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Abstract: Nowadays, the demand for surface functionalized plastics is constantly rising. To address
this demand with an industry compatible solution, here a strategy is developed for producing
hierarchical microstructures on polyethylene terephthalate (PET) by hot embossing using a stainless
steel stamp. The master was structured using three laser-based processing steps. First, a nanosecond-
Direct Laser Writing (DLW) system was used to pattern dimples with a depth of up to 8 pum. Next, the
surface was smoothed by a remelting process with a high-speed laser scanning at low laser fluence.
In the third step, Direct Laser Interference Patterning (DLIP) was utilized using four interfering
sub-beams to texture a hole-like substructure with a spatial period of 3.1 um and a depth up to
2 um. The produced stamp was used to imprint PET foils under controlled temperature and pressure.
Optical confocal microscopy and scanning electron microscopy imaging showed that the hierarchical
textures could be accurately transferred to the polymer. Finally, the wettability of the single- and
multi-scaled textured PET surfaces was characterized with a drop shape analyzer, revealing that the
highest water contact angles were reached for the hierarchical patterns. Particularly, this angle was
increased from 77° on the untreated PET up to 105° for a hierarchical structure processed with a
DLW spot distance of 60 um and with 10 pulses for the DLIP treatment.

Keywords: direct laser writing; direct laser interference patterning; hot embossing; hierarchical
structures; stainless steel; polymer; water contact angle; polyethylene terephthalate

1. Introduction

Nature provides countless surface structures that influence the macroscopic physical
properties. Famous examples are the self-cleaning effect on the lotus leaf, the anti-bacterial
behavior of spring-tail skin, and the high adhesion skin on gecko feet [1-3]. All these
structures have in common that surface features with different size scales are combined,
normally in the micrometer range with nanometer substructures. In the last decades, a lot
of effort was spent to mimic these hierarchical structures and their outstanding properties
in polymer surfaces, such as for example polyethylene terephthalate (PET). Due to its low
weight, chemical stability, optical transparency, and low price, PET is widely used in many
fields like packaging, food industry, textiles, electronics, and biomedical devices [3-5].
Especially in the food industry, pharmaceutical packaging, and biomedical applications,
the non-wetting and easy-to-clean PET surfaces are of special interest due to the intrinsic
antibacterial potential [6,7]. There are several innovative strategies to manipulate the
wetting behavior of polymer surfaces, for instance plasma activation, thermal drawing,
nanoparticles deposition, or applying functional coatings [8-12]. However, these methods
are mainly devised for small areas and are not directly scalable to industrial throughputs.
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Moreover, these methods either require chemical treatments or induce a chemical modifi-
cation of the treated surface, which might be detrimental for its compatibility with food,
pharmaceutical or biotechnological products.

A convenient approach to replicate a microstructure on a polymer is hot embossing,
whereby the texture of pre-structured master tools is transferred to a thermoplastic by
applying heat and pressure. Due to the simple and low temperature processing, the final
surfaces are free of toxic or chemically modified leftovers. According to the required
processing throughput and final textured area, hot embossing can be implemented in
plate-to-plate, roll-to-plate or roll-to-roll systems [13-15]. Therefore, this method can be
tailored to specific application requirements with low costs and high productivity.

A key aspect for obtaining high-quality polymer replica is the morphology of the
embossing tool, which is the inverse of the desired surface structure. Different processes
have been employed to produce hierarchical microstructures on hard molds, such as soft
lithography, etching followed by coating, electroplating, or electrical discharge machin-
ing [3,16-20]. Hierarchical surface geometries in the range of 100 nm to 800 pm already
have been reported [17,18]. While these methods allow high-precision processing, they
become more expensive and complex upon treating larger areas, especially for cylindrical
tools needed in roll-to-roll hot embossing systems. An alternative solution for producing
hierarchical textured molds is laser processing, a technology that already proved as a
powerful tool for addressing the challenges concerning flexibility, versatility, and high
throughput simultaneously [21-24]. The most common laser-based texturing technique is
direct laser writing (DLW), which is used for processing a wide range of materials with
a typical resolution between 10 um up to 200 um. Besides, DLW is a single-step and
well-established technique for processing various structure sizes on metal surfaces [25-27].
When it comes to patterning of smaller features, on the order of a few um, and with high
throughput, direct laser interference patterning (DLIP) has become a reliable technique in
recent years [28]. In DLIP, multiple laser beams are overlapped on a surface, leading to a
periodic intensity distribution. The shape of the pattern can be controlled by the number of
beams and their polarization. Overlapping two beams allows the generation of line-like
features, whereas four beams produce dot-like patterns. In contrast to other laser processes,
DLIP allows the period and depth of the generated structures to be easily adjusted by the
angle of incidence of the beams and the accumulated fluence, respectively. For instance,
micropatterns with periods between 0.5 um to 20 pm and depths of up to ~5 um have
already been reported [28-30].

In this study, we show a strategy to create hierarchical patterns on PET foils inspired
by the surface architecture of the lotus leaf. Stainless steel plates processed with DLW
and DLIP served as masters, and their patterns were transferred to PET via plate-to-plate
hot embossing. Finally, the wetting behavior of the hierarchical surface on the imprinted
polymers was investigated.

2. Materials and Methods
2.1. Materials

Electropolished stainless steel plates (1.4301, Designblech GmbH, Erkelenz, Germany)
with an initial roughness of Sq = 15 nm, dimensions of 80 mm x 60 mm and a thickness of
0.8 mm were laser-structured and subsequently used as masters for hot embossing.

Imprints were obtained on polyethylene terephthalate foils (PET, Piitz Folien GmbH,
Taunusstein, Germany) with a thickness of 200 um. PET is a thermoplastic with a melting
temperature of 260 °C and a glass transition temperature of approximately 80 °C. Before
imprinting, the foils were cleaned with a jet of compressed air and rinsed with pure ethanol.

To avoid sticking of the polymer during the hot embossing process, an anti-sticking
layer was applied. Namely, the structured metal master was immersed in fluorophosphonic
Acid C6 (Teflon)/isopropanol solution (molar concentration of 2 mmol/L) for one hour.
Afterwards, the surface was rinsed with pure isopropanol and tempered at 150 °C for
10 min.
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2.2. Laser Structuring Processes

Two laser-based manufacturing techniques were employed for texturing the metal
master. First, direct laser writing (DLW) was used to pattern structures on stainless steel
plates with a feature size in the range of 30 um to 70 um (GF machining solutions P 600,
Biel, Switzerland). The experimental setup is illustrated in Figure 1a. This system consists
of a nanosecond fiber laser emitting at a wavelength A of 1064 nm and at a repetition rate
of 30 kHz. The pulse width can be tuned from 4 ns to 200 ns. The laser beam was scanned
on the material surface by using a high dynamic galvo-scanner system (Scanlab GmbH,
Puchheim, Germany). The used f-theta lens with a focal distance of 254 mm yields a spot
diameter in the focal plane of approximately 60 pm, resulting in a maximum scan field of
100 mm x 100 mm. By using an additional axis system, it is possible to treat large samples
by stitching the single scan fields together.
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Figure 1. Schematics of (a) direct laser writing (DLW) and (b) direct laser interference patterning
(DLIP). The DLW system operated at 1064 nm with pulse durations of 8 ns, 50 ns or 200 ns. For the
DLIP technique, a laser beam was split with a diffractive optical element and recombined by a lens.
The interference pattern was guided over the surface using 2 linear stages. Overlapping 4 beams
lead to interference in the focal volume, resulting in an intensity with a dot-like distribution. Moving
the target in X and Y directions with high precision linear stages, large areas can be structured.

After the DLW processing step, micropatterns were produced on the structured metal
stamps using the direct laser interference patterning (DLIP) technique. The experimental
setup is shown in Figure 1b. Here, a picosecond solid state laser source (Neolase GmbH,
Hannover, Germany) emitting at a wavelength of 532 nm and a pulse width of 70 ps was
used. In addition, the system can emit single pulses up to a repetition rate of 30 kHz, with
a maximum average output power of 2.7 W (at 10 kHz). For generating the DLIP pattern,
the initial laser beam is split into four sub-beams by a diffractive optical element. Then
the sub-beams are parallelized by a prism and recombined by a focal lens on the material
surface. At the maxima positions of the periodic interference pattern, the material is ablated
producing a dot-like texture on the sample. The spatial period A of the dot-like patterns
with four-beam interference can be calculated according to Equation (1) [31]:

A
A= —— 1
\@-sin% @

where 0 is the interference angle and A the wavelength of the utilized laser source. Within
this study, a fixed spatial period of 3.1 pm was used. Additionally, the samples were
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mounted on an X-Y translation stage (Aerotech ABL-1500-E318187, Pittsburgh, PA, USA),
enabling the possibility to adjust the pulse-to-pulse overlaps in both directions.

2.3. Plate-to-Plate Hot Embossing

For plate-to-plate hot embossing, a temperature controlled hydraulic press (Paul-Otto
Weber GmbH, Remshalden, Germany) was used. Prior to hot embossing, the structured
metal master was cleaned with isopropanol in an ultrasonic bath for 30 min and coated with
an anti-sticking layer, as described in Section 2.1. The experimental setup is schematically
shown in Figure 2a. The PET foil was placed between the structured metal master and
an untreated electropolished steel plate as counterpart. To homogenize the pressure
distribution, a polyurethane-based magnetic foil with a thickness of approximately 1 mm
was placed between each metal plate and the heating plates of the press.
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Figure 2. (a) Schematics of plate-to-plate hot embossing. (b) Applied forced and temperature as a
function of process time for hot embossing experiments, performed within this study.

After positioning the materials, the plates were pressed together, increasing the applied
force from 0 to 200 kN within 30 s at room temperature. Considering the sample area of
4800 mm?, a final pressure of 41.6 MPa was applied. Within the next 5 min, the temperature
was raised to 85 °C, then it was held for 10 min and decreased to 50 °C in the following
5 min. All temperatures were set and controlled by a system integrated sensor with a
variation of 2 °C for the given range. The pressure was released after reaching the final
temperature within 0.5 min. After cooling down to room temperature, the PET foil was
carefully removed by hand. In Figure 2b, the imprinting temperature and the applied force
are shown as a function of the processing time. Due to low depths of the created structures,
no additional investigations regarding the optimal process parameters were performed.
The process parameters were chosen after preliminary experiments which are described
elsewhere [32-34].

2.4. Surface Characterization

For investigating the surface topography of the micropatterned samples, an optical
microscope (BX41M—LED Microscope, Olympus GmbH, Hamburg, Germany) with a 50 x
objective was used. Confocal microscopy (Sensofar S neox, Sensofar S.A., Barcelona, Spain)
was employed at a magnification of 50 x to measure the surface topography. The obtained
topographical data were analyzed using the SensoMap software (SensoMap “Premium”
Version 7, Sensofar S.A., Barcelona, Spain).

In order to identify and determine the structure heights corresponding to each single-
scale texture within the hierarchical structure, the surface data were processed as follows:
single profiles were extracted from topography data and filtered according to ISO 16610,
using a robust Gaussian filter with a Cut-Off of 8.0 um. This method is commonly used
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to determine the waviness and the roughness of a surface [35]. In this study, the method
allowed us to measure the depth of the large-scale DLW structure as well as of the small-
scale DLIP structures.

For a detailed evaluation of the structure on the metal master and the polymer foil,
high-resolution surface images were taken with a scanning electron microscope (Gemini
982, Carl Zeiss AG, Oberkochen, Germany) at an acceleration voltage of 2 kV. The polymer
samples were coated by sputtering with a 20 nm thick gold layer.

The static water contact angle (WCA) measurements were performed using a contact
angle system (Kriiss DSA 100 S, Hamburg, Germany) and a droplet volume of 4 uL
of deionized water at ambient conditions, i.e., room temperature of 20 °C and relative
humidity of 17%. The tangent droplet fitting method was used for all measurements to
determine the WCA, and each measurement was repeated at least 5 times for a better
statistical significance.

3. Results and Discussion

In the following sections, the three fabrication steps, namely direct laser writing
(i), direct laser interference patterning (ii), and plate-to-plate hot embossing (iii) will be
described in detail. For the laser processes, the influence of the process parameters on the
topography of the metal surface was investigated. Due to the fact that the final imprint
is the inverse structure of the hierarchical metal plate, the field of interest was set on
evaluating the depth and the shape of the produced structures.

3.1. Direct Laser Writing Process

Arrays of micro-holes were produced with direct laser writing on stainless steel 1.4301.
Fixed values for the laser fluence of 0.44 ] /cm? and a repetition rate of 30 kHz were used.
The distance between the pulses, the number of applied pulses, and the pulse duration
were varied, resulting in different surface geometries.

Confocal microscopy was used to analyze the surface topography. In all processed
samples, it was observed that the laser-patterned holes were surrounded by molten ring
formations raising above the untreated surface, as shown in Figure 3a,b. These samples
were processed with 70 (Figure 3a) and 400 (Figure 3b) pulses with pulse durations of
8 ns (Figure 3a) and 200 ns (Figure 3b), resulting in a crater depth of 5 um in both cases.
The confocal analysis revealed that the shorter pulses (8 ns, see Figure 3a), led to an
inhomogeneous distribution of molten material surrounding the crater and a less rounded
hole shape compared with the textures with longer pulses (cf. Figure 3b with a pulse
duration of 200 ns). The influence of the pulse duration on the resulting topography
can be explained by the corresponding variations in the thermal diffusion length, which
represents the ability of the material to dissipate heat. It is well-known that shorter pulse
durations lead to a shorter diffusion length and, therefore, a higher temperature on the area
corresponding to the laser focus. Thereby, the temperature gradient between the center of
the laser focus and the adjacent material is relatively large, resulting in a gradient of the
surface tension of the molten material that drives a high amount of material to flow out of
the melt pool that stacks around the spot. This process is commonly known as Marangoni
convection [36-38]. In addition, for shorter pulse durations, the high temperatures present
in the center of the spot increase the probability of spontaneous transitions from the liquid
phase to the gas phase. Such transitions increase the pressure in the melting pool (recoil
pressure), sputtering the molten material out of the laser spot center. Both the structure
depth and the surrounding ring height can be determined from confocal microscopy images
according to the definitions in the schematic shown in Figure 3c.

As can be seen in Figure 4a, the ring height as well as the depth of the craters decrease
with increasing pulse durations (from 8 to 200 ns), in accordance with the Marangoni
phenomenon described above. In turn, applying a higher number of pulses, more material
was molten, stacking up around the hole and forming higher rings. Additionally, the
diameters of the holes and spots were measured according to the schematics presented in
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Figure 3c. The results are presented in Figure 4b,c, for the three pulse durations used (5, 80,
and 200 ns). As expected, higher numbers of applied pulses lead to larger hole and spot
diameters for all pulse durations. In particular, for a pulse duration of 8 ns, the diameter
tends to saturate at approximately 110 pm.
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Figure 3. Confocal images and profiles of spots processed with DLW using (a) 70 pulses with a pulse duration of 8 ns
and (b) 400 pulses at 200 ns. The laser fluence was kept constant at of 0.44 J/cm?. The resulting holes had a depth of
approximately 5.0 um in both cases. (c¢) Schematical drawing of the cross section of a laser processed spot defining the
structure depth, height of molten material, and spot and hole diameters.

As shown in Figure 3, the surrounding area of the holes was covered by randomly
distributed recast material. To remove these inhomogeneous bulges and smoothen the
surface, a second DLW step was optimized to laser-polish the sample surface [39,40]. The
DLW treated surface was scanned with a line-like laser path and with varying fluence
from 0.42 uJ/cm? to 4.2 pJ/cm?. Based on preliminary studies, the pulse duration was
set to 200 ns, the scan speed to 7500 mm/s and the frequency to 500 kHz. This led to a
pulse-to-pulse overlap of 15 um in X- and Y-directions.

Figure 5a shows an optical microscope image of a DLW-treated steel plate (processed
with 500 pulses with a pulse duration of 200 ns and pulse-to-pulse distance of 50 pm),
where recast material and debris around the holes can be observed. The laser polishing
process permitted to eliminate the random recast material as well as the attached particles
as shown in Figure 5b,c. It was also found that increasing the laser fluence from 2.1 pJ /cm?
(Figure 5b) to 4.2 uJ /cm? (Figure 5¢) led to an even more homogenous and flat surface
between the holes. Confocal measurements revealed that the initial mean roughness
of Sq =2.5 um of the DLW reference surface could be reduced to a minimum value of
Sq = 1.9 um, using a laser fluence of 4.2 uJ /cm? for the laser-polishing step.

Next, the influence of the pulse-to-pulse distance on the surface structure was inves-
tigated. For this purpose, hole-like arrays with different spot distances were processed.
Based on the previous results, the samples were irradiated with 500 pulses at a pulse
duration of 200 ns and a laser fluence of 4.2 J/cm?. Additionally, the structured surfaces
were laser polished, using also a pulse duration of 200 ns, a scan speed of 7500 mm /s, and
a frequency of 500 kHz.

The surface topographies for the processed samples with a spot distance of 30 um,
50 um, and 70 um and the corresponding profiles are illustrated in Figure 6. The sample
patterned with a spot distance of 30 um (Figure 6a) had a very shallow average depth of
2.9 um and a very inhomogeneous topography. As the spot distance is smaller than the
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spot diameter, the melt pool flowed into the previously patterned holes deteriorating their
quality and producing instead quasi-random structures. In contrast, a spot distance of
50 pm led to a homogenous periodic pattern with a uniform structure depth of 6.4 um,
as shown in Figure 6b. The recast material can be easily observed around the edge of
every single DLW structure. Likewise, the surface structured with a spot distance of 70 pm
(Figure 6¢) resulted in a homogenous pattern with a structure depth of 7.2 um.
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Figure 4. (a) Measured structure depth and height relative to the untreated surface, (b) spot diameter
and (c) hole diameter for DLW processed holes on stainless steel according to the definition in
Figure 3c. The error bars represent the standard deviation of 8 measured spots.
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Figure 5. (a) Optical microscopy images of a stainless steel surface patterned with DLW with a spot distance of 60 um using
500 laser pulses at a pulse duration of 200 ns and a fluence of 0.44 ]/ cm?. (b) Patterned surface with an additional laser
polish step at a fluence of 2.1 ./ cm? and (c) 4.2 pyJ /cm?.
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Figure 6. Confocal images and corresponding profiles of stainless steel surfaces micropatterned with 500 pulses with a
pulse duration of 200 ns and a fluence of 0.44 J/ cm?. The DLW spot distance was set to (a) 30 um, (b) 50 um, and (c) 70 pum.

3.2. Direct Laser Interference Patterning

For producing textured surfaces with higher resolutions, the DLIP technique was
utilized. By overlapping four laser beams on the surface, a dot-like intensity distribution
is obtained on the surface. Following Equation (1), the interfering angle was set to 14.4°,
resulting in a spatial period of 3.1 pm for the used laser wavelength of 532 nm. The fluence
was set to 0.17 mJ/cm? at a frequency of 10 kHz for all the experiments. The number
of applied pulses was adjusted to 1, 5, and 10. The spot distance was set to 40 pm in X
direction and 60 um in Y direction.

The confocal images, shown in Figure 7a—c, revealed the produced hole-like structure
with a spatial period of 3.1 pm. While the number of applied pulses increased from 1 to 10,
the average structure depth increased from 0.2 pm to 1.7 um. For all number of pulses, the
largest peak/valley ratio can be seen in the center of the spot. This effect can be explained
by the fact that the laser source emits a beam with a gaussian energy distribution whose
fluence maximum lies in the center. In addition, the molten material reached a higher level
than the initial surface, as can be clearly seen in Figure 7c. This effect has been already
observed in previous studies [41,42].

(@)

50 ‘00pm

100 pm 0 50 100 pm R -
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Figure 7. Confocal microscopy images of periodic microstructures and extracted profiles of DLIP structured stainless steel
surfaces with (a) 1, (b) 5, and (c) 10 applied pulses. The measured average structure depth was (a) 0.23 pm, (b) 0.74 pm, and

(c) 1.74 pm.
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3.3. Plate-to-Plate Hot Embossing

The stainless steel master plates patterned with either single-DLW, single-DLIP, as
well as the combination of both techniques were manufactured based on the previous
results (Sections 3.1 and 3.2). To remove particles and leftovers from the DLW process and
to prepare the DLW-treated surface for additional DLIP-laser treatment, the DLW-treated
samples were laser polished using a laser fluence of 4.2 uJ/cm? according to the results
shown in Section 3.1.

For DLW, the selected process parameters were 500 pulses at a fluence of 0.44 J/cm?
with varying spot distance from 30 pm to 70 pm in steps of 10 um followed by a laser-
polished step with 200 ns pulses at a fluence of 4.2 uJ/cm?. For the second level structure,
the DLIP selected parameters were 1, 5, and 10 pulses and a laser fluence of 0.17 m]/ cm?.
Each structured field had a size of 10 mm X 10 mm. The laser structured metal master
plate was later implemented in a plate-to-plate hot embossing system, for transferring the
microtextures to the PET foils.

Figure 8 shows exemplarily SEM images of: (Figure 8a) a DLW-patterned sample with
a spot distance of 70 pm, (Figure 8c) a DLIP-treated surface with 10 pulses, (Figure 8e) a
hierarchical surface combining the single-scaled DLW and DLIP textures, together with the
corresponding imprints on PET (Figure 8b,d,f). As it can be observed, the different single-
and multi-scaled structures produced in the metal master were successfully imprinted on
the polymer foil.

For the DLW structure, even sub-micrometer heat cracks with a width between 50
and 150 nm could be reproduced to the polymer, denoted by the narrow-walled elevations
with a height of up to ~50 nm, as can be seen in Figure 8b (the heights were recorded using
confocal microscopy). Heat cracks are typically caused by the high temperatures and fast
cooling down during the nanosecond DLW process [43]. The overheated melt cooled down
rapidly, leading to surface tensions, which were released as cracks on the surface.

In the case of the DLIP microstructures produced on the metal plate (Figure 8c), the
holes reached diameters of ~2 pm. In comparison with the results of the DLW process, no
cracks were observed on the DLIP treated sample. This might be attributed to the fact that
the DLIP process, conducted with picosecond laser pulses, promoted material vaporization
rather than melt flow. As mentioned before, the hot embossing process permitted to
fabricate the inverse structure of the mold with a very high accuracy on the PET foil, as
shown in Figure 8d.

In addition, the hierarchical geometry of the metallic stamp produced by DLW and
DLIP manufacturing techniques could be successfully imprinted on the polymer, as de-
picted in Figure 8f. Surprisingly, the SEM images of both stamp and imprint show no
evidence of cracks. This effect can be explained by the ablative characteristic of the DLIP
treatment as well as the very low depth of the cracks (~50 nm).Next, the topographies of the
stamps and imprints measured by confocal microscopy are compared. Figure 9a—c shows
as an example the topography of the hierarchical surfaces on the metal stamp, whereas
the corresponding imprinted textures on the PET foil are presented in Figure 9d—f. The
spot distances for the DLW process were 30 um (Figure 9a), 50 um (Figure 9b), and 70 um
(Figure 9c¢), and the DLIP fabrication step was performed using 10 pulses per position in
this case. For all spot distances, the DLIP structure is perfectly visible reaching heights
up to 1.7 um (note that the spatial period of the dot-like pattern was 3.1 pm). For the
smallest DLW spot distance of 30 um (Figure 9a,d), the master as well as the imprint
showed an inhomogeneous surface structure. During the laser process on the metal master,
molten material refilled neighbored structures leading to a reduced depth. For the spot
distance of 50 pm (Figure 9b), the material formed homogeneous walls around each spot
and for a distance of 70 um (Figure 9c), ring-like substructures with a height of up to 2 pm
were observed.
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Figure 8. Scanning electron images of laser processed surfaces on stainless steel using (a) DLW technique, (c) DLIP technique,
and (e) combined DLW and DLIP techniques. Surface structures were transferred to PET foil (b,d,f) using plate-to-plate-hot
embossing. DLW structures were processed, using a 1064 nm pulse laser system, operating at 30 kHz and a pulse length of
200 ns. Spot distance was set to 70 um. For DLIP, 10 pulses with constant fluence of 0.17 mJ/cm? were applied.

The measurements also showed that the depth of the structures on the metal stamp
were very similar to the heights of the structures on the imprints, suggesting that the
softened polymer could successfully fill the cavities of the stamp during the hot embossing
step. For example, the total structure depth on the master for a spot distance of 70 um
was 7.1 um, whereas for the corresponding imprint the depth was 7.0 pm. The difference
between stamp and imprint structure heights lies within the range of the measurement
error, which is approximately 0.7 um.

3.4. Wettability Characterization

Water contact angle (WCA) measurements have been performed on 10 mm x 10 mm
sized square fields of imprinted PET samples to study the possibility of controlling the
wettability characteristics with the produced microstructures. In each field, five droplets
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of deionized water with a constant size of 4 uL. and diameter of 2 mm were positioned in
the corners as well as in the center of each field. The contact angle was measured with the
tangent drop profile fitting method [44].
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Figure 9. Confocal images and extracted profiles of hierarchical microstructures on stainless steel (a-c) and a hot embossed
PET foil (d—f). Distance between spots was (a,d) 30 um, (b,e) 50 um, and (c,f) 70 um. Profiles were extracted with a length
of 140 pum at a range of 15 pm.

The wettability characterization results for single- and multi-scaled structures are
shown in Figure 10 as a function of spot distance for the DLW process and the number
of applied pulses in case of the DLIP treatment. Unstructured PET is slightly hydrophilic
characterized by a WCA of 76.7° &£ 0.5° (black dashed line in Figure 10). In turn, all the
structured PET surfaces reached a hydrophobic state. It was also observed an increasing
trend of the WCA as the DLW spot distance increased from 30 pm to 60 um, where the
WCA reached the maximum value of 105° £ 2.0° on the hierarchical sample structured with
10 pulses for the DLIP treatment. Likewise, increasing the number of DLIP pulses led to an
increase in the WCA for all the studied samples. These results show that the hierarchical
patterns presented higher WCA than the corresponding single-scale textures based on
either DLW or DLIP processes (WCA corresponding to the DLIP structures are shown in
Figure 10 with dashed lines, red: 1 pulse, green: 5 pulses, blue: 10 pulses). The observed
increase in the WCA can be related to an increase of the surface roughness as determined
from confocal microscopy measurements. This behavior is a typical characteristic of the
Cassie-Baxter model, that predicts an increase in the WCA as the surface roughness
increases, independently of the initial WCA of the untreated surface [45]. The underlying
principle of this model is that the water droplets sit on the top of the bumps of the texture
resulting in confined air pockets between the valleys of the texture and the water droplet.
As the roughness increases, the amount of trapped air increases, the contact area between
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solid surface and water droplet decreases, resulting in an increased WCA [46]. However, it
has to be mentioned that the superhydrophobic condition, characterized by a WCA higher
than 150°, could not be reached.

T —,
= 110
2 , v 1
g 100y~ L S [ DLIP 10 Puises
g : ¢ :
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Figure 10. Measured static water contact angle on PET foils imprinted with different single- and multi-
scale structures. Multi-scale structures were processed combining the DLW and DLIP techniques.
Single-scaled DLW structures are shown as black values, whereas single-scaled DLIP structures are
represented with dashed lines. Error bars indicates the mean value of 5 measurements. Black dashed
line represents the reference on a flat PET surface.

An interesting characteristic of the WCA measurements is the decrease of the contact
angle for a spot distance of 70 um in the DLW process. This effect was observed for the
case of the DLW-treated sample as well as in all the hierarchical surfaces. This effect might
be attributed to a less compact arrangement of the DLW holes, that leaves areas between
the DLW features and thus increasing the droplet’s sitting area.

4. Conclusions

In this study, we presented a strategy to produce hierarchical surface structures on
polyethylene terephthalate (PET) foils. To that end, a stainless steel master plate was
micro-structured by combining two direct laser writing (DLW) and direct laser interference
patterning (DLIP). Using DLW, holes with a diameter between 50 pum and 80 pm and
depths up to 7.2 um were produced. The quality of the surface of the DLW-treated sample
was enhanced by a laser polish step, reducing the roughness from 2.5 um down to 1.9 um.
Employing the DLIP method, dot-like geometries were produced, featuring a spatial period
of 3.1 um and depths up to 1.7 pum. Comparing confocal microscopy images and SEM
images of the stamps and imprints, it was observed that the geometrical characteristics
of the stamps (e.g., height of the DLIP features, depth of the DLW holes) could be very
accurately transferred to the PET polymer foils. The wettability characterization revealed
that the measured static water contact angle (WCA) on structured PET foils were in all cases
higher than in the flat reference foil. The highest WCA were reached for the hierarchical
patterns. In particular, this angle was increased from 77° on the untreated reference up
to 105° for a hierarchical structure processed with a spot distance of 60 pm in the DLW
step and with 10 pulses for the DLIP treatment. However, it is worth mentioning that the
superhydrophobic behavior could not be reached and further investigations are needed,
e.g., utilizing different geometries.

In this study, we demonstrated the feasibility of combining DLW, DLIP, and hot em-
bossing to functionalize PET foils by imprinting hierarchical microtextures. However, only
small sized areas (1 cm?) were tested in this work due to the relatively low processing
speeds of the used laser-systems and the hot embossing step. To make this approach com-
patible to industrial processing, further technical improvements need to be implemented.
For instance, the DLW and DLIP optics should be combined in the same laser system to
avoid sample handling and alignment. In addition, the plate-to-plate hot embossing step
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should be replaced by a roll-to-roll process where polymer foils can be patterned at web
speeds of tens of m?/min [34].

Finally, the long-term stability and robustness of the imprinted structures as well as
their increased WCA could be an issue and will be investigated in detail in future works.

Author Contributions: Conceptualization, F.B. and A.F.L.; methodology, F.B.; validation, F.B., M.S.
and R.B.; formal analysis, F.B.; investigation, EB.; resources, EB. and M.S.; data curation, F.B.; writing—
original draft preparation, F.B.; writing—review and editing, M.S., R.B. and A .EL,; visualization, EB.;
supervision, A.F.L.; project administration, A.EL.; funding acquisition, A.F.L. All authors have read
and agreed to the published version of the manuscript.

Funding: The work of EB. was performed in the framework of the Reinhart-Koselleck project
(323477257), which has received funding from the German Research Foundation (German: Deutsche
Forschungsgemeinschaft DFG). M.S. acknowledges the support from the Alexander von Hum-
boldt Foundation.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We want to acknowledge Petra Fiala and Stephan Milles (TU Dresden) for
SEM analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Schroeder, T.B.H.; Houghtaling, J.; Wilts, B.D.; Mayer, M. It's Not a Bug, It’s a Feature: Functional Materials in Insects. Adv. Mater.
2018, 30, 1705322. [CrossRef] [PubMed]

2. Liu, K, Jiang, L. Bio-Inspired Design of Multiscale Structures for Function Integration. Nano Today 2011, 6, 155-175. [CrossRef]

3. Zhang, S.; Zeng, X.; Matthews, D.T.A,; Igartua, A.; Rodriguez-Vidal, E.; Contreras Fortes, J.; Saenz de Viteri, V.; Pagano, F,;
Wadman, B.; Wiklund, E.D.; et al. Selection of Micro-Fabrication Techniques on Stainless Steel Sheet for Skin Friction. Friction
2016, 4, 89-104. [CrossRef]

4. Zhao, Y.; Li, C; Shen, L. Recent Research Process on Perovskite Photodetectors: A Review for Photodetector—Materials, Physics,
and Applications. Chin. Phys. B 2018, 27, 12. [CrossRef]

5. Turukmane, R.N.; Daberao, A.; Gulhane, S.S. Recycling of PET Clothes and Bottles. Int. J. Res. Sci. Innovat. 2018, 5, 295-296.

6. Lutey, AH.A,; Gemini, L.; Romoli, L.; Lazzini, G.; Fuso, F,; Faucon, M.; Kling, R. Towards Laser-Textured Antibacterial Surfaces.
Sci. Rep. 2018, 8, 10112. [CrossRef]

7. Kocijan, A.; Conradi, M.; Ho¢evar, M. The Influence of Surface Wettability and Topography on the Bioactivity of TiO2/Epoxy
Coatings on AISI 316L Stainless Steel. Materials 2019, 12, 1877. [CrossRef]

8.  El-Saftawy, A.A,; Elfalaky, A.; Ragheb, M.S.; Zakhary, S.G. Electron Beam Induced Surface Modifications of PET Film. Radiat.
Phys. Chem. 2014, 102, 96-102. [CrossRef]

9.  Carneiro-da-Cunha, M.G.; Cerqueira, M.A.; Souza, BW.S.; Carvalho, S.; Quintas, M.A.C.; Teixeira, J.A.; Vicente, A.A. Physical
and Thermal Properties of a Chitosan/Alginate Nanolayered PET Film. Carbohydr. Polym. 2010, 82, 153-159. [CrossRef]

10. Samipour, S.; Taghvaei, H.; Mohebbi-Kalhori, D.; Rahimpour, M.R. Plasma Treatment and Chitosan Coating: A Combination for
Improving PET Surface Properties. Surf. Innov. 2020, 8, 76-88. [CrossRef]

11.  Gotoh, K.; Shohbuke, E.; Kobayashi, Y.; Yamada, H. Wettability Control of PET Surface by Plasma-Induced Polymer Film
Deposition and Plasma/UV Oxidation in Ambient Air. Colloids Surf. A Physicochem. Eng. Asp. 2018, 556, 1-10. [CrossRef]

12.  Assaf, Y.; Forstmann, G.; Kietzig, A.-M. Wettability Modification of Porous PET by Atmospheric Femtosecond PLD. Appl. Sutf.
Sci. 2018, 436, 1075-1082. [CrossRef]

13. Deshmukh, S.S.; Goswami, A. Recent Developments in Hot Embossing—A Review. Mater. Manuf. Process. 2020, 36, 1-43.
[CrossRef]

14. Sun,].; Zhuang, J.; Liu, Y;; Xu, H.; Horne, ].; Wujcik, E.K,; Liu, H.; Ryu, J.E.; Wu, D.; Guo, Z. Development and Application of Hot
Embossing in Polymer Processing: A Review. ES Mater. Manuf. 2019, 6, 3-17. [CrossRef]

15.  Worgull, M.; Kolew, A.; Heilig, M.; Schneider, M.; Dinglreiter, H.; Rapp, B. Hot Embossing of High Performance Polymers.
Microsyst. Technol. 2011, 17, 585-592. [CrossRef]

16. Rose, M.A.; Bowen, ].].; Morin, S.A. Emergent Soft Lithographic Tools for the Fabrication of Functional Polymeric Microstructures.

ChemPhysChem 2019, 20, 909-925. [CrossRef]


http://doi.org/10.1002/adma.201705322
http://www.ncbi.nlm.nih.gov/pubmed/29517829
http://doi.org/10.1016/j.nantod.2011.02.002
http://doi.org/10.1007/s40544-016-0115-9
http://doi.org/10.1088/1674-1056/27/12/127806
http://doi.org/10.1038/s41598-018-28454-2
http://doi.org/10.3390/ma12111877
http://doi.org/10.1016/j.radphyschem.2014.04.025
http://doi.org/10.1016/j.carbpol.2010.04.043
http://doi.org/10.1680/jsuin.19.00030
http://doi.org/10.1016/j.colsurfa.2018.07.033
http://doi.org/10.1016/j.apsusc.2017.12.118
http://doi.org/10.1080/10426914.2020.1832691
http://doi.org/10.30919/esmm5f605
http://doi.org/10.1007/s00542-010-1155-0
http://doi.org/10.1002/cphc.201801140

Materials 2021, 14, 1756 14 of 15

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Moon, I.Y,; Kim, B.H.; Lee, HW.; Oh, Y.-S.; Kim, J.H.; Kang, S.-H. Superhydrophobic Polymer Surface with Hierarchical Patterns
Fabricated in Hot Imprinting Process. Int. ]. Precis. Eng. Manuf. Green Tech. 2020, 7, 493-503. [CrossRef]

Park, Y.M.; Gang, M.; Seo, Y.H.; Kim, B.H. Artificial Petal Surface Based on Hierarchical Micro- and Nanostructures. Thin Solid
Films 2011, 520, 362-367. [CrossRef]

Nguyen-Dang, T.; de Luca, A.C.; Yan, W.; Qu, Y.; Page, A.G.; Volpi, M.; Das Gupta, T.; Lacour, S.P; Sorin, F. Controlled Sub-
Micrometer Hierarchical Textures Engineered in Polymeric Fibers and Microchannels via Thermal Drawing. Adv. Funct. Mater.
2017, 27, 1605935. [CrossRef]

Fritz, B.; Hiinig, R.; Guttmann, M.; Schneider, M.; Reza, KM.S.; Salomon, O.; Jackson, P.; Powalla, M.; Lemmer, U.; Gomard, G.
Upscaling the Fabrication Routine of Bioreplicated Rose Petal Light Harvesting Layers for Photovoltaic Modules. Sol. Energy
2020, 201, 666—673. [CrossRef]

Yeong, Y.H.; Gupta, M.C. Hot Embossed Micro-Textured Thin Superhydrophobic Teflon FEP Sheets for Low Ice Adhesion. Surf.
Coat. Technol. 2017, 313, 17-23. [CrossRef]

Rajab, FH.; Liu, Z.; Wang, T.; Li, L. Controlling Bacteria Retention on Polymer via Replication of Laser Micro/Nano Textured
Metal Mould. Opt. Laser Technol. 2019, 111, 530-536. [CrossRef]

Yao, T.-E; Wu, P-H.; Wu, T.-M.; Cheng, C.-W.; Yang, S.-Y. Fabrication of Anti-Reflective Structures Using Hot Embossing with a
Stainless Steel Template Irradiated by Femtosecond Laser. Microelectron. Eng. 2011, 88, 2908-2912. [CrossRef]

Noh, J.; Lee, J.-H.; Na, S.; Lim, H.; Jung, D.-H. Fabrication of Hierarchically Micro- and Nano-Structured Mold Surfaces Using
Laser Ablation for Mass Production of Superhydrophobic Surfaces. Jpn. J. Appl. Phys. 2010, 49, 106502. [CrossRef]

Jagdheesh, R.; Garcia-Ballesteros, ].J.; Ocafia, J.L. One-Step Fabrication of near Superhydrophobic Aluminum Surface by
Nanosecond Laser Ablation. Appl. Surf. Sci. 2016, 374, 2-11. [CrossRef]

Faas, S.; Bielke, U.; Weber, R.; Graf, T. Scaling the Productivity of Laser Structuring Processes Using Picosecond Laser Pulses
at Average Powers of up to 420 W to Produce Superhydrophobic Surfaces on Stainless Steel AISI 316L. Sci. Rep. 2019, 9, 1933.
[CrossRef]

Dondieu, S.D.; Wlodarczyk, K.L.; Harrison, P.; Rosowski, A.; Gabzdyl, J.; Reuben, R.L.; Hand, D.P. Process Optimization for 100
W Nanosecond Pulsed Fiber Laser Engraving of 316L Grade Stainless Steel. JMMP 2020, 4, 110. [CrossRef]

Lasagni, A.F,; Gachot, C.; Trinh, K.E.; Hans, M.; Rosenkranz, A.; Roch, T.; Eckhardt, S.; Kunze, T.; Bieda, M.; Giinther, D.; et al.
Direct Laser Interference Patterning, 20 Years of Development: From the Basics to Industrial Applications. Proc. SPIE 2017,
1009211. [CrossRef]

Stiark, M.; Schlickeiser, F.; Nissen, D.; Hebler, B.; Graus, P.; Hinzke, D.; Scheer, E.; Leiderer, P.; Fonin, M.; Albrecht, M.; et al.
Controlling the Magnetic Structure of Co/Pd Thin Films by Direct Laser Interference Patterning. Nanotechnology 2015, 26, 205302.
[CrossRef]

Rosenkranz, A.; Hans, M.; Gachot, C.; Thome, A.; Bonk, S.; Miicklich, F. Direct Laser Interference Patterning: Tailoring of Contact
Area for Frictional and Antibacterial Properties. Lubricants 2016, 4, 2. [CrossRef]

Vala, M.; Homola, J. Flexible Method Based on Four-Beam Interference Lithography for Fabrication of Large Areas of Perfectly
Periodic Plasmonic Arrays. Opt. Express 2014, 22, 18778. [CrossRef] [PubMed]

Fu, Y,; Soldera, M.; Wang, W.; Milles, S.; Deng, K.; Voisiat, B.; Nielsch, K.; Lasagni, A.F. Wettability Control of Polymeric
Microstructures Replicated from Laser-patterned Stamps. Sci. Rep. 2020, 10, 22428. [CrossRef] [PubMed]

Fu, Y;; Soldera, M.; Wang, W.; Voisiat, B.; Lasagni, A.F. Picosecond Laser Interference Patterning of Periodical Micro-Architectures
on Metallic Molds for Hot Embossing. Materials 2019, 12, 3409. [CrossRef] [PubMed]

Lang, V.; Rank, A.; Lasagni, A.F. Direct Laser Interference Patterning of Metallic Sleeves for Roll-to-Roll Hot Embossing. Adv. Eng.
Mater. 2017, 19, 1700201. [CrossRef]

Pomberger, S.; Stoschka, M.; Leitner, M. Cast Surface Texture Characterisation via Areal Roughness. Precis. Eng. 2019, 60, 465-481.
[CrossRef]

Wilodarczyk, K.L.; Ardron, M.; Weston, N.J.; Hand, D.P. Nanosecond Pulsed Laser Generation of Holographic Structures on
Metals. Proc. SPIE 2016, 9736. [CrossRef]

Jiang, Y.; Cheng, Y.; Zhang, X.; Yang, J.; Yang, X.; Cheng, Z. Simulation and Experimental Investigations on the Effect of Marangoni
Convection on Thermal Field during Laser Cladding Process. Optik 2020, 203, 164044. [CrossRef]

Li, N.; Li, Z.; Kang, M.; Zhang, J. Numerical Simulation and Experimental Study on Laser Micromachining of 304L Stainless Steel
in Ambient Air. Int. |. Heat Mass Transf. 2019, 140, 978-991. [CrossRef]

Chen, Y.-D.; Tsai, W.-].; Liu, S.-H.; Horng, J.-B. Picosecond Laser Pulse Polishing of ASP23 Steel. Opt. Laser Technol. 2018, 107,
180-185. [CrossRef]

Temmler, A ; Liu, D.; Preufiner, J.; Oeser, S.; Luo, J.; Poprawe, R.; Schleifenbaum, J.H. Influence of Laser Polishing on Surface
Roughness and Microstructural Properties of the Remelted Surface Boundary Layer of Tool Steel H11. Mater. Des. 2020, 192,
108689. [CrossRef]

Lang, V.; Voisiat, B.; Kunze, T.; Lasagni, A.F. Fabrication of High Aspect-Ratio Surface Micro Patterns on Stainless Steel Using
High-Speed Direct Laser Interference Patterning. Adv. Eng. Mater. 2019, 21, 1900151. [CrossRef]

Miiller, D.W.; Fox, T.; Griitzmacher, P.G.; Suarez, S.; Miicklich, F. Applying Ultrashort Pulsed Direct Laser Interference Patterning
for Functional Surfaces. Sci. Rep. 2020, 10, 3647. [CrossRef]


http://doi.org/10.1007/s40684-019-00094-5
http://doi.org/10.1016/j.tsf.2011.07.013
http://doi.org/10.1002/adfm.201605935
http://doi.org/10.1016/j.solener.2020.03.020
http://doi.org/10.1016/j.surfcoat.2017.01.026
http://doi.org/10.1016/j.optlastec.2018.10.031
http://doi.org/10.1016/j.mee.2011.03.023
http://doi.org/10.1143/JJAP.49.106502
http://doi.org/10.1016/j.apsusc.2015.06.104
http://doi.org/10.1038/s41598-018-37867-y
http://doi.org/10.3390/jmmp4040110
http://doi.org/10.1117/12.2252595
http://doi.org/10.1088/0957-4484/26/20/205302
http://doi.org/10.3390/lubricants4010002
http://doi.org/10.1364/OE.22.018778
http://www.ncbi.nlm.nih.gov/pubmed/25089495
http://doi.org/10.1038/s41598-020-79936-1
http://www.ncbi.nlm.nih.gov/pubmed/33380738
http://doi.org/10.3390/ma12203409
http://www.ncbi.nlm.nih.gov/pubmed/31635254
http://doi.org/10.1002/adem.201700201
http://doi.org/10.1016/j.precisioneng.2019.09.007
http://doi.org/10.1117/12.2212197
http://doi.org/10.1016/j.ijleo.2019.164044
http://doi.org/10.1016/j.ijheatmasstransfer.2019.06.051
http://doi.org/10.1016/j.optlastec.2018.05.025
http://doi.org/10.1016/j.matdes.2020.108689
http://doi.org/10.1002/adem.201900151
http://doi.org/10.1038/s41598-020-60592-4

Materials 2021, 14, 1756 15 of 15

43.

44.

45.
46.

Liu, YH.; Hu, ].D,; Zhao, L.; Guo, Z.X.; Chumakov, A.N.; Bosak, N.A. Accumulation Morphology on the Surface of Stainless Steel
Irradiated by a Nanosecond Nd:YAG Pulsed Laser. Opt. Laser Technol. 2010, 42, 647-652. [CrossRef]

Huhtamaiki, T.; Tian, X.; Korhonen, J.T.; Ras, R.H.A. Surface-Wetting Characterization Using Contact-Angle Measurements. Nat.
Protoc. 2018, 13, 1521-1538. [CrossRef]

Cassie, A.B.D.; Baxter, S. Wettability of Porous Surfaces. Trans. Faraday Soc. 1944, 40, 546. [CrossRef]

Whyman, G.; Bormashenko, E. How to Make the Cassie Wetting State Stable? Langmuir 2011, 27, 8171-8176. [CrossRef]


http://doi.org/10.1016/j.optlastec.2009.11.004
http://doi.org/10.1038/s41596-018-0003-z
http://doi.org/10.1039/tf9444000546
http://doi.org/10.1021/la2011869

	Introduction 
	Materials and Methods 
	Materials 
	Laser Structuring Processes 
	Plate-to-Plate Hot Embossing 
	Surface Characterization 

	Results and Discussion 
	Direct Laser Writing Process 
	Direct Laser Interference Patterning 
	Plate-to-Plate Hot Embossing 
	Wettability Characterization 

	Conclusions 
	References

