, while neglecting the
valleys.[40] As a result, the overall profile shape is altered, shifting
away from, for instance, a sinusoidal surface profile toward
plateau-like profile maxima. Müller et al. chemically post-
processed laser-patterned copper substrates by immersion etching
in 3 % citric acid, and they were able to remove the surface oxides
generated during the DLIP process.[14] Although this resulted into
a reduced roughness in the area of the profile peaks, there was still
a superimposed basic roughness on the surface profile.

In this context, electropolishing emerges as a valuable step in
the fabrication process, capable of smoothing surfaces by evenly
removing undesired by-products and enhancing their functional
characteristics.[41] Since electropolishing is a selective surface

treatment method that preferentially removes material from
nano- and microscopic sharp profile peaks (due to increased elec-
tric field strength) on the surface, it is also capable of smoothing
complex geometries, including intricate patterns or irregular
shapes.[42–47] Unlike mechanical methods, electropolishing is a
non-abrasive process, reducing the risk of introducing defects
or microcracks, preserving the integrity of the material.
Furthermore, this surface finishing method not only smoothens
the surface but also effectively removes contaminants, oxides,
and other impurities from the substrate. The result is a cleaner
surface with improved corrosion resistance and biocompatibility.
This is particularly advantageous in applications such as medical
devices or aerospace components.[48]

In this study, we investigated the effectiveness of electropo-
lishing as a post-processing method for DLIP-treated copper sur-
faces. Through systematic characterization and analysis, we
evaluated the impact of electropolishing on the topography,
roughness, and structural integrity of the patterned surfaces.

2. Results and Discussion

2.1. Morphological Characterization of DLIP-Treated Samples

An overview of the DLIP-treated samples and their respective
structure depths, represented by the mean height of the rough-
ness profile element Rc, is shown in Table 1. A detailed descrip-
tion of the sample nomenclature can be found in Section 4. The
structure depth consistently increases with the application of a
higher accumulated fluence Facc for each structure period.

The laser-processed samples, based on two-beam interference,
exhibit a homogeneous wave-like surface profile, as illustrated in
Figure 1a,c. The examination of the cross-sectional cuts
(Figure 1b,d) reveals the presence of a superimposed roughness,
which might be unfavorable for the aforementioned potential
applications. This superimposed roughness is identified as being
primarily caused by highly porous oxide layers, with a heightened
prominence in the topographic maxima of the pattern. In pico-
second pulsed laser systems, the DLIP process involves the for-
mation of a periodic surface pattern through the combined
mechanisms of ablation and redeposition of material.[27] As a
result, porous oxide layers are generated on top of the topo-
graphic maxima. Furthermore, while the topographic minima
are formed by material ablation at the points of maximum inten-
sity, the original surface at the maxima remains unaffected,
though concealed beneath the oxide and redeposited material.

Oxidation is expected to occur within the emerging plasma
and during material transport.[49] The amount of oxide produced

Table 1. Overview of the DLIP-treated samples, with the structure period
P, Rc as a value for the mean structure depth, and the accumulated
fluence Facc.

Sample P [μm] Rc [μm] Facc [J cm
�2]

2s-ap 2 1.34� 0.04 20.88

2d-ap 2 1.88� 0.05 41.77

8s-ap 8 2.61� 0.07 22.43

8d-ap 8 4.45� 0.2 38.41
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raises with increasing accumulated fluence in agreement with
the findings of Fox et al.[50] The structure flanks and topographic
minima are less affected. Furthermore, as illustrated in the inset
in Figure 1a, LIPSS are generated with periods in the range of the
laser’s wavelength (532 nm) and an orientation parallel to the line
structures. These substructures, combined with minor amounts
of oxides, are primarily responsible for the nanoscale roughness
at the structure flanks and minima.

2.2. Temporal Evolution of the Surface Characteristics

Following the morphological characterization of the initial state
of the laser-structured samples, this section analyzes the tempo-
ral evolution of the surfaces during electropolishing. In a first
step, focused ion beam (FIB)/scanning electron microscopy
(SEM) cross-sections of the laser-structured samples were pre-
pared. The evolution of the surfaces during electropolishing
was qualitatively analyzed, starting from the state after laser treat-
ment. In a second step, a semi-quantitative chemical characteri-
zation of the individual sample states was carried out using
energy-dispersive X-ray spectroscopy (EDS) in FIB/SEM, with
a special focus on the morphological features assumed to have
the most impact on the surface topography. Finally, a detailed
topographic analysis was conducted on the processed surfaces
and compared to samples with equivalent structural depths.

2.2.1. Topography Evolution During Electropolishing

Figure 2 exemplifies the evolution of the surfaces over time through
electropolishing for sample 8d. The electropolishing process can be

divided into two main steps. First, the top part of the topographic
maxima, which mainly contains oxides (Figure 2a), is dissolved in
the electrolyte after a short period of time (Figure 2b). This leads to
an increased load-bearing capacity of the surface, which can be par-
ticularly beneficial for tribological applications.[25] In the subse-
quent step, the sharp, prominent edges at the transition between
maxima andminima are rounded due to locally higher current den-
sities, resulting in a smoother surface profile.[41] This process con-
tinues until a nearly perfect sinusoidal surface profile is achieved,
and the superimposed roughness is eliminated (Figure 2c–e).
Consequently, the aspect ratio (AR) is also reduced.

2.2.2. Semi-Quantitative Chemical Analysis

Based on the previous sections, the increased roughness at the
topographic maxima is mainly due to oxide formation and rede-
posited material during laser processing. On the other hand, the
formation of LIPSS and smaller amounts of oxides determine the
surface topography at the structure flanks and topographic min-
ima. Therefore, a semi-quantitative chemical comparison was
conducted between the laser-structured samples and the electro-
polished samples using EDS with a low acceleration voltage
(5 kV) to ensure near-surface measurements and good sensitivity
for light elements, particularly oxygen (Figure 3).

Figure 3a displays the EDS spectra of sample type 8d. The
sample “flat” refers to an unstructured, electropolished copper
foil used as a reference. The spectra were normalized to
the Cu Lα peak to allow for a semi-quantitative comparison.
The C Kα (≈0.28 keV), O Kα (≈0.53 keV), and Cu Lα (≈0.93 keV)
peaks were detected for every condition. The peak at ≈1.86 keV

Figure 1. SEM images of DLIP-treated samples with 8 μm periodicity. a,c) Top-down overview micrographs (45° tilt) of 8d-ap and 8s-ap, respectively.
b,d) Corresponding cross-sectional view (52° tilt) revealing the morphology of the patterned copper surfaces.
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corresponds to the copper sum peak and occurs when two pho-
tons with equal energy hit the detector simultaneously. No phos-
phorus signal (P Kα≈ 2.01 keV) was found in the electropolished
samples within the detection limit of the technique, indicating an
effective removal of the electrolyte in the cleaning process.
Examining the individual oxygen peaks (Figure 3b), a significant
decrease in peak height over time is observed. The peak shows its
greatest reduction in intensity after only 30 s of electropolishing.
This finding confirms the observation made in the previous sec-
tion that most of the oxide dissolves in the electrolyte after a short
period of electropolishing (Figure 2b). With prolonged electropo-
lishing, the signal continues to decrease, but only to a small
extent. In this regime, mainly shaping of the structure profile
and smoothing of the surface takes place. As a side effect the

AR decreases. Only the unstructured, electropolished reference
sample “flat” exhibits a lower oxygen signal.

In addition to the full-area spectra, EDS line scans were mea-
sured across ten topographic maxima of both as-processed sam-
ples and 120 s electropolished samples. The results of 8d-ap and
8d-120 are exemplarily shown and compared in Figure 3c,d,
respectively. Large fluctuations in the copper and oxygen signal
are present after laser processing. In the peaks of the profile,
the copper signal exhibits a local minimum, whereas the oxygen
signal reaches its maximum. Conversely, in the valleys, the oppo-
site is observed. The fluctuations in signal intensity can be attrib-
uted to two factors. First, the low acceleration voltage of 5 kV
results in a lower penetration depth and consequently shallow
information depth. Second, oxide formation mainly occurs at

Figure 2. FIB/SEM cross sections (52° tilt) of sample 8d a) before and b–e) after 30, 60, 90, and 120 s of electropolishing.
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the profile peaks, where it covers the copper bulk material, leading
to a relative decrease in copper signal intensity compared to the
topographic minima, where nearly no oxide is present. After elec-
tropolishing, the signal fluctuations for copper decrease signifi-
cantly. Furthermore, the curve for oxygen levels off, indicating
a uniform distribution of oxygen. As a result, oxides are no longer
significant from a topographic perspective (see Figure 2).

2.3. Topographic Comparison—DLIP vs DLIPþ Electropolishing

To enable a thorough topographic analysis of the laser-structured
and subsequently electropolished samples, a reference sample
batch with equivalent structure depths was processed without
electropolishing. Table 2 provides an overview of the samples
investigated in this section. The structure depths (Rc) of the ref-
erence samples were almost identical to those of the laser proc-
essed and additionally electropolished samples. Note that the
accumulated fluences for the electropolished samples refer to
their as-processed state before electropolishing.

Figure 4 shows color-coded height images of the sample type
8s obtained with confocal laser scanning microscopy (CLSM).
The images include three profile lines: one along a topographic
maximum, one along a topographic minimum, and one across

the lines. The profile lines are noticeably smoother for 8s-120
(Figure 4b) than for 8s-ref (Figure 4a), particularly along the topo-
graphic maximum. The reduction in superimposed roughness at
the maximum can be attributed to the oxide layer removed by
electropolishing. This is evident when examining the profiles

Figure 3. EDS measurements of sample type 8d. a) Comparison of spectra normalized to the Cu Lα peak and b) scaled O Kα signal. O Kα intensity
decreases with increasing duration of electropolishing. The EDS line scans across ten neighboring topographic maxima for c) 8d-ap and d) 8d-120 reveal
that initially most of the oxide is present on top of the maxima. After electropolishing the oxygen signal flattens out.

Table 2. Sample overview for topographic comparison. Reference
samples (only DLIP) show nearly identical structure depths (Rc) as the
laser-structured and subsequently electropolished samples.

Sample P [μm] Rc [μm] Facc [J cm
�2]

2s-120 2 0.28� 0.01 20.88a)

2s-ref 2 0.24� 0.01 9.28

2d-120 2 0.51� 0.03 41.77a)

2d-ref 2 0.48� 0.02 12.78

8s-120 8 1.27� 0.04 22.43a)

8s-ref 8 1.28� 0.05 11.56

8d-120 8 2.41� 0.03 38.41a)

8d-ref 8 2.39� 0.08 23.13

a)Values refer to as-processed samples (before electropolishing).
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across the line patterns. The surface profile of 8s-ref exhibits a
superimposed roughness, while 8s-120 is characterized by a
nearly perfect sinusoidal surface pattern and is considerably
more homogeneous in terms of peak/valley distances.

The contrast in surface finish is even more apparent when
examining the relevant surface parameters. Figure 5 shows
the color-coded height images of samples 8s-ref (Figure 5a)
and 8s-120 (Figure 5b). Furthermore, the root mean square
roughness Rq was calculated pixelwise along the line direction
(vertical image direction) and superimposed on the height profile
images. Along with the arithmetic mean roughness Ra, Rq is the
most commonly used parameter to describe the surface quality of
technically relevant surfaces. Although Rq is defined similarly to
Ra, it is more sensitive to large deviations from the mean line of
the surface profile, which is why this value was taken into
account when comparing the samples.[51] For 8s-ref, the topo-
graphic maxima exhibit an average value of ≈180 nm, which
can be attributed to the locally increased amount of porous oxide
agglomerations that raise the surface roughness. The sample
shows its lowest values for Rq (≈80 nm) in the area of the struc-
tural minima. As noted in Section 2.1, the formation of LIPSS

with small periods in the range of the laser wavelength and
shallow structure depths, as well as smaller amounts of oxides
created during the laser process, mainly determine the superim-
posed roughness in the area of the structure flanks and minima.
Consequently, the Rq values are lower in that region. In contrast,
8s-120 (Figure 5b) has the highest values at its structure flanks
(≈40–50 nm), while the topographic maxima are markedly
smoother (≈20 nm). This is associated to the fact that electropo-
lishing predominantly affects the surface peaks due to locally
increased electric field strengths and consequently higher cur-
rent densities. The flanks and minima are rather faceted through
the polishing process (see also Figure 2d,e), resulting in slightly
higher roughness values in that area. However, the faceted
surfaces are smooth enough to not negatively impact the perfor-
mance for most potential applications. Additionally, the calcu-
lated maximum Rq values for this sample type are still lower
than the lowest value of 8s-ref.

Finally, Figure 6 illustrates two additional parameters for
identifying small differences in surface finishes. One of these
parameters is the S ratio, which corresponds to the ratio between
the real surface area and the projected area (Figure 6a). A smaller

Figure 4. Topographic, color-coded CLSM height images including profile lines along both a topographic maximum and minimum as well as across the
line pattern for a) 8s-ref and b) 8s-120.

Figure 5. Color-coded CLSM height images of a) 8s-ref and b) 8s-120. In addition, Rq was calculated pixelwise in the vertical image direction (along line
pattern).
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S ratio indicates a smoother surface finish. Based on the values
listed in the diagram, it is evident that the electropolished
samples all exhibit a notably smoother surface finish compared
with the DLIP-treated reference samples. The most significant
differences were observed between the samples with an 8 μm
structure period. Electropolishing resulted in a reduction
of the S ratio by ≈13% compared with the reference in both
cases. For the periodicity of 2 μm, the reduction was ≈4% (2s)
and 7% (2d).

Another parameter is the power spectral density (PSD) func-
tion, which is a useful tool for analyzing and comparing periodic
surface profiles, particularly with respect to high-frequency mod-
ulations on the surface.[52] The PSD shows the frequency distri-
bution of spatial variations in the topography, providing insights
into the surface roughness characteristics of a periodic profile.
Figure 6b displays the 1D PSD of 8s-120 and 8s-ref, calculated
based on individual profile lines for each. The fundamental fre-
quency (0.125 μm�1) corresponds to the structure period (8 μm),
multiples of it to its harmonics. The fundamental peak amplitude
is higher for 8s-120, indicating a stronger manifestation of the
structure. In the case of sample 8s-ref, the scaled inset in the
graph reveals the presence of additional peaks that do not corre-
spond to harmonics, which suggests the formation of a superim-
posed structure.

3. Conclusion

This study investigated the effectiveness of electropolishing as a
post-processing method for DLIP-treated copper surfaces, aim-
ing to address challenges such as surface roughness and non-
uniformity. Through systematic characterization and analysis,
it was demonstrated that electropolishing effectively smoothens
DLIP-treated surfaces by selectively removing undesired
by-products such as oxides and redeposited material, thereby
enhancing their functional characteristics. The electropolishing
process was found to significantly reduce the superimposed
roughness of DLIP-patterned surfaces, resulting in smoother

surface profiles. This was evidenced by morphological character-
ization, chemical analysis, and topographic comparison between
DLIP-treated samples and samples subjected to DLIP followed by
electropolishing. Electropolishing not only improved the surface
smoothness but also homogenized the distribution of surface
oxides, leading to improved surface quality. Moreover, apart from
numerous other potential applications, employing the combina-
tion of DLIP and subsequent electropolishing on substrates for
sputter deposited reactive multilayers offers a promising avenue
to modify the morphology of the deposited layers, altering the
reaction characteristics and overall performance of the multilayer
system. This underscores the versatility and significance of elec-
tropolishing in tailoring surface properties for various technolog-
ical applications. Further research could explore the optimization
of electropolishing parameters for specific DLIP-treated surfaces
and investigate the performance of electropolished surfaces in
practical applications. Subsequent studies will furthermore
investigate the potential for well-defined morphology modifica-
tion of PVD multilayer thin films.

4. Experimental Section

Material and Pretreatment: Electrodeposited copper foils with a smooth
surface profile (Ra= 20 nm� 1 nm) were purchased from CIRCUIT FOIL
(Luxembourg). The chromium-passivated copper foils were cut into
(5� 2.5) cm2 sheets and had a total thickness of 70 μm. Prior to laser
processing, the thin passivation layer (<3 mgm�2) was removed by etch-
ing the samples in 10% sulfuric acid for 3 min, immediately followed by
immersion in deionized water, and finally cleaning in ethanol for 10min.
Both steps, etching in sulfuric acid and cleaning in ethanol were carried
out in an ultrasonic bath. After cleaning, the remaining ethanol was
removed from the surface with compressed air.

Direct Laser Interference Patterning: An Edgewave px-series picosecond
laser system with a pulse duration of 12 ps, a wavelength of 532 nm, a
repetition rate of 100 kHz, and a maximum average power of 10W was
used to modify the surface topography of the samples. Since the general
principle of the DLIP technique is based on the interference of two or more
laser beams, the main beam leaving the laser head has to be split into
several sub-beams which are then overlapped on the sample surface to

Figure 6. a) Comparison of the S ratio between laser-structuredþ electropolished samples (e-pol) and only laser-structured reference samples (ref ).
b) 1D PSD function of 8s-ref and 8s-120.
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create the interference pattern. The pattern type depends only on the laser
wavelength λ, the angle between the incident beams (2θ), the number of
beams interfering on the sample surface, and the polarization of the laser.
The resulting structure period P is given by[53]

P ¼ λ

2sinðθÞ (1)

In this work, the main beam was split into four coherent sub-beams
using a diffractive optical element (DOE), as schematically shown in
Figure 7. The motorized, height-adjustable prism parallelizes the split
beams before they are finally superimposed on the sample surface by a
focusing lens. The angle of incidence and thus the structure period can
be adjusted by changing the distance between the DOE and the prism.
By inserting apertures directly above the focusing lens, individual sub-
beams can be blanked out. Thus, the desired anisotropic line pattern
was achieved by masking two of the four sub-beams.

The pattern periods chosen were 2 and 8 μm, each with two different
structure depths, resulting in four different configurations. The process
parameters for the targeted structural features, i.e., mainly the structure
depth, were calculated according to a routine developed by Fox and
Mücklich in a previous work.[54] The optical setup is part of a fully enclosed
structuring system (RDX 500nano, Pulsar Photonics) including an x-y-stage.

Electropolishing: The laser-structured copper foils were electropolished
in orthophosphoric acid (85%). To preclude the generation of oxygen and
thus the preferential occurrence of pitting on the surface of the sample, a
voltage of 1.5 V DC was applied in order to ensure polishing within the
“limiting current density plateau” region of the corresponding polarization
curve.[55,56] The duration of the electropolishing was varied in 30 s steps
between 30 s and 2min to verify the time-dependent topographic evolu-
tion of the surface profile during the process ex situ. The copper samples
served as the anode, whereas another copper sheet was used as the
cathodic counterelectrode (see Figure 8). After electropolishing, the sam-
ples were immediately rinsed in deionized water followed by cleaning in
ethanol for 10min in an ultrasonic bath to ensure complete removement
of the phosphoric acid.

Sample Nomenclature: The different sample types were labeled using
the scheme depicted in Table 3. As an example, the denotation 8d-90
refers to a sample that was laser-structured with a structure period of
8 μm and a high AR (deeper pattern). Subsequently, the sample was elec-
tropolished for 90 s.

Characterization Techniques: The copper surfaces were topographically
characterized by CLSM (LEXT OLS4100, Olympus) both after laser treatment
and after electropolishing for varying durations. Themicroscope operated at a
laser wavelength of 405 nm. The measurements were taken using a 50�
objective (N.A.= 0.95) with different additional zooms, resulting in a lateral
and vertical resolution of 120 nm (at 8� zoom) and 10 nm, respectively. SEM

Figure 7. Schematic of the DLIP optics head. The DOE splits the main
beam into four sub-beams, which are then parallelized by a height-
adjustable prism. The lens below the prism finally focuses the beams
on the sample surface.

Figure 8. Illustration of the arrangement in the electrolytic cell. The laser-
structured copper foils were connected to the positive terminal of a DC
voltage source. Another copper plate served as the cathode. Both electro-
des were dipped into orthophosphoric acid (85%) as electrolyte.

Table 3. Nomenclature for sample names according to the schema
<period><depth>-<condition>.

Parameter Variations Description

Structure period P 2 [μm]

8

Structure depth s Shallow

d Deep

Condition ap DLIP

30 DLIPþ 30 s electropolishing

60 DLIPþ 60 s electropolishing

90 DLIPþ 90 s electropolishing

120 DLIPþ 120 s electropolishing

ref DLIP (aspect ratio≅ condition 120)
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cross-sectional images were acquired using a dual-beam Xe-FIB/SEM work-
station (Helios G4 PFIB CXe, Thermo Fisher) to qualitatively compare the
samples with respect to oxide formation during laser processing and surface
profile evolution by electropolishing. EDS spectra and line scans perpendic-
ular to the lines of the patterns were conducted using the integrated EDS
detector (EDAX Octane Elite). To minimize shadowing effects caused by
the topography of the structures during the measurements, the lines of
the patterns were aligned parallel to the detector. Both SEM imaging and
EDS measurements were conducted using an acceleration voltage of 5 kV.
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