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1 Introduction

Surface functionalization at the micro- and nano-scale enables local modification of material
properties, tailoring them to obtain new and outstanding characteristics, such as superhydropho-
bicity [1], friction control, and anti-reflection [2]. These new properties open the door for these
materials to be used in different applications in emerging markets, such as biomedical devices,
micro-optics, biotechnology, and microfluidics. Such effects can be observed in nature. A well-
known example is the lotus effect [3], where the superhydrophobic or self-cleaning property of the
lotus leaf results from the well-defined micro- and nanostructures on the surface of the leaves.

Conventionally, surface functionalization has been accomplished through lithographic meth-
ods with wet chemical etching or reactive ion etching [4]. Nevertheless, this approach is a multi-
step process that employs hazardous chemicals [5], posing potential adverse impacts on both hu-
man health and the environment. Laser-based texturing methods present an attractive alternative to
lithography-based techniques in producing accurate surface patterns in the micrometer and nanome-
ter scale. Furthermore, they can provide high processing speeds with little to no preparation or post-
processing [6]. Among laser-based texturing methods, Direct Laser Interference Patterning (DLIP)
appears as a more versatile approach for the fabrication of deterministic microstructures [7]. DLIP
is a technique based on overlapping multiple laser beams to induce an interference pattern onto the
material surface. By controlling the number of interfering beams and their overlapping angle, the
wavelength of the radiation, and the deposited fluence, it is possible to achieve different patterns,
periodicities, and aspect ratios [8].

Transparent materials are commonly used in many established and emerging industries, such
as microelectronics, photovoltaics, optical components, and biomedical devices [8]. Therefore, the
functionalization of transparent materials through the DLIP technique appears as a promising tool
to tailor their optical and mechanical surface properties for applications in different fields. For in-
stance, for anti-reflection applications in the visible range, the period of the desired structures has
to reach values much smaller than the sub-micron scale (< 300nm). To achieve these structures, it
is necessary to employ today’s tailored optics and scanning systems that allow reaching these num-
bers. Hence, in this work, we investigate the processability of two transparent materials, sapphire,
and polycarbonate, by 343nm-wavelength femtosecond laser DLIP, using a custom-made f-theta

lens with a large aperture (d=20 mm) and a small focal length (F30mm).



2 Basic theory

2.1 Surface functionalization

Most surface properties found in nature, such as the lotus effect, are related to well-defined
micro- and nanostructures inherent to these surfaces [9]. The lotus effect, which refers to the su-
perhydrophobic property of the lotus leaf, is primarily attributed to the presence of micro- and
nano-scale structures on the leaf’s surface, as illustrated in Fig. 1. These structures create a combi-
nation of hydrophobicity and self-cleaning properties. As a result, dirt and other contaminants are

less likely to adhere to the surface, making it easier for water to remove them [3].

Figure 1 : SEM images of the microstructures (a) and nanostructures (b) in the Lotus leaf (c).
Adapted from [3].

Another example that can be found in nature is the blue iridescent colors in the wing scales of
the Morpho butterflies [10]. As shown in Fig. 2, the wing contains 3D nanostructures that diffract
the incident light. Multiple interferences from the stacked-layer structure are responsible for the

strong blue irradiance.



Figure 2 : (a) A photograph of Morpho didius butterfly showing blue iridescence (b) SEM image
of the nanostructures on the butterfly wing. Adapted from [10].

An interesting example of anti-reflection properties in nature is the transparent wings of the
Greta oto butterfly, commonly known as the glasswing butterfly. The wings exhibit exceptional
low haze and reflectance across the entire visible spectral range, even at wide viewing angles of
up to 80° [11]. This omnidirectional anti-reflection behavior is attributed to the presence of small

nanopillars covering the transparent regions of its wings, as shown in Fig. 3.

niople height at ¢

Figure 3 : (a) Photograph of a glasswing butterfly (Greta oto). Its wings feature three regions:
transparent, dark brown, and white. (b) SEM image of the transparent region revealing that this
part of the wing is covered with = 2 um thick and ~ 40 um long bristles or micro-hairs. The areas
between these micro-hairs are covered with nanopillars (¢). Adapted from [11].

These natural effects have inspired the development of different methods to texture the surfaces
of different materials in order to alter or improve their properties. As a result, these materials can
be utilized in various applications in different industries.

Surface functionalization is usually carried out through lithographic techniques combined with
wet chemical etching or reactive ion etching [4]. These techniques enable patterning structures in the
micrometer and the nanometer scale with high aspect ratios and excellent uniformity. Nevertheless,
they consist of multiple steps, require a prefabricated mask, and use dangerous chemicals [5].

Laser-based texturing techniques have emerged as a promising alternative for precise and con-



trolled material structuring at the micro- and nano-scales. Furthermore, they can provide high pro-
cessing speeds with little to no preparation or post-processing [6]. There exist three main approaches
to achieve laser surface texturing: Direct laser writing (DLW), patterning by the generation of laser-
induced periodic surface structures (LIPSS), and DLIP.

In DLW, a single laser beam is guided by a scanner and focused onto the surface of the mate-
rial, as illustrated in Fig. 4. A large variety of materials can be processed, depending on the laser
wavelength, pulse duration, and pulse energy. For instance, this technology has been used to cre-
ate superhydrophobic microstructures on aluminum as well as on titanium [12, 13]. However, this
approach is limited by the processing speed as well as the available beam size, which restricts the
achievable feature size [14]. In LIPSS texturing, it is possible to obtain structures in the submicrom-
eter range [8]. Although surface texturing based on LIPSS is a relatively simple process, features
with high aspect ratios are hard to achieve and their periodicity is limited by the laser wavelength
used for their generation, and its polarization state [15]. A typical setup for LIPSS processing is

illustrated in Fig. 4.
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Figure 4 : Schematic of the experimental setup of DLW, LIPSS patterning, and DLIP. Adapted
from [16].
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Among these laser-based texturing methods, DLIP technique has attracted a growing interest as
it offers a combination of throughput, flexibility, and resolution [7]. The DLIP method relies on the

superposition of at least two laser beams, as shown in Fig. 4, thereby producing a periodic variation



of the laser intensity. By controlling the number of interfering beams and their overlapping angle,
the wavelength of the radiation, and the deposited fluence, it is possible to obtain different pattern

geometries, periodicities, and aspect ratios [8].

2.2 Direct laser interference patterning

The theory of the DLIP method can be first approached by considering the interference of two

linearly polarized monochromatic plane waves. Each plane wave is defined by [17]:

Ei(r,t) = Eicos(wt — k;.r + ¢;), (1)

where E; is the amplitude, w is the angular frequency, k; is the wavevector, ¢; is the phase, and

i = 1,2. The resulting electrical field upon overlapping the two beams is expressed as:

E(r,t) = E{(r,t) + Ex(r,1), 2)

the total time-independent intensity distribution /(r) at the overlap of the two waves is expressed

as the absolute square of the sum of the electrical fields:

I(r) = |Ei(r) + E2(n)]?, 3)

by substituting the expressions of the electrical fields, we obtain:

E\E
I(r) = Ip[1 + ===

cos(ko2sin(0)y + ¢1 — ¢2)], 4)

where ko = 21—” and the term I is expressed as Iy = %(Ef + E%) From the cosine term, it is

evident that the interference of the two plane waves produces a one-dimensional fringe pattern with

a periodicity A directly proportional to the wavelength A and inversely proportional to the sine of

the angle 6 between each wavevector and the z-axis line, as illustrated in Fig. 5.



Y
>l T‘“‘ A

(LU
nmmnmmmu; W

]
T,

Figure 5 : Two-beams interference: Interference pattern at the x-y plane with a periodicity of A
is formed by two linearly-polarized monochromatic plane waves. In this example, k; and k, are
contained in the y-z plane at an angle 8 with respect to the z-axis [17].

In the general case with N interfering beams, the form of the total intensity distribution I7(r)

is expressed as [17]:

N
Ir(r) = Io[1+ ) Vijcos((k; = ki).r +¢; = ¢)], (5)

j>i

where I is now % 211\/ E ,% and the coefficient V;; is defined as:

EE,

Vij = I

(6)

Every beam-pair combination produces a 1D fringe pattern, each defined by a spatial-cosine
term with the magnitude V;;, which contributes to the overall periodic intensity distribution. For
instance, considering the interference of three beams, the three beams defined by ki, k>, and k3
interfere at the x-y plane at a common angle of incidence 6 with respect to the z-axis, as illustrated
in Fig. 6. The beam pairs (k1,k2), (k1,k3), and (k2,k3) form three distinct 1D-interference fringe
patterns. When two of these pairs are combined, they form a square lattice pattern, when then
combined with the remaining pair, they result in a hexagonal lattice. The periodicity of the resulting
pattern is directly proportional to the beam wavelength and inversely proportional to the sine of the

angle of incidence 6 [17].
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Figure 6 : Three-beam interference: (a) Three beams defined by ki, k», and k3 interfering at the
x-y plane at an angle of incidence 6 with respect to the z axis. The beam pairs defined by (b)
ki and k», (¢) k1 and k3, and (d) k, and k3 form three different 1D-interference patterns. (e) The
fringes patterns of (k1,k) and (k1,k3) combine to form a square lattice (f) The 1D pattern of (k2,k3)

combines with the other two fringe patterns to form a hexagonal lattice with periodicity of \/gs?n @
[17].
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Eq. 5 indicates that the shape of the obtained pattern is defined by the number of overlapping
beams. Figure 7 shows examples of different configurations of interfering beams and the resulting
interference patterns. In these cases, the beams are arranged symmetrically with the same over-
lapping angle 6 and azimuthal angles ¢, and all the beams have the same phase and polarization

direction [7].
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Figure 7 : Schematic showing the set-up (upper row) and the resultant patterning (lower row) with
(a) two, (b) three, (c) four and (d) six overlapping beams together with the calculated intensity of
each interference pattern [7].

Eq. 5 also demonstrates that the spatial period depends on the beam wavelength and the sine

of the angle of incidence (i.e. overlapping angle ). Therefore, in order to obtain structures with



small periodicity, it is necessary to work at short wavelengths (e.g. UV) as well as increase the

overlapping angle, by separating the beams as much as possible and working at a short focal length.

2.3 Ultrashort pulsed laser

Ultrafast lasers are laser sources that emit light pulses shorter than a few picoseconds. This
unique property, in addition to their high peak powers, enabled new opportunities for high-quality
and high-precision processing of a wide range of materials, with minimal thermal damage [18], as

illustrated in Fig. 8.

Laser

L
sl (Short pulse duration)

(Long pulse duration}

Surface debris

/

LATK T

Few surface
/debrxs

(X ]

Large heat
« affected zone

___Small heat
affected zone

(c) (d)

Figure 8 : Schematic of laser interaction with materials under different pulse durations: (a) long
pulse duration and (b) short pulse duration. SEM images of laser ablated holes fabricated on a
100 um steel foil by (¢) 780 nm nanosecond laser of 3.3 ns, 0.5 J/ cm? and (d) 780 nm femtosecond
laser of 200 fs, 0.5 J/cm? [19].

As depicted in Fig. 9, the energy deposition from ultrafast lasers to the material is faster than
the electron-bulk diffusion rate, which allows for non-thermal processes, leading to high-precision
processing of the material, as shown in Fig. 8d. Moreover, ultrafast lasers can induce nonlinear ab-

sorption effects, such as multiphoton absorption or tunneling ionization, which allow for efficient
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material processing. This makes it possible to work with transparent or difficult-to-machine materi-

als, such as glass, plastics, and ceramics, without the need for complex post-processing steps [18].
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Figure 9 : Plot of the timescales involved in the femtosecond laser-material interaction. While most
of the energy is absorbed in the femtosecond time range, changes in material continue to evolve
well into the microsecond range [20].

2.4 Laser-matter interaction

In the case of allowed transitions, the laser interacts with the material by creating an electron-
hole plasma through linear absorption. In the case of wide-bandgap materials, the processes in-
volved are far more complex. In those materials, the energy of individual photons is insufficient to
jump the large band gap and be linearly absorbed by the material. Instead, the valence electrons are
transferred to the conduction band via nonlinear processes, such as multiphoton ionization, tunnel

ionization, and avalanche ionization [21].

2.4.1 Multiphoton absorption

Multiphoton absorption (MPA) occurs when several photons with energy lower than the bandgap
energy E, are simultaneously absorbed by the material to excite a valence band electron, as illus-

trated in Fig. 10b.
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Figure 10 : Electron excitation process in materials by single (a) and multiphoton absorption (b)
[22].

The MPA process is described by the following rate equation:

dN

yr yI™ (7

where ‘fi—];] is the number of photons excited per unit of time, / is the intensity of the incident

light, and v is the frequency-dependent absorption coefficient for the m'" order absorption. The
terms with m > 1 are collectively referred to as nonlinear absorption [23]. The number of photons
required for MPA is determined by the smallest m that satisfies the relation mhv > E,, where E,
is the band-gap energy of the dielectric material, and Av is the photon energy [21].

At intense laser field, the band structure and potential barrier between valence and conduction
bands of the material can be distorted, allowing the valence electrons to directly tunnel to the con-
duction band in a time shorter than the laser period, as illustrated in Fig. 11a. This effect is known

as the tunneling ionization effect.
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Figure 11 : Schematic of free electron plasma formation with high-intensity pulses where (a) multi-

photon and tunneling ionization generates free electrons that (b) absorb radiation and impact-ionize
surrounding material resulting in avalanche ionization. [24].

The transition from MPA to tunneling ionization is characterized by the Keldysh parameter [25]:

Vzmlo

eE()

y=w ®)

where m, is the mass of the electron, I is the ionization potential of the atom, e is the charge of the
electron, and w and Ej are the frequency and the electric field amplitude of the laser source. MPA
dominates when 7y is much larger than 1, which is the case of most materials-related investigations

of laser interactions with dielectrics [21].

13



2.4.2 Avalanche ionization

The avalanche ionization process involves the free-carrier absorption process, followed by im-
pact ionization, as illustrated in Fig. 11b. The free-carrier absorption process occurs when the elec-
trons already existing in the conduction band further absorb incident laser light. This process re-
quires a sufficient quantity of seed electrons in the conduction band. These seed electrons can arise
from thermally excited impurity or defect states or, in our case, from direct multiphoton and/or tun-
neling ionization. As a result, these electrons are transferred from an already-excited state to another
state in the same band (intra-band absorption), where they can impact ionize bound electrons. Such
process gives rise to more free electrons that also undergo the free carrier absorption process and
impact ionize even more bound electrons. As long as the laser field is sufficiently high, this pro-
cess keeps repeating itself, generating an electron avalanche, which leads to materials breakdown,

triggering ablation and material damage [24].

14



3 State of the art

DLIP technique has been widely utilized to functionalize metallic and non-metallic surfaces [7].
Table 1 lists some examples of different materials processed with DLIP, and the corresponding laser
parameters (wavelength and pulse duration, etc).

Stainless steel is one of the most extensively studied metals with DLIP. Madelung et al. fab-
ricated periodic microstructures on stainless steel using a galvanometer-scanner DLIP approach.
Using a nanosecond pulsed laser source operating at a wavelength of 527 nm, line-like patterns

with spatial periods ranging from 2.9 to 12.8 um were produced [14], as depicted in Fig. 12.

B

A=29pm 10 mm e X3
@

hrari ) 10 mm A=69

A=69pm =5t 9 pm

Figure 12 : Optical and SEM images of the DLIP-treated scan fields for a spatial period of (a)
A=29 um, () A=6.9 um, and (c)A = 12.8 um [14].
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Table 1 . Examples of materials processed with DLIP, and the corresponding laser parameters
(wavelength and pulse duration, etc). The number of beams used and the obtained periodicity are
also indicated.

Pulse |Repetition Number of
Material |Wavelength Method Periodicity  |Ref.
duration| rate beams
2.9 um
DOE and prism
Stainless steel| 527 nm S5ns | 3.5kHz 2 beams 6.9 um [14]
Scanner-based
12.8 ym
Beam splitter
Stainless steel| 1030 nm | 10 ps 3 kHz 2 beams 850 nm [26]
Translation stages
DLIP optical head (Fraunhofer IWS)
Aluminium | 1064 nm | 10ps | 10kHz 2 beams 2.6 um [27]
High precision axes
Beam splitter 1.8 um
PET 266 nm 10 ns 10 Hz 2 beams [28]
Translation stages 2.6 um
DLIP optical head (Fraunhofer IWS)
Polycarbonate| 263 nm 3ns 1 kHz 2 beams 2.6 um [29]
Translation stages
600 nm
DOE and prism 4 beams
Si 532 nm | 200 fs * 2 um [30]
Translation stages 6 beams
5 um
Beam splitter
Diamond 800 nm | 100 fs 10 Hz 2 beams 2.5 ym [31]
Translation stages
Beam splitter
Silica 800 nm | 100 fs 10 Hz 2 beams 1 um [32]
Translation stages
1.9 um
Beam splitter 2.2 um
Silica 800 nm | 120 fs [1-1000 Hz 3 beams [33]
Translation stages 3 um
(Vertical period)
Beam splitter 1.6 um
Sapphire 800 nm | 100 fs 10 Hz 2 beams [34]
Translation stages 2.7 um
DOE and prism 2 beams 2.3 um
Soda lime 532 nm 12ps | 10kHz [8]
Translation stages 4 beams 4.7 um

16




Regarding polymers, polycarbonate (PC) and polyethylene terephthalate (PET) are among the
first polymeric materials to be structured by DLIP. For example, PC sheets have been structured
using a two-beam interference arrangement with an ultraviolet (263 nm) nanosecond-pulsed laser
[29], creating line- and pillar-like structures with simple and hierarchical geometries, with a peri-

odicity down to 2 um, as illustrated in Fig. 13.

Figure 13 : SEM images of simple and hierarchical structures in PC, depicting (a) pillar-like
structures (fluence: 0.51J/cm?, overlap: 10 pulses), (b) lines on line-like structures perpendicu-
larly orientated fluence (0.51J/cm?, overlap: 90 pulses), (c) lines on pillar-like structures (fluence:
1.63J /cm?, overlap: 90 pulses) and (d) pillars on pillars-like structures (fluence: 1.63J /cm?, pulses:
120) [29].

Concerning dielectrics, Kawamura et al. conducted groundbreaking studies focused on perform-
ing DLIP on diamond [31], silica glass [32], and sapphire [34] using femtosecond pulses in the near
infrared range. In these studies, the beam was split into two beams, then crossed on the sample’s
surface. An optical delay line was used to adjust the two beams precisely, both spatially and tem-
porarily to produce the interference pattern. In diamond, it was possible to achieve a periodicity of
2.5 um. In silica, the group fabricated a 1D pattern with a periodicity down to 1 um. On sapphire
two different periodicities were achieved by changing the overlap angle. At 8 = 17° the periodicity

was y = 2.7 um, and at 8 = 30°, the achieved periodicity was y = 1.6 um, as illustrated in Fig. 14.

17
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Figure 14 : Optical micrographic photos of surface relief-type gratings encoded on sapphire by
holographic irradiation with fs laser pulses at § = 17° (a) and 6 = 30° (b) [34].

The surface structuring of soda lime glass using picosecond (ps) pulses in the visible radiation
(532 nm) was studied by Alamri et al. by interfering two and four beams [8]. A full systematic study
was performed by varying the spatial period and fluence dose and linking them with controlled
surface properties, as shown in Fig. 15. Line- and dot-like patterns were fabricated with spatial
periods between 2.3 and 9.0 um and aspect ratios up to 0.29. The fabricated micropatterns act as

relief diffraction gratings, which split incident light into diffraction modes.

accumulated fuence

spatial period

=

Jiom’, N=11 ¢

Figure 15 : SEM images of glass samples structured with line-like patterns and different spatial
periods: (a-c¢) 2.3 um, (d-f) 3.9 um, and (g-i) 9.0 um. The accumulated fluence dose increases
from left to right [8].

18



4 Methodology

4.1 Two-beams DLIP experimental setup

To pattern the 1D fringes, the experiment was conducted using a two-beam setup, which is

shown in Fig. 16.

scanner
Mirror 2|
Scanner: Scanlab excelliSCAN 14
s
puP optc
l‘DOE and pnsn'\\l
Laser syste™ P VN Mirror 1

/ Lens.1 Lens f100mm, f30mm

Laser: Amplitude Tangerine HP \Y K\ Sample (stainless steel,

(350 fs, A=343 nm) sapphire)

Figure 16 : Schematic setup of the two beams DLIP system. DOE: Diffractive optical element.
Adapted from [14].

A femtosecond laser (Tangerine HP, Amplitude) emitting pulses with a duration of 350 fs and a
wavelength of 343 nm was used. The setup also consisted of a double spot diffractive optical element
(DOE) that splits the primary beam coming from the laser source into two beams. The two beams
were then parallelized by a 159.42° apex angle prism. After passing through the galvanometer
scanner (Scanlab excelliSCAN 14), the two beams were focused by an f-theta lens onto the surface
of the sample. As a first step, a lens with a focal length of 100mm (#100mm) was employed in
the study. The lens was then replaced with a lower focal length lens (F30mm) to ensure a smaller
periodicity with the same setup. The spatial period of the pattern could be modified by adjusting
the distance between the DOE and the prism.

In this setup, DLIP was performed on two materials: stainless steel and sapphire. Since stainless
steel is easier to process, it was employed initially to verify the presence of the interference pattern

and to measure the periodicity of the pattern.
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4.2 Four-beams DLIP experimental setup

The four-beams setup was used to pattern the hexagonal structure onto the surface of the sample.
The experimental setup was similar to the one used for the two-beams configuration. However, a
2x2 spots DOE was used instead, in addition to a pyramidal angle prism to parallelize the beams,

as depicted in Fig. 17.

scanner

Mirror 2|
Scanner: Scanlab hurrySCAN Il 14
Scanlab excelliSCAN 20

DUP Opl'lcs

(poE and PTE™

Laser syste™ s Mirror 1 Lens f30mm

Laser: Amplitude Satsuma HP2 \Y )(\ Sample (Stainless steel,

(350 fs, A=343 nm) polycarbonate)

Figure 17 : Schematic setup of the four beams DLIP system. DOE: Diffractive optical element.
Adapted from [14].

In this setup, the laser source was a femtosecond laser (Satsuma HP2, Amplitude) that emits
pulses with a duration of 350 fs and a wavelength of 343 nm. The study was initially performed
with the galvanometer scanner Scanlab hurrySCAN II 14. To ensure the maximum separation be-
tween the beams, and hence decrease the periodicity of the pattern, the scanner was replaced with
a different scanner with a larger entrance (Scanlab ExcilliSCAN 20). The beams were directed by
the two mirrors inside the scanners onto the f-theta lens (F30mm), which focused the beams onto
the surface of the sample. The experiment was performed with two different samples: stainless steel

and PC.

4.3 Patterning strategy

To texture large areas, the pulses can be shifted in the vertical and horizontal directions, as

depicted in Fig. 18.
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Figure 18 : Patterning strategy for producing homogeneous microstructures. d; is the laser spot
diameter, A is the periodicity, p is the overlap distance between the pulses, and % is the hatch.
Adapted from [14].

Since the laser pulses are emitted at a certain repetition rate f, by adjusting the speed of the
scanner v, the laser spots can be displaced in the vertical direction with a defined distance d, which

can be calculated by:

d=— €))

As demonstrated in the formula below, the distance d can be tuned to obtain different overlaps
between the successive pulses:

p=1-— (10)

where p is the overlap, d is the pulse separation distance, and d; is the spot diameter. The
different overlaps indicate different amounts of accumulated fluence dose in the material. After
completing a vertical line, the scanner mirrors are moved to guide the laser spots in the horizontal
direction to start a new vertical line. The horizontal distance between the vertical lines is referred to
as the hatch distance &. Since this displacement is perpendicular to the direction of the interference
lines, the hatch distance must be selected to be an integer multiple of the spatial period so as to
overlap the intensity maxima positions, and hence avoid the deterioration of the structure produced
in the previous pulses. In order to obtain homogeneous DLIP-textured regions, different values of

overlap and hatch were investigated at different pulse energies.

21



4.4 Surface characterization

The surface topography measurements were carried out through a ZEISS Smartproof 5 wide-
field confocal microscope, with 50x/0.95 objective. The surface morphology of the treated samples

was analyzed with a scanning electron microscope (SEM) VEGA3 by TESCAN.
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5 Results and discussion

5.1 Two-beams DLIP

In a preliminary investigation conducted on stainless steel using an f-theta lens with a focal
length of 100mm, the speed of the scanner was augmented to separate the pulses. For a repetition
rate of 10kHz, the speed was adjusted to v = 3m/s. This step is essential to confirm the presence
of the interference pattern and to measure its periodicity. Moreover, in order to determine the pulse
separation distances corresponding to various overlaps, it is necessary to measure the diameter of
the beam spot diameter as well. As illustrated in Fig. 19, following the separation of pulses, the
pattern’s tilt angle was found to be @ = 10°. Consequently, subsequent inscriptions were made
along this angle so as to prevent the destruction of the patterns created by previous pulses. The
measured spot diameter was d; = 70 um. The calculated pulse separation distances and scanner

speed values are detailed in Table 2.

Figure 19 : Preliminary experiment on stainless steel with the F100mm lens. The speed of the
scanner was increased to separate the pulses: for a repetition rate of 10kHz, the speed was set as
v = 3m/s. The measured tilt angle of the pattern was @ = 10° and the spot diameter was d; = 70 um.

Table 2 . The different pulse separation distances corresponding to different overlaps, and the cor-
responding scanner speed.

Overlap p in % 50 60 70 80 90
Distance between successive pulses (um) | 45 28 21 14 7
Corresponding scanner speed (m/s) 1.3510.84 | 0.63 | 0.42 | 0.21
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The overlaps listed in Table 2 were carried out at different pulse energies, and an optimum value
of pulse energy was chosen (E, = 36.05 uJ), where the DLIP structure was most homogeneous,
and the thermal effects were minimal. From Fig. 19, the measured spatial period of the pattern was
7.3 um. To ensure proper alignment between the consecutive pulses, the hatch distance was cho-
sen to be an integer multiple of this spatial period. Consequently, three specific hatch values were
selected for further studies, namely: & = 15,22,30 um. Using the previously identified parame-
ters, a series of 2x2mm? square structures were fabricated, varying the overlaps and hatches. This

procedure was iterated with different numbers of passes, as depicted in Fig. 20.

= 0 0 0
Bt % G0 7006 BORE 0% p= 50% 60% 70% 80% 90%

h=15 um
h=15 um

1 passage h=22 um
5 passages — h=22 um

h=30 um
h=30 um

p= 50% 60% 70% 80% 90%

h=15um
h=15 um
10 passages 5
2 passa h=22 um =T h=2z um
P ges
h=30um
-..- h=30um ---
e —

Figure 20 : 2x2mm? squares were produced at E » = 36.05 uJ, at different overlaps and hatches.
Each matrix corresponds to a specific number of passages. The rows correspond to different hatch
values, and the columns correspond to different overlaps.

p= 50% 60% 70% 80% 90%

For the case of 4 = 15 um, when the overlap was increased from 50% to 90%, the accumulated
fluence increased as well, which resulted in an augmentation in the depth of the trenches from
0.05 um to 0.3 um as depicted in the line profiles in figures 21b and 21d, respectively. Yet, the
surface non-homogeneity was still apparent. This lack of homogeneity is reflected in the fast Fourier

transform (FFT) spectrum shown in Fig. 21e, where several peaks can be observed.

24



(e)

Information
Window function  Nane

Parameters Vakie  Unit

X 719 ym
¥ 3745 pm
‘Wavelength 7058 ym
Anghe 0ss =

Magnitude -3209 dBc
Phase 1455 *

Figure 21 : The change in the structure with different overlaps at 4 = 15 um. (a) Microscope image
of stainless steel at 50% overlap, (b) line profile corresponding to the red line in the structure in
(a), (¢c) microscope image of stainless steel at 90% overlap, (d) line profile corresponding to the red
line in the structure in (c), (e) fast Fourier transform of the structure in (c).

On the other hand, at & = 22 um the structure was more homogeneous and the FFT contained
a distinct periodicity, as can be observed from the line profile and the FFT in Fig. 22. In this case,

the aspect ratio (AR), defined as the depth-to-period ratio, was 0.03.
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(b)

Window function  None

X 6.966 pm
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Wavelength 6846 pm
Angle 1062 °
Magnitude 0000 dBc
(c) Phase 1602 °
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Length 2115 um

Figure 22 : (a) Microscope image of stainless steel at # = 22 um and 80% overlap, (b) fast Fourier
transform of the structure in (a).(c) The line profile corresponding to the red line in the structure in

(a).

As the number of passes applied on the same pattern was increased, the fluence accumulated
in the material, leading to deeper grooves in the sample and hence a higher AR. Figure 23 shows
this effect and how the AR was increased from 0.03 to 0.08 at 4 = 22 um and 80% overlap, by
increasing the number of passes on the sample. It is expected that with further increases in the

number of passes, the AR will reach a point of saturation.
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Figure 23 : Dependence of the aspect ratio on the number of passes. At & = 22 um and 80% overlap,
the number of passes was increased from 1 to 10.

From this initial investigation, certain optimal parameters were set to serve as a starting point
for the study involving sapphire: The hatch value was selected as & = 22 um, and the maximum
number of passages was set at 10. However, it is essential to recognize that these optimal parameters
might require some adjustments when processing sapphire. As shown in Fig. 24, two matrices
were engraved on sapphire at the same hatch 4 = 22 um with different parameters. Each matrix
corresponds to a different repetition rate: 175 kHz and 87 kHz. Each column corresponds to a

different overlap (speed), and the rows correspond to a different number of passages.

At f= 87kHz, E,;= 22.99 At f= 175kHz, E;=11.43

V (m/s)= 0.02 0.04 0.06 0.08 0.1 V (m/s)= 0.02 0.04 0.06 0.08 0.1

sgsd - | weses -
h=22 um —= h=22um —=
sugsd - ' Seses -

Overlap pin % 99.7 993 99 | 987 | 984 Overlappin % 99.8 99.7 99.5 99.3 99.2
Speed (m/s) 0.02 0.04 0.06 | 0.08 | 0.1 Speed (m/s) 0.02 0.04 0.06 | 0.08 0.1

Figure 24 : Two matrices were engraved on sapphire at the same hatch & = 22 um with different
parameters. Each matrix corresponds to a different repetition rate: 87 kHz (left) and 175 kHz (right)
and. Each column corresponds to a different overlap (speed), and the rows correspond to a different
number of passages. The corresponding speeds for every overlap are shown in the table below each
matrix.

At f = 175kHz,v = 0.1m/s and for one pass, the line profile in Fig. 25b which corresponds

to the red line in Fig. 25a shows the expected period of A = 7.3 um. However, the period from the
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hatch & = 22 um can also be observed from the superimposition of the interference maxima of the

DLIP pulses, suggesting the need to adjust the hatch in future experiments.
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Figure 25 : (a) Microscope image of sapphire at 7 = 22 um, v = 0.1m/s and for one pass, (b) line
profile corresponding to the red line in the structure in (a).

The period of the 1D fringe is given by: A =

_a1
2sin(0)°

where sin(0) = %, and where d is the

distance between the beams and F is the focal length of the used lens. Hence the periodicity can be

lowered by using a short focal length.

For the same setup, the F'100mm lens was replaced by an F30mm lens. As a result, the period

was decreased from A = 7.3 um to A = 2.1 um, as illustrated in the pattern obtained on stainless

steel at a pulse energy of 5.21 uJ and an overlap of 90% in Fig. 26. LIPSS were also visible in the

fringes, suggesting that the absorption mechanism is mainly dictated by multiphoton absorption.
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2.1 um

SEM HV: 30.0 kV wo:s03mm |01 VEGA3 TESCAN|
View fleld: 5.56 ym Det: SE 1pm
SEM MAG: 50.0 kx HiVac ALPHANOV

Figure 26 : SEM image of the obtained 2 beams interference pattern on stainless steel with an f-
theta lens with a focal length of 30mm, at a pulse energy of 5.21 uJ and an overlap of 90%. The
period is decreased to A = 2.1 um. LIPSS structures can also be observed

5.2 Four-beams DLIP

The four-beams configuration was applied first to a stainless steel sample. With a beam separa-

tion of 0.3 cm, the obtained periodicity was A = 5.3 um, as shown in Fig. 27.

SEM HV: 30.0 kV WD: 5.00 mm | | VEGA3 TESCAN

View field: 39.2 pm Det: SE 10 pm
SEM MAG: 7.09 kx  Date{m/dly): 05/31/23 ALPHANOV

Figure 27 : SEM image of the four-beams configuration on a stainless steel sample at a pulse energy
of 0.97 J and an overlap of 60%. With a beam separation of 0.3 cm, the obtained periodicity was
A =53 um.

To obtain a smaller period, the separation between the diffracted beams should be increased.
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However, the diameter of the entrance of the scanner (Scanlab hurrySCAN II 14) restricted the
separation that could be attained. Upon upgrading to a scanner with a larger entrance (Scanlab
excilliSCAN 20), the separation between the beams was increased to 1.2 c¢m, leading to a periodicity
of A = 1.2 um, as depicted in the patterns produced on PC in Fig. 28a and b.

(a) (b)

1.2

SEM HV: 10.0 kv WD: 3,48 mm | VEGA3 TESCAN
View field: 5.58 pm Det. BEE 1 pm
ALPHANDV SEM MAG: 50.0 kx HIVac ALPHANOV

Gray Values (a.u)

JULJL]JUL

0 2 4 6 8 10 12 14 16
Distance (pm)

Figure 28 : SEM images showing periodic hexagonal structures produced on PC, at 15kx (a) and
50kx (b) magnification of the 4-beams configuration on the PC sample. With a beam separation of
1.2 ¢m, the obtained periodicity was A = 1.2 um. (¢) The line profile corresponding to the red line
in (a).

In this framework, a parametric study on PC was performed. As a preliminary step, the pulses
were separated (f = 100 kHz,v = 2 m/s) to obtain the tilt angle @ = 10°, the spot diameter
d; = 13.8 um, and the periodicity A = 1.2 um. One pulse is depicted in Fig. 28a. The line profile in

Fig.28c, which corresponds to the red line in Fig.28a, revealed the well-defined periodic patterns,
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which perfectly match the periodic intensity distribution in Fig. 7c. The diameter value from Fig.
28a was used to compute the pulse separation distances corresponding to overlaps ranging from 50%
to 90%. These computed values, along with their corresponding scanner speeds, are presented in
Table 3. Unlike the case of the 1D fringes configuration, the hexagonal structure exhibits periodicity
along the vertical direction as well, therefore, the distances were rounded to integer multiples of the

period to avoid damaging the structures created in previous pulses.

Table 3 . The different pulse separation distances corresponding to different
overlaps, and the corresponding scanner speed.

Overlap p in % 50 60 70 80 90

Distance between successive pulses (pm) 6.6 528 | 396 | 264 | 1.32

Rounding the distance to have an integer
multiple of the period (um)

Corresponding overlap (%) 55 64 73 82 o1

Speed
peed (m/s) 0.6 | 048 | 036 | 0.24 | 0.12

The overlaps were produced under varying pulse energies. Table 4 provides a summary of these
overlaps, indicating their quality: red squares denote damaged structures, orange squares represent
structures that are not damaged but lack homogeneity and green squares indicate surfaces with high
overall homogeneity and quality. The ablation was observed first at a pulse energy of £, = 0.41 uJ.
When the overlap and the pulse energy were increased, the structures were damaged due to pulse
accumulation, as exemplified by the structure created at the highest overlap (90%) and the highest
pulse energy (E, = 1.00 pJ) shown in Fig. 29. Consequently, the optimal overlap was selected to

be within the range of 50% and 70% for pulse energies ranging from 0.51 uJ to 0.81 uJ.
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Table 4 . The overlaps were produced under varying pulse energies. The red squares denote
damaged structures, the orange squares represent structures that are not damaged but lack
homogeneity and the green squares indicate surfaces with high overall homogeneity and quality.

T~_Overlap | 90% | 80% |70% |60% |50%

SEM HV: 10.0 kV WD: 8.47 mm VEGA3 TESCAN
View fleld: 55.6 pm Det: BSE 10 pm
SEM MAG: 5.00 kx HiVae ALPHANOV

Figure 29 : SEM image of the line made at the highest overlap (90%) and the highest pulse energy
E, = 1.00 pJ, the accumulation of the fluence caused the material to be damaged.

An important observation is that as the overlap was increased to 70%, the periodicity decreased
to 0.6 um, as clearly indicated in the graph presented in Fig. 30. This can be explained by the
positioning of the intensity maxima, which lands between the previously engraved holes, leading

to half of the period obtained from looking at a single pulse, as depicted in Fig. 31b. Moreover, the
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diameter of the holes at this overlap was 251 + 86 nm, which is smaller than the visible wavelength
range of the light, making them suitable to form a gradient refractive index layer, and hence allowing
the incident light to gradually ‘bend’ into the substrate and reduce the reflection of the incident light.
However, it is noteworthy that the lines produced at a 50% overlap exhibited superior homogeneity.
Consequently, a single optimal combination of pulse energy and overlap (speed) was selected for
further investigation of the hatch parameter: £, = 0.81 uJ with a 50% overlap. At these specified
values, no significant thermal effects were observed, and the resulting hexagonal patterns were
visible, as shown in Fig. 31c and d. Moreover, at this optimum condition, the diameter of the holes
was 205 + 49 nm, also showing the potential for anti-reflection applications by suppressing the
reflection from wavelengths higher than the dimensions of the hole. Furthermore, a lower diameter
of 147 + 27 nm was achieved at a lower pulse energy of 0.5 uJ while maintaining the same degree
of overlap (50%). The graph in Fig. 32 presents the diameters obtained at 50% overlap with varied
pulse energies. When the pulse energy increases, a larger amount of the material is ablated at the

areas corresponding to the interference maxima, leaving behind craters with a larger diameter.

| \

Period in pm
o o [
=] (=] (g el
T T

o
=y

o
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50 55 60 65 70 75 80
Percentage of overlap

Figure 30 : The change in the spatial period of the obtained patterns as a function of the overlap at
E,=0.51 puJ.
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ALPHAROY ALPHANCV

Figure 31 : The line resulting from E,, = 0.6 pJ and an overlap of 70% at magnification 5.00kx (a)
and 50kx (b), and the line obtained at E,, = 0.81 wJ and an overlap of 50% at magnification 5.00kx
(c) and 15kx (d).
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Figure 32 : Curve of the diameters of the holes obtained at 50% overlap with varied pulse energies
from 0.5 uJ to 1 wuJ.
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Since the period was A = 1.2 um, the hatch was selected as an integer multiple of A: h=6, 8, 12,
14 um in order to pattern larger areas (2x2mm? squares). Figures 33a and 33b show that at hatches
6 and 8 um, respectively, the patterns were destroyed and the material was damaged. When the
lines were separated further by increasing the hatch to 12 ym and 14 um, as depicted in figures 33c
and 33d, the patterns could be observed. However, the overlap between the pulses was not uniform,
as evidenced by the distinguished individual pulses, suggesting the need for selecting a different
overlap value for future experiments. Additionally, within the same square, certain regions in the
middle were ablated, while other parts along the edges were damaged. This observation suggests
that the acceleration and deceleration in the movement of the mirrors inside the scanner are affecting
the overlap between the pulses. This can be rectified by correcting the sky-writing mode or through
the implementation of additional synchronization between the scanning mirror’s position and the
generation of laser pulses. Hence, further investigations are yet to be done in the future in order to
optimize the process and obtain more homogeneous structures in larger areas, and to characterize

the optical properties of the obtained structures.
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(b)

SEM HV: 10,0 kV WD 9.66 mm

View field; 556.6 pym Det: BSE
SEM MAG: 5.00 kx L ALPHANOV

(d)

SEM HV: 10.0 kY WD; 8,62 mm VEGAS TESCAN|
View field: 55.6 ym Det: BSE
SEM MAG: 500 kx HiVac ALPHANOV

SEM HV: 10.0 kV WD: 8.73 mm { VEGA3 TESCAN|
Viaw fiald: 58.6 pm Det: BSE 10 pm
SEM MAG: 5.00 kx Hivae ALPHANOV

SEM HV: 10,0 kY WD: 8,72 mm VEGAT TEBCAN
View field: & Det: BSE
SEM MAG: 5 & HiVac ALPHANOV

Figure 33 : 2x2mm? squares at 50% overlap and hatches of 6 um (a), 8 um (b), 12 um (c), and
14 um (d).
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6 Conclusions and outlook

1. The feasibility of producing micropatterns on sapphire and polycarbonate by non-linear ab-
sorption of interfering laser beams (two beams and four beams) was demonstrated.

2. It was also shown that using a lens with a large entrance pupil and a short focal length
(F30mm) enabled the achievement of smaller periodicity. For the same setup, the periodicity was
decreased from 7.3 um to 2.3 um.

3. With a higher aperture scanner, it was possible to separate the beams more and lower the pe-
riodicity from 5.3 um to 1.2 um. These structures produced on PC contained holes with a diameter
down to 147 + 27 nm, indicating the potential for mitigating reflection from wavelengths exceeding
this diameter value, thereby highlighting its suitability for anti-reflection purposes.

4. Further investigations need to be done in order to optimize the process and study the modified

surface properties.
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SURFACE FUNCTIONALIZATION OF TRANSPARENT MATERIALS

BY DIRECT LASER INTERFERENCE PATTERNING

Kawthar Reggui

Summary

Transparent materials find widespread use in well-established and emerging industries, includ-
ing microelectronics, photovoltaics, optical components, and biomedical devices. Consequently, the
surface functionalization of these materials represents a promising approach to customizing their
properties for applications in these fields. Direct Laser Interference Patterning (DLIP) stands out as
a versatile method for creating precisely defined microstructures. DLIP involves the superposition
of multiple laser beams to generate an interference pattern on the surface of the material. Through
precise manipulation of several parameters such as the number of interfering beams, their angle of
overlap, the wavelength of the laser radiation, and the applied fluence, a diverse range of patterns,
periodicities, and aspect ratios can be attained.

For anti-reflection applications in the visible range, the structures have to reach values that are
much smaller than the sub-micron scale (< 300 nm). Since the spatial period of the obtained pat-
terns depends on the beam wavelength and overlapping angle 6, it is necessary to work at short
wavelengths (e.g. UV) and increase the overlapping angle to obtain very small structures. Hence, in
this work, DLIP was performed on two transparent materials, sapphire, and polycarbonate (PC), us-
ing a custom-made f-theta lens with a large aperture (d=20 mm) and a small focal length (F30mm),
with the 3rd harmonic (343 nm) of femtosecond ytterbium laser.

The feasibility of producing micropatterns on sapphire and PC by non-linear absorption of in-
terfering laser beams (two beams and four beams) was demonstrated. It was also shown that using
a lens with a large entrance pupil and a short focal length enabled decreasing the periodicity from
7.3 um to 2.3 um for the same setup. Moreover, with a higher aperture scanner, it was possible to
separate the beams as much as possible and hence lower the periodicity from 5.3 um to 1.2 um.
These structures contained holes with a diameter down to 147 + 27 nm, making them suitable for
anti-reflection purposes. The impact of the pulse energy, the number of passages, and the overlap of
pulses on the structure were also investigated. Yet, further investigations need to be done to optimize

the process and study the optical properties of the modified surfaces.
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