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Abstract: In this work, it is demonstrated that direct laser interference patterning (DLIP) is a method
capable of producing microtextured metallic molds for hot embossing processes. Three different
metals (Cr, Ni, and Cu), relevant for the mold production used in nanoimprinting systems, are
patterned by DLIP using a picosecond laser source emitting at a 532 nm wavelength. The results
show that the quality and surface topography of the produced hole-like micropatterns are determined
by the laser processing parameters, such as irradiated energy density and the number of pulses.
Laser-induced periodic surface structures (LIPSS) are also observed on the treated surfaces, whose
shapes, periodicities, and orientations are strongly dependent on the accumulated fluence. Finally,
the three structured metals are used as embossing molds to imprint microlenses on polymethyl
methacrylate (PMMA) foils using an electrohydraulic press. Topographical profiles demonstrate
that the obtained structures are comparable to the masters showing a satisfactory reproduction of
the texture. The polymeric microlens arrays that showed the best surface homogeneity and overall
quality were those embossed with the Cr molds.

Keywords: direct laser interference patterning; microstructures; laser-induced periodic surface
structures; hot embossing; polymethyl methacrylate

1. Introduction

In recent decades, it has been shown that surfaces with deterministic periodic topographies exhibit
enhanced surface properties compared to their flat counterpart [1]. For instance, many studies have
shown that micro- and nano-structures have a profound impact on reflected colors [2,3], tribological
behavior [4], wettability properties [5,6], and initial bacterial adhesion [7].

To date, various transferring techniques have been utilized for structure microfabrication in order
to meet a variety of application needs, including inject molding, thermoforming, soft lithography, UV
nanoimprinting, and hot embossing. For all these transferring techniques, mold fabrication plays a
crucial role in order to achieve high quality and high precision of the replicated patterns [8-11].

Among the above mentioned replication methods, hot embossing is regarded as one of the most
promising industrial-scalable processes for producing high-precision and high-quality structures at the
micro- and nano-scale. It makes use of the difference in the thermomechanical properties of a hard
master mold and a polymeric substrate for parallel replication of structures from the master to the
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polymer [8,12]. Generally, masters used in hot embossing can be made of silicon [13,14], metals [15],
photoresists [16], or epoxy resins [17]. Among these, metal molds present significant advantages,
since they can be used at higher pressures and temperatures and retain their structures after a large
number of cycles. Additionally, metals also have the potential to be used in large-area seamless
sleeves for roll-to-roll hot embossing [18,19]. The most frequently used methods to fabricate the metal
master are micromachining, electroplating, etching, photolithography, and laser structuring, among
others [8,12,15]. Despite these methods are well-established, they still possess some disadvantages,
such as high cost, significant time consumption, limitation of feature resolution, and inaccurate
dimension control [8,16,20].

Direct laser interference patterning (DLIP), a cost-effective one-step technique for texturing periodic
microstructures with high resolution and throughput on a variety of materials [21-23], including
metals [24-27], polymers [28,29] and ceramics [30,31], provides an efficient approach for molds
patterning not only for hot embossing systems, but also for injection molding and UV nanoimprinting.
In this method, an interference pattern generated by two or more coherently overlapping laser beams
on the sample surface is employed to directly ablate the material at the intensity maxima positions
producing periodic structures on its surface. Due to the interference phenomenon, a large number of
periodic microelements can be generated with a single laser pulse, which yields outstanding processing
speeds approaching 1 m?/min [32,33]. Depending on the laser processing parameters, such as pulse
duration, laser wavelength, polarization, energy density, and interference angle, the DLIP method
allows the fabrication of periodic microstructure arrays in the micrometer and sub-micrometer scale
with controlled topographical parameters (shape, period, and depth) [33-35]. The most stringent
requirements of DLIP are that the material to be treated must absorb the laser radiation at the selected
wavelength and sufficient pulse energy must be provided to ablate the material directly [36-38].
Generally, polymers and ceramics are processed with UV laser radiation, whereas metals are treated
with visible and near-infrared wavelengths [38].

Nickel is one of the most widely used materials for hot embossing molds due to its remarkable
durability, ease of cleaning, lack of oxidation, and compatibility with many polymers during the hot
embossing process [39-42]. However, nickel may cause skin contact allergies in sensitive people,
and large doses of nickel exposure also pose a threat to human health [43—45]. It has already been
demonstrated that two-beam DLIP is capable of patterning “line-like” microstructures on seamless Ni
sleeves, which were successfully used as cylindrical molds for hot embossing polyethylene terephthalate
(PET) foils in a roll-to-roll system, reaching a maximum throughput of 15 m?/min [18].

The aim of this contribution is to further optimize the microstructuring process of metallic molds
using four-beam laser interference patterning to produce “hole-like” periodic arrays with higher
surface-area-to-volume ratios than the simpler “line-like” grooves achieved by two-beam DLIP. Another
objective of this work is to find a replacement for Ni molds to improve worker health and safety. To
this end, a comparison study of surface periodic micropatterns produced by picosecond DLIP on
nickel and two potential candidates for metal molds, namely chromium and copper, is performed in
this work. Hole-like periodic patterns with a spatial period of 4.7 um were produced by overlapping
four laser beams. Under identical laser processing parameters, the obtained surface patterns on
those metals are characterized and compared. Finally, the three studied structured metals were used
as embossing molds to imprint micropatterns on polymethyl methacrylate (PMMA) foils using an
electrohydraulic press.

2. Materials and Methods

2.1. Materials

Three different metals, i.e., chromium (Cr), nickel (Ni), and copper (Cu) were used in the
experiments, which were provided by Sachsische Walzengravur GmbH. In order to investigate the
effect of the surface roughness, the arithmetic mean roughness (R;) of untreated metal sheets was
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measured using a confocal microscope. The untreated nickel and chromium samples have an average
surface roughness of R, = 0.05 um, while the copper sample has a higher roughness of R; = 0.17 pm.
Thickness and roughness of the metal samples together with some of their physical properties are
presented in Table 1. Before the laser process, the substrates were thoroughly cleaned with 2-propanol in
an ultrasonic bath at room temperature to remove surface contaminants. The polymeric substrates used
in the hot embossing process are 200 pm thick polymethyl methacrylate (PMMA) foils (PLEXIGLAS@,
Evonik Performance Materials GmbH, Weiterstadt, Germany). Their glass transition temperature is
109 °C according to the manufacturer.

Table 1. Parameters of untreated metal sheets used in experiments [46]. The reflectivity was calculated
from the optical constants of the metals according to [47-49].

Parameter Cr Ni Cu

Thickness (um) 315 266.67 101.25
Surface roughness R; (um) 0.05 0.05 0.17
Density p (g/cm?) 7.1 8.9 8.96
Latent heat of vaporization Ly (J/g) 6580 6378 4796
Thermal conductivity K (W/(m-K)) 93.7 91 401
Heat capacity Cp (J/(g'K)) 0.52 0.44 0.39
Diffusivity a (cm?/s) 0.25 0.23 1.16
Reflectivity (@532 nm) 0.55 0.63 0.6

2.2. DLIP Experimental Details

A self-developed interference setup (VIS/IR-DLIP uFAB, Fraunhofer IWS, TU Dresden, Dresden,
Germany) was utilized to produce periodic hole-like patterns by overlapping four Gaussian beams
(TEMO00 mode) on the metal sheet surfaces. The laser source is a picosecond-pulsed laser system
(NeoLASE GmbH, Hannover, Germany) with a wavelength of 532 nm, a pulse duration of 70 ps and a
repetition rate up to 10 kHz.

To produce the hole-like interference pattern, the laser beam is split into four sub-beams with the
same intensity using a diffractive optical element (DOE), as shown schematically in Figure 1a. The
sub-beams are then parallelized through a pyramidal prism and overlapped onto the sample surface
using a lens. Figure 1b shows schematically the intensity distribution for this four-beam interference
patterning resembling a 2D sinusoidal function modulated by a Gaussian function. By changing the
pyramid position (in respect to the pyramid), the angle between the overlapping beams can be varied,
and therefore the spatial period can be adjusted. For all the experiments carried out in this work, a
fixed spatial period of 4.7 um was used. The spot size on the surface was varied from 48 pm to 147 um
by adjusting the distance between the lenses of the microscope which, in turn, yielded a variation of the
laser fluence from 1.1 J/em? to 15.4 J/cm? (see Figure 1c). During the process, the sample was mounted
on an XY moving stage (travel distance 200 mm, max. speed 300 m/s, resolution 0.1 um, Aerotech
GmbH, Niirnberg, Germany), which was used to position the sample in respect to the laser beam.
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Figure 1. (a) Schematic of the DLIP experimental setup. (b) Intensity distribution of four
symmetrically-distributed beams’ interference. (c¢) SEM image of microstructures fabricated by
DLIP on Cr (fluence: 1.6 J/em?, 10 pulses). White circles indicate the laser interference spots irradiated
on the Cr surface, which are approximately 102 um in diameter and arranged in a triangular pattern
(white dot line) with an overlap of 30%. (d) Photograph of a four-beam laser processed Cr sheet. The
laser fluence was increased from 1.1 J/em? to 15.4 J/em? (from the bottom to the top) and the pulse
number was raised from 1 to 240 (from left to right).

2.3. Plate-to-Plate Hot Embossing

The three laser structured metals, i.e., Cr, Ni, and Cu, were used as embossing molds to transfer the
micropatterns on polymethyl methacrylate (PMMA) foils using an electrohydraulic press (Paul-Otto
Weber GmbH, Remshalden, Germany). PMMA is classified as a thermoplastic polymer, which can
be molded in a large temperature range beginning at the elastic range and ending in the stage of
melting [8,50,51]. The preset imprint temperature was 100 °C but it varied during the hot embossing
process between 95 °C and 105 °C. These temperatures are lower than the PMMA glass transition
temperature to prevent the polymer from sticking onto the master tightly and protecting the transferred
texture from damage and breakage during demolding. A relatively high compression force of 200 kN
was applied to force the polymer to enter the viscoplastic deformation regime. An embossing time
of 5 min is applied to ensure the soften PMMA completely fills the stamp cavities. No additional
anti-sticking coating was deposited on the metal molds prior to embossing.

2.4. Characterization Methods

After the laser treatment, a high-resolution scanning electronic microscopy (Philips XL30
ESEM-FEG, Hillsboro, OR, USA) with a voltage of 10 kV was utilized to visualize the patterned
surface. Surface topography of molds and imprinted polymers was determined using a confocal optical
profiler (Sensofar S neox, Schaefer Technologie GmbH, Langen, Germany) with an 150X objective,
which provides a lateral and vertical resolution of 140 nm and 1 nm, respectively. The measured 3D
profiles were processed by SensoMap software (SensoMap , Premium” Version 7, Schaefer Technologie
GmbH, Langen, Germany) to calculate the structure depth and periodicity of the patterns.
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3. Results and Discussion

3.1. Patterning Strategy

The Ni, Cr, and Cu surfaces are irradiated with laser spots forming a compact and regular
triangular array, in order to achieve homogeneous structures over large areas. A given number of laser
pulses is irradiated in each spot before positioning the sample on the adjacent spot. For instance, the
scanning electron microscope (SEM) image of Figure 1c shows a regular ordered hole-like pattern with
a spatial period of A = 4.7 pm on a Cr surface, irradiated with 10 pulses per spot at a laser fluence of
1.6 J/em?. The white circles in the image indicate the laser interference spots with a diameter of 102 um.
Due to the Gaussian distribution of the laser beam intensity, the structure depth decreases close to
the circle edges and therefore adjacent spots have to be overlapped to obtain a homogeneous texture
on large areas. It was found that the optimum pulse-to-pulse separation is 70 um representing an
approximate 30% overlap.

Following this patterning strategy, matrices containing structured areas (3 X 3 mm? in size) were
produced on each studied metal varying the number of laser pulses and fluence in order to optimize
the texture homogeneity and achieve the maximum possible structure depth. Figure 1d shows an
optical photograph of the DLIP-treated Cr substrate. The blue arrow in the image indicates the increase
in laser fluence per pulse from 1.1 J/cm? to 15.4 J/cm?, and the green arrow shows the pulse number
increasing from 1 to 240. It can be seen that the appearance of the laser processed area changes from
the shiny untreated metal (bottom left corner) to a matte and dark finish (top right corner). This can
be associated with the formation of an oxide layer during the laser process and light scattering and
diffraction effects caused by the periodic structures on Cr surface [52]. Furthermore, the areas treated
with different laser parameters exhibit different reflected colors, attributed to variations in lateral size
and structure heights of the induced structures as well as variation in the oxide layer thickness [53].

3.2. Effect of Laser Fluence

Laser fluence, or energy density, is defined as the laser energy deposited per unit of the irradiated
area, and it is one of the most important laser processing parameters that control the morphology
and quality of the periodic patterns [54]. The SEM images in Figure 2 show periodic microstructures
generated by DLIP on Cr (left column), Ni (middle column), and Cu (right column) surfaces irradiated
with a fluence of 1.1 J/cm? (top row), 1.6 J/cm? (middle row), and 2.9 J/cm? (bottom row), respectively.
For Cr and Ni, 10 pulses per spot were applied. In the case of the Cu substrates, 80 pulses were applied
in order to produce a significant surface modification.

As shown in Figure 2a, the desired hole-like pattern on the Cr surface is not recognizable when a
low laser fluence of 1.1 J/cm? is used. However, regularly distributed nanoripples (with a period of 0.41
um) were produced at the interference maxima positions of the irradiated spots. These nanoripples
are commonly known as laser-induced periodic surface structures (LIPSS), which will be discussed
in detail in Section 3.4. As the irradiated fluence is increased to 1.6 J/cm?, the formation of periodic
craters becomes visible and LIPSS began to grow also at the interference intensity minima positions.
When the laser fluence is further increased to 2.9 J/cm?, a larger amount of material is ablated at the
areas corresponding to the interference maxima leaving behind craters with a larger depth. The rims
of the craters become smooth and slightly raised above the surface. At this fluence, the nanoripples are
completely removed from the craters, and they are found between the regularly distributed craters
(interference minima positions). The shape of these periodically arranged craters is not circular but
elliptical, with an eccentricity of 0.81, due to a subtle misalignment between the prism and converging
lens that disturbs the symmetry of the interfering beams.



Materials 2019, 12, 3409 6 of 16

Figure 2. SEM images of (a) Cr, (b) Ni, and (c) Cu structured surfaces using DLIP with 10 (Cz, Ni) or 80
(Cu) laser pulses and different laser fluences of 1.1 J/em?, 1.6 J/em?2, and 2.9 J/cm?.

In Figure 2b, no craters are visible on Ni until the laser fluence was increased to 2.9 J/cm?. Similar
to chromium laser treated samples, also periodic nanoscaled ripple structures are mainly formed at the
intensity maxima of the interference pattern at fluences of 1.1 J/em? and 1.6 J/em?, however, showing a
lower uniformity. As the fluence increases to 2.9 J/cm?, circular-shaped craters can be observed on the
Ni surface, which have a less defined shape and smaller diameter compared to those on the Cr surface.

In Figure 2c, the results obtained on Cu are exemplarily shown. In this case, small craters with
depths comparable to the original surface roughness are visible at a fluence of 1.1 J/cm?. Additionally,
some additional features can be distinguished, however, in this case they are not well-defined and
their orientation is perpendicular to the LIPSS observed in Ni and Cr. When the laser fluence is risen
to 1.6 J/cm?, the depth of the craters increases making them more evident. However, the previously
visible ripples vanished. In addition, a new type of ripples is visible at the center of the craters. At
fluences above 1.6 ]/cmz, the surface at interference maxima positions is even more molten and ablated
yielding regularly distributed and much deeper hole-like structures. The crater rims are wrinkled and
do not merge uniformly with adjacent rims. The above-mentioned laser-generated nanoripples can be
still found inside almost every hole.

Upon increasing the laser fluence up to 15.4 J/cm?, the pattern homogeneity in all three materials
is drastically reduced, but the repetitive DLIP structures are still recognizable (see Figure 3). Since a
large amount of molten material is redeposited around the interference minima positions, the cone-like
structures tend to collapse giving place to large clusters, as in Figure 3a,b, and grooves, as shown in
Figure 3b,c [55,56].
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Figure 3. SEM images of (a) Cr, (b) Ni, and (c) Cu structured by four-beam DLIP with a fluence of 15.4
J/em? and 80 pulses.

3.3. Effect of Pulse Number

To study the effect of pulse number on the topography evolution, Cr, Ni, and Cu surfaces were
irradiated with varying laser pulses, namely N =1, 5, 10, 20, 40, 80, 100, 120, 160, 200, and 240, at a
fixed laser fluence of 2.9 J/em?. The evolution of the surface morphology produced on the studied
metals as a function of the number of applied pulses is shown in Figure 4. Using picosecond laser
pulses, the DLIP process is dominated by the photothermal interaction between the laser radiation
and the metal, which consists of local melting and/or selective ablation at the interference maxima
positions [57-59]. The deep hole-like features shown in Figure 4 reveal the evident material removal
at the interference maxima. The raised rims around those craters, which can be seen in all treated
samples, were probably formed due to the redeposition of molten material around the holes [60,61]. It
was also observed that a larger number of pulses correlates with deeper structures. As the number of
laser pulses reaches 240, the surface structure becomes less defined, in particular for Ni and Cu, due to
the redeposition of larger amount of material around the holes (see the bottom row in Figure 4b,c).

= 28
| 80 pulses ©

e
F 160 pulse;1

i)

!
S

Figure 4. SEM images of (a) Cr, (b) Ni, (c) Cu substrates structured by direct laser interference patterning.
The hole-like patterns were fabricated with a laser fluence of 2.9 J/cm? and different numbers of laser
pulses: 80, 160, and 240.



Materials 2019, 12, 3409 8 of 16

The structure depth of the produced periodic structures as a function of laser fluence and the
number of pulses was measured using confocal optical microscopy and the results are shown in
Figure 5. In general, the structure depth increases with both laser fluence and pulse number and it
tends to saturate after ~120 pulses. A similar conclusion was also reported by Estevam-Alves et al. [62],
who correlated this saturation effect to a decay of absorbed laser energy according to Lambert-Beer’s
law. Although at a laser fluence of 2.9 J/cm? the structure depth saturates to 4-5 pm in the three metals,
at lower fluences the structure depth in Cr is significantly higher than in the other metals when more
than 20 pulses are applied. This behavior could be attributed to differences in the ablation threshold
fluence of the materials, since the material can only be selectively ablated at the interference maxima
when the laser fluence is above the ablation threshold. According to [46], the theoretical ablation
threshold fluence Fy, can be calculated as:

Fth = pLV \/Ol'_”l.'p, (1)
a =K/pCp, @)

where p is the density of the metals, Ly is the latent heat of vaporization, 7, is the laser pulse duration,
and « is the thermal diffusivity, which is related to the density, the thermal conductivity (K), and
the heat capacity (Cp). Table 1 lists the values of some physical and thermal properties of the three
metals used in this work. For 70 ps pulses, the calculated values for the ablation threshold fluence
of Cr, Ni, and Cu are 0.20 J/cm?, 0.23 J/cm?, and 0.39 J/cm?, respectively. Since Cr has the lowest
ablation threshold, it can be assumed a higher ablation rate on Cr at lower laser fluences, namely at
1.1 J/em2-1.6 J/cm?, compared to Cu and Ni, which is consistent with the results observed in Figures 2
and 5. In addition, reflectivity plays also a role in the laser ablation mechanism, since the lower the
reflectivity, the higher the absorbed electromagnetic energy in the material. As seen in Table 1, Cr
presents the lowest value of reflectivity of 0.55 which also contributes to the high ablation rate observed
in Cr at low fluences.

mean depth (um)
w

fluence (J/cm?)
14

—_—1.6
_—29
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200 2500 50 100 150 200 2500 50 100 150 200 250
pulse number pulse number pulse number

Figure 5. Dependence of the structure mean depth (open symbols) as a function of pulse number and
with the fluence as a parameter on (a) Cr, (b) Ni, and (c) Cu. The lines are quadratic fits as a guide to
the eye.

The ablation threshold is not only a material dependent property, since it also strongly depends on
the radiation conditions, for instance laser wavelength and pulse duration. Further experiments must
be carried out in the future to determine the ablation threshold on these materials and its relationship
with the behavior observed in Figure 5. Additionally, the multi-pulse ablation process involves different
effects such as melting, recrystallization, quenching, native oxide layer formation involving exothermic
processes, defect generation and phase transformation, that can result in unexpected structure depth
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dependences with the number of pulses and fluence as well as modified mechanical properties of the
final structured surface [60,63,64].

3.4. LIPSS Formation and Evolution

LIPSS [65-68], a universal phenomenon that occurs after laser irradiation on a wide number of
different materials [69-71], have been found to exhibit different characteristic shapes, including ripples
(lines), rods, cones, grooves, etc. The generation of LIPSS takes place commonly only in a fluence
range close to the material damage threshold and even just below the ablation threshold [72]. The
total dose of laser energy, or accumulated fluence, influences the LIPSS formation as well as their
morphology [72-78].

The sequence of SEM images in Figure 6 shows the evolution of LIPSS on Cr, Ni, and Cu sheets
with varying energy dose. As shown in Figure 6a, nanoscaled periodic wave-like structures are
produced on the Cr substrate, after irradiating with 10 laser pulses at a fluence of 1.1 J/cm?. The
periodic ripples are oriented perpendicular to the laser polarization (double arrow in Figure 6a) and
have an average spatial period of 410 nm, representing 77% of the laser wavelength. This type of
LIPSS is commonly referred to as low spatial frequency LIPSS (LSFLs), which are usually assumed
to be generated by the excitation of surface plasmon polaritons (SPP) [60,65,72,79-81]. Differently,
smaller periodic structures, with a spatial period of approximately 120 nm, observed between the
LSFLs are generally classified as high spatial frequency LIPSS (HSFL). This type of LIPSS was observed
on several metals when applying ultra-short laser pulses with durations in the femtosecond and
picosecond range [65,82]. Since the orientation of HSFLs is parallel to the laser polarization, they
cannot be explained via SPP excitation [79,83]. Currently, the mechanism of HSFLs formation is still
under debate [60,81,83].

1.6 Jicm?
10 pulses

¥ 1.60em ] - ST 1 6 Jjcm:?
10 pulses ™ e g - 80 pulses

"2.9 Jiem? o : 2.9 Jicm?
10 pulses 4 80 pulses

15.4 Jiom? ) 15.4 Jiom? |
% 240 pulses ' 10 pulses

Figure 6. SEM images of irradiated (a) Cr, (b) Ni, and (c) Cu sheets by picosecond laser with varying
fluence and pulse number. The arrow indicates the polarization direction of the laser pulses.

Similar to the Cr structured surface, LIPSS are also observed on laser treated Ni, but only at
higher irradiation doses. In Figure 6b, only HSFLs were induced on Ni at a fluence of 1.6 J/cm? with 10
pulses, while LSFLs become visible only when the number of pulses increases to 80. The spatial period
of LSFLs on Ni lies between 346 and 415 nm, and they also orient perpendicular to the irradiation
polarization. The HSFLs have a spatial period between 129 and 207 nm and their orientation is parallel
to the laser polarization. A different behaviour was observed on Cu, since no LSFLs are visible after
irradiating the surface with laser fluences in the range between 1.1 J/em? and 15.4 J/cm?, whereas HSFLs
are visible for 80 or more pulses and fluences between 1.1 J/cm? and 1.6 J/cm? (Figure 6¢). The direction
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of the induced HSFLs on the Cu surface is also parallel to the polarization of the laser radiation, and
the average spatial period was about 180 nm.

In order to provide a systematic and qualitative overview of the observed LIPSS, a summary of
the different types of LIPSS with various morphology, feature size and periodicity are listed in Table 2.
The period of LSFLs on Cr and Ni are both slightly smaller than the laser wavelength, which is in
accordance with previous results [65]. When the three metals are irradiated with a fluence higher
than 2.9 J/cm?, the ripples started to melt and coalesce, vanishing from the surface. Subsequently,
groove- and cone-like structures with larger feature sizes (A = 3.3-3.7 pym) appear on the surface of
the three irradiated metals (see Figure 3). Differently, when the fluence is set to 15.4 J/em?, grass-like
nanostructures, with a feature size of approximately 90 nm, are visible only on Cu. Vorobyev et al. also
reported the formation of these grass-like nanostructured LIPSS upon irradiating a Pt surface with
10 pulses at a fluence of 0.16 J/cm? using an amplified Ti:sapphire laser system with a wavelength of
800 nm, and 65 fs pulse duration [68].

Table 2. Summary of types, orientation relative to radiation polarization, and period of LIPSS on
irradiated Cr, Ni, and Cu surfaces with varying laser fluence and number of pulses.

Orientation Mean Mean Fluence Pulse
Material LIPSS Type Relative to . Diameter
. . Period (um) (J/cm2) Number
Polarization (um)
LSFLs perpendicular 0.41 - 1.1-29 10-80
Cr HSFLs parallel 0.12 - 1.1-2.9 10-80
Grooves parallel 3.6 - 15.4 80-240
Cone-like - - 2.3 154 80-240
LSFLs perpendicular 0.38 - 1.6-2.9 80
Ni HSFLs parallel 0.17 - 1.1-2.9 10-240
! Grooves parallel 3.7 - 15.4 80-160
Cone-like - - 1.9 154 80-240
HSFLs parallel 0.18 - 1.1-1.6 80-240
c Grass-like - - 0.09 154 10-80
u Grooves parallel 3.3 - 154 80
Cone-like - - 3.6 15.4 160-240

3.5. Hot Embossing

To test the molding performance of the DLIP structured metals, stamps with the same spatial
period of 4.7 um were used to imprint PMMA foils by hot embossing. The sidewall roughness of
the stamps has to be as small as possible to prevent frictional forces between the embossing tool and
the soften polymer become larger than the local tensile strength of the polymer [14]. For this reason,
LIPSS formation inside the cavities should be reduced to minimize frictional forces and allow a smooth
detachment of the polymer from the stamp without damaging the imprinted structures. To comply
with this requirement, the metal stamps were structured after irradiating with 10 pulses at F = 2.9 J/cm?
(Cr), 120 pulsesat F = 1.6 J/em? (N1i), and 80 pulsesatF=1.6 J/em? (Cu) yielding mean structure heights
of 1.34 um (Cr), 1.18 um (Ni), and 1.31 um (Cu), respectively. Although LIPSS cannot be completely
suppressed applying these laser paramters, LSFLs and HSFLs are only formed in the areas between
the cavities of the Cr stamp as seen in Figure 2a (bottom row). In turn, in the cavities of the Ni and Cu
molds only HSFLs with a period ranging from 150 nm to 200 nm are present.

The three-dimensional confocal microscope images in Figure 7a confirmed the successful
replication of the periodic pattern from the Cr mold to the PMMA substrate. The imprint parameters,
i.e., temperature: 100 °C, applied force: 200 kN and imprint time: 5 min, were optimized to allow the
soften PMMA polymer to fill the holes of the mold. The produced hemispherical microlenses present
smooth surfaces and a suitable homogeneity. The average diameter of the microlenses is 3.6 pm with a
standard deviation of 0.4 pm, whereas the spatial period is 4.7 um. To gain a deeper insight into the
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imprint quality, topographical profiles of the three master molds and the corresponding imprinted
polymers were extracted as shown in Figure 7b—d. It can be seen in Figure 7b, that the cavities sidewalls
of the Cr stamp are smooth. While the mean structure depth of the Cr master was 1.34 um, the sag
height of the imprinted convex microlenses was 1.12 um, indicating that the plastic material did not
completely fill the stamp cavities. This is probably due to trapped air between polymer and cavity [12].
Figure 7c shows that the polymer embossed with the Ni stamp has a low homogeneity as well as
insufficient quality. This can be explained by the high surface roughness visible at the sidewalls in the
hole-like structures. In this case, the microlens height is 1.18 um matching the mold structure depth,
suggesting that in contrast to the Cr mold, the trapped air could flow outwards through the voids along
the crater rims in the mold. However, the imprinted microlenses on PMMA have a smaller diameter
of 3.3 um compared to that of the micro-holes on the Ni stamp (3.6 um), which may be attributed to
the incomplete mold filling due to the surface roughness of the mold sidewalls. Similar conclusions
can be drawn from the imprinted foils employing the Cu stamp as shown in Figure 7d, where the
average diameter of the embossed microstructures is only 2.9 um (compared to 3.5 on Cu stamp), and
the average height is 1.27 um.

a | Crstamp

PMMA
00
b um, Cr stamp Hum PMMA
1.5 15
1.07 I 1.0
’ >
05! 05
0.0+ 0.0 Frrrrrrer
0 5 10 15 20 25um 0 5 10 15 20 25 um
C Em, Ni stamp um PMMA
15 ¥ 1.57
1.0 Po1.07
>
05 [ 05
0.0 L 00! :
0 5 10 15 20 25um 0 5 10 15 20 25 um

Custamp L2, PMMA

. 10!
>
£ 05‘

- 0o-
0 5 10 15 20 25um 0 5 10 15 20 25 um

Figure 7. (a) Photographs and 3D topographies of a (top) Cr stamp and (bottom) embossed PMMA
substrate. The red lines correspond to the positions where the profiles in (b) were extracted. (b, c, d)
Topographical profiles of laser-treated metals (b) Cr, (c) Ni, (d) Cu, and the corresponding PMMA
substrates imprinted from them by hot embossing. The embossing temperature was 100 + 5 °C, the
applied force was 200 kN, and the embossing time was 5 min.
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4. Conclusions

In this work, a comparison study was performed to assess the capability of direct laser interference
patterning to produce Cr, Ni, and Cu molds for nanoimprinting systems. Using pulsed ps-laser
radiation with optimized processing parameters, hole-like micropatterns with satisfactory quality and
homogeneity were produced on those metal substrates. It was found that the pattern topography
and the evolution of LIPSS are strongly dependent on the laser fluence and the number of applied
pulses. For instance, LSFLs were found in Cr and Ni with their orientation perpendicular to the
laser polarization and with a period slightly smaller than the laser wavelength. In turn, HSFLs were
identified on the three metals showing spatial periods between 100 nm and 200 nm and an orientation
parallel to the radiation polarization. The structure depth in the three materials tends to increase as
the number of laser pulses increases to 120, followed by a saturation around a constant depth. The
maximum achieved structure depth in these three metals was between 4 and 5 pm after applying ~160
pulses at a fluence of 2.9 J/cm?.

The laser induced microstructures on the three metals were replicated on PMMA foils using a
hot embossing process. When Cr was used as mold material, imprint the results showed a reliable
reproduction of homogenously distributed hemispherical microlenses with a mean diameter and
depth of 3.6 um and 1.12 um, respectively. In contrast, the PMMA substrates embossed with the Ni
and Cu stamps showed a low quality and a relatively small microlens diameter caused by the rough
cavities” sidewalls of these stamps. Further studies will be conducted to optimize the laser and imprint
parameters to structure large areas as well as curved molds for roll-to-roll hot embossing systems.

Author Contributions: Conceptualization: Y.F. and A.FL.; methodology: Y.F.; software development: B.V. and
M.S,; validation: Y.F, WW.,, B.V,, and M.S,; formal analysis: Y.F.,, WW., and M.S,; investigation: Y.F. and WW.;
resources: Y.F. and B.V,; data curation: Y.F, B.V., and M.S.; writing—Original draft preparation: Y.F. and A.FL,;
writing—Review and editing: Y.F,, M.S., B.V,, and A FL.; visualization: Y.F. and M.S.; supervision: A.FL.; project
administration: Y.F, M.S., and A.FL.; funding acquisition: A.F.L.

Funding: This project was funded by the European Regional Development Fund (ERDF) and co-financed under
taxation on the basis of the budget adopted by the members of the Saxon State Parliament. M.S. acknowledges the
support of the Alexander von Humboldt Foundation.

Acknowledgments: The authors acknowledge Sachsische Walzengravur GmbH (SWG) for providing the metal
samples used for experiments and the Open Access Funding by the Publication Fund of the TU Dresden.

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

References

1.  Kunze, T,; Lasagni, A.F. Direct laser interference patterning: From fundamentals to industrial applications.
In Proceedings of the SPIE LASE, International Society for Optics and Photonics, San Francisco, CA, USA, 28
Janurary-2 February 2017; Volume 10092.

2. Dusser, B.; Sagan, Z.; Soder, H.; Faure, N.; Colombier, J.P.; Jourlin, M.; Audouard, E. Controlled nanostructrures
formation by ultra fast laser pulses for color marking. Opt. Express 2010, 18, 2913-2924. [CrossRef] [PubMed]

3.  Xu, T;Wu, Y.-K; Luo, X.; Guo, L.J. Plasmonic nanoresonators for high-resolution colour filtering and spectral
imaging. Nat. Commun. 2010, 1, 1-5. [CrossRef] [PubMed]

4. Wang, L.; Gao, Y.; Xue, Q.; Liu, H.; Xu, T. Microstructure and tribological properties of electrodeposited
Ni-Co alloy deposits. Appl. Surf. Sci. 2005, 242, 326-332. [CrossRef]

5. Long,J.; Fan, P; Gong, D.; Jiang, D.; Zhang, H.; Li, L.; Zhong, M. Superhydrophobic surfaces fabricated by
femtosecond laser with tunable water adhesion: From lotus leaf to rose petal. ACS Appl. Mater. Interfaces
2015, 7, 9858-9865. [CrossRef] [PubMed]

6. Zhang, F.; Low, H.Y. Anisotropic wettability on imprinted hierarchical structures. Langmuir 2007, 23,
7793-7798. [CrossRef]

7. Valle, J.; Burgui, S.; Langheinrich, D.; Gil, C.; Solano, C.; Toledo-arana, A.; Helbig, R. Evaluation of surface
microtopography engineered by Direct Laser Interference for bacterial anti-biofouling®. Macromol. Biosci.
2015, 1060-1069. [CrossRef]


http://dx.doi.org/10.1364/OE.18.002913
http://www.ncbi.nlm.nih.gov/pubmed/20174119
http://dx.doi.org/10.1038/ncomms1058
http://www.ncbi.nlm.nih.gov/pubmed/20975716
http://dx.doi.org/10.1016/j.apsusc.2004.08.033
http://dx.doi.org/10.1021/acsami.5b01870
http://www.ncbi.nlm.nih.gov/pubmed/25906058
http://dx.doi.org/10.1021/la700293y
http://dx.doi.org/10.1002/mabi.201500107

Materials 2019, 12, 3409 13 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

Peng, L.; Deng, Y.; Yi, P,; Lai, X. Micro hot embossing of thermoplastic polymers: A review. ]. Micromech.
Microeng. 2014, 24, 1-23. [CrossRef]

Schift, H. Nanoimprint lithography: An old story in modern times? A review. . Vac. Sci. Technol. B
Microelectron. Nanom. Struct. 2008, 26, 458—480. [CrossRef]

Heckele, M.; Schomburg, W.K. Review on micro molding of thermoplastic polymers. |. Micromech. Microeng.
2004, 14, R1-R14. [CrossRef]

Pimpin, A.; Srituravanich, W. Reviews on micro- and nanolithography techniques and their applications.
Eng. J. 2012, 16, 37-55. [CrossRef]

Heyderman, L.J.; Schift, H.; David, C.; Gobrecht, J.; Schweizer, T. Flow behaviour of thin polymer films used
for hot embossing lithography. Microelectron. Eng. 2000, 54, 229-245. [CrossRef]

Schift, H.; Jaszewski, RW.; David, C.; Gobrecht, ]J. Nanostructuring of polymers and fabrication of
interdigitated electrodes by hot embossing lithography. Microelectron. Eng. 1999, 46, 121-124. [CrossRef]
Becker, H.; Heim, U. Hot embossing as a method for the fabrication of polymer high aspect ratio structures.
Sens. Actuators A Phys. 2000, 83, 130-135. [CrossRef]

Kimerling, T.E.; Liu, W.; Kim, B.H.; Yao, D. Rapid hot embossing of polymer microfeatures. Microsyst. Technol.
2006, 12, 730-735. [CrossRef]

Shamsi, A.; Amiri, A.; Heydari, P.; Hajghasem, H.; Mohtashamifar, M.; Esfandiari, M. Low cost method
for hot embossing of microstructures on PMMA by SU-8 masters. Microsyst. Technol. 2014, 20, 1925-1931.
[CrossRef]

Koerner, T.; Brown, L.; Xie, R.; Oleschuk, R.D. Epoxy resins as stamps for hot embossing of microstructures
and microfluidic channels. Sens. Actuators B Chem. 2005, 107, 632-639. [CrossRef]

Rank, A.; Lang, V.; Lasagni, A.F. High-Speed roll-to-roll hot embossing of micrometer and sub micrometer
structures using seamless Direct Laser Interference Patterning treated sleeves. Adv. Eng. Mater. 2017, 19, 1-8.
[CrossRef]

Rank, A.; Kunze, T.; Hoffmann, T.; Lasagni, A.F. Direct laser interference patterning of nickel molds for hot
embossing of polymers. Adv. Eng. Mater. 2016, 18, 1280-1288. [CrossRef]

Zhong, Z.W.; Shan, X.C. Microstructure formation via roll-to-roll UV embossing using a flexible mould made
from a laminated polymercopper film. ]. Micromech. Microeng. 2012, 22, 085010. [CrossRef]

Nakata, Y. Interference laser processing. Adv. Opt. Technol. 2016, 5, 29-38. [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]
Acevedo, D.A ; Lasagni, A.F; Barbero, C.A.; Miicklich, F. Simple fabrication method of conductive polymeric
arrays by using Direct Laser Interference Micro-/Nanopatterning. Adv. Mater. 2007, 19, 1272-1275. [CrossRef]
Rosenkranz, A.; Pangraz, ].C.; Gachot, C.; Miicklich, F. Load-dependent run-in and wear behaviour of
line-like surface patterns produced by Direct Laser Interference Patterning. Wear 2016, 368-369, 350-357.
[CrossRef]

Rosenkranz, A.; Fleischmann, S.; Gachot, C.; Miicklich, F. Anisotropic spreading behavior of PAO oil on
laser-patterned stainless steel surfaces. Adv. Eng. Mater. 2015, 17, 1645-1651. [CrossRef]

Tamulevicius, T.; Juodénas, M.; Klinavi¢ius, T.; Paulauskas, A.; Jankauskas, K.; Ostreika, A.; Zutautas, A.;
Tamulevicius, S. Dot-Matrix Hologram Rendering Algorithm and its Validation through Direct Laser
Interference Patterning. Sci. Rep. 2018, 8, 14245. [CrossRef]

Indrisiunas, S.; Voisiat, B.; Zukauskas, A.; Ra¢iukaitis, G. Direct laser Beam Interference Patterning Technique
for Fast High Aspect Ratio Surface Structuring. In Proceedings of the Laser Applications in Microelectronic
and Optoelectronic Manufacturing (LAMOM) XX, Photonics, San Francisco, CA, USA, 7-12 February 2015;
International Society for Optics and Photonics: San Francisco, CA, USA, 2015; Volume 9350.

Broglia, M.E; Suarez, S.; Soldera, F.; Miicklich, F,; Barbero, C.A.; Bellingeri, R.; Alustiza, F.; Acevedo, D. Direct
Laser Interference Patterning of polystyrene films doped with azo dyes, using 355nm laser light. Appl. Sutf.
Sci. 2014, 300, 86-90. [CrossRef]

Sola, D.; Lavieja, C.; Orera, A.; Clemente, M.]. Direct Laser Interference Patterning of ophthalmic
polydimethylsiloxane (PDMS) polymers. Opt. Lasers Eng. 2018, 106, 139-146. [CrossRef]

Roitero, E.; Lasserre, F.; Anglada, M.; Miicklich, F; Jiménez-Piqué, E. A parametric study of laser interference
surface patterning of dental zirconia: Effects of laser parameters on topography and surface quality. Dent.
Mater. 2017, 33, e28—-e38. [CrossRef]


http://dx.doi.org/10.1088/0960-1317/24/1/013001
http://dx.doi.org/10.1116/1.2890972
http://dx.doi.org/10.1088/0960-1317/14/3/R01
http://dx.doi.org/10.4186/ej.2012.16.1.37
http://dx.doi.org/10.1016/S0167-9317(00)00414-7
http://dx.doi.org/10.1016/S0167-9317(99)00030-1
http://dx.doi.org/10.1016/S0924-4247(00)00296-X
http://dx.doi.org/10.1007/s00542-006-0098-y
http://dx.doi.org/10.1007/s00542-013-2000-z
http://dx.doi.org/10.1016/j.snb.2004.11.035
http://dx.doi.org/10.1002/adem.201700201
http://dx.doi.org/10.1002/adem.201600068
http://dx.doi.org/10.1088/0960-1317/22/8/085010
http://dx.doi.org/10.1515/aot-2015-0060
http://dx.doi.org/10.3390/lubricants4010002
http://dx.doi.org/10.1002/adma.200601693
http://dx.doi.org/10.1016/j.wear.2016.10.008
http://dx.doi.org/10.1002/adem.201500115
http://dx.doi.org/10.1038/s41598-018-32294-5
http://dx.doi.org/10.1016/j.apsusc.2014.02.008
http://dx.doi.org/10.1016/j.optlaseng.2018.03.007
http://dx.doi.org/10.1016/j.dental.2016.09.040

Materials 2019, 12, 3409 14 of 16

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Soldera, M.; Taretto, K.; Berger, J.; Lasagni, A.F. Potential of photocurrent improvement in pc-Si:H solar cells
with TCO substrates structured by Direct Laser Interference Patterning. Adv. Eng. Mater. 2016, 18, 1674-1682.
[CrossRef]

Lang, V.; Roch, T.; Lasagni, A.F. World Record in High Speed Laser Surface Microstructuring of Polymer and
Steel Using Direct Laser Interference Patterning. In Proceedings of the Laser-based Micro-and Nanoprocessing
X, San Francisco, CA, USA, 13-18 February 2016; International Society for Optics and Photonics: San Francisco,
CA, USA, 2016; Volume 9736.

Lang, V.; Hoffmann, T.; Lasagni, A.F. Optimization for High Speed Surface Processing of Metallic Surfaces
Utilizing Direct Laser Interference Patterning. In Proceedings of the Laser-based Micro-and Nanoprocessing
XII, San Francisco, CA, USA, 27 January-1 February 2018; International Society for Optics and Photonics:
San Francisco, CA, USA, 2018; Volume 10520.

Schubert, S.; Roch, T.; Eckhardt, S.; Leo, K. Transparent Conductive Metal Thin-Film Electrodes Structured
by Direct Laser Interference Patterning. Adv. Eng. Mater. 2015, 17, 1215-1219.

Broglia, M.E; Acevedo, D.F,; Langheinrich, D.; Perez-Hernandez, H.R.; Barbero, C.A.; Lasagni, A.F. Rapid
fabrication of periodic patterns on Poly(styrene-co-acrylonitrile) surfaces using Direct Laser Interference
Patterning. Int. J. Polym. Sci. 2015, 2015, 721035. [CrossRef]

Lasagni, A.F,; Roch, T.; Langheinrich, D.; Bieda, M.; Perez, H. Large Area Direct Fabrication of Periodic
Arrays Using Interference Patterning. In Proceedings of the Laser-based Micro-and Nanoprocessing X, San
Francisco, CA, USA, 21-26 January 2012; International Society for Optics and Photonics: San Francisco, CA,
USA, 2012; Volume 8244.

Lasagni, A.F. Laser Interference Patterning methods: Possibilities for high-throughput fabrication of periodic
surface patterns. Adv. Opt. Technol. 2017, 6, 265-275. [CrossRef]

Kunze, T,; Roch, T.; Anne, G.; Rank, A.; Denise, G.; Bieda, M. Efficient high-resolution surface patterning for
2D and 3D parts. SPIE Newsroom 2016, 10, 2—4.

Wong, T.I; Han, S.; Wu, L.; Wang, Y.; Deng, ].; Tan, C.Y.L.; Bai, P; Loke, Y.C.; Yang, X.D.; Tse, M.S,; et al. High
throughput and high yield nanofabrication of precisely designed gold nanohole arrays for fluorescence
enhanced detection of biomarkers. Lab. Chip 2013, 13, 2405-2413. [CrossRef]

Wong, T.I; Limantoro, J.; Fong, K.P; Tan, C.Y.L.; Quan, C.; Sun, L.L.; Zhou, X. Easy fabrication of high quality
nickel mold for deep polymer microfluidic channels. J. Micromech. Microeng. 2016, 26, 065016. [CrossRef]
Jucius, D.; Grigalitinas, V.; Mikolajiinas, M.; Guobiené, A.; Kopustinskas, V.; Gudonyté, A.; Narmontas, P. Hot
embossing of PTFE: Towards superhydrophobic surfaces. Appl. Surf. Sci. 2011, 257, 2353-2360. [CrossRef]
Han, K.S;; Lee, H.; Kim, D.; Lee, H. Fabrication of anti-reflection structure on protective layer of solar cells by
hot-embossing method. Sol. Energy Mater. Sol. Cells 2009, 93, 1214-1217. [CrossRef]

Usatine, R. A belt buckle allergy? West. |. Med. 2001, 174, 307-308. [CrossRef]

Di Gioacchino, M.; Ricciardi, L.; De Pita, O.; Minelli, M.; Patella, V.; Voltolini, S.; Di Rienzo, V.; Braga, M.;
Ballone, E.; Mangifesta, R.; et al. Nickel oral hyposensitization in patients with systemic nickel allergy
syndrome. Ann. Med. 2014, 46, 31-37. [CrossRef]

Haber, L.T.; Bates, H.K.; Allen, B.C.; Vincent, M.].; Oller, A.R. Derivation of an oral toxicity reference value
for nickel. Regul. Toxicol. Pharmacol. 2017, 87, S1-5S18. [CrossRef]

Cabalin, L.M.; Laserna, ].J. Experimental determination of laser induced breakdown thresholds of metals
under nanosecond Q-switched laser operation. Spectrochim. Acta Part B At. Spectrosc. 1998, 53, 723-730.
[CrossRef]

Johnson, B.P,; Christy, R.W. Optical constants of transition metals. Phys. Rev. B 1974, 9, 5056-5070. [CrossRef]
Johnson, P.B.; Christy, R.W. Optical-constants of noble-metals. Phys. Rev. B 1972, 6, 4370-4379. [CrossRef]
Ujihara, K. Reflectivity of metals at high temperatures. J. Appl. Phys. 1972, 43, 2376-2383. [CrossRef]
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]

Baeurle, S.A.; Hotta, A.; Gusev, A.A. On the glassy state of multiphase and pure polymer materials. Polymer
(Guildf). 2006, 47, 6243-6253. [CrossRef]

Heilmann, S.; Zwahr, C.; Knape, A.; Zschetzsche, J.; Lasagni, A.F,; Fiissel, U. Improvement of the electrical
conductivity between electrode and sheet in spot welding process by direct laser interference patterning.
Adv. Eng. Mater. 2018, 1700755, 1-8. [CrossRef]


http://dx.doi.org/10.1002/adem.201600225
http://dx.doi.org/10.1155/2015/721035
http://dx.doi.org/10.1515/aot-2017-0016
http://dx.doi.org/10.1039/c3lc41396a
http://dx.doi.org/10.1088/0960-1317/26/6/065016
http://dx.doi.org/10.1016/j.apsusc.2010.09.102
http://dx.doi.org/10.1016/j.solmat.2009.01.002
http://dx.doi.org/10.1136/ewjm.174.5.307
http://dx.doi.org/10.3109/07853890.2013.861158
http://dx.doi.org/10.1016/j.yrtph.2017.03.011
http://dx.doi.org/10.1016/S0584-8547(98)00107-4
http://dx.doi.org/10.1103/PhysRevB.9.5056
http://dx.doi.org/10.1103/PhysRevB.6.4370
http://dx.doi.org/10.1063/1.1661506
http://dx.doi.org/10.1007/s00542-010-1155-0
http://dx.doi.org/10.1016/j.polymer.2006.05.076
http://dx.doi.org/10.1002/adem.201700755

Materials 2019, 12, 3409 15 of 16

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Antoriczak, A.J.; Stepak, B.; Koziot, P.E.; Abramski, K.M. The influence of process parameters on the
laser-induced coloring of titanium. Appl. Phys. A 2014, 115, 1003-1013. [CrossRef]

Zwahr, C.; Guinther, D.; Brinkmann, T.; Gulow, N.; Oswald, S. Laser surface pattering of titanium for
improving the biological performance of dental implants. Adv. Health. Mater. 2017, 6, 1600858. [CrossRef]
Lasagni, A.; Alessandria, M.D.; Giovanelli, R.; Mu, F. Advanced design of periodical architectures in bulk
metals by means of Laser Interference Metallurgy. Appl. Surf. Sci. 2007, 254, 930-936. [CrossRef]

Anthony, T.R; Cline, H.E. Surface rippling induced by surface-tension gradients during laser surface melting
and alloying. |. Appl. Phys. 1977, 48, 3888-3894. [CrossRef]

Lasagni, A.F.; Kunze, T.; Bieda, M.; Giinther, D.; Gértner, A.; Rank, A.; Roch, T. Large Area Micro-/Nano
Structuring Using Direct Laser Interference Patterning. In Proceedings of the Laser Applications in
Microelectronic and Optoelectronic Manufacturing (LAMOM) XXI, San Francisco, CA, USA, 13-18 February
2016; International Society for Optics and Photonics: San Francisco, CA, USA, 2016; Volume 9735.
Jandeleit, J.; Urbasch, G.; Hoffmann, H.D.; Treusch, H.-G.; Kreutz, E.W. Picosecond laser ablation of thin
copper films. Appl. Phys. A 1996, 63, 117-121. [CrossRef]

Sugioka, K.; Meunier, M.; Piqué, A. Laser Precision Microfabrication; Springer: Berlin/Heidelberg, Germany,
2010; Volume 135, pp. 35-86.

Huynh, T.T.D.; Semmar, N. Dependence of ablation threshold and LIPSS formation on copper thin films by
accumulative UV picosecond laser shots. Appl. Phys. A 2014, 116, 1429-1435. [CrossRef]

D’Alessandria, M.; Lasagni, A.; Miicklich, F. Direct micro-patterning of aluminum substrates via laser
interference metallurgy. Appl. Surf. Sci. 2008, 255, 3210-3216. [CrossRef]

Estevam-Alves, R.; Giinther, D.; Dani, S.; Eckhardt, S.; Roch, T.; Mendonca, C.R.; Cestari, LN.; Lasagni, A.F.
UV Direct Laser Interference Patterning of polyurethane substrates as tool for tuning its surface wettability.
Appl. Surf. Sci. 2016, 374, 222-228. [CrossRef]

Daniel, C. Laser Interference Metallurgy-using interference as a tool for micro/nano structuring. Int. J. Mat.
Res. 2006, 97, 1337-1344.

Ang, LK,; Lau, Y.Y.; Gilgenbach, R.M.; Spindler, H.L. Analysis of laser absorption on a rough metal surface.
Appl. Phys. Lett. 1997, 70, 696-698. [CrossRef]

Romer, G.R.B.E.; Skolski, ].Z.P.; Obonia, ].V.; Huis In’t Veld, A.]. Finite-difference time-domain modeling of
laser-induced periodic surface structures. Phys. Procedia 2014, 56, 1325-1333. [CrossRef]

Le Harzic, R.; Dorr, D.; Sauer, D.; Stracke, F.; Zimmermann, H. Generation of high spatial frequency ripples
on silicon under ultrashort laser pulses irradiation. Appl. Phys. Lett. 2011, 98, 2009-2012. [CrossRef]
Martinez-Calderon, M.; Gomez, M.; Olaizola, S.M.; Granados, E.; Rodriguez, A. Photonic structures in
diamond based on femtosecond UV Laser Induced Periodic Surface Structuring (LIPSS). Opt. Express 2017,
25, 15330-15335.

Vorobyev, A.Y.; Makin, V.S.; Guo, C. Periodic ordering of random surface nanostructures induced by
femtosecond laser pulses on metals. J. Appl. Phys. 2007, 101, 034903. [CrossRef]

Grif, S.; Kunz, C.; Undisz, A.; Wonneberger, R.; Rettenmayr, M.; Miiller, F.A. Mechano-responsive colour
change of laser-induced periodic surface structures. Appl. Surf. Sci. 2019, 471, 645-651. [CrossRef]
Parellada-Monreal, L.; Castro-Hurtado, I.; Martinez-Calderén, M.; Presmanes, L.; Mandayo, G.G.
Laser-induced periodic surface structures on ZnO thin film for high response NO, detection. Appl.
Surf. Sci. 2019, 476, 569-575. [CrossRef]

Martinez-Calderon, M.; Azkona, ].J.; Casquero, N.; Rodriguez, A.; Domke, M.; Gémez-Aranzadi, M.;
Olaizola, S.M.; Granados, E. Tailoring diamond’s optical properties via direct femtosecond laser
nanostructuring. Sci. Rep. 2018, 8, 1-9. [CrossRef]

Giannuzzi, G.; Gaudiuso, C.; Di Franco, C.; Scamarcio, G.; Lugara, PM.; Ancona, A. Large area laser-induced
periodic surface structures on steel by bursts of femtosecond pulses with picosecond delays. Opt. Lasers Eng.
2019, 114, 15-21. [CrossRef]

Blaga, C.I; Shvets, G.; DiMauro, L.F.; Szafruga, U.B.; Austin, D.R.; Wang, Z.; Kafka, K.R.P,; Trendafilov, S.;
Yi, A.Y.; Lai, Y.H.; et al. Laser induced periodic surface structure formation in germanium by strong field
mid IR laser solid interaction at oblique incidence. Opt. Express 2015, 23, 19522-19534.

Scorticati, D.; Romer, G.-W.; de Lange, D.F,; Huis in’t Veld, B. Ultra-short-pulsed laser-machined nanogratings
of laser-induced periodic surface structures on thin molybdenum layers. J. Nanophotonics 2012, 6, 063528.
[CrossRef]


http://dx.doi.org/10.1007/s00339-013-7932-8
http://dx.doi.org/10.1002/adhm.201600858
http://dx.doi.org/10.1016/j.apsusc.2007.08.010
http://dx.doi.org/10.1063/1.324260
http://dx.doi.org/10.1007/BF01567638
http://dx.doi.org/10.1007/s00339-014-8255-0
http://dx.doi.org/10.1016/j.apsusc.2008.09.018
http://dx.doi.org/10.1016/j.apsusc.2015.11.119
http://dx.doi.org/10.1063/1.118242
http://dx.doi.org/10.1016/j.phpro.2014.08.058
http://dx.doi.org/10.1063/1.3593493
http://dx.doi.org/10.1063/1.2432288
http://dx.doi.org/10.1016/j.apsusc.2018.12.051
http://dx.doi.org/10.1016/j.apsusc.2019.01.115
http://dx.doi.org/10.1038/s41598-018-32520-0
http://dx.doi.org/10.1016/j.optlaseng.2018.10.006
http://dx.doi.org/10.1117/1.JNP.6.063528

Materials 2019, 12, 3409 16 of 16

75.

76.

77.

78.

79.

80.

81.

82.

83.

Sugioka, K.; Cheng, Y. Ultrafast lasers—Reliable tools for advanced materials processing. Light-Sci. Appl.
2014, 3, e149. [CrossRef]

Fraggelakis, F.; Mincuzzi, G.; Lopez, ].; Manek-Honninger, I.; Kling, R. Texturing metal surface with MHz
ultra-short laser pulses. Opt. Express 2017, 25, 18131-18139. [CrossRef]

Jagdheesh, R. Fabrication of a superhydrophobic Al,O3 surface using picosecond laser pulses. Langmuir
2014, 30, 12067-12073. [CrossRef]

Aguilar-Morales, A.I; Alamri, S.; Lasagni, A.F. Micro-fabrication of high aspect ratio periodic structures
on stainless steel by picosecond Direct Laser Interference Patterning. |. Mater. Process. Technol. 2018, 252,
313-321. [CrossRef]

Bonse, J.; Hohm, S.; Kirner, S.; Rosenfeld, A.; Kriiger, J. Laser-Induced Periodic Surface Structures (LIPSS) -A
scientific evergreen. IEEE ]. Sel. Top. Quant. 2016, 23, 9000615.

He, X.; Datta, A.; Nam, W.; Traverso, L.M.; Xu, X. Sub-diffraction limited writing based on Laser Induced
Periodic Surface Structures (LIPSS). Sci. Rep. 2016, 6, 1-8. [CrossRef] [PubMed]

Shimizu, H.; Yada, S.; Obara, G.; Terakawa, M. Contribution of defect on early stage of LIPSS formation. Opt.
Express 2014, 22, 17990-17998. [CrossRef]

Vilar, R. Laser Surface Modification of Biomaterials: Techniques and Applications; Woodhead Publishing: Sawston,
UK, 2016; pp. 302-315.

Nathala, C.S.R.; Ajami, A.; Ionin, A.A.; Kudryashov, S.I.; Makarov, S.V.; Ganz, T.; Assion, A.; Husinsky, W.
Experimental study of fs-laser induced sub-100-nm periodic surface structures on titanium. Opt. Express
2015, 23, 5915-5929. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1038/lsa.2014.30
http://dx.doi.org/10.1364/OE.25.018131
http://dx.doi.org/10.1021/la5033527
http://dx.doi.org/10.1016/j.jmatprotec.2017.09.039
http://dx.doi.org/10.1038/srep35035
http://www.ncbi.nlm.nih.gov/pubmed/27721428
http://dx.doi.org/10.1364/OE.22.017990
http://dx.doi.org/10.1364/OE.23.005915
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	DLIP Experimental Details 
	Plate-to-Plate Hot Embossing 
	Characterization Methods 

	Results and Discussion 
	Patterning Strategy 
	Effect of Laser Fluence 
	Effect of Pulse Number 
	LIPSS Formation and Evolution 
	Hot Embossing 

	Conclusions 
	References

