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Abstract: All-purpose glasses are common in many established and emerging industries, such as
microelectronics, photovoltaics, optical components, and biomedical devices due to their outstanding
combination of mechanical, optical, thermal, and chemical properties. Surface functionalization
through nano/micropatterning can further enhance glasses” surface properties, expanding their
applicability into new fields. Although laser structuring methods have been successfully employed
on many absorbing materials, the processability of transparent materials with visible laser radiation
has not been intensively studied, especially for producing structures smaller than 10 um. Here,
interference-based optical setups are used to directly pattern soda lime substrates through non-lineal
absorption with ps-pulsed laser radiation in the visible spectrum. Line- and dot-like patterns are
fabricated with spatial periods between 2.3 and 9.0 um and aspect ratios up to 0.29. Furthermore, laser-
induced periodic surface structures (LIPSS) with a feature size of approximately 300 nm are visible
within these microstructures. The textured surfaces show significantly modified properties. Namely,
the treated surfaces have an increased hydrophilic behavior, even reaching a super-hydrophilic state
for some cases. In addition, the micropatterns act as relief diffraction gratings, which split incident
light into diffraction modes. The process parameters were optimized to produce high-quality textures
with super-hydrophilic properties and diffraction efficiencies above 30%.

Keywords: glass micro-structuring; direct laser interference patterning; laser-induced periodic
surface structures; multi-photon absorption; wettability; diffraction gratings

1. Introduction

Glass offers outstanding properties for a wide range of applications where high optical
transparency, chemical stability, heat resistance, hardness, or biological compatibility are
needed. Moreover, in recent years, technical glasses have become an essential material for
emerging markets such as biomedical devices, micro-optics and photonics, biotechnology,
and microfluidics [1-6]. Functionalization of glasses via surface modification has opened
an even broader scope for these materials, showing attractive features for products with
a high-added value [7-10]. For instance, surfaces with tuned hydrophilicity can enhance
the filling of microchannels in microfluidics chips without the need of added pumps or
valves [11], whereas large area super-hydrophobic or super-hydrophilic glasses can be
used in anti-fogging and self-cleaning applications [12,13]. Super-hydrophilic surfaces
immersed in water can repel oil contaminants due to the differences in the surface tensions
of the liquids, paving the way for novel oil/water separation applications [14,15]. In ad-
dition, such underwater self-cleaning surfaces can also prevent biofouling, which could
be attractive for the food processing sector, biomedical devices, and marine industry [16].
As another example, surface relief gratings etched in glasses have shown the capability to
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enhance light absorption in thin film Si solar cells by diffraction and scattering, resulting in
an increased power conversion efficiency up to 48% [17-19]. Moreover, the combination
of super-hydrophilicity with high optical transparency and scattering on textured glass
has shown the potential for photovoltaic modules with self-cleaning and increased energy
harvesting abilities [20,21]. These examples demonstrate, among others, the endless pos-
sibilities for functionalized glass materials and their potential impact in many growing
economical markets.

In order to functionalize the surface of these materials, special techniques able to
induce chemistry-based and topography-based surface changes are necessary. For instance,
plasma treatments have been used to tailor the wettability of glass substrates by depositing
polymeric coatings with a controlled stoichiometry [22-24]. From the topographical point
of view, chemical treatments created, in most cases, a thin coating with nano-roughness
that can be controlled by adjusting the process parameters. However, these methods
offer limited possibilities to fabricate deterministic surface microstructures with tunable
geometrical parameters, which can be useful to induce light diffraction [25-27].

Among the numerous methods and approaches developed to fabricate deterministic
microstructures on glass surfaces, those based on lithographic techniques combined with
wet chemical etching or reactive ion etching are the widest spread [28-32]. Lithography
is a well-established method in both lab-scale prototyping and industrial manufacturing
able to pattern features down to the nanoscale with high aspect ratios and excellent texture
uniformity. However, it is a multiple step process that requires a prefabricated mask and
uses hazardous chemicals [33].

Laser-based structuring methods have appeared in recent decades as an attractive
alternative to lithography-based techniques due to the continuously decreasing costs of the
laser sources, combined with their increasing output power and high flexibility [34-36].
The laser-based micro-structuring of glass can be achieved by direct or indirect means.
As an example of the latter case, the laser-induced micro-plasma ablation (LIMPA) method
relies on the irradiation of a metallic absorber placed on the backside of a transparent
material, e.g., fused silica. The absorbed radiation in the metal generates a plasma plume
in the confined space between metal and dielectric with enough energy to ablate the mate-
rials [37—40]. In contrast, the direct laser-based processing of glasses usually requires the
use of either ultraviolet laser radiation with fluences higher than 10 J/cm? or laser sources
providing ultra-short laser pulses (USP, in the ps or fs regime), whose high-peak intensi-
ties initiate nonlinear absorption processes [41-46]. This topic has received considerable
attention in recent years and the main processes can be summarized as follows.

- Multiphoton ionization: an electron in the valence band can absorb several visible or
near-infrared photons and gain enough energy to cross the band gap [47].

- Tunneling photoionization: the strong electric field suppresses the Coulomb barrier
and allows the electron to tunnel through. The free electrons created by nonlin-
ear photoionization can then absorb more energy from the laser pulse by inverse
bremsstrahlung. If the energy of the free carriers becomes high enough, they can also
promote an electron from the valence to the conduction band by impact ionization,
leading to an avalanche process [48].

One of the most distinguishing features of two-photon absorption is that the amount
of absorbed power in a thin layer of the medium is proportional to the square of the light
intensity (or power), while, in one-photon absorption, the ratio of absorption depends lin-
early with respect to intensity [49]. Therefore, considering a Gaussian beam, the absorption
rate drops quadratically, moving from the center toward the periphery of the beam and
any linear variation in the power would produce a quadratic variation of the absorption
coefficient and, therefore, of the ablation depth [50]. As a result, the process window for the
two-photon microfabrication in non-absorbing materials is very narrow, compared with
linear absorption.

Besides, the interaction of USP with the material gives rise to laser-induced periodic
surface structures (LIPSS), which were recently observed in transparent ceramic materials
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like fused silica [51], quartz [52], sapphire [53,54], soda-lime-silicate, and borosilicate
glasses [55]. Although the micro-texturing based on LIPSS is a relatively simple process,
features with high aspect ratios are hard to achieve and their periodicity is mainly dictated
by the used radiation wavelength and its polarization state [56].

A more flexible approach for the fabrication of periodic structures is the Direct Laser
Interference Patterning (DLIP) method, by which two or more coherent beams are over-
lapped at the material surface to generate an interference pattern. If the local intensity is
high enough to initiate the ablation, a periodic pattern can be directly engraved on the
material [57]. Furthermore, controlling the number of interfering beams and their overlap-
ping angle, the radiation polarization, and deposited fluence, as well as different textures
shapes, periodicities, and aspect ratios are achievable. In addition, the material properties
can also be tuned [58-61]. Particularly, using two laser beams, line-like patterns can be
created, whereas overlapping four beams with the same polarization at the same incidence
angle as well as a dot-like array with square symmetry can be produced. Although a few
pioneering works on direct structuring by interfering ultra-short laser pulses on transparent
ceramics, such as amorphous SiOy, sapphire, SiC, TiO;, diamond, among others, have been
reported [62-64], no systematic study has been done yet to optimize the laser processing
parameters and link them with controlled surface properties.

In this contribution, the processability of soda lime glass substrates using DLIP with
USP and visible radiation (532 nm) is addressed. In a single DLIP step, line-like and dot-like
arrays with different periodicities and aspect ratios are, thus, structured. The textured glasses
showed multifunctional properties, as the surface developed a super-hydrophilic characteristic
combined with the ability to diffract white light into well-defined viewing angles.

2. Materials and Methods
2.1. Glass Substrates

Soda lime glass sheets (100 mm x 100 mm x 5 mm) fabricated by the float-glass
method (Aachener Quarzglas-Technologie Heinrich GmbH & Co. KG, Aachen, Germany)
were used in all the experiments. This glass is resistant to almost all acids, salts, and their
solutions and, despite its low cost, it is characterized by excellent thermal, optical, and me-
chanical properties, making it a commonly used all-purpose glass material. This soda lime
glass has a transmission of approximately 90% at a wavelength of 532 nm, which is the
wavelength of the used laser systems (as described in Section 2.2).

2.2. Direct Laser Interference Patterning Setups

Two different DLIP systems were used to pattern either the line-like or dot-like textures.
To pattern the former textures, a 12 ps pulsed laser source (EdgeWave GmbH, Wiirselen,
Germany) with an output power of 61.4 W at a wavelength of 532 nm and at a repetition
rate of 10 kHz was used. In turn, a laser source (neoLASE GmbH, Hanover, Germany)
with a maximum output power of 2.7 W emitting 70 ps pulses at a wavelength of 532 nm
at a repetition rate of 1 kHz was employed for structuring dot-like textures. Both DLIP
systems are based on the flexible DLIP approach [65] shown schematically in Figure 1.
The primary beam coming from the laser source is split into four beams by a diffractive
optical element (DOE), which are then parallelized by a prism. Afterward, the secondary
beams are focused by a convex lens on the sample surface. Since only two beams need to
be overlapped on the sample to produce the line-like patterns, a mask is introduced before
the lens to block two opposite secondary beams. By adjusting the distance between the
DOE and prism, the user can easily set the overlapping angle and, thus, the texture spatial
period. The samples were processed in ambient conditions at a room temperature of 22 °C
and humidity of 35%.
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Figure 1. (a) Schematic setup of the four beams DLIP system used to structure glass. The mask is inserted to block two

beams and letting the other two beams to interfere at the sample’s surface. (b) Characterization setup used to measure the

angular and spectral intensity of the transmitted diffracted modes by the structured glass samples.

2.3. Structuring Strategy

To pattern large areas, the followed strategies are represented in Figure 2. In the case
of the two-beam setup, after firing each laser pulse, the stage where the sample is mounted
moves vertically a pulse separation distance ps, which can be tuned to deposit different
amounts of an accumulated fluence dose (Figure 2a). The ratio between the spot size ¢
and the pulse separation distance ps yields the effective number of applied pulses on the
same area N. When a vertical line is completed, the stage moves sideways along a distance
called hatch, which must be a multiple of the used spatial period to avoid destroying the
periodic texture.

pulse
separation

{

(l

Figure 2. Patterning strategies followed to pattern (a) line-like textures with two-beam Direct Laser
Interference Patterning (DLIP) and (b) dot-like textures with four-beam DLIP.

In turn, Figure 2b shows the patterning strategy used for fabricating the dot-like
textures using four-beam DLIP. In this case, the sample is placed at the specified position,
then it is irradiated N times until it moves to the next position. A compact hexagonal array
of irradiated spots was textured with the hatch distance displaced diagonally, as shown in
Figure 2b. All the structured areas had a size of 5 mm x 5 mm. Table 1 lists the fixed and
variable process parameters used in this work. With the used DLIP setups, the maximum
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patterning throughputs for the two-beam and four-beam configurations were 3.3 cm?/min
and 2.4 cm? /min, respectively.

Table 1. Process parameters for structuring line-like and dot-like textures.

Parameter Line-Like Textures Dot-Like Textures
Spatial period [pum] 2.3 3.9 9.0 2.3 4.7
Spot size [um] 74 52 54 45
Hatch [pum] 23.0 15.6 18.0 16.5 134
Fluence [J/cm?] 2.16-2.44 1.77-2.36 4.88-5.14 3.77-3.90 2.67-3.71
Number of pulses 10-15 8-13 7-12 5-7 2-6
Repetition rate [kHz] 10 1

2.4. Topography Characterization

The fabricated DLIP structures were characterized by confocal microscopy (LeicaS-
CAN DCM 3D, Leica Camera, Wetzlar, Germany) with a 150X magnification objective,
providing a lateral and vertical resolution of 140 nm and 2 nm, respectively. The recorded
images were analyzed by the software Leica Map Premium 6.0 (Leica, Wetzlar, Germany) to
evaluate the depth and the roughness factor. The textured surfaces were also characterized
using a scanning electron microscope (ZEISS Supra 40VP, Jena, Germany) at an operating
voltage of 8.0 kV, after coating the samples with a 30-nm thick gold layer.

2.5. Wettability Characterization

The static water contact angle (CA) of the laser-treated surfaces were recorded with a
contact angle system (Kriiss DSA 100 S, Hamburg, Germany). The system automatically
controlled the deposition of 2 uL droplets of deionized water onto the samples and calcu-
lated the CA using the tangent drop profile fitting method. The ambient temperature was
22 °C during all the measurements.

2.6. Optical Characterization

To measure the intensity of the diffracted light by the structured glass samples, the
setup shown schematically (top view) in Figure 1b was used. White light emitted by a
tungsten lamp is directed to the sample holder by an optical fiber and focused on the
sample by a bi-convex lens. Then, the transmitted light in the plane of the movement of
the goniometer (angular resolution of 2°) is collected by a plano-convex lens and coupled
to an optical fiber, which directs the light toward a UV-vis-NIR spectrometer (OceanOptics
GmbH, HR2000+, Ostfildern, Germany). The measured intensities were normalized to the
intensity corresponding to the incident light coming from the fiber.

3. Results
3.1. Direct Fabrication of Microstructures on Glass

In order to verify the possibility to induce non-linear absorption mechanisms, a 5-mm
thick soda lime glass has been irradiated with green (532 nm) laser radiation, employing
a pulsed laser system (12 ps) with pulse energy Ep of at least 615 pJ and a compact
optical setup for generating interference with spatial periods between 2.3 um and 9.0 pm
(see Figure 1). In a preliminary experiment, the laser fluence and spatial period were varied
between 1.77 and 5.14 ] /cm? and 2.3 and 9.0 pm, respectively, to determine the influence
of these parameters on the resulting topography. The selected SEM images of Figure 3
illustrate the influence of the accumulated fluence dose on the samples patterned by two-
beam DLIP with spatial periods of 2.3 um (Figure 3a—c), 3.9 um (Figure 3d—f), and 9.0 um
(Figure 3g—i). The number of applied pulses N and fluence F are also shown on the images.
In the first row of Figure 3, it can be seen that, as F increased from 2.22 to 2.44 ] / cm? (left to
right), at a constant pulse number N = 11, the topography changed from a uniform texture
with well-defined periodic grooves to a surface with severely damaged zones. A similar
topography change was observed in the second row (Figure 3d—f), where, in this case, F was
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increased from 2.00 to 2.36 ] / cm?, while N was held at 9. Particularly, for the lowest fluence
(Figure 3d), the trenches are relatively shallow and their depth presents a modulation
across the grooves direction, which may be attributed to a non-homogeneous ablation due
to the Gaussian profile of the laser radiation. As the fluence increased to F = 2.24 J/cm?
(Figure 3e), the trenches became deeper but still a depth modulation can be observed.
In the third row (Figure 3g-i), the fluence was kept constant at F = 4.99 ] /cm?, and N was
increased from 7 to 11. In this case, the trend is also repeated, i.e., as the accumulated
fluence dose increased, the grooves’ depth increased as well and surface damage became
more apparent. In the extreme case shown in Figure 3i, the surface was highly damaged,
making the DLIP features hard to identify. The high-magnification images shown in
the insets of Figure 3g,h allow the identification of ordered nanostructures within the
micro-trenches, which are aligned perpendicularly to the radiation polarization direction
(indicated with the arrows in the insets) and exhibit a spatial period of approximately
~300 nm. In agreement with previous works, the observed LIPSS spatial period is close
to the ratio A/n = 350 nm [55], where n = 1.52 is the refractive index of soda lime at a
laser wavelength A = 532 nm [66]. Considering their alignment and lateral feature size,
these nanostructures can be identified as low spatial frequency LIPSS [67,68]. Moreover,
the appearance of such LIPSS on the glass samples suggests that the absorption mechanism
is mainly dictated by multi-photon absorption, as observed elsewhere [54,69-71].

accumulated fluence

spatial period

F=2.24 J/cm?, N=9

Figure 3. SEM images (secondary electron detector) of glass samples structured with line-like patterns and different spatial
periods: (a—c) 2.3 pm, (d—f) 3.9 pm, and (g-i) 9.0 um. The accumulated fluence dose increases from left to right. The inset of
figures (g,h) show low spatial frequency LIPSS aligned perpendicularly to the laser polarization direction (arrows).

Although DLIP ablation of transparent materials has not been extensively investigated
so far, several works have modeled and discussed the multi-photon absorption processes in
transparent materials, assuming a single incident beam. Particularly, Sun et al. have mod-
eled ablation in soda lime glass considering the ultrafast dynamics of free-electrons using a
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a) spatial period 2.3 pm depth (1m)  p) spatial period 3.9 pm depth (bm) ) spatial period 9.0 pm depth (um)

fluence (J/cm?)

rate equation for free-electron density including multi-photon ionization, avalanche ioniza-
tion, and loss terms [72]. This model predicts that using pulse durations in the picosecond
regime and laser fluences in the 1.7-5 J/cm? range, as employed in our work, the pro-
cess lies in the multi-photon ablation regime, in accordance with the results presented in
this section.

Further information can be retrieved through a topography analysis by confocal mi-
croscopy. Varying the laser fluence and the pulse overlap (expressed as an equivalent
number of pulses per laser spot) three contour plots (Figure 4) corresponding to samples
structured with the spatial periods of 2.3 um (a), 3.9 um (b), and 9.0 um (c) have been
produced, summarizing the variation of the structure depth together with a qualitative
interpretation of the surface quality. Namely, overlapped to the contour plots, different
symbols are placed on the process variables that correspond to the actual samples, rep-
resenting surfaces with either overall high homogeneity and quality (black circles) with
significantly damaged areas (red diamonds) or showing an additional depth modulation
due to the low intensity at the tails of the Gaussian beam (black/red squares), which are
also known as a second modulation [73]. The general trend observed in the depth diagrams
of Figure 4 is that, when the accumulated fluence is low, the microstructures are relatively
shallow and a second depth modulation is noticed, as shown exemplarily in the profile of
Figure 4a (the red line serves as a guide to the eye). As the accumulated fluence increased,
the structures were deeper (i.e., up to 2.2 pm) and the topography homogeneity improved,
as shown in the profile of Figure 4b. Finally, when the accumulated fluence dose was high
enough, the surface became so damaged, that the DLIP texture lost its regularity (see the
profile in Figure 4c). The maximum structure depths of those textures with a satisfactory
texture quality were 0.53 um, 1.12 pm, and 2.2 pum, for the patterns with spatial periods of
2.3 um, 3.9 um, and 9.0 pm, respectively, yielding maximum aspect ratios (depth to period
ratio) of 0.23, 0.29, and 0.24, respectively. These diagrams also reveal that the process
window for patterning glass with DLIP via non-linear absorption is very narrow and
finding the optimum set of parameters can be challenging. As mentioned in Section 1,
since the onset of non-linear absorption mechanisms strictly depends on the laser fluence
dose, slight variations in pulse energy or pulse overlap may lead to large differences in the
texturing results.
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0.0

4 . 0.2 . 0.0
03 05

04 -~ & 5.
: 1 B 15
05 5 3 2.0
06 & 15 g~ .
’ § § 25
07 2 20 2 3.0

i 25 : - 35

number of pulses

10 1" 12 13
number of pulses

height (um)
O =N W

204
50.2f
[
0.0 . .
=%

20 40 60 80 20 40 60 80

o

position (um) position (um) position (um)

Figure 4. Depth diagrams of the line-like patterned samples with spatial periods of (a) 2.3 um, (b) 3.9 um, and (c) 9.0 um,

together with a representative extracted profile showing surfaces with (a) second modulation, (b) good overall uniformity

and quality, and (c) significantly damaged areas.



Nanomaterials 2021, 11, 129

8of 17

3.2. Wettability of Textured Glass Surfaces

The wettability of the laser-treated glass surfaces was characterized by measuring the
static water contact angle (CA) using deionized water (2 uL of drop volume). The CA of the
flat reference was 52°, indicating a moderate hydrophilic character of the used soda lime
glass substrate. After the laser texturing, all the patterned surfaces showed a strong hy-
drophilic behavior, and some samples reached even a super-hydrophilic state, characterized
by a CA lower than 5°, according to the definition by Drelich and coworkers [74].

The inset in Figure 5 shows a box chart with the statistical distribution of the CA mea-
sured along and across the direction of the grooves (lengthwise and crosswise, respectively)
of all structured samples, i.e., 108 patterned fields. The top, middle, and bottom lines of
the boxes represent the 75%, 50% (or median), and 25% percentiles, respectively, whereas
the filled squares indicate the mean value and the filled (empty) stars are the maximum
(minimum) values. Both CAs showed similar mean values and statistical distribution,
even though the standard deviation (whiskers) of the crosswise CA was 35% higher than
the lengthwise measurement. A measure of the wetting anisotropy is also indicated in
the chart, which was calculated as the difference between the lengthwise and crosswise
CA. Analyzing this value, it can be observed that the mean value of the CA difference was
only 1.3° and, therefore, it can be concluded that, despite the well-defined orientation of
the DLIP grooves, the hydrophilic or super-hydrophilic states of the laser-treated samples
were mainly isotropic. This behavior can be explained by taking into account the balance
between capillary forces, surface tension, and gravity. For the textured glass surface, it can
be assumed that the adhesion forces to the rough hydrophilic surface dominate and the
droplet spread takes place in all directions regardless of the texture orientation [75-77].
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Figure 5. Water contact angle (CA) as a function of the roughness factor of all the line-like patterns.
Open and filled symbols represent CA measured lengthwise and crosswise, respectively, to the
direction of the grooves. The Wenzel model (dashed line) calculated with an equilibrium contact
angle of 52° measured on the flat glass (dotted line) cannot explain the super-hydrophilic state reached
for those samples with roughness factors below 1.6. The inset shows the statistical distribution of the
CA measured lengthwise and crosswise as well as their difference (anisotropy). See text for details.

In Figure 5, the CA of all the samples are plotted as a function of the samples’ rough-
ness factor r, which is defined as the ratio of the real surface area to the projected surface
area [78]. The open (filled) symbols stand for the CA measured lengthwise (crosswise)
to the direction of the grooves. Strikingly, CAs close to 5° in both measuring directions
were reached for roughness factors as low as 1.05. However, no clear trend was observed
for the dependence of CA measured parallel or perpendicular to the DLIP grooves as the
roughness factor increases.
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The well-known Wenzel model can be used to explain the highly hydrophilic wetting
state upon surface texturing [79]. According to this model, the liquid penetrates all the pro-
trusions of the rough surface, wetting the entire surface of the solid. Then, the dependence
of the contact angle Oy as a function of the roughness factor r is given by cos(Ow) = r X
cos(8g), where 0 is the CA of the flat surface [80]. As a result of the model, the hydrophilic
behavior of an initially hydrophilic flat surface increases when its roughness increases.
Although many studies suggest that this model fails to accurately predict the contact angle
in real structured surfaces, it usually succeeds in providing a qualitative estimate of the
general CA behavior [81-84]. Figure 5 also shows that the Wenzel model (dashed curve)
assuming 0y = 52° predicts a super-hydrophilic state if the roughness factor is higher than
~1.6. Nevertheless, in many structured samples, the super-hydrophilic state was reached
for roughness factors well below that value, even approaching a roughness factor of 1.
A possible explanation for this discrepancy may come from the fact that all the patterned
samples have a hierarchical texture with several types of nano-scaled features that add to
the DLIP trenches (Figure 3). These nanostructures, such as low and high spatial frequency
LIPSS as well as defects arising from the redeposited material, chipping and non-uniform
ablation, cannot be resolved by the used confocal microscope. Therefore, the actual rough-
ness factor could be significantly higher (i.e., >1.6) than the measured values, correlating to
a super-hydrophilic state according to Wenzel’s model. Superhydrophilicity on nanostruc-
tured and micro-structured glass with low anisotropy was also reported in many works for
different types of geometrical textures and aspect ratios [12,20,85,86].

On the other hand, most of the measured values do not reach contact angles lower than
5° even though the samples show high roughness values. This behavior can be ascribed to
the presence of atmospheric organic contaminants on the samples’ surface, which deposit
on the surface through physisorption (Van der Waals bonds) [87]. In fact, a common source
of such accidental contamination are hydrocarbons present in ambient air and this has
been demonstrated to be present even in high-end nanofabrication clean rooms [88,89].
This contamination, which is very common in metal surfaces, has been confirmed on
inert surfaces as SiO, by means of spectroscopic investigations [90]. As commonly known,
this thin organic layer leads to a decrease of the surface energy of the substrate and increases
its hydrophobicity (i.e., an increase of the CA) [87], which may prevent the contact angles
reported in this work to reach a value close to zero.

3.3. Optical Properties

Using an in-house developed optical characterization setup (see Section 2 for details),
the angular and spectral dependent intensity of the diffracted light in transmission mode
was measured for all the line-like textures. Figure 6 shows the measured intensity (colors)
for three selected samples with different spatial periods: (a) 2.3 pm (F =2.27 ]/ cm?, N = 13),
(b) 3.9 um (F =2.12J/cm?, N =9), and (c) 9.0 um (F = 5.04 J/cm?, N = 11). The black lines
represent the well-known diffraction grating equation [91] assuming the corresponding
grating period and different diffraction orders m, namely m = 0, £1, £2, 3. The intensity
scale bar, on a logarithmic scale, is expressed as the percentage of the light coming from the
optical fiber. As can be seen in Figure 6a,b, there is a very good match between the predicted
diffraction orders using the grating equation with the measured intensities, confirming that
the produced line-like textures behave effectively as relief diffraction gratings. However,
for the sample with a spatial period of 9.0 um (Figure 6c), the diffraction orders are
tightly distributed and they cannot be separated from scattering effects, especially for short
wavelengths. Consequently, the diagram presents a blur vertical band around the zero
order instead of well-defined diffraction modes. The spatial period of the LIPSS (~300 nm)
is shorter than the wavelengths used in this setup (380-900 nm), ruling out the propagation
of higher diffraction [91]. Therefore, all the diffraction modes seen in Figure 6 are associated
with the periodic DLIP microstructures.
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Figure 6. Spectral and angular dependence of the transmitted intensity through three selected structured samples with

spatial periods of (a) 2.3 um, (b) 3.9 um, and (c) 9.0 um. The black lines represent the diffraction grating equation for

different diffraction orders m.

Next, the diffraction efficiency DE is defined as the ratio between the sum of intensities
of the diffracted orders (m = £1, £2, £3) to the intensity of the incoming light from
the optical fiber integrated in the vis-NIR spectral range, i.e., 380-900 nm. In Figure 7,
the diffraction efficiency as a function of the number of laser pulses and fluence is shown
for the line-like patterns with spatial periods of (a) 2.3 um and (b) 3.9 um. The same
symbols displayed in the depth diagrams of Figure 4 representing the surface quality
are overlapped with the diffraction efficiency data in Figure 7. It can be seen that the
textures with both periods showed maximum diffraction efficiencies of approximately 30%.
Since the maximum achievable DE depends strongly on the structure height and on the
texture uniformity, the regions where the maximum DE in the diagrams of Figure 7 were
found can be directly correlated with their topographical characteristics shown in Figure 4.
For instance, the maximum DE for the textures with a spatial period of 2.3 um were
observed for low fluences and a high number of pulses that correspond to damage-free
textures with relatively large structured depths of approximately ~0.5 pm (Figure 4). For a
lower number of pulses, the structure depth and the diffraction efficiency became lower.
As expected, in the regions with high accumulated fluence, i.e., high number of pulses
with high fluence, which present a significant surface damage, the diffraction efficiency
is low. A similar correlation between topography and DE was observed for the textures
with a spatial period of 3.9 um (Figure 7b), where a high diffraction efficiency region is
located along the diagonal of the diagram, corresponding to the samples with a lower
amount of defects. The maximum DE of 33% was found for homogeneous patterns with
a structure depth of ~0.5 um, but also DE values > 25% were found for structure depths
around 1-1.3 pum. As indicated in Figures 4b and 7b, second modulation effects were
observed in several samples, reducing the overall surface uniformity. This phenomenon
was particularly evident for low accumulated fluences (low number of pulses with low
fluence) that led to low structure depths and low DE. These differences in the dependence
of the chosen process parameters with the topography characteristics explain the different
locations of the regions where the DE is maximized in Figure 7a,b.

Next, the maximum DE achieved in this study of 33% by the texture with a structure
depth of 0.5 pm and spatial period of 3.9 um is compared to an ideal thin sinusoidal phase
grating, according to the Fraunhofer diffraction theory [92]. For the calculations, a disper-
sive index of refraction was considered for the soda lime glass [66]. It was assumed that the
shape of the grating was a perfect sinusoidal function with a constant peak-to-valley height
of 0.5 um and the total diffraction efficiency was calculated as the sum of the efficiency of
the first three orders averaged in the wavelength range of 380-900 nm. Considering that a
portion of the incoming light is reflected at the air/glass interfaces, the calculation gave
a diffraction efficiency of 57.8% (see Appendix A for details). The difference between the
theoretical and experimental DE might come mainly from the deviation of the experimental
topography from an ideal sinusoidal function. For instance, the depth of the texture is
not uniform, and the presence of LIPSS and debris promote the scattering of incoming
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light into random directions. However, debris and other imperfections might be controlled
by further optimization of the process. LIPSS formation is an intrinsic mechanism of the
interaction between USP and the material and cannot be avoided.

| ® homogeneous pattern ¢ damaged areas m second modulation |

a I
) glfl;_f(r:?:rt:gn(o/ ) b) diffraction
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Figure 7. Diffraction efficiency determined for the line-like textures with spatial periods of (a) 2.3 um and (b) 3.9 ym as a

function of the process parameters.

In Table A1 of Appendix B, the samples with the maximum diffraction efficiencies and
their process parameters are listed. In the table, the sample with a spatial period of 5.9 um
that had the deepest microstructure with satisfactory overall uniformity is also included.

3.4. Outlook on Four-Beam DLIP Structuring

As stated above, many different texture geometries can be achieved by modifying the
DLIP configuration such as by using a different number of laser beams, and changing their
geometrical arrangement, polarization state, or scanning strategy. As a proof of concept,
four-beam DLIP was used to generate a square array of holes with a spatial period of
4.7 um by irradiating the glass surface with N = 5 pulses per spot with a pulse duration
of 70 ps at a fluence of 3.90 J/cm?, as shown in the SEM images of Figure 8. LIPSS were
also visible in the holes as well as a large amount of debris inside and around the holes
produced by redeposited material and chipping. Confocal microscopy characterization
revealed an average structure depth of 0.65 pm, representing an aspect ratio of 0.14.

Figure 8. (a,b) SEM micrographs showing a glass surface structured by four-beam DLIP (5 applied
pulses per spot at a fluence of 3.90 J/cm?). Aside from the well-defined periodic dot-like array
(spatial period of 4.7 um), LIPSS are visible inside the craters. (c) Photograph of a water droplet
spreading on the textured surface with a contact angle of ~6°. (d) Diffraction pattern on a screen
upon illuminating the structured glass with a green diode laser.
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The dot-like texture showed enhanced hydrophilicity, allowing water droplets to
spread with contact angles of 6° (Figure 8c). Likewise, the textured glass acted as a relief
diffraction grating when illuminated with a coherent light source. Figure 8d shows the
two-dimensional diffraction pattern projected on a screen when the sample was illuminated
with a green laser diode.

4. Conclusions

In this work, the feasibility of producing micropatterns with one and two dimensional
periodicities on soda lime glass by non-linear absorption of interfering laser beams is
demonstrated. The process window for obtaining homogenous line-like patterns without a
significant damaged area turned to be particularly narrow and strongly dependent on the
chosen spatial period. Uniform line-like textures with spatial periods of 2.3 um, 3.9 pm,
and 9.0 um and maximum aspect ratios of 0.23, 0.29, and 0.24, respectively, were fabricated.
The textures also presented low spatial frequency LIPSS with a periodicity of ~300 nm and
aligned perpendicularly to the laser polarization. This effect also confirms the multi-photon
absorption in the transparent soda lime glass.

The laser-treated surfaces showed enhanced functional properties. On the one hand,
all the samples increased their hydrophilic characteristic, even reaching the super-hydrophilic
state (CA < 5°) in some cases. On the other hand, homogenous structured samples with spa-
tial periods of 2.3 pm and 3.9 pum diffracted white light into well-defined diffraction modes
with efficiencies close to 30%. In this way, both enhanced properties can be combined
in a single pattern to obtain multifunctional glass surfaces. As an example, patterning a
line-like texture with a period of 2.3 um with 14 pulses at a fluence of 2.22 J/cm? resulted
in a super-hydrophilic surface able to diffract light with an efficiency of 25%.

It was also demonstrated the feasibility of employing four-beam DLIP to pattern
periodic dot-like arrays with ultra-short laser pulses with a wavelength in the visible
spectrum. Further investigations need to be done to optimize the process and to study the
modified surface properties.

Although the throughputs achieved in this study (~3 cm?/min) are relatively low
to be attractive for industrial applications, the DLIP method can be scaled up to mass
production, e.g., throughputs ~1 m?/min, by using laser sources with higher power output
that allows larger spot sizes, by optimizing the DLIP optics and employing faster beam
guidance systems, such as galvo-scanners or polygon scanners.
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Appendix A. Calculation of Diffraction Efficiency of a Thin Sinusoidal Phase Grating

Following the Fraunhofer diffraction calculations presented in Reference [92], the diffrac-
tion efficiency of the diffraction mode m of an ideal thin sinusoidal phase grating can be
estimated as:

M = Jm(B/2), (A1)

where | is the Bessel function of the first kind and g is the maximum phase contrast between
the waves emerging at the back side of the grating and is given by:

p= 2w -, (a2

where 1(A) is the dispersive refractive index of soda lime glass and # is the grating depth.
The diffraction efficiency considering the orders m = £1, £2 and 3 is:

n=2x(R+B+53), (A3)

which is also a function of the wavelength. The reflection at the glass/air interface can be
calculated by Reference [91].
—1\2
R(A) = (” ) . (A4)

n+1

Considering that the light interacts with the air/glass interface of the front and back
sides of the grating, the transmitted intensity is reduced due to reflection by a factor (1 —
R)2.

Finally, the averaged diffraction efficiency across the visible-NIR spectrum is calculated

as:
1 900nm

DE (1—R(A))*(A)dA.

~ 900nm — 380nm J380nm

Appendix B.

Table A1. Selected samples with their spatial periods, process parameters, structure depth, diffrac-
tion efficiency, and contact angle. The samples with the spatial periods of 2.3 um and 3.9 um were
selected because they have shown the maximum diffraction efficiency for each period. In turn,
the sample with the spatial period of 5.9 pm was selected, as it had the deepest microstructures with
satisfactory homogeneity.

Spatial period [pum] 2.3 3.9 5.9
Fluence [J/cm2] 2.16 2.01 4.88
Number of pulses 14 10 11
Structure depth [pum] 0.34 0.30 2.21
Diffraction efficiency [%] 27.8 32.7 -
Contact angle [°] 7.2 5.9 10.1
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