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Olga Shavdina, Hervé Rabat, Marylène Vayer, Agnès Petit, Christophe Sinturel and Nadjib

Semmar

Polystyrene Thin Films Nanostructuring by UV Femtosecond Laser Beam: From One Spot to
Large Surface
Reprinted from: Nanomaterials 2021, 11, 1060, doi:10.3390/nano11051060 . . . . . . . . . . . . . . 261

vi
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The study of laser-fabricated periodic nanostructures is one of the leading topics of
today’s photonics research. Such structures on the surface of metals, semiconductors,
dielectrics, or polymers can generate new material properties with special functionalities.
Depending on the specific material parameters and the morphology of the structures,
new devices such as microlasers, optical nanoswitches, optical storage devices, sensors or
antifraud features can be realized. Furthermore, laser-generated surface textures can be
used to improve the tribological properties of surfaces in contact and in relative motion—to
reduce friction losses or wear [1–3], to modify the wettability or the cell and biofilm growth
properties of surfaces through bioinspired laser engineering [4], for emerging medical
applications [5,6], or as decoration elements for the refinement of precious goods [7].

This Special Issue “Laser-Generated Periodic Nanostructures” focuses on the latest
experimental and theoretical developments and practical applications of laser-generated
periodic structures that can be generated in a “self-organized” way (laser-induced periodic
surface structures, LIPSS, ripples) [8–11] or via laser interference-based direct ablation
(often referred to as direct laser interference patterning, DLIP) [12–14]. We aimed to attract
both academic and industrial researchers in order to collate the current knowledge of
nanomaterials and to present new ideas for future applications and new technologies. By
8 August 2021, 22 scientific articles have been published in the Special Issue [15–36], see
www.mdpi.com/journal/nanomaterials/special_issues/laser-generated_periodic.

Three “Feature Papers” [15–17] were invited by the Guest Editors for the adequate
framing of this Special Issue. An additional 19 papers were published as regular contri-
butions [18–36]. The publications in this Special Issue can generally be divided into three
groups: (1) manuscripts related to self-organized laser-induced periodic surface struc-
tures [15,18,19,21,23–26,28,30–36], (2) manuscripts related to interference-based periodic
surface structuring [17,22,27,29], or (3) manuscripts combining both approaches [16,20].

Several publications focus on the relevance of chemical surface alterations during
or after laser-processing, including studies of superficial oxidation on the formation of
specific types of LIPSS [18,23–25,30], chemo-capillary effects in DLIP [29], or even post-
laser irradiation effects due to reactions with the environment [30]. Other publications
study the fundamental mechanisms of structure formation on the basis of experimental
and theoretical plasmonic approaches [15,21,26], and also in combination with a two-
temperature model [28], advanced molecular dynamics simulations [22], or multi-physical
hydrodynamic continuum considerations [31,34]. Two articles investigate in vitro the
growth of different types of biological cells (either scar-forming fibroblasts or bone-forming
osteoblasts) on laser-generated micro- and nanostructures for medical applications [19,25].
Other applications qualify the real-life anti-icing properties of large-area laser-structured
surfaces for aeronautic applications [17], and the alteration of surface superconductivity is
demonstrated with a view toward future energy applications [24].

In the following, all publications in this Special Issue are briefly summarized, ordered
by their date of publication.

Nanomaterials 2021, 11, 2054. https://doi.org/10.3390/nano11082054 https://www.mdpi.com/journal/nanomaterials
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Florian et al. [18] reported on a strong absorbing, oxidation-prone material (chromium
nitride, CrN), an unusual type of self-organized near-wavelength-sized nanostructure—
so-called low spatial frequency LIPSS (LSFL-‖), being parallel to the femtosecond laser
(790 nm, 30 fs, 1 kHz, or 1030 nm, 350 fs, 100 kHz) beam polarization used for irradiation
in air. This is in contrast to the common LSFL (LSFL-⊥) that usually form perpendicular to
the laser beam polarization on strong absorbing materials. Numerical simulations of the
intrasample optical beam propagation by means of finite-difference time-domain (FTDT)
calculations revealed the scattering rough oxide layer surface along with an ~100 nm thick
oxide layer as the origin of the LSFL-‖ being “imprinted” at the buried oxide/sample
interface.

Klos et al. [19] created tailored surface micropatterns on titanium alloy (Ti6Al4V) that
were covered by different multiscale surface morphologies (nanometric LIPSS (LSFL) or
hierarchical micro/nanospikes) upon fs-laser (1030 nm, 400 fs, 10 kHz or 100 kHz) scan-
processing in air. The authors observed that human mesenchymal stem cells (hMSCs) can
be spatially controlled and mechanically strained by these laser-processed topographies.
Additionally, the surface nanostructures affected the surface wettability and adsorption of
proteins. As consequence, the focal cell adhesion was influenced and finally induced surface
shape-related mechanical constraints on cells that can specifically promote osteogenic
differentiation.

Mezera et al. [20] employed a two-step approach for creating hierarchical micro/
nanostructures on polycarbonate polymer surfaces by combining DLIP—using a UV ns-
laser (266 nm, 3 ns, 2 kHz) as the first step—with the subsequent processing of LIPSS using
a UV ps-laser (350 nm, 7 to 10 ps, 100 kHz) as the second step. An experimental focus
was laid on the influence of the direction of the laser beam polarization on the resulting
surface structures, and was theoretically complemented by finite-difference time-domain
(FDTD) calculations. Attenuated total reflection Fourier-transform infrared spectroscopy
(ATR-FTIR) and micro-Raman spectroscopy (μ-RS) provided additional information on the
structural and chemical polymer alteration upon laser-processing, revealing an enhanced
polymer degradation for increasing accumulated fluence levels.

Kunz et al. [15] demonstrated in their Feature Paper that an additional gold layer,
less than 300 nm thin, deposited on a wide band gap dielectric (fused silica) can signifi-
cantly improve the regularity and reproducibility of so-called high spatial frequency LIPSS
(HSFL) on the dielectric during large-area ultrashort laser scan-processing (1025 nm, 300 fs,
100 kHz) in air. Simultaneously, an increased total transmission of the silica glass samples,
accompanied with a change in the surface wetting behavior, was proven. The beneficial
effect of the Au-layer is attributed to a more homogeneous coupling of the electromagnetic
laser radiation to the sample material, which reduces the influence of material properties,
nonlinearities, and laser energy fluctuations. Moreover, the highly reflective gold film may
act as a protective layer for those areas of the fluence profile that are insufficient for HSFL
formation.

Takaya et al. [21] irradiated silicon suboxide (SiOx, x ≈ 1) with femtosecond laser
pulses (800 nm, 100 fs, 10 Hz) in air. Upon multipulse irradiation at moderate fluences
around 700 mJ/cm2, the formation of periodic nanogratings with a period in the range
of 200–300 nm was observed. The laser-induced formation of a thin surface layer with a
high electron density, followed by nanoablation by plasmonic near-fields, were identified
to lead to the observed patterns. Silicon suboxide is a material of high interest as it can be
transferred to silica glass by thermal oxidation; the proposed process provides a useful
approach for the rapid generation of nanostructures on glass.

Blumenstein et al. [22] presented a direct comparison of experimental and theory-
based simulation results of UV laser-induced surface nanostructuring of gold. They inves-
tigated the structure formation after ultrashort pulse laser (248 nm, 1.6 ps) irradiation. The
gold surface was exposed to a spatially periodic intensity profile with a sinusoidal shape
and periods of 270 nm, 350 nm, and 500 nm (two-beam interference). For the simulations on
an identical spatial scale, a hybrid atomistic-continuum model (molecular dynamics two-
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temperature model, MD-TTM) was used to model the interaction of the laser pulse with
the gold target and the subsequent time evolution of the system. An excellent agreement
between the modeling results and experimental data was found; especially the formation
of narrow nanoridges—composed of two colliding side walls of neighboring grooves—was
found in the simulation as well as in the experiment.

Sinev et al. [23] demonstrated the formation of oxidative LIPSS on ~10 nm thick metal-
lic titanium films on BK7 glass upon scan-processing with an IR ns-fiber laser (1070 nm,
4–50 ns, 10–100 kHz). Regular LSFL with periods around 720 nm, modulation depths
between 70 nm and 110 nm, and an orientation perpendicular to the linear laser beam
polarization were characterized by optical and atomic force microscopy (AFM). According
to the authors’ complementary calculations, the laser-induced peak temperatures stayed
below the melting temperature of the titanium for the chosen irradiation conditions.

Cubero et al. [24] provided the first experimental proof that the surface superconduc-
tive properties (e.g., the surface critical field strengths Hc3) of 25 μm thick niobium foils can
be controlled through fs-laser generated LSFL featuring spatial periods between 570 nm
and 775 nm, modulation depths around 200 nm, and an orientation perpendicular to the
linear laser beam polarization (790 nm, 30 fs, 1 kHz, or 1030 nm, 280 fs, 1 kHz; irradiation
in air, nitrogen, or argon). Moreover, a clear correlation was found between the relative
orientation of the magnetic field and the periodic surface patterns.

Petrović et al. [25] studied the response of NIH 3T3 fibroblast cells on LIPSS (LSFL)
processed with a Yb:KGW-laser system (1030 nm, 160 fs, 1 kHz) on a multilayer system
consisting of 15 (Ti/Zr)-bilayers on a silicon substrate. The micro/nanopatterns of altered
chemical/structural composition (qualified by energy dispersive X-ray spectroscopy (EDX),
X-ray photoelectron spectroscopy (XPS), depth-profiling Auger electron spectroscopy
(AES), scanning electron microscopy (SEM), and transmission electron microscopy (TEM))
were characterized regarding the influences on the cell morphology and cell proliferation
and with respect to the possibility of cell orientation along the LSFL ridges. The authors
reported that the Ti/Zr-multilayer thin films supported a high degree of cell proliferation
and oriented cell growth and should be suitable for implants.

Liu et al. [26] investigated the formation of LIPSS (LSFL) on tilted metal surfaces (steel,
titanium, aluminum, copper) upon line scanning irradiation with s-polarized fiber laser
pulses (1030 nm or 515 nm, 420 fs, 100 kHz). The authors identified a characteristically
different LIPSS orientation between the group of steel and titanium, where the LSFL pat-
terns moderately rotated by some tens of degrees at elevated angles of incidences (θ = 30◦
or 45◦), and the other materials Al and Cu, where the LSFL stayed always perpendicular
to the laser beam polarization at all angles of incidence (θ = 0◦, 30◦, 45◦). The authors
proposed that this finding is based on material-specific differences in the electron–phonon
coupling factor, which should indirectly affect the propagation length of surface plasmon
polaritons (SPPs) involved in the formation of the LSFL.

Soldera et al. [16] presented in their Feature Paper the two-beam DLIP structuring of
soda lime glass with visible ps-laser pulses (532 nm, 12 ps or 70 ps, 10 kHz or 1 kHz). Peri-
odic spot- and line-like surface textures were processed featuring spatial distances between
2.3 and 9.0 μm along with depth-to-diameter aspect ratios up to 0.29. Additionally, within
these microstructures, LIPSS with spatial periods of ~300 nm were present—resulting in
hierarchical micro/nanostructures. The line-patterned samples with periods between 2.3
and 3.9 μm diffracted the white light of a tungsten lamp with efficiencies of approximately
30% into specific diffraction modes. Simultaneously, all laser-processed samples altered
their surface wetting behavior with water. In some cases, even the super-hydrophilic state
with contact angles CA < 5◦ manifested.

In another Feature Paper, Milles et al. [17] studied the icephobic performance of
hierarchical multiscale laser-textured aluminum alloy (AL2024) surfaces for aeronautic
applications. Using ps- and ns-laser sources, the authors employed direct laser writing
(DLW) and direct laser interference patterning (DLIP) to process different periodic surface
topographies with feature sizes ranging between 2.6 and 50 μm. Some samples were
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additionally spray-coated using a perfluoropolyether (PFPE) monolayer to enforce super-
hydrophobicity. Subsequently, the authors investigated the adhesion strength of ice on
the microtextured surfaces. Moreover, the icephobic performance was tested in an icing
wind tunnel, simulating real-world icing conditions. The authors demonstrated that
optimized surface textures, consisting of cross-like DLIP patterns with a size of 2.6 μm,
can lead to a relative reduction of the ice adhesion strength by ~90% when compared with
a polished aluminum alloy surface. The authors proposed that specific types of surface
microstructures, i.e., line-like and cross-like topographies, and feature sizes smaller than
5 μm are especially suitable for creating icephobic surfaces.

Nakata et al. [27] made use of complex multi laser beam interference to establish
a laser-induced dot transfer technique (a variant of the laser-induced forward transfer,
LIFT) that is able to generate periodic arrangements of several-hundred-nanometer-large
nanodots on a receiving substrate via a solid–liquid–solid mechanism. Employing a single
fs-laser pulse (785 nm, 240 fs) to a platinum donor film on a glass substrate in direct contact
with an acceptor substrate in a vacuum chamber setup at a pressure <1.3 kPa, regular and
periodic arrangements of almost spherical platinum sub-micrometer-sized nanodots were
transferred onto a gold-coated silica glass acceptor substrate.

Kuznietsov et al. [28] manufactured metallic Ti-Fe multilayers, consisting of 15 (Ti/Fe)-
bilayers on a steel substrate, with total stack thicknesses between 60 and 80 μm and studied
the formation of LIPSS (LSFL) on these coatings upon irradiation with fs-laser pulses
(1030 nm, 213 fs, 600 kHz) in a scan-processing approach. The LSFL-covered surfaces were
characterized by SEM, XPS, and X-ray diffraction (XRD). Special attention was drawn to
the depth-resolved laser-induced modification by using scanning electron microscopy on a
previously prepared cross-sectional cut with a focused ion beam (FIB), and to the formation
of the intermetallic compound TiFe. The resulting thermal laser-induced effects were
simulated by a 1D two-temperature model (TTM) to predict the extent of the heat-affected
region, as well as to predict the period of the LIPSS patterns.

Jähnig et al. [29] explored the application of two-beam DLIP for the structuring of
steel surfaces containing different amounts of the surface-active element sulfur—allowing
them to influence the laser-induced melt flow patterns. Employing single ns-laser pulses
(1053 nm, 12 ns), this included the variation of the sulfur content in steel (30 ppm, 100 ppm,
~300 ppm, or 1500–3000 ppm) and the laser fluence. The authors demonstrated that, via
thermocapillary melt flows (Marangoni melt convection), single-surface peak geometries
with amplitudes up to ~50 nm can be generated for steel with sulfur content below 300 ppm,
whereas split-peak topographies were formed for higher sulfur content steel or at high
laser fluences. The experiments were complemented by numerical simulations on the basis
of a smoothed particle hydrodynamics (SPH) model elucidating the influence of the sulfur
content in steel on the melt pool convection during single-pulse ns-DLIP.

Wood et al. [30] systematically explored the influence of the post-laser-processing
environment (CO2 atmosphere, boiling water) on the water wettability of LIPSS(LSFL)-
covered stainless steel (AISI 316) surfaces that were previously scan-processed by fs-
laser irradiation (800 nm, <100 fs, 1 kHz) in air. It was found that exposure to a CO2-
rich environment after micromachining leads to an increased surface hydrophobicity,
while residence in a boiling water bath instead leads to a hydrophilic surface. Moreover,
important conclusions were drawn regarding the post-laser irradiation surface cleaning for
removing nonsintered loosely attached nanoparticles and agglomerates from the surface;
if not removed, these nanoparticle agglomerates become hydrophobic, creating a Cassie–
Baxter air-trapping layer on the surface that may feature water contact angles up to 180◦.

Nakhoul et al. [31] employed sequences of multiple cross-polarized double-fs-laser
pulses (800 nm, 25 fs, 1 kHz) to generate a plethora of nanostructures at the surface of pol-
ished single-crystalline <100> nickel surfaces, including random patterns with concentrated
nanoreliefs, 1D nanostripes, or 2D hexagonal arrays, forming disordered, labyrinthine,
and bumpy nanopatterns. The surface morphologies were characterized by SEM and
AFM. Some of the nanostructures featured diameters of only a few tens of nanometers,
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and heights up to 100 nm. The authors demonstrated that the surface structures can be
controlled by the specific laser irradiation conditions, i.e., particularly the laser fluence
and number of irradiating double-pulse sequences. Different ablation phenomena and
hydrodynamic instabilities were discussed as potential mechanisms driving the formation
of the surface nanostructures.

Shavdina et al. [32] studied the spot- and scan-processing of ~180 nm thick polystyrene
(PS) films on silicon substrates upon UV fs-laser (266 nm, 100 fs, 50 Hz or 1 kHz) irradiation
in air using large numbers of effective pulses per beam spot area ranging between 103

and 107. The regimes for optimum LIPSS formation were systematically explored and the
influence of the thermal heating was tested for different substrate temperatures below the
materials’ softening point (Tg), revealing an increase in the LIPSS modulation depth from
~12 nm (RT) to ~20 nm (97 ◦C).

Dominic et al. [33] investigated the formation of subwavelength high spatial fr quency
LIPSS (HSFL) on a tungsten surface upon fs-laser irradiation (800 nm, 60 fs, 1 kHz) in
different oxidizing or inert environments (air, nitrogen, argon, 10−7 mbar high vacuum)
and in combination with or without Ar-ion sputter removal of covering oxides prior to the
laser irradiation. Their work confirms that surface oxidation is not a prerequisite for HSFL
formation on tungsten.

Prudent et al. [34] experimentally studied the fluence- and pulse number-dependent
evolution of surface morphology and the influence of interpulse feedback effects on the
formation of LIPSS (LSFL and HSFL) on thin metallic glass (Zr65Cu35 alloy) films on
silicon—starting with different film-specific nanosized precursor structures (referred to
as coarse and tight columns) and subsequently irradiating them with multiple (up to
50) sequences of single or parallel-polarized double-fs laser pulses (800 nm, 60 fs) in the
interpulse delay range up to 70 ps. The authors suggest that the high viscosity of an
amorphous alloy can be bypassed through double-fs-pulse irradiation that drives the
material towards higher temperatures and lower viscosities—a state that is more favorable
to it undergoing capillary melt flows. As a consequence, the temporally tailored deposition
of the optical energy allows promotion of the development of homogeneous and regular
HSFL, while widely preserving the surface integrity.

Gutiérrez-Fernández et al. [35] used an experimental approach combining laser pulses
(8 ns, 10 Hz) at different wavelengths (266 nm, 532 nm) and sequential irradiation with
different polarization orientations to generate different nanostructure topographies, in
particular linear gratings, two-dimensional grids, and arrays of nanodots on 130 nm thick
films of semiconducting polymer poly(3-hexylthiophene) (P3HT) and 20 nm thick films of
ferroelectric copolymer poly[vinylidenefluoride-co-trifluoroethylene] (P(VDF-TrFE)), both
spin-coated on silicon wafers. Grazing incidence small- and wide-angle X-ray scattering
(GISAXS/GIWAXS) performed at a synchrotron radiation beamline allowed them to qualify
the crystallinity of the polymeric material in the irradiated regions. Sub-micrometric 2D
periodic ferroelectric nanodot structures were laser-processed on a functional polymer
bilayer consisting of P(VDF-TrFE) (top)/P3HT (bottom). Its ferroelectric nature was proven
through piezoresponse force microscopy (PFM).

Werner and Chowdhury [36] investigated the formation of LIPSS on single-crystalline
<111> and <100> silicon wafer surfaces following irradiation with multiple (8 to 10,000)
mid-infrared fs-laser pulses (3.6 μm, 200 fs, 500 kHz). The irradiated surface spots were
characterized by SEM, AFM, EDX, cross-sectional TEM, and electron beam diffraction
(EBD). Extreme subwavelength structures with 50–100 nm sized features arranged parallel
to the linear laser beam polarization direction and with a quasi-periodicity of 700 nm
were reported. However, the size of the individual surface features depended strongly
on the distance from the center of the irradiated spot and approached values down to
~λ/180 nm only. Moreover, TEM revealed that characteristic outgrowing nanospheroidal
clusters (NSC) were quenched in an amorphous state from the laser-induced superficial
melt/amorphous layer (40 nm).
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Four items of this Special Issue “Laser-Generated Periodic Nanostructures” [18,31,33,35]
were selected as “Editor’s Choice” articles by the Editorial Office and the international
board of Editors of Nanomaterials—based on readers’ interests, academic editors’ com-
ments, and reviewers’ suggestions. It is supposed that such articles will be particularly
interesting or important, while simultaneously aiming to provide a snapshot of some of
the work published in the various research areas of the journal.

Finally, the Guest Editors would like to express their sincere gratitude to all authors
and reviewers of this Special Issue for their intense efforts and to the editorial staff of
Nanomaterials for their professional support and guidance.
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Abstract: Despite intensive research activities in the field of laser-induced periodic surface structures
(LIPSS), the large-area nanostructuring of glasses is still a challenging problem, which is mainly
caused by the strongly non-linear absorption of the laser radiation by the dielectric material. Therefore,
most investigations are limited to single-spot experiments on different types of glasses. Here, we
report the homogeneous generation of LIPSS on large-area surfaces of fused silica using thin gold
layers and a fs-laser with a wavelength λ = 1025 nm, a pulse duration τ = 300 fs, and a repetition
frequency f rep = 100 kHz as radiation source. For this purpose, single-spot experiments are performed
to study the LIPSS formation process as a function of laser parameters and gold layer thickness.
Based on these results, the generation of large-area homogenous LIPSS pattern was investigated by
unidirectional scanning of the fs-laser beam across the sample surface using different line spacing.
The nanostructures are characterized by a spatial period of about 360 nm and a modulation depth
of around 160 nm. Chemical surface analysis by Raman spectroscopy confirms a complete ablation
of the gold film by the fs-laser irradiation. The characterization of the functional properties shows
an increased transmission of the nanostructured samples accompanied by a noticeable change in
the wetting properties, which can be additionally modified within a wide range by silanization.
The presented approach enables the reproducible LIPSS-based laser direct-writing of sub-wavelength
nanostructures on glasses and thus provides a versatile and flexible tool for novel applications in the
fields of optics, microfluidics, and biomaterials.

Keywords: nanostructuring; femtosecond laser; laser-induced periodic surface structures; thin gold
layer; transmission; wettability; silanization; functional surface properties

1. Introduction

The advantageous mechanical, physical, and chemical properties of technical and optical glasses,
such as borosilicate glass, soda-lime-silicate glass, and fused silica, make them the material of choice
for a large variety of applications in the fields of optics, microfluidics, photovoltaics, and biomaterials.
The optimal performance of the utilized materials often requires a well-defined adjustment of the
surface properties. These include the tribological behavior, specific wetting states, the optical response,
as well as the behavior of the surface in contact with living cells. In addition to a modified surface
chemistry and the usage of functional coatings, the surface properties are influenced by a well-defined
adjustment of the surface topography. In this context, nature developed numerous outstanding
skills and structures. These include the probably most known example of the lotus leaf with its
superhydrophobic and self-cleaning properties [1] and the antireflective properties of the moth’s
eye [2], to name only a few examples. In order to make these functional principles also available to
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technical applications, processes are required that allow the generation of the appropriate structures
on the surface of different types of materials. In this context, lasers emerged as a versatile and flexible
tool. In particular, the generation of so-called laser-induced periodic surface structures (LIPSS) using
ultra-short pulse lasers (fs-lasers) attracted increasing importance in recent years [3–5]. LIPSS result
from the irradiation of the surface with linearly polarized fs-laser radiation close to the ablation
threshold and they can be characterized as a modulation of the surface topography having spatial
periods Λ typically smaller than the utilized fs-laser wavelength λ [6].

Available studies on LIPSS formation on glasses are mainly limited to single-spot experiments
demonstrating that different types of LIPSS can be generated in dependence on the fs-laser peak fluence
F and the number of pulses N [7–13]. According to Λ, they are divided into high-spatial frequency LIPSS
(HSFL) and low-spatial frequency LIPSS (LSFL). While LSFL on glasses are characterized by Λ ~ λ/n,
with n being the refractive index of the material, and an orientation parallel to the electrical field
(E-field) vector, HSFL exhibit remarkably smaller periods (Λ << λ) and an orientation perpendicular
to E [8,9]. For theoretical approaches to explain the formation of both LIPSS types, the reader is
referred to the literature [3]. Briefly, the most-widely accepted theory to explain LSFL formation
is based on interference of the incident laser radiation with surface electromagnetic waves that are
generated by scattering at the rough surface [14]. As an alternative approach, self-organization of the
irradiated material was used to explain the formation of HSFL and LSFL [7,15]. In this framework,
LIPSS formation is described based on processes occurring during the relaxation of the surface from a
laser-induced state of thermodynamic instability. Rudenko et al. recently performed numerical studies
for fused silica suggesting that the formation of both LIPSS types is driven by the interference of the
incident laser field with the scattered (non-radiative) near-field (HSFL) and the (radiative) far-field
(LSFL), respectively, below the surface [16]. This requires the presence of initial inhomogeneities,
electron defects, or scattering centers.

Despite the numerous investigations and promising results, only a few studies focused on a
line-like or even area-like generation of LIPSS on glasses by a relative movement (scanning) of the laser
beam [17–19]. Here, Papadopoulos et al. should be mentioned, who systematically investigated the
fabrication of large areas on fused silica containing pillar-like laser-induced nanostructures by means of
circularly polarized laser radiation [19]. The low number of studies is caused by some challenges during
LIPSS formation on glasses, which are mainly related to their amorphous chemical structure and the
relatively large band gap energy, when compared to metals and semiconductors. The latter results in
strongly non-linear (multi-photon) absorption processes at the typical laser wavelengths. Consequently,
glasses are more sensitive to changing irradiation properties, defects, and incubation effects.

Alternative approaches of large-area structuring are therefore based on dot-structures, hierarchical
surface structures, and single-spot matrixes [20–23]. Furthermore, the application of metallic
and semiconducting thin films, deposited on the substrate surface prior to laser structuring,
was demonstrated to be advantageous for the formation of LIPSS on large bandgap materials
including sapphire [24,25], glasses [26,27], and silicon [28]. Here, we report on the use of thin gold
layers (≤300 nm) to enable the fabrication of homogenous, large-area LIPSS pattern on fused silica
substrates. The investigations focus on HSFL as the spatial periods Λ of these structures are typically
in the order of 200–400 nm, which is why they are expected to be advantageous for optical applications
in the visible spectral range. Based on a detailed single-spot analysis of the formation process as a
function of the laser parameters and the layer thickness, the large-area fabrication of LIPSS was studied
by means of an unidirectional scanning of the focused fs-laser beam across the substrate surface.
The nanostructured surfaces were subsequently analyzed with regard to their topography and surface
chemistry and characterized with respect to selected functional properties that might open up new
applications in fields such as optics, microfluidics, and photovoltaics.

10



Nanomaterials 2020, 10, 1187

2. Materials and Methods

2.1. Sample Preparation

Samples of commercial fused silica (GVB, Herzogenrath, Germany) with a size of (20 × 10 × 1 mm3)
were used as substrate material (Figure 1b). Thin layers of gold with a thickness ≤300 nm were
deposited on the substrate surface by sputtering (Sputter Coater S150B, Edwards, Irvine, CA, USA).
The corresponding film thickness was determined using a white-light interference microscope (CCI HD,
Taylor Hobson, Leicester, UK) equipped with a 50× objective. All samples were ultrasonically
cleaned in acetone and isopropanol before sputtering and after fs-laser processing (Figure 1b).
The wettability of the sample surfaces before and after fs-laser irradiation was modified by silanization
with trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Alfa Aesar, Haverhill, MA, USA). For this purpose,
the samples were placed in a desiccator close to a 100 μL drop of the silane, which was deposited on
the surface by gas phase condensation using a vacuum pump for 15 min and further storage of the
samples for 15 min in the desiccator. After the deposition, the samples were stored for 2 h at 75 ◦C in
a furnace.

Figure 1. (a) Scheme of the experimental setup used for the generation of laser-induced periodic
surface structures (LIPSS) on fused silica and (b) processing steps required for the large-area structuring
with LIPSS.

2.2. Laser Processing

A diode pumped Yb:KYW thin disc fs-laser (JenLas D2.fs, Jenoptik, Jena, Germany) emitting
linearly polarized fs-laser pulses (pulse duration τ = 300 fs, repetition frequency f rep = 100 kHz) at
a central wavelength λ = 1025 nm was used as radiation source (Figure 1a). The fs-laser beam was
focused by a galvanometer scanner (IntelliScan14, Scanlab, Puchheim, Germany) including a f-Theta
objective (JENar, Jenoptik, Jena, Germany) with a focal length f L = 100 mm. The resulting focal spot
diameter of the Gaussian beam (1/e2 intensity) on the substrate surface was determined to be 2wf ~
(22 ± 0.5) μm using the method proposed by Liu [29]. Single-spot experiments were used to evaluate
the formation process of LIPSS as a function of the gold layer thickness t. For this purpose, the substrate
surface was irradiated at ambient air atmosphere by N = 5 successive pulses with single-pulse energies
Eimp ≤ 31 μJ resulting in a maximum fs-laser peak fluence F = 2·Eimp/(π·wf

2) = 16.3 J/cm2. In this context,
the threshold fluence of LSFL formation (FLSFL) was determined, as it indicates the transition from
HSFL to LSFL and thus clearly identifies the fluence range suitable for HSFL formation. Large surface
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areas structured with LIPSS were realized by scanning the focused fs-laser beam (F = 4.5 J/cm2) with
a velocity v = 0.15 m/s unidirectionally across the sample surface using different values of the line
spacing Δx and thin gold layers. In this context, the effective number of laser pulses N per focal spot
area is given by Neff = (π·wf

2·f rep)/(v·Δx).

2.3. Characterization

The morphology of the sample surfaces was evaluated by scanning electron microscopy (SEM)
(Sigma VP, Zeiss, Oberkochen, Germany) at an accelerating voltage of 5 kV using the secondary electron
detector. The surface topography including the modulation depth h of the LIPSS and the resulting
roughness factor r was characterized by atomic force microscopy (AFM) (NanoWizard 4, JPK, Berlin,
Germany) using a silicon tip (SNL-B, Bruker, Billerica, MA, USA) with a spring constant of 0.23 N/m
and a resonant frequency of 23 kHz in contact mode. The spatial periods of the LIPSS were quantified
by 2D-Fast-Fourier transform (2D-FFT) analyses of the SEM micrographs and verified by AFM. The
chemical composition of the sample surfaces before and after fs-laser irradiation was analyzed by
Raman spectroscopy (Senterra, Bruker, Billerica, MA, USA). The measurements were performed at
a wavelength of 785 nm with an intensity of 100 mW and a 100× objective in a wavenumber range
from 200 to 1800 cm−1 with a resolution of 3–5 cm−1. The influence of the LIPSS formation on the
functional properties was evaluated in terms of the optical properties of the sample surfaces and
their wettability behavior. For this purpose, the transmission of the samples was measured in a
wavelength range from 400 to 1000 nm using an integrating sphere (IS236A-4, Thorlabs, Newton, NJ,
USA) and a halogen–deuterium lamp (Tidas, J&M Analytik, Essingen, Germany) as radiation source.
The integration time was set to 1 s and the signal was accumulated over 30 single measurements.
The wettability of the surfaces with distilled water was analyzed by contact angle (CA) measurements
(Drop-shape analyzer 10 Mk2, Krüss, Hamburg, Germany) at a minimum droplet volume of 4 μL in
the sessile drop mode.

3. Results and Discussion

3.1. Single-Spot Investigation

In order to evaluate the impact of the thin gold layer on LIPSS formation, the layer thickness t
was varied from 20 to 300 nm and compared to the LIPSS formation on the initial fused silica surface
as reference. Figure 2 shows ablation spots irradiated with N = 5 fs-laser pulses as a function of the
fs-laser peak fluence F (top to bottom) and the gold layer thickness t (left to right). Without a gold
layer (Figure 2a–d), the typical dependence of fused silica on the fs-laser peak fluence can be observed
in the focal spot area [8,9]. At a specific threshold, a transition from HSFL (Figure 2b) generated at low
fluences (F = 4.5 J/cm2) to LSFL (Figure 2c) occurs. For the initial fused silica substrate, the threshold of
LSFL formation was determined to be FLSFL = 5.1 J/cm2 (Figure) at the given processing conditions in
line with our former investigations [9]. This transition is characterized by a change in the orientation
of the LIPSS from perpendicular (HSFL) to parallel (LSFL) with respect to the direction of the linear
beam polarization (see Figure 2a). At the highest fluence F = 7.9 J/cm2 (Figure 2d), the ablation spot is
characterized by well-pronounced, homogeneous LSFL in the intense center of the Gaussian beam
profile, which are surrounded by an annular region containing HSFL. These experimental observations
correlate very well with the numerical studies on LIPSS formation on fused silica reported by study,
the Rudenko et al. [16]. In the corresponding authors revealed the interference below the surface
between the incident laser field and the scattered near-field (HSFL) and the far-field (LSFL), respectively,
to be the fundamental mechanisms of formation. Both LIPSS types are therefore generated at different
sub-surface regions. Consequently, LSFL require sufficient high fluences for their “exposure” by an
increased ablation of the material surface.

The ablation spots fabricated using the 20 nm thick gold layer (Figure 2e–h) reveal a shift of the
fluence range of LIPSS formation towards lower values of F. This is indicated by the onset of HSFL
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formation already at F = 3.4 J/cm2. Furthermore, the comparison with the initial fused silica surface at
F = 4.5 J/cm2 shows a significantly increased annular region containing HSFL as well as the formation
of well-pronounced LSFL in the intensive center of the Gaussian beam profile. The corresponding
value of the formation threshold was determined to be FLSFL = 4.0 J/cm2, which is about 80% of the
value of the uncoated fused silica surface (Figure 3). On the contrary, the SEM micrographs of the
sample surfaces with a larger layer thickness show LIPSS formation only at the largest investigated
fluence F = 7.9 J/cm2. Obviously, a thin gold layer leads to a lower formation threshold FLSFL compared
to the uncoated substrate, which increases almost linearly with increasing layer thickness t within the
investigated thickness range (Figure 3).

Figure 2. SEM micrographs of the fused silica surface upon the irradiation with N = 5 fs-laser pulses
as a function of fs-laser peak fluence F and gold layer thickness t: (a–d) uncoated fused silica surface,
(e–h) t = 20 nm, (i–l) t = 180 nm and (m–p) t = 300 nm. The direction of the linear beam polarization
(E-field vector) is illustrated in (a).

 

Figure 3. Threshold fluence FLSFL for the formation of LSFL as a function of the gold layer thickness t
determined from the corresponding SEM micrographs (see Figure 2) using the method proposed by
Liu [29]. The red solid line guides the eye.
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In order to explain this impact of thin metallic films on LIPSS formation, the optical properties of
the gold layer and its ablation behavior have to be discussed more detailed. Atλ= 1025 nm, the complex
refractive index of gold is n * = n + ik = 0.2277 + i6.4731 [30] corresponding to a complex dielectric
permittivity ε = n * 2 = −41.85 + i2.95. The optical penetration depth lα = α −1 = λ/(4πk) can therefore
be estimated to be lα ~ 12 nm. According to Fresnel’s formulas, the reflectance at perpendicular
incidence is about 0.98. The ablation of thin gold layers has already been investigated in detail using
different pulse durations with a particular focus on the influence of the layer thickness t [31–34]. In the
corresponding studies, the authors reported two different regimes upon fs-laser irradiation: For layer
thicknesses below a characteristic penetration depth Lc of the pulse energy into the material, the
ablation threshold linearly increases with increasing t and remains constant at its bulk value for t ≥
Lc. During the fs-laser treatment (τ = 28 fs, λ = 793 nm) of gold films deposited on BK7 substrates,
Krüger et al. determined Lc to be ~180 nm [32]. Lc is a measure for the heat penetration depth within
the electron gas before electron–phonon relaxation occurs [32]. Therefore, it depends on the strength of
electron-phonon coupling, which in the case of gold is relatively low [33]. Consequently, hot electrons
excited by the deposited laser energy can penetrate deep into the material before an interaction with
the lattice takes place, which is why Lc can noticeably exceed lα. As the energy transport across the
metallic–dielectric interface can occur via electron–phonon and phonon–phonon coupling [35,36],
the increased interfacial electron density resulting from the diffusion of the hot electrons leads to
an increased interfacial energy transfer [24,28]. In contrast to the energy coupling to the uncoated
glass surface, which is solely based on strongly non-linear multiphoton processes, this leads to a
stronger, more uniform deposition of the energy to the fused silica substrate and thus to the significant
reduction of the LIPSS formation threshold. This reduction of FLSFL is more pronounced in the case of
small layer thicknesses (t = 20 nm) in the order of lα. Plasmonic effects may also contribute to this
process [37]. This aspect is emphasized by the fact that about 20% of the absorbed energy is still present
after transmitting the 20 nm thick gold layer, which can therefore interact with the interfacial carriers.
Furthermore, it should be noted that the increased coupling of the first pulse also influences subsequent
processes such as accumulation and incubation occurring during multi-pulse irradiation. The observed
increase in FLSFL with increasing layer thickness is connected to the reported linear increase of the
ablation threshold of the gold film and results from the reduced coupling and transmission of the
incident laser radiation through the layer to the fused silica substrate (optical penetration depth) as the
film thickness increases. Furthermore, thicker gold layers require more energy to ablate the respective
layer [38]. Consequently, at larger film thickness, less laser energy is available on the fused silica
surface for LIPSS formation.

Using metallic layers, the formation of LIPSS with significantly enhanced homogeneity was
reported by several groups on different types of materials [24,25,28]. As the main reason, the authors
assume the gold-layer-assisted homogeneous coupling field to be responsible, which reduces the
influence of material properties (e.g., inhomogeneities and defects) and laser energy fluctuations.
As a result, the first laser pulses generate a more homogenous modification of the material that
acts as seeds for the formation of a well-pronounced LIPSS pattern by the subsequent laser pulses.
This feedback mechanism includes various multi-pulse processes such as accumulation, incubation
and grating-assisted coupling [3]. While a comparable impact on the LSFL was not observed within
the present study, the annularly arranged, filigree HSFL fabricated with a 20 nm thin gold layer are
more pronounced and more homogenous than on the uncoated substrate (Figure 2f–h).

3.2. Large-Area Fabrication of HSFL

Based on the fluence ranges evaluated in the single-spot experiments, the following investigations
aim at the realization of large areas homogenously structured with HSFL. An important step is the
generation of single scan lines, which will later be extended by an unidirectional scanning of the surface
with a suitable line spacing Δx. Figure 4a shows an example of a single scan line containing HSFL
fabricated with v = 0.15 m/s and F = 4.9 J/cm2. In principle, the first part of the scan line reveals that the

14



Nanomaterials 2020, 10, 1187

nanostructures generated within the focal spot can be written continuously on an uncoated fused silica
surface. However, the SEM micrograph also emphasizes the typical problems occurring during LIPSS
formation on glasses, which are caused by the strong influence of material inhomogeneities, surface
contaminations, defects, and fluctuations of the pulse energy. As soon as the narrow process window
is left, the structuring process switches to uncontrolled ablation, which leads to significant damage
of the substrate surface. These problems are intensified when structuring large areas (Figure 4b).
Here, the much smaller width of the ablated line (~8 μm) compared to the focal diameter (~22 μm)
requires a certain overlap of the individual scan lines. The fs-laser fluence in the outer areas of the
Gaussian profile is insufficient for the formation of HSFL, but large enough to alter the absorption
properties by incubation effects, which might include the formation of self-trapped excitons and color
centers [39–42]. The energy of a subsequent scan line then couples more strongly into the modified
surface areas and also results in uncontrolled ablation. This results in an irregular roughness of
the ablated surface instead of the intended HSFL. In order to reduce the influence of the versatile,
non-controllable influencing parameters, the structuring process was systematically investigated using
thin gold layers with a thickness of 20 nm.

 

Figure 4. SEM micrographs of an uncoated fused silica surface upon fs-laser irradiation with
F = 4.9 J/cm2: (a) high-spatial frequency LIPSS (HSFL) generated by a single line scan with v = 0.15 m/s;
(b) Large-area structuring by unidirectional scanning with v = 0.15 m/s and Δx = 4 μm. The direction of
the E-field vector is indicated in (a).

For this purpose, the focused fs-laser beam was scanned with v = 0.15 m/s line-wise across
the fused silica surface using an fs-laser peak fluence of 4.5 J/cm2. The direction of the linear beam
polarization was chosen parallel to v. Figure shows SEM micrographs of the substrate surface fabricated
with line spacing Δx decreasing from 10 to 4 μm. For Δx = 10 μm, the single scan lines can clearly
be distinguished. Here, a decrease of the spatial periods from the intensive center of the scan line
in direction of the borders can be observed, which is related to the Gaussian intensity distribution
(see also Figure 2c). Considering the ablation width of about 8 μm, Δx = 4 μm corresponds to a
seamless alignment of the individual scan tracks. In this case, the overlap of the lines (regarding the
Gaussian spot diameter) is about 80%. The SEM micrograph shows a homogeneous pattern with a size
of (47 × 32 μm2) containing HSFL with an orientation perpendicular to the E-field vector. From the
AFM cross section measured along the white line (Figure 5c), the spatial period and the modulation
depth were determined to be Λ = (328 ± 58 nm) and h = (163 ± 27 nm), respectively. The 2D-FFT of
the SEM micrograph (Figure 5e) reveals a wider distribution of the spatial periods, as the analysis
also considers deviations resulting from the fluence-dependency of the HSFL and the unidirectional
scanning procedure. Consequently, HSFL with spatial periods ranging from 208 to 592 nm can be
found on the fused silica surface. The most frequent period in the cross section of the 2D-FFT spectrum
is about 2.75 cm−1, which corresponds to a spatial period of about 362 nm. The homogeneity can
be improved by using top-hat beam profiles, but this was not the subject of the current work [43,44].
Nevertheless, the results demonstrate that a thin gold layer enables the reliable and reproducible
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fabrication of HSFL on large surfaces areas without damaging the fused silica substrate. As already
explained in the single-spot experiments, we assume in accordance with the literature that the gold
layer leads to a more homogeneous coupling field, which reduces the influence of material properties
and laser energy fluctuations. Furthermore, due to its very high reflectance, the gold layer may act as a
protective layer for those areas of the fluence profile that are insufficient for HSFL formation.

 
Figure 5. Large-area structuring of fused silica substrates homogeneously with HSFL using a 20 nm thin
gold layer: (a) SEM micrographs of line scans performed with v = 0.15 m/s, F = 4.5 J/cm2, and different
line spacing Δx ranging from 10 to 6 μm; (b) SEM micrographs of different magnification showing
a homogenous HSFL pattern fabricated with v = 0.15 m/s (N = 63), F = 4.5 J/cm2, and Δx = 4 μm;
(c,d) atomic force microscopy (AFM) image, cross section; and 3D model of the HSFL shown in (b);
(e) 2-D Fourier transform of the SEM micrograph shown in (b); Please note the direction of the E-field
vector displayed in (a,b).

3.3. Characterization of Surface Properties

3.3.1. Surface Chemistry

Figure 6 shows the analysis of the surface chemistry by using Raman spectroscopy. The initial fused
silica surface is characterized by a main broad peak at 435 cm−1 (w1), which corresponds to Si–O–Si
bonds oscillating and bending in the SiO4 tetrahedrons [45–47]. Peaks detected at 488 and 604 cm−1 can
be assigned to four- (D1) and three-membered (D2) rings of the SiO4 tetrahedrons, respectively [45,48].
At 800 cm−1, the spectrum reveals a peak of the symmetric stretching mode of the Si–O–Si (w3). Finally,
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peaks observed at 1078 and 1250 cm−1 correspond to the Si–O–Si asymmetric stretching mode (w4) with
transversal and longitudinal optical modes, respectively [22]. After sputtering of a 20 nm thin gold
layer, the spectrum is dominated by a broad peak consisting of two maxima at 1337 and 1530 cm−1. Both
are related to organic residues, which might be caused by cleaning agent residues (acetone, isopropanol)
as well as by carbon compounds adsorbed from the surrounding atmosphere [49]. The remarkably
increased Raman intensity can be explained by the surface enhanced Raman scattering (SERS) effect
reported for gold [50]. After LIPSS formation, the Raman spectrum equals to the initial fused silica
surface. This confirms an almost complete ablation of the gold layer during fs-laser irradiation and
excludes an impact of possible gold residues on the functional surface properties. Furthermore, a
significant laser-induced modification of the chemical surface composition caused by LIPSS formation
can be excluded [22,48].

.
Figure 6. Raman spectrum of the initial, non-irradiated fused silica surface in comparison to fused silica
surfaces covered with a thin gold layer before and after the formation of HSFL by fs-laser irradiation
(v = 0.15 m/s, F = 4.5 J/cm2, Δx = 4 μm) using a 20 nm thin gold layer. The spectra of initial fused silica
and fused silica with LIPSS are magnified by a factor of 3.

3.3.2. Wettability

Figure 7 illustrates the analysis of the water contact angle θC of fused silica before and after fs-laser
irradiation. The initial, non-irradiated fused silica surface is characterized by θC = (39.5 ± 4.0)◦,
which corresponds to a hydrophilic behavior of the flat surface, in line with literature values
(Figure 7a) [21]. After fs-laser irradiation, the resulting homogeneous HSFL pattern leads to a
significant reduction of θC to almost 0◦, i.e., to a superhydrophilic wetting state. Consequently, a
water droplet applied to the nanostructured surface spreads over the entire surface and forms a thin
water film (top part of Figure 7b). The decreasing contact angle can be explained by the Wenzel
model, which considers the impact of the surface roughness on the contact angle θ of an initially flat
surface by the roughness factor r according to cos θW = r · cos θ [51]. r represents the ratio of the real
surface area to its horizontal projection. Using the Wenzel model, a theoretical value of r = 1.29 can
therefore be calculated, which is in good agreement with r = 1.35 determined by AFM analysis for
the fused silica surface covered with HSFL in this work. The small deviation can be attributed to fact
that the Wenzel model only considers topographical aspects. In addition, several studies revealed a
remarkable influence of the surface chemistry on the wetting behavior [52]. By means of a silanization
of the material surface, the contact angle of hydrophilic materials can additionally be altered in a
well-defined manner. Using trichloro(1H,1H,2H,2H-perfluorooctyl)silane, the contact angle of the
non-irradiated fused silica surface was switched to hydrophobic with θ = (120.0 ± 5.0)◦, which is
caused by the hydrophobic fluoro-groups of the silane. As illustrated in Figure 7b, the silanization of
the surfaces structured with HSFL led to a further increase of the hydrophobicity with a contact angle of
θ = (139.0 ± 5.0)◦. The comparison of the silanized samples before and after fs-laser irradiation directly
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reveals the influence of the LIPSS and their topography and therefore confirms that a monolayer was
deposited during silanization. However, it has to be noted that a superhydrophobic behavior with
contact angles exceeding 150◦ cannot be achieved by HSFL due to the small modulation depth of the
structures. According to Cassie–Baxter, such superhydrophobic surfaces would require air pockets
provided by the surface topography below the water droplet [53]. Nevertheless, our experimental
results demonstrate that the wettability of fused silica surfaces can be tailored in a wide range from
superhydrophilic to strongly hydrophobic based on the formation of HSFL. As shown below, this is
achieved without a negative impact on the transparency of the substrates.

Figure 7. Contact angle analysis on fused silica with distilled water: (a) Wettability before and after
silanization of non-irradiated substrates and surfaces homogeneously structured with HSFL. The inlets
show a side-view image of the droplets during contact angle measurement; (b) Photographs of a droplet
with a volume of 10 μL applied to the surface structured with HSFL without (top) and with (bottom)
silanization (compare the corresponding inlets in (a)).

3.3.3. Optical Properties

The analysis of the optical properties of the fused silica substrates in terms of their transmittance
shows that the initial substrate is characterized by an almost constant value of about 93% in the
investigated wavelength range from 400 to 1000 nm (Figure 8a). The remaining 7% to total transmittance
is mainly caused by reflection at both substrate surfaces. For light irradiating a single-interface (air/fused
silica) at normal incidence, the specular reflectance can be calculated using Fresnel’s formulas according
to R = ((n − 1)/(n + 1))2, whereby n refers to refractive index of the transmitting material. The latter
varies only slightly from n = 1.4696 at 400 nm incident wavelength to n = 1.4502 at 1000 nm in the case
of fused silica [54]. This results in R ~ 3.5% for a single ideal interface in the investigated spectral range.
It becomes evident from the inlet in Figure 8a that the fused silica substrate structured with HSFL on
its top surface is characterized by an increased transmission when compared to the non-irradiated
substrate for wavelengths exceeding 550 nm. At 800 nm wavelength, a maximum transmittance
of about 96% was achieved. The increase in transmittance is based on a reduced reflectivity of the
structured material surface, as also indicated in Figure 8b. This can be explained by the anti-reflective
effect of the periodically structured material surface, which was discussed in several studies [55,56]
and which is also well-known from natural examples such as the moth’s eye [2]. In addition to
the specific grating profile and the depth of the generated structures, a key aspect is related to the
period-to-wavelength ratio Λ/λ. For Λ/λ < 1, i.e., for wavelengths exceeding the spatial periods
of the HSFL, the incident light is not diffracted. Instead, the incident radiation perceives effective
optical properties at the material surface, which result from a structural mixing between incident
and substrate material [55]. The interaction of light with such sub-λ-structures can be described with
effective medium theories [55,56]. Below 550 nm, the wavelength equals to the periods measured for
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the HSFL (Λ/λ ~ 1). Here, diffraction of the incident radiation causes losses, which lead to a decrease in
transmission of the substrate to ~88% at 400 nm. An improvement of the anti-reflective effect, especially
by optimizing the structural geometry and structuring both substrate surfaces, will be the subject of
future investigations.

Figure 8. Optical characterization of fused silica samples before and after fs-laser irradiation:
(a) transmittance measured using an integrating sphere and (b) photograph demonstrating the
reduced reflectivity of the surface area homogenously structured with HSFL.

4. Conclusions

The use of thin gold layers enables the reproducible generation of homogeneous LIPSS patterns on
large surface areas of fused silica. A film thickness in the order of the optical penetration depth of gold
results in a remarkable reduction of the threshold fluence of LIPSS formation. The nanostructuring
of the fused silica surface leads to an increased transmission of the glass samples accompanied by a
change in the wetting behavior of the substrate surfaces. The present study enables the utilization of
LIPSS-based nanostructuring on glasses and might therefore open up new applications in the fields of
optics, photovoltaics, anti-fogging, anti-icing, and biomaterials.
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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 μm. 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 μm 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/cm2 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 SiO2, sapphire, SiC, TiO2, 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 × 100 mm × 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, Würselen,
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%.

25



Nanomaterials 2021, 11, 129

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 ϕ
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.

 

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 × 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 cm2/min
and 2.4 cm2/min, respectively.

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

Parameter Line-Like Textures Dot-Like Textures

Spatial period [μm] 2.3 3.9 9.0 2.3 4.7
Spot size [μm] 74 52 54 45

Hatch [μm] 23.0 15.6 18.0 16.5 13.4
Fluence [J/cm2] 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 (Krüss DSA 100 S, Hamburg, Germany). The system automatically
controlled the deposition of 2 μL 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 μJ and a compact
optical setup for generating interference with spatial periods between 2.3 μm and 9.0 μm
(see Figure 1). In a preliminary experiment, the laser fluence and spatial period were varied
between 1.77 and 5.14 J/cm2 and 2.3 and 9.0 μm, 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 μm (Figure 3a–c), 3.9 μm (Figure 3d–f), and 9.0 μm
(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 J/cm2 (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 J/cm2, 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/cm2

(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 J/cm2, 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 λ/n = 350 nm [55], where n = 1.52 is the refractive index of soda lime at a
laser wavelength λ = 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].

 
Figure 3. SEM images (secondary electron detector) of glass samples structured with line-like patterns and different spatial
periods: (a–c) 2.3 μm, (d–f) 3.9 μm, and (g–i) 9.0 μm. 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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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/cm2 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 μm (a), 3.9 μm (b), and 9.0 μm (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 μm) 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 μm, 1.12 μm, and 2.2 μm, for the patterns with spatial periods of
2.3 μm, 3.9 μm, and 9.0 μm, 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.

Figure 4. Depth diagrams of the line-like patterned samples with spatial periods of (a) 2.3 μm, (b) 3.9 μm, and (c) 9.0 μm,
together with a representative extracted profile showing surfaces with (a) second modulation, (b) good overall uniformity
and quality, and (c) significantly damaged areas.
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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 μL 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].

 
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 θW as a function of the roughness factor r is given by cos(θW) = r ×
cos(θ0), where θ0 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 θ0 = 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 SiO2 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 μm (F = 2.27 J/cm2, N = 13),
(b) 3.9 μm (F = 2.12 J/cm2, N = 9), and (c) 9.0 μm (F = 5.04 J/cm2, 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 μm (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 μm, (b) 3.9 μm, and (c) 9.0 μm. 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 μm and (b) 3.9 μm. 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 μm 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 μm (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 μm (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 μm, but also DE values > 25% were found for structure depths
around 1–1.3 μm. 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 μm and spatial period of 3.9 μm 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 μm 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.

 

Figure 7. Diffraction efficiency determined for the line-like textures with spatial periods of (a) 2.3 μm and (b) 3.9 μm 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 μm
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 μm 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/cm2, 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 μm, 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/cm2). Aside from the well-defined periodic dot-like array
(spatial period of 4.7 μm), 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 μm, 3.9 μm,
and 9.0 μm 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 μm and 3.9 μm 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 μm with 14 pulses at a fluence of 2.22 J/cm2 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 cm2/min) are relatively low
to be attractive for industrial applications, the DLIP method can be scaled up to mass
production, e.g., throughputs ~1 m2/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:

ηm = J2
m(β/2), (A1)

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

β =
2πh

λ
(n(λ)− 1), (A2)

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

η = 2 ×
(

J2
1 + J2

2 + J2
3

)
, (A3)

which is also a function of the wavelength. The reflection at the glass/air interface can be
calculated by Reference [91].

R(λ) =

(
n − 1
n + 1

)2
. (A4)

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:

DE =
1

900nm − 380nm

∫ 900nm

380nm
(1 − R(λ))2η(λ)dλ.

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 μm and 3.9 μm were
selected because they have shown the maximum diffraction efficiency for each period. In turn,
the sample with the spatial period of 5.9 μm was selected, as it had the deepest microstructures with
satisfactory homogeneity.

Spatial period [μm] 2.3 3.9 5.9
Fluence [J/cm2] 2.16 2.01 4.88

Number of pulses 14 10 11
Structure depth [μm] 0.34 0.30 2.21

Diffraction efficiency [%] 27.8 32.7 -
Contact angle [◦] 7.2 5.9 10.1
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Abstract: Ice-building up on the leading edge of wings and other surfaces exposed to icing atmo-
spheric conditions can negatively influence the aerodynamic performances of aircrafts. In the past,
research activities focused on understanding icing phenomena and finding effective countermeasures.
Efforts have been dedicated to creating coatings capable of reducing the adhesion strength of ice to
a surface. Nevertheless, coatings still lack functional stability, and their application can be harmful to
health and the environment. Pulsed laser surface treatments have been proven as a viable technology
to induce icephobicity on metallic surfaces. However, a study aimed to find the most effective
microstructures for reducing ice adhesion still needs to be carried out. This study investigates the
variation of the ice adhesion strength of micro-textured aluminum surfaces treated using laser-based
methods. The icephobic performance is tested in an icing wind tunnel, simulating realistic icing
conditions. Finally, it is shown that optimum surface textures lead to a reduction of the ice adhesion
strength from originally 57 kPa down to 6 kPa, corresponding to a relative reduction of ~90%. Conse-
quently, these new insights will be of great importance in the development of functionalized surfaces,
permitting an innovative approach to prevent the icing of aluminum components.

Keywords: multi-scale textures; aluminum; direct laser interference patterning; superhydrophobic-
ity; icephobicity

1. Introduction

Atmospheric icing includes all meteorological phenomena in which ice is accreting
and accumulating on surfaces. As a consequence of icing, serious issues in different
industrial sectors result, such as in telecommunications where transmission lines and
towers can collapse due to the increased weight, leading to power outages [1]. The efficiency
and output of renewable energy sources, such as wind and solar, can be also seriously
endangered by ice formation [2]. In the aviation industry, flights can be delayed or canceled
due to ice build-up on aircraft, and in the worst cases, fatal accidents can occur from icing-
related events [3]. In particular, icing can take place both when aircraft are on the ground
and in flight. On the ground, snow or freezing rain result in aircraft surface contamination,
which can interfere with the aerodynamic properties of the aircraft or even lead to damage
of the engines due to dislodged ice fragments. This requires on-ground de-icing techniques,
which typically consist of hot mixtures of water and glycol, which are directly sprayed on
the aircraft surfaces covered with ice or snow [4]. During the flight, icing is caused by the
impingement of supercooled, micrometer-sized water droplets in clouds, which may either
directly adhere upon impact or flow back as a thin film of water and collect into rivulets
because of surface tension [5,6].
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Most of the technical surfaces today consist of aluminum alloys, which, due to their
light weight and high strength, are employed, e.g., on the leading edge of the wings [7–9].
The term de-icing implies the removal of ice after its formation on a surface exposed
to extreme weather conditions, whereas anti-icing describes the capacity of a surface
to reduce or avoid ice formation [10]. On airplanes, de-icing is achieved by the use of
thermal energy [11] through hot bleed air diverted from the compressor of the engine to
the location to be de-iced [10]. Alternatively, electrothermal heaters are used for areas
where thermal de-icing systems are not applicable, such as propellers, spinners, nose cones,
helicopter rotors, and hubs [12]. Having a surface that avoids or retards the adhesion of
ice, which is defined as icephobic, can reduce the power needed to protect the surfaces
from ice accretion during the flight and revolutionize the technology implemented in large
passengers’ aircraft (anti-icing) [13,14]. Novel light-weight ice protection system (IPS) with
decreased power requirements can then be implemented in combination with advanced
surfaces, replacing finally conventional IPS.

In the last decades, increasing interest in a novel technological concept, the hybrid ice
protection systems (HIPS), was observed. HIPS includes an engineered surface combined
with an ice protection system (IPS) [15]. Alternatively, the ice can be ultrasonically detached
from the surface; however, ultrasonic initiation requires several hundred watts of energy
and is, therefore, not ideal for the practical application [16,17]. In contrast to in-flight
ice protection strategies, on ground ice accumulation is generally removed by ultrasonic
methods, warmed up air, or by chemical coatings [15]. These coatings, which decrease the
adhesion of water to the surface by reducing the free surface energy, are applied over large
areas and are also not durable in the long term [18]. The mechanism behind this approach
has shown that chemically-treated substrates, which are equipped with the superhydropho-
bic surface, have additional anti-icing properties. Furthermore, these chemically-treated
surfaces have also shown a delayed frost formation for test conditions at temperatures
of −6 ◦C. Despite the promising results, these solutions are not environmentally friendly,
are time-consuming, and are related to high costs [19].

A novel approach to target these objectives are micro-textured functional surfaces
with icephobic properties. An icephobic surface has per definition the following proper-
ties: (i) they delay the solidification time of the water or reduce ice accretion while the
heterogeneous nucleation is hindered [20] and (ii) ice removal is promoted due to low
adhesion strength between ice [21,22]. Superhydrophobic coatings on aluminum have
demonstrated a remarkable potential to tackle the challenge of icing aircraft surfaces [23].
However, it should be mentioned that functional water-repellent surfaces are not always
icephobic as well [24].

A fast and cost-efficient way to directly fabricate functional surfaces is laser surface
texturing (LST). In LST, microstructures are generated on a surface by using laser-based
methods like direct laser writing (DLW) or direct laser interference patterning (DLIP),
among others [25]. In DLW, a single laser beam is guided by a scanner and focused by
an optical element on the substrate. Depending on the laser wavelength, pulse duration,
and pulse energy, a large variety of materials like metals, ceramics, and polymers can be
processed [26,27]. For instance, this technology has been used to create superhydrophobic
microstructures on aluminum as well as on titanium. Without applying chemical treat-
ments, superhydrophobicity is reached with a static contact angle (SCA) above 150◦ and
a sliding contact angle below 10◦ [28–30]. In addition to the topography, the chemical
composition of the laser-generated texture also plays a role in the wettability modification.
In fact, carbon-rich molecules can be absorbed from the ambient air, and the surface chem-
istry can be accordingly changed [31,32], making the wetting behavior time-dependent
and its functionality limited for practical applications [33]. Moreover, microstructures
fabricated on aluminum with surface features in the range of 30 to 50 μm have shown
ice-delaying properties for single droplets freezing on the surface [34,35].

Another laser-based technology that can be applied for producing textured surfaces
is direct laser interference patterning (DLIP). This method requires the use of at least two
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laser beams, which are superimposed on the substrate. This superimposition leads to
an interference-generated modulation of the laser intensity distribution, which allows
fabricating different periodic micro-patterns. The feature size of the pattern is usually
in the range between ~500 nm and 10–20 μm [36,37]. In particular, the use of pulsed
laser sources (nanosecond to femtosecond) has allowed the fabrication of features in the
sub-μm range, even on metals [36,38]. Furthermore, DLIP has been widely employed for
fabricating microstructures for biomedical applications on ceramics to influence the wetta-
bility on steel or to reduce the friction of automotive steer rings [39–41]. It is well known
that hierarchical (also called multi-scale) microstructures are advantageous compared to a
single-scale structure. For instance, they can provide multiple surface properties, including
wear protection, ensuring a target functionality (e.g., antibacterial) for a longer time [42,43].
In addition, the superhydrophobic condition combined with an ice-repellent functionality
has been also shown in recent work by creating 7.0 μm periodic pillars on aluminum as
well as a hierarchical structure based on a combination of DLIP and DLW technology [35].
Nevertheless, ice repellency through microstructures has been only demonstrated under
static testing conditions. In contrast, recently published results have shown that different
laser-fabricated microstructures on titanium alloy may show dynamic ice-repellent proper-
ties, and a specific micro-texture design rule for minimizing the ice adhesion on titanium
has been found [44]. A trend has been observed for surfaces in which a lower surface
roughness Rz adds an advantageous effect on reducing ice adhesion [44]. By using a dy-
namic vibration testing technique with an electromagnetic oscillator, the ice adhesion and
also its de-bonding forces can be determined accurately on a plethora of substrates [44,45].
However, the combination of different laser fabrication methods, the resulting hierarchical
topographies, and their impact on ice adhesion, especially for aluminum, have not been
investigated so far. Furthermore, to the best of our knowledge, it is not clear to what extent
the roughness can still be reduced to further minimize ice adhesion.

In this study, various single- and multiscale patterns are fabricated on aluminum
2024 by means of DLW and DLIP. By combining both laser methods, complex hierarchical
structures are introduced. The wetting characteristics are analyzed by static water contact
angle and sliding angle measurements. The icephobic property is analyzed in relation
to the adhesion of the formed ice on the laser-textured surfaces. Therefore, the terms
“ice-repellent” and “icephobic” are to be understood in such a way that it requires reduced
strength to release the ice from its surface. The performance regarding the dynamic ice
adhesion is examined by interfacial shear stress experiments for rime, glaze, and mixed
icing conditions using a lab-scaled icing wind tunnel. Hence, in these experiments, it is
also feasible to take into account the wind speed and the droplet size, which allows
a significantly more realistic view of the icing and deicing processes of laser-textured
aluminum substrates.

2. Materials and Methods

2.1. Materials

The samples used in all experiments consisted of Al2024 (AMAG rolling GmbH,
Ranshofen, Austria) in the shape of a cantilever with dimensions of 125 × 13 × 1 mm3.
They were polished to a surface roughness Rz of 150 nm ± 40 nm. Prior to the laser process-
ing, the samples were cleaned from contamination using isopropanol in an ultrasonic bath
for 10 min. After the laser process, the structured samples were spray-coated with a hy-
drophobic agent (Mecasurf, perfluoropolyether compound by Surfactis, Angers, France)
and stored under atmospheric conditions of 22 ◦C room temperature and 55% relative
humidity. The non-flammable agent is composed of a chemically active perfluoropolyether
compound dissolved in a fluorinated solvent, which is clear colorless and has an atmo-
spheric lifetime of 0.77 years for a temperature range between −50 ◦C and +150 ◦C [46].
The used spray bottle (Buerkle GmbH, Bad Bellingen, Germany) was equipped with a
0.6 mm diameter nozzle, and the spray volume was 1.2 mL ± 0.1 mL per stroke. Five strokes
were applied per sample with an interval of ~20 mm on the length-scale and a distance
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of ~100 mm to the surface in order to coat the cantilever homogeneously. This agent
creates covalently bonded fluoride groups to cover the surface, saturating the material
with non-polar compounds (reducing the surface energy) with an ultrathin layer (<5 nm).
It is important to mention that the chemical reaction can take place only if the surface is
not passivated with organic compounds: Therefore, the samples have been chemically
treated directly after the laser process [41]. The compound reacts only with the surface of
the material, while the unreacted compound evaporates due to the high volatility of the
molecules, leaving a deposited monolayer [47].

2.2. Laser Structuring Methods

Two different structuring methods, direct laser writing (DLW) and direct laser interfer-
ence patterning (DLIP), were used for fabricating the microstructures. For DLW processing,
a fiber laser was used because the pulse duration could be adjusted and optimized for
aluminum processing. For the DLIP experiments, however, a solid-state laser was used
since it is especially characterized by its pulse stability for ultrashort laser pulses (ps range).
Moreover, under determined texturing conditions, nanosecond laser pulses can create
deeper micro-tranches on metal surfaces than picosecond ones due to the displacement
of molten material [48]. The DLW technology is implemented by a laser surface texturing
workstation (GF machining solutions P 600, Geneva, Switzerland). The system is featured
with a galvanometer scanner system (Scanlab GmbH, Puchheim, Germany), including two
mirrors and an IR (1064 nm) Ytterbium fiber laser (YLPN-1-4x200-30-M, IPG Laser GmbH,
Burbach, Germany), providing a maximal output power of 30 W (Figure 1a). The pulse
duration can be modified from 4 up to 200 ns, and the pulse repetition rate is flexible from
2 to 1000 kHz. In our experiments, 14 ns pulse durations were applied, and the repetition
rate was set to 30 kHz. The beam was focused onto the sample using a 254 mm focal
length F-theta objective, obtaining a spot with a diameter of 70 μm. The laser fluence was
set to 1.06 J/cm2 by controlling the laser power. The laser beam was scanned along the
surface of the sample with a constant speed of 250 mm/s. In order to achieve sufficient
material removal, the structuring process was repeated 10 times in all cases. The mesh-like
surface structures processed by this setup consisted of 3 sequentially formed line-like
structures, whose orientation was each time rotated by 60◦. The distance between the
parallel lines was fixed to 50 μm, which is, therefore, defining the spatial period of the
structures. Previous works using a similar texturing approach showed that this texture pro-
vided remarkable results in terms of water repellence and static icing properties and was,
therefore, considered for the dynamic icing tests. A detailed description of the fabrication
process was already published elsewhere [33,35,49].

For processing the samples with DLIP technology, a two-beam configuration was
used. The used configuration utilizes an IR (1064 nm) solid-state Nd:YVO4 laser (Edge-
wave PX200, Würselen, Germany) with 10 ps pulses and maximum output power of 10 W.
The workstation is equipped with a commercially available DLIP optical head (manufac-
tured by Fraunhofer IWS, Dresden, Germany), which uses a diffractive optical element
(DOE) to split the initial laser beam into two sub-beams (Figure 1b). These two beams
are guided to a prism where they are parallelized and then focused to a beam radius
ω < 100 μm on the sample surface using a 60 mm aspheric lens. Using this configuration,
a line-like interference intensity profile is obtained within a circular area with a radius
of ablated area rth of ~70 μm (Figure 1c). In this study, the intersection angle θ between
the beams was set to 8.7◦ and 23.6◦ to obtain a spatial period Λ of 7.0 μm and 2.6◦ μm,
respectively. The interference principle is depicted in Figure 1c, the laser fluence was set to
1.93 J/cm2, and the repetition rate of the laser was fixed to 10 kHz. The samples were trans-
lated in x- and y-directions by using high-precision axes (Aerotech, Pittsburgh, PA, USA)
with an accuracy of ±2.5 μm. By moving the sample in the y-direction, the pulse-to-pulse
overlap can be controlled, which finally determines the number of laser pulses, influencing
the ablated structure depth. To obtain the pillar-like structures, it is necessary to rotate the
samples by 90◦ and repeat the process.
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Figure 1. DLW (direct laser writing) configuration equipped with a galvanoscanner and an f-theta-lens used in the
experiments (a), 3D-DLIP workstation (developed at the Technische Universität Dresden) with a 1064 nm wavelength
laser source emitting 10 ps pulses for the processing of 2D and 3D parts ((b), the visible laser beam illustrates the process),
graphical representation of the used two-beam direct laser interference patterning (DLIP) principle, showing the most
relevant parameters describing both the pattern and the process: ω—beam diameter; θ—beams intersection angle; Λ—laser
intensity profile/ablated structure period (c) [35,42].

The hierarchical structures, consisting of the DLW and DLIP, were manufactured by
combining both strategies successively. A detailed description of the fabrication processes,
the laser process windows, and the choice of the processing parameters was already
published elsewhere [33,35,49].

2.3. Surface Characterization

To analyze the surface topography, scanning electron microscopy (ZEISS Supra 40VP,
Jena, Germany) at an operating voltage of 15.0 kV was used. The wettability of the surfaces
was characterized via static contact angle (SCA) and sliding angle (SA) measurements using
the sessile drop method with a video-based optical goniometer (DSA 25, Krüss GmbH,
Hamburg, Germany). This method was chosen due to its suitability for reproducible
measuring. Deionized water droplets of 10 μL volume were deposited in atmospheric
conditions for all measurements. The wetting tests were repeated 6 times to ensure statis-
tical significance. Additionally, the real-to-projected area ratio Sdr was measured using
a confocal microscope (Sensofar S Neox, Terrassa, Spain) with a 150× objective, resulting in
vertical and lateral resolution of 2 nm and 140 nm. The surface roughness Rz was measured
with a benchtop stylus profiler (DektakXT, Bruker, Billerica, MA, USA), following the
standard DIN ISO 25178 and DIN EN ISO 4287, respectively [50,51]. For acquiring the
results, a stylus with a 2 μm diameter was pressed on the surface with a weight of 2 mg
and moved at a speed of approx. 0.05 mm/s. Every measurement point was repeated three
times for a statistical purpose.

2.4. Ice Adhesion Test

To analyze the ice adhesion behavior for four different ice conditions, the interfa-
cial shear stress was measured using a circular closed-loop wind tunnel iCORE (icing
and Contamination Research facility, Airbus Defence and Space GmbH, Taufkirchen, Ger-
many, Figure 2a) [50,52]. Therefore, the laser-structured area was mounted inside the test
section, oriented against the flow direction, and the sample was fixed on one end to an
electromagnetic shaker. Under previously defined conditions, ice accumulated on the struc-
tured area, which was then removed by inducing mechanical vibration (Figure 2b) [45].
The vibration caused shear stress at the interface between the accreted ice layer, and the
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cantilever was measured by a strain gauge and used to characterize the ice interfacial
shear strength. The stress-strain curve, caused by the vibration, would be monitored
during deformation, from which the failure stress could be identified microscopically [53].
The crack-propagation was afterward also visible (Figure 2c). In order to calculate the
stress accurately, the ice thickness was measured and averaged at several points of the
cantilever. Thus, the local waviness of the ice layer was taken into account. Furthermore,
the dimensions of the cantilever were kept constant to ensure comparability of the results.

 

Figure 2. Icing wind tunnel iCORE (icing and Contamination Research facility), which allows adjusting the wind speed and
temperature by accessing a fan and a heat exchanger. The droplet size and stream water content in the test section are set by
the settling and injection chambers before the nozzle (a) [51]. In the test section, ice accumulates on the laser-structured
sample, and the specimen is exposed to mechanical shear stress due to induced oscillation (b), which finally leads to
crack propagation (c).

The calculation was performed under the assumption of a constant Young’s modulus
of 9 GPa for each type of ice (Eice) based on several publications. It is worth mentioning
that there were slight differences in the Eice for the different icing conditions. Nevertheless,
our assumption allowed comparability of the ice adhesion data within each ice type. For sim-
ulating atmospheric in-flight conditions, four different ice conditions (rime, mixed rime,
glaze, and mixed glaze) were investigated by applying five testing parameters. These are
the icing conditions to which an aircraft mostly can be exposed during a flight. They result
from the varying flight altitude, which is associated with different air temperatures and
ice-water mixtures. For instance, the glaze ice condition usually occurs at an altitude around
2000 m at a temperature range between 0 ◦C and −10 ◦C. Contrarily, the rime ice condition
appears at altitudes above 3000 m and at a temperature of at least −20 ◦C. Furthermore,
different ice conditions are characterized by varying densities and hardnesses [15].

The ice-producing parameters were related to the icing design envelope specifications
from the Federal Aviation Administration (FAA) [54]. The influencing parameters were
beside the total air temperature (−5 ◦C and −20 ◦C) and the airspeed (50 m/s and 80 m/s),
the liquid water content (LWC), the mean effective volume droplet diameter (MVD), and the
approximate freezing fraction (AFF). The MVD is defined as the midpoint (median) droplet
size, 20 μm in our case, where half of the water volume in the cloud is in droplets smaller,
and half of the volume is in droplets larger than the median [54]. The approximate freezing
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fraction (AFF) determines the fraction of water that freezes initially when water droplets
impinge on a surface. For instance, for rime ice, the freezing fraction is 1, which means all
the impinging water is freezing immediately. In contrast to that, for the glaze, the freezing
fraction is close to 0, and most of the impinging water will stay liquid and run back [55].
The LWC defines the density of super-cooled water droplets in the icing cloud and is
ranging between 0.3 and 1. An overview of the parameters for creating the icing regimes is
given in Table A1 in the Appendix A.

3. Results and Discussion

3.1. Laser Structuring of Aluminum Substrates

For the structuring process of the aluminum substrates, DLW and DLIP methods were
used to create different topographies, with feature sizes ranging from 2.6 μm to 50 μm,
employing ps and ns laser sources, respectively. In contrast to the untextured Al reference
(Figure 3a), the DLW-treated substrates showed a morphology dominated by melting
processes due to the used nanosecond pulse duration. In particular, the mesh-like structure
with a repetitive feature size of 50 μm consisted of molten and re-solidified material,
as shown in Figure 3b. Furthermore, the topography of the DLW-treated samples was
assessed through confocal imaging, revealing a roughness Rz of ~43.1 μm and an average
structure depth of 35.7 μm. Significantly less melting occurred on the DLIP-treated samples
due to the ps-based micro-processing. Applying a spatial period of 7.0 μm, perfectly
ordered pillar-like microstructures were fabricated, and a roughness Rz of ~4.1 μm was
reached (Figure 3c). To produce a multiscale pattern, the ns-DLW and ps-DLIP technologies
were combined, resulting in a hierarchical structure consisting of 7.0 μm pillars on the
50 μm meshes. The ps-pulsed laser source was selected in order to avoid further thermal
treatments of the DLW structures. The added DLIP-pillars led to a slight decrease of the
roughness (compared to DLW) to an Rz of ~38.1 μm (Figure 3d). It could be assumed
that the additional DLIP process slightly smoothened the roughness peaks caused by
the ns-DLW melting since the utilization of the ps laser sources resulted in ablation and
vaporization of the treated material.

 

Figure 3. Scanning electron microscope images of (a) an untextured reference and of microstructures fabricated with
(b) DLW for a 50 μm mesh-like structure using a laser fluence of 1.06 J/cm2, a scanning speed of 250 mm/s at a repetition
rate of 30 kHz; (c) DLIP for a 7.0 μm pillar-like structure using a laser fluence of 1.93 J/cm2, a pulse-to-pulse overlap of 99%
at a repetition rate of 10 kHz; (d) a combination of DLW and 7.0 μm DLIP for a multiscale structure; (e) DLIP for a 2.6 μm
line-like structure and (f) DLIP for 2.6 μm cross-like structure using the same fluence, repetition rate, and overlap as for the
7.0 μm DLIP structures. The inserted confocal images provide an impression of the topography. The laser parameters are
provided in the experimental section.
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In addition to the above-mentioned patterns, also line-like and cross-like structures
with lower spatial periods were produced. These had a spatial period of 2.6 μm and a surface
roughness Rz of 0.61 μm for a line-like and 0.96 μm for a cross-like pattern (Figure 3e,f),
showing a significant lower roughness compared to the 7.0 μm pillar-like structures.

The ice adhesion functionality of a surface is dominated by the surface’s topography
and chemistry, as mentioned in the introduction. It is well-known that laser processing
of aluminum surfaces leads to an influence of the chemical composition on the textured
surface [33,44]. Directly after laser processing, the structured substrates and the untex-
tured reference were spray-coated using a perfluoropolyether (PFPE) monolayer coating,
which reduces the surface tension and ensures constant chemical surface conditions all
over the surface. PFPE is very inert, and the chemical bond has high stability due to
the covalent carbon-fluorine bond [41,50,56]. After the treatment, all samples showed
a superhydrophobic characteristic due to the lower surface tension combined with the
produced micro-texture, regardless of the size or orientation of the microstructures. In par-
ticular, the DLIP-produced cross-like patterns showed static water contact angles (SWCA)
of 164◦, and the hierarchical pattern an angle of 172◦. The untreated reference remained in
the hydrophilic condition with an SWCA of 59◦, and the PFPE coated reference led to a
hydrophobic transition with an SWCA of 122◦. All angles are reported in Table 1. The ob-
tained results clearly show the influence of the surface pattern on the wetting properties of
the samples and confirms that a spray-coated and untextured surface does not develop
a superhydrophobic characteristic [41,44].

Table 1. Topographical and wetting characteristics of the fabricated samples treated with perfluoropolyether (PFPE), direct
laser writing (DLW), direct laser interference patterning (DLIP) and an combination of DLW and DLIP (DLW/DLIP).

Parameter
Untreated
Reference

Reference
with PFPE

DLW 50 μm DLIP 7.0 μm
DLW/DLIP
50/7.0 μm

DLIP Line
2.6 μm

DLIP Cross
2.6 μm

Geometry - - Mesh-like Pillar-like Hierarchical Line-like Cross-like

Spatial
period (μm) - - 50 7 50/7 2.6 2.6

Static contact
angle (◦) 59 ± 2 122 ± 2 171 ± 2 165 ± 1 172 ± 1 166 ± 1 164 ± 3

Sliding
angle (◦) No sliding No sliding 2 ± 1 4 ± 2 2 ± 1 3 ± 1 9 ± 4

Roughness
Rz (μm) 0.15 ± 0.04 0.18 ± 0.04 43.15 ± 0.32 4.16 ± 0.39 38.16 ± 2.33 0.61 ± 0.03 0.96 ± 0.17

Real area to
projected
area ratio
Sdr (%)

1.1 1.1 240 130 203 5.9 12.9

While the static water contact angle is commonly known as a criterion to charac-
terize the wettability of a surface, it does not necessarily allow to determine the (super-
)hydrophobic character of a surface. Therefore, the sliding angle (SA), denoted as the
tilting angle where the droplet starts to slide on the surface, is an additional parameter
that has to be considered [57]. In this study, all laser-fabricated structures exhibited a slid-
ing angle below 10◦, allowing the samples to be considered as fully superhydrophobic
(see Table 1) [58,59]. In detail, the sliding angles for the microstructured surfaces ranged
between 2◦ (DLW and DLW + DLIP) and 9◦ (DLIP cross). Both references did not show any
sliding characteristics due to their hydrophilic and moderate hydrophobic surface state.
The geometries and their periodicities, as well as the wetting characteristics (SCA and
SA) and the roughness Rz of the considered topographies, are summarized in Table 1.
A detailed description of the data acquisition is given in the experimental section.
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It is important to state that the determination of the wetting contact angle is represen-
tative of the macroscopic wetting behavior of the treated surfaces, and it is not sufficient to
describe the wetting phenomena involved during in-flight (icing) conditions [20]. In fact,
as stated in the introductory part, supercooled microscopic droplet imping at high velocity
on metallic surfaces, making the effect of surface tension, hydrostatic pressure, and surface
microstructure size more relevant [4,60].

It is worth mentioning that the durability of the laser-generated structures and their
chemical composition when exposed to consecutive icing/de-icing cycles was examined
in a previous study [50]. It was demonstrated that the chemical functionalization with
the PFPE substrate after laser processing produced surfaces that preserved their superhy-
drophobicity beyond 16 icing/de-icing cycles, indicating a likelihood of covalent bonds
between perfluoropolyether and metal oxide. The same observation was found in the
samples presented in this study. The SCA and SA did not decrease after consecutive
icing/de-icing cycles.

3.2. Ice Adhesion Analyzed by Mechanically Induced Stress

It is well-known that superhydrophobic aluminum leads to delayed ice-formation due
to the reduced contact area between a single water droplet and the surface [35]. However,
most of the works present in literature are based on the icing of water droplets under static
conditions. An alternative to the static analysis of the anti-icing properties are methods
in which the surface is mechanically strained while measuring the ice adhesion [61]. It is
fundamental that the surface roughness and the microstructure are optimized in order
to allow proper anti-icing functionality [44,62]. In fact, it has been demonstrated that
water-repellent surfaces with a spatial period of 35 μm even lead to a stronger ice adhesion
compared to an untreated titanium reference [50].

The microstructures in this study were fabricated on 125 × 13 × 1 mm3 cantilevers,
which were placed afterward in an icing wind tunnel in order to investigate the ice adhesion.
Four icing conditions were analyzed, which simulated flight conditions encountered in
different atmospheric regimes. These generated four qualities of ice were rime, mixed rime,
mixed glaze, and glaze ice. After that ice was accreted on the surface of the cantilever,
the icing cloud was turned off, and an oscillation was induced on the cantilever through
a piezoelectric transducer. A linear frequency sweep was applied, letting this increase
with time and causing an increase in the amplitude of the oscillation when the resonance
frequency of the oscillating body was reached [45]. Since the resonance frequency depends
on the thickness and density of the accreted ice, this differed among the investigated
samples (60–70 Hz). Once a critical amplitude value was reached, the ice detached from the
surface (crack initiation), and the interfacial shear stress could be retrieved and quantified.
A strain gauge was placed on the backside of the cantilever in order to detect the strain
during the oscillation and display the change of the mechanical properties of the composite
beam (i.e., ice and metal) due to ice detachment. An example of a strain gauge reading is
shown in Figure 4 for the untextured reference, DLW, and DLW + DLIP treated surfaces.
In all cases, the amplitude changed drastically at 0.75 s. Such variation was related to
a discontinuity in the mechanical properties of the composite beam due to an interfacial
crack between ice and cantilever.

The amplitude of the strain recorded right before the interfacial crack represented
the limit at which the interfacial shear stress matched the adhesion strength of the ice to
the surfaces. Exceeding this value triggered a crack at the ice-surface interface. The Euler-
Bernoulli beam theory could be used to correlate the strain to the maximum interfacial shear
stress (i.e., ice adhesion) between ice and surface, which is expressed in Equation (1) [45]:

τint =
εEF−alEice

(
h2

ice + 2hice|e|
)

2(x − l)(hcl − |e|) , (1)

where τint is the interfacial shear stress, εEF−al is the amplitude of the strain measured by
the strain gauge, Eice is the Young’s Modulus of ice, hice is the thickness of the ice, hcl is
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the thickness of the cantilever, x is the distance of the strain gauge to the fixed end of the
cantilever, l is the length of the cantilever, and e is the eccentricity of the neutral axis of the
ice/metal beam with respect to the ice/metal interface [53]. The eccentricity of the neutral
axis could be calculated from Equation (2):

e =

(
h2

cl +
Eice
Ecl

h2
ice

)
2
(

hcl +
Eice
Ecl

hice

) , (2)

where Ecl is the Young’s Modulus of the bulk cantilever material. The Young’s Modulus
of ice used for shear adhesion strength calculation was taken from prior research for fully
dense ice [63,64]. As a result, a low shear stress value resulted in less mechanical force
necessary to remove the ice from the surface [65]. In general, the lower the maximum
amplitude of the strain before the interfacial crack is, the lower the ice adhesion (with all
the other parameters fixed). Therefore, based on the three shown exemplary measurements
from Figure 4, it can be concluded that this method is suitable to quantitatively evaluate
the adhesion of ice under different conditions [45]. It is worth to mention that other authors
have also reported superhydrophobic aluminum surfaces tested in an ice wind tunnel,
leading to a significant delay of the initiation of ice formation [66]. Moreover, it was
demonstrated that the ice adhesion was reduced from ~360 kPa to ~80 kPa for coated
and etched superhydrophobic aluminum (AA6061-T6) substrates, which corresponded to
a reduction of approximately 78%. The samples were tested exclusively for the glaze ice
condition in a centrifuge set-up [67].

In contrast to that, the results of the ice adhesion tests for the seven samples (two ref-
erences and five micro-structured cantilevers) by means of the retrieved interfacial shear
stress under four different icing conditions are summarized in Figure 5.

 

Figure 4. Example of strain gauge readings recorded during the ice adhesion tests for three different
samples of an untextured reference AA2024 (top), DLW (middle), and DLW + DLIP (bottom) under
test conditions of mixed/rime ice. The time range in which the ice detachment occurred was framed
to 0.15 s to obtain a more detailed overview.
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Figure 5. Histograms depicting the results of the ice adhesion tests for the four different ice conditions of rime, mixed rime,
mixed glaze, and glaze with the interfacial shear stress for the five laser-structured specimens, a reference, and a PFPE
untreated (w/o PFPE) reference.

Each measurement was repeated 4 times for each surface type and for each ice condi-
tion (in total, 96 measurements). The average value of one measurement series defines the
height of the bar, while the error bars result from the standard deviation of each measure-
ment series. The term reference refers to the untextured sample, and it provides average
interfacial shear stress of around 36 kPa, whereas, for mixed rime, mixed glaze, and glaze
conditions, the stress was slightly increased to around 50 kPa. Besides that, some trends
were observed, which are discussed in the following.

The DLW structure (50 μm), the pillar-like DLIP structure (7 μm), and the hierar-
chical pattern showed interfacial shear stress between 48 and 64 kPa, which was similar
(for mixed glaze ice) or even significantly higher (up to 107 kPa for rime and mixed rime
ice) compared to the reference. It could be assumed that the roughness Rz of 43.15 μm,
4.16 μm, and 38.16 μm (DLW, DLIP, and DLW+DLIP) resulting from the coarse feature
sizes of 50 μm (DLW) or 7 μm (DLIP) provided a favorable topography for the droplets to
attach and interlock. Note that the mean effective volume droplet diameter (MVD) of the
impinging droplets was ~20 μm and thus in the order of magnitude of the investigated
microstructures (see Table A1 in the Appendix A).

In contrast, the DLIP structures with a spatial period of 2.6 μm showed a significantly
lower interfacial shear stress. The stress for the smallest examined texture was between
27 and 38 kPa (DLIP line-like 2.6 μm) and even lower between 6 and 10 kPa (DLIP cross-
like 2.6 μm) for the icing condition of rime, mixed rime, and mixed glaze. This amounted
to a shear stress reduction of ~90% compared to the reference. This behavior could be
explained with a synergic effect of high hydrophobicity and low surface roughness.

Besides that, it is worth mentioning that both references did not show superhydropho-
bic characteristics for all icing conditions. This property is fundamentally necessary since
impacting droplets will not adhere to the surface. The droplet rolls off the surface because
the anti-wetting capillary pressure is greater than the dynamic and water hammer wetting
pressures [68].

In fact, the texture size produced on the “DLIP cross” sample is low enough to both
repel micrometer-sized water droplets and to prevent the formation of large anchor points
for the ice adhesion and accretion [69]. Although having similar roughness, the “DLIP line”
sample shows instead a much higher ice adhesion. This can be explained by the surface
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modifications in the micro-scale, which only take place in one direction (line-like texture).
Hence, the overall response to ice adhesion is, therefore, higher than for an isotropic texture
(cross-like). Therefore, it can be assumed that a line-like geometry provides a preferred
orientation regarding ice accumulation. Such assumption finds support in the work from
Lo et al. [70]. Their research was focused on ice nucleation studies of different surfaces
using environmental SEM (ESEM). The authors showed that ice nucleation was controlled
and confined on V-shaped microgroove patterned surfaces. The ice is showing preferential
nucleation sites along the manufactured grooves. This anchoring theory is also valid for
the hierarchical DLW+DLIP structure with a lower roughness (38.16 μm) compared to
the DLW structures (43.15 μm). However, this topography seems to offer more anchoring
possibilities for ice formation. Due to the hierarchical surface, this hypothesis is especially
claimed for lower temperatures, which are present in the rime and mixed rime conditions
at −20 ◦C.

3.3. Influence of the Surface Topography on the Ice Adhesion

To further investigate the influence of the surface peak-to-peak-roughness, the interfa-
cial shear stress was plotted as a logarithmic function of the real-to-projected area ratio Sdr
in %, for the four ice adhesion characteristics (Figure 6). The corresponding roughness and
Sdr parameters are additionally given in Table 1.

 
Figure 6. Interfacial shear stress of the laser-treated samples and the two references as a logarithmic function of the Sdr
ratio for the icing conditions of rime, mixed rime, mixed glaze, and glaze. The black dashed spline is meant only to guide
the eye of the reader.

Although the experimental data did not show a clear trend, it was evident that
a defined Sdr ratio was favorable in order to reach low interfacial shear stress under rime,
mixed rime, and mixed glaze conditions. The differences of the Sdr values for the 50 μm
DLW and 2.6 μm DLIP textures could be ascribed in-depth and the aspect ratios of the
textures. Since the 2.6 μm textures were a few hundred nm deep, the aspect ratio was
consequently low and in the range of ~0.1. In contrast, the DLW textures showed a structure
depth of ~35.7 μm, which resulted then in an aspect ratio of ~0.7. As a result, the DLW
textures provided a significantly higher Sdr ratio. The Sdr ratio was in the range of ~13
(for the DLIP cross 2.6 μm textures), corresponding to a surface roughness Rz of 0.96 μm,
and resulted in the detachment of the ice from the aluminum surface at interfacial shear
stress below 10 kPa. However, a direct correlation of the individual textures regarding
their ice adhesion, as shown in Figure 6, was difficult due to their significantly diverse
topography. Based on the experimental results, it could be concluded that a smoother
surface seemed to promote a higher adhesion [71].

These findings were supported by previous studies reporting the systematic reduction
of ice adhesion strength with the decrease of surface roughness regardless of surface
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wettability [72,73]. In-situ icing studies indicated that ice did not anchor on smoothened
metallic surfaces but anchored on the as-received metallic surfaces, which is consistent
with the results in Figure 6 [73]. The larger microstructures (DLIP 7.0 μm, DLW 50 μm,
and DLW + DLIP) showed significantly higher ice adhesion stress, which was related to
the average effective drop diameter (MVD). When the 20 μm droplets hit the textured
surface, especially the deep DLIP pillars or the DLW structures (Sdr between 130 and
240%) offered space between the microscopic features. The ice adhesion was, in this case,
even significantly higher compared to the reference and the DLIP structures with the 2.6 μm
structures. This hypothesis was further supported by earlier research results obtained on
titanium substrates [44].

Apart from the roughness and the Sdr parameter, it was observed that not only the
spatial period influenced the ice adhesion but also the pattern geometry. Two samples
were fabricated with the same spatial period of 2.6 μm with line and cross-like geome-
tries (see Figure 3e,f). Nevertheless, the cross-like geometry showed substantial lower
ice adhesion. It was further demonstrated that the icing condition also had a significant
influence on the shear stress. For example, it has been shown that for the glaze condition,
increased stress was measured for all microstructured surfaces than for the reference
(see Figure 6, glaze). This could be linked to the combination of a higher tempera-
ture (−5 ◦C), higher speed (80 m/s), and high liquid water content (LWC) of 1 g/m3

(see Table A1 in the Appendix A). Under this condition, the pressure generated at the
impact could cause the partial wetting of the structures, given the nature of glaze ice [68].
As a matter of fact, only a lower portion of water is freezing on impact, and the rest is
able to run wet and freeze afterward. As a consequence, liquid water can penetrate within
the laser-generated structures and freeze in them, increasing the mechanical interlocking
between ice and surface. Subsequently, it was reported in other studies that the gravity
effect on the droplet trajectories favored ice formation in this case [60,74].

In summary, the DLIP 2.6 μm line and cross are the only laser-treated surfaces, exhibit-
ing remarkable icephobic properties in this study. The cross-like strategy is performing
better, most likely due to its isotropic morphology, which is reducing the amount of an-
choring points for the ice formation. The DLIP 7.0 μm and the DLW 50 μm are not able
to repel supercooled water droplets, despite their superhydrophobicity [44]. However,
such surfaces could still be used for repelling larger droplets, possibly at lower impact
speeds. The combination of DLW and DLIP does not provide any benefit in terms of
ice adhesion reduction in dynamic conditions, although previous results remarked the
advantages when combining both geometries in static conditions [35,75,76].

4. Conclusions

In this work, five different periodic patterns were textured on AA2024 clad cantilever
samples using direct laser interference patterning, direct laser writing, and a combina-
tion of both methods. Additionally, two untextured reference samples were considered.
The spatial period of the textures ranged from 2.6 μm to 50 μm, showed a line-, cross-,
pillar-, or mesh-like pattern, and covered a corresponding roughness Rz between 0.61 μm
and 43.15 μm linked to an Sdr ratio between 5.9 and 240. After a chemical post-treatment,
all textures showed superhydrophobic wetting characteristics with a static contact angle
over 166◦ and a sliding angle below 10◦. This combination of material processing, laser
texturing, and the subsequent chemical treatment was conducted for the first time on
aluminum cantilevers. Using a dynamic vibration testing technique, the shear stress be-
tween the structured sample and ice was investigated. Each structural geometry was tested
under four different icing conditions, namely rime ice, glaze ice, and two mixed ice condi-
tions. For the rime ice and mixed ice conditions, the cross-like DLIP pattern with a size
of 2.6 μm showed the lowest interfacial shear stress, between 6 and 10 kPa. In contrast,
the stress of the reference was between 36 and 57 kPa independently of the icing condition.
This magnitude of shear stress is extraordinarily low and has not been demonstrated by
any known alternative approach under these icing conditions to date to the best of our
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knowledge. Surface patterns with larger feature sizes, such as 7.0 μm DLIP, 50 μm DLW,
or the hierarchical structure, showed even higher shear stresses (between 80 and 108 kPa)
compared to the reference. Consequently, it can be stated that microstructures with fea-
ture sizes smaller than 5 μm and a particular structure type (line-like and cross-like) are
especially suitable for designing icephobic surfaces. Using the results of these experiments,
the field of the perfect icephobic texture for real dynamic icing conditions can be further
narrowed down, and future research can build on this knowledge. The results obtained
and the methodology developed in this work can be further adapted to other alloys and
even polymers, unlocking completely new application examples in the challenge facing
icing surfaces in the fields of aerospace technology.
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Abbreviations

ω Beam radius
θ Intersection angle
Λ Spatial period
Eice Young’s modulus of the ice layer
Ecl Young’s Modulus of the bulk cantilever material
Rz Maximum peak to valley roughness
Sdr Real area to projected area ratio
τint Interfacial shear stress
εEF−al Amplitude of the strain
hice Thickness of the ice
hcl Thickness of the cantilever
x Distance of the strain gauge to the fixed end of the cantilever
l Length of the cantilever
e Eccentricity of the neutral axis of the ice/metal beam

Appendix A

Table A1 summarizes the parameters for creating the four regimes, and each measure-
ment was repeated at least 4 times for statistical purposes.
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Table A1. Icing conditions of total air temperature (TAT), airspeed, liquid water content (LWC),
mean effective volume droplet diameter (MVD), and an approximate freezing fraction (AFF) used for
the ice adhesion tests in the icing wind tunnel iCORE (icing and Contamination Research facility) [50].

Ice Type TAT (◦C)
Airspeed

(m/s)
LWC (g/m3) MVD (μm) AFF (–)

Rime −20 50 0.3 20 1.0
Mixed/Rime −20 50 0.8 20 0.7
Mixed/Glaze −5 50 0.3 20 0.5

Glaze −5 80 1.0 20 0.2
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Abstract: Laser-induced periodic surface structures (LIPSS) are often present when processing solid
targets with linearly polarized ultrashort laser pulses. The different irradiation parameters to produce
them on metals, semiconductors and dielectrics have been studied extensively, identifying suitable
regimes to tailor its properties for applications in the fields of optics, medicine, fluidics and tribology,
to name a few. One important parameter widely present when exposing the samples to the high
intensities provided by these laser pulses in air environment, that generally is not considered, is the
formation of a superficial laser-induced oxide layer. In this paper, we fabricate LIPSS on a layer of the
oxidation prone hard-coating material chromium nitride in order to investigate the impact of the
laser-induced oxide layer on its formation. A variety of complementary surface analytic techniques
were employed, revealing morphological, chemical and structural characteristics of well-known
high-spatial frequency LIPSS (HSFL) together with a new type of low-spatial frequency LIPSS (LSFL)
with an anomalous orientation parallel to the laser polarization. Based on this input, we performed
finite-difference time-domain calculations considering a layered system resembling the geometry of
the HSFL along with the presence of a laser-induced oxide layer. The simulations support a scenario
that the new type of LSFL is formed at the interface between the laser-induced oxide layer and
the non-altered material underneath. These findings suggest that LSFL structures parallel to the
polarization can be easily induced in materials that are prone to oxidation.

Keywords: laser-induced oxide layer; laser-induced periodic surface structures; LIPSS;
surface chemistry; nanostructuring; femtosecond laser processing

1. Introduction

The fabrication of laser-induced periodic surface structures (LIPSS) on metals, semiconductors
and dielectrics can be realized with linearly polarized high intensity ultrashort laser pulses [1].
These structures are parallel line-grating-like modifications formed at the sample surface in a
self-ordered way either parallel (‖) or perpendicular (⊥) to the laser beam polarization. Their periodicity
(ΛLIPSS) usually ranges from hundreds of nanometers up to some micrometers and it is used to
classify them into the general categories as low-spatial frequency LIPSS (LSFL), when ΛLSFL ∼ λ,
and high-spatial frequency LIPSS (HSFL) for ΛHSFL � λ, where λ is the laser wavelength [2].
Suitable manufacturing strategies have been identified, including the optimization of laser processing
parameters (laser fluence, wavelength, repetition rate, angle of incidence, number of pulses per spot
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area) [3–8], material properties (optical, thermal and mechanical properties) [9–11], and the ambient
medium in which they are generated (air, vacuum, reactive atmospheres) [12–15] for applications in
optics, medicine, fluid transport and tribology among others [1].

The abundance of parameters and the complexity of the mechanisms involved pose difficulties
to develop a model that satisfyingly describes experimental findings. However, there have been
recent significant advances in models based on finite-difference time-domain calculations (FDTD) that
describe the formation of ablative LSFL in order to account for the periodicity of LIPSS on various
materials under realistic irradiation conditions, including the formation of random defects at the
surface [16]. For metals, Rudenko et al. [17] implemented a numerical FDTD approach for calculating
the electromagnetic fields scattered from ensembles of isolated dipole-like scatterers. In addition,
FDTD simulations were used for the description of the processes that occur when different types
of structures are formed in dielectrics under femtosecond laser irradiation [18]. In the latter work,
the formation mechanisms of different types of LIPSS including LSFL parallel and HSFL perpendicular
to the polarization were presented consistently with experimental demonstrations and for the LSFL
in line with an analytical theory [19]. Based on the intrinsic optical properties of the irradiated
materials, FDTD simulations allow to classify the periodic structures into specific categories [16,20,21],
including type-d (“dissident”) structures corresponding to LSFL being parallel to the polarization with
periodicities ΛLSFL ~ λ/n (with n being the refractive index of material), type-s (“scattering”) for LSFL
perpendicular to the polarization with ΛLSFL ~ λ, type-m (“mixed”) for a special kind of LSFL parallel
to the polarization with periodicities ΛLSFL ~ λ, and type-r (“roughness”) for HSFL structures that
typically are perpendicular to the laser polarization and ΛHSFL << λ. Fuentes-Edfuf et al. [8] recently
published a study on the formation of LIPSS in metals where the key parameters analyzed were the
beam incident angle and the role of surface roughness for the generation of surface plasmons that
are ultimately responsible for the formation of LIPSS. The experiments were done in air atmosphere
at room temperature using fluences above the ablation threshold. Thus, the temperatures reached
are high enough to allow the sample oxidation on the irradiated areas. Despite that those studies
include experimental results in good agreement with simulations, the laser-induced oxidation was not
considered. Usually, this effect is only accounted when the final application for which the LIPSS where
fabricated is compromised, such as in the case of surface wetting [22] and tribology [23].

About 20 years ago, the fs-laser ablation behavior of TiN, CrN and other hard-coating materials
was studied in detail by several groups using low repetition rate (≤1 kHz) Titanium:Sapphire (Ti:Sa)
laser pulses at 790 nm wavelength [24,25]. HSFL with an orientation perpendicular to the laser beam
polarization and periods of 100–200 nm were found at fluences close to the ablation threshold [24].
At gradually increasing fluences, the structures showed a “smooth transition” of the HSFL towards
LSFL of larger periods featuring the same orientation [25]. These structures are termed LSFL⊥ in the
following. Large area chemical analyzes revealed that the HSFL were formed in the regime of strong
superficial oxidation [24] but an explicit link between the LIPSS topography and surface chemistry was
not established. Recently, Kirner et al. presented the first spatially and depth-resolved investigation of
both HSFL and LSFL⊥ formed upon fs-laser scan processing of titanium surfaces in air environment [26].
These depths-profiling Auger microscopy measurements revealed that a superficial oxide layer is
accompanying the formation of LIPSS in the ablative regime. Its extent of more than 150 nm into the
bulk largely exceeds the topographical depth modulation of the HSFL, which typically accounts for
some tens of nanometers only. However, this “classical regime” of ablative LIPSS formation has to be
distinguished from other processing regimes of LIPSS that may manifest in the sub-ablative regime
through localized heat-induced effects: Öktem et al. [27] presented a detailed study on the formation
of superficial oxide-based periodic structures in metals by inducing the incorporation of oxygen to
form oxides (specifically titanium dioxide and tungsten oxide). This process occurs when the incoming
focused laser beam interferes with radiation scattered at existing nanostructures or surface defects
leading to the imprint of a periodic fluence pattern of maxima and minima, allowing the incorporation
of oxygen in the places where the intensity maxima is located [27]. Dostovalov et al. [28,29] very
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recently published several works on thermochemical formation of elevated parallel and perpendicular
surface structures on metallic chromium films produced by local oxidation at the local intensity maxima
produced by high-repetition rate (200 kHz) laser pulses in the non-ablative regime. One of them
indicates that it is possible to control the periodicity of the LIPSS by choosing the proper Cr film
thickness. A simulation allowed determining the influence of different spatial concentrations of two
different Cr oxides, i.e., CrO2 and Cr2O3, along one of the produced ridges. The simulated field spatial
distribution demonstrates that changes in the chemistry induced thermally by the laser pulses affect
the final intensity pattern imprinted into the material [28]. In another similar system of Cr films,
the authors consider different beam scanning speeds to investigate the influence on the transition from
HSFL perpendicular to the polarization to LSFL being parallel to it (LSFL‖), involving the formation of
both Cr oxides and the interaction of a surface electromagnetic wave between two dielectric materials,
air and glass, in which the Cr film has been deposited [29]. In this case, the proposed model includes
the optical properties of both Cr oxides and ratios between them; however, the obtained periodicities
are ~1.5 times larger than the ones obtained experimentally. Only by assuming a certain porosity inside
the oxide layer, the predicted periodicities are close to the measured values [29]. From all this, it is
clear that the incorporation of additional effects, such as superficial oxidation, into the calculations to
predict the LSFL periodicity and orientation is not a trivial task.

Therefore, in this paper we present a different approach by numerically simulating a layered system
via FDTD calculations of the laser beam intensity inside a superficial laser-generated oxidation layer
and at its interface to an underlying substrate of CrN as a model of an oxidation-prone strong absorbing
material. Surprisingly, we found instead of the usual LSFL⊥ some LSFL‖ that were not reported yet
for this type of material. These new structures are formed for static and dynamic irradiations of CrN
in the ablative regime and could be generated using two different laser systems in two independent
laboratories. The irradiated samples were characterized chemically by energy dispersive X-ray
analyses (EDX) and μ-Raman spectroscopy, and morphologically by scanning electron microscopy
(SEM) and atomic force microscopy (AFM). When comparing the numerical FDTD simulations with
the experimental results, we obtain a significant agreement of their characteristics, suggesting that the
formation of the laser-induced oxide layer is a key parameter for the formation of the LSFL‖ structures.

2. Materials and Methods

The samples used for the experiments were provided by Miba Gleitlager GmbH (Laakirchen,
Austria) within the frame of the European FET Open research project LiNaBioFluid. They consist of
steel disks (16MnCr5, 1.7131) with dimensions of 35 mm diameter and 1 cm height, with a central
borehole. The upper flat polished surface was covered via physical vapor deposition (sputtering)
with a 2.5 μm thick layer of chromium nitride (CrN) on top of a ~200 nm thin bonding intermediate
chromium (Cr) layer, as shown in Figure 1A. The samples were stored in a desiccator and were cleaned
in an ultrasonic bath in isopropanol/acetone for 5 min and subsequent drying with pressurized air.

The CrN layer was characterized by X-ray diffraction (XRD). The measurements (XRD 300 TT,
Seifert, Ahrensburg, Germany) were performed in Bragg-Brentano geometry using Cu Kα-radiation.
Since the element iron from the underlying steel substrate caused a significant X-ray fluorescence,
the acquired diffraction curves were corrected by a linear background subtraction. The XRD analysis
(Figure 1B) indicates peaks of the Carlsbergite phase of stoichiometric CrN and of the underlying steel
substrate. The widths of the CrN peaks and their peak intensities point toward a textured growth of
CrN with crystalline grain sizes of several tens up to a few hundreds of nanometers—consistent with
the SEM micrograph and AFM data shown in Figure 3A. Optical characterization was performed using
a Variable Angle Spectroscopic Ellipsometry (VASE) to determine the optical constants of the CrN layer
with a J.A. Woollam M-2000DI ellipsometer (Lincoln, NE, USA) and the WVase32 software (version
3.81) of the same company. The corresponding data of the refractive index n and the extinction k are
presented in Figure 1C in the spectral range of 200 to 1700 nm. From these measurements, the linear
absorption coefficient α = 4πk/λ and the associated optical penetration depth 1/α can be calculated. At

61



Nanomaterials 2020, 10, 147

800 nm (n = 2.439, k = 1.623) and 1030 nm (n = 2.945, k = 1.7306) wavelengths, the latter account to 1/α
~39 nm and 47 nm, respectively. The optical penetration depth of the laser radiation in CrN is more
than one order of magnitude smaller that the thickness of the CrN layer. Hence, from the optical point
of view, the CrN can be considered as bulk material here.

 

Figure 1. (A) Picture of the actual sample with a sketch that illustrates the steel 1.7131 substrate,
covered with a 200 nm Cr film for bonding a 2.5 μm thick chromium nitride (CrN) top layer. (B) X-ray
diffraction (XRD) data of a non-irradiated area of a CrN samples as displayed in (A), including peaks
corresponding to iron (marked green) and a CrN form known as Carlsbergite (marked blue). (C) Plot of
the refractive index n (left axis) and the extinction coefficient k (right axis) of the CrN layer for different
wavelengths as measured by ellipsometry. In our calculations we used n = 2.439 and k = 1.623 for
λ = 800 nm.

Laser irradiation setups. The irradiation experiments performed involved loosely focused
femtosecond laser pulses from two different laser sources: Figure 2A shows a solid state Ti:Sa
laser amplifier system (Compact Pro, Femtolasers, Vienna, Austria) operated at 1 kHz repetition
rate delivering pulses of 790 nm center wavelength and duration of ~30 fs (full width at half
maximum, FWHM).

 

Figure 2. (A) Setup of the Ti:Sa laser system (BAM). The beam is directed using several mirrors (M),
the polarization is defined by a half-wave plate (λ/2) and is finally focused in a static position on
the sample by a spherical dielectric mirror (SM) of 500 mm focal length. The sample is positioned
and translated by a motorized X-Y-Z translation stage. (B) Setup of the Yb-doped fiber laser (CSIC).
The beam power is controlled by a combination of a half-wave plate (λ/2) and a thin film polarizer
(P). The beam scans the sample by a galvanometric mirror-based scanning head, and it is focused by
a 100 mm F-theta lens. The sample is mounted in a Z-axis translation stage to control the focusing
of the beam. (C) Plot that displays the obtained type of surface structures on CrN for a combination
of number of effective pulses (Neff_1D) and peak fluences used for the formation of (�) roughness,
(‖) indicates the presence of LSFL‖, (⊥) indicates the presence of LSFL⊥ and (×) marks the conditions
where the CrN layer has been destroyed.
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This setup focused the laser pulses using a spherical broadband dielectric mirror of 500 mm focal
length (f/#-number ~130), obtaining a 1/e2-beam diameter at the focus of 2w0 = 130 μm. The sample
was mounted normal to the incident focused laser beam and positioned with an X-Y-Z motorized
translation stage (VT-80, MICOS, Eschbach, Germany), scanning the sample in the X-Y-plane and
controlling the focus with the Z-axis. The second laser system, in Figure 2B, shows an Yb-doped fiber
laser (Satsuma HP, Amplitude Systemes, Talence, France) with repetition rates ranging from 1 kHz
to 2 MHz emitting pulses of 1030 nm wavelength and 350 fs duration (FWHM). For the experiments
presented in this work the repetition rate was fixed at 100 kHz. The pulses were focused through a
100 mm focal length (f/#-number ~20) F-Theta lens coupled with a fast galvanometric-mirror based
scanning head (SCANcube 14, Scanlab GmbH, Puchheim, Germany) keeping the beam diameter of
2w0 = 39 μm on a nominal square area of 70 × 70 mm2. The experiments were carried out in the 3
× 1 mm2 central region of this working space to avoid any possible modifications due to the beam
angle of incidence. In both laser processing systems, the sample was fixed on a holder that allowed the
setting of the perpendicularity of the sample surface to the incident laser beam. In addition, during the
irradiation, an air suction system was used to extract actively the ablated debris and produced gases in
both setups. Figure 2C provides a “morphological map” of the structures that were produced on a
CrN sample including LSFL parallel to the laser polarization (‖) and perpendicular to it (⊥). Under a
combination of high laser fluences and high number of pulses, the CrN layer is removed from the steel
substrate, indicated by the symbol (×).

Irradiation procedure. For the generation of LIPSS on CrN, we have performed a series of static
(spot only) and dynamic (spatially overlapped pulses to form lines) irradiations using different incident
peak laser fluences (φ0) and number of effective pulses per spot diameter (Neff_1D). Peak fluences
were determined according to the method of Liu [30]. The calculation of Neff_1D follows the equations
presented in [31] that take into account the scanning speed (v), laser beam waist radius at the focus
(w0) and the laser pulse repetition rate (f ) as Neff_1D = 2w0f /v. For the processing of LIPSS-covered
areas, the line separation distance (Δ) is considered as an additional parameter. All laser irradiations
were performed in air at room temperature.

Surface characterization. In order to characterize the sample surface morphology, we use two
characterization techniques: SEM (Gemini Supra 40, Carl Zeiss, Oberkochen, Germany) and AFM
(Dimension 3100, Digital Instruments, Santa Barbara, CA, USA). The SEM micrographs were acquired
in SE-InLens mode at 5 and 10 kV electron acceleration voltage. This imaging mode acquires the
so-called SE1 secondary electrons produced mainly at the impact point of the primary electron beam
allowing for a high spatial resolution. Two-dimensional Fourier transform (2D-FT) analyses were
performed using the free software ImageJ (version 1.52a, National Institutes of Health, Bethesda,
MD, USA) to get information on the periodicity of the structures. In order to account the periodicity
variation, we performed a radial average around the data cloud of interest in the Fourier space, then we
fitted the data into a Gaussian distribution from which we obtained sigma (σ) as the periodicity
range displayed in all the 2D-FTs [32]. AFM topographic data of specific samples were acquired in
tapping mode using silicon probes with a nominal tip radius of 10 nm. Images contained 512 lines
in X- and 256 lines in Y-direction, allowing a nominal resolution in Z of 70 pm (4.7 μm/16 bit in the
full Z-scale range). The data are displayed as 3D representation of the topography, from which the
root-mean-squared (RMS) roughness of the surfaces is obtained and a cross-section topography profile
is extracted, parallel to the X-axis.

Chemical and structural characterization of laser-irradiated samples. Energy dispersive X-ray
analyses (EDX) using a Thermo NSS 3.1 detector (Thermo Fisher Scientific, Waltham, MA, USA) were
performed on selected samples to obtain the compositional information of the fs-laser irradiated
samples. The acceleration voltage in this case was 5 kV to ensure the necessary surface sensitivity.
Single point μ-Raman spectra were recorded as five accumulated acquisitions in backscattering
geometry to characterize the local material structure and composition in the fs-laser modified regions.
The continuous wave 532 nm wavelength laser beam was focused by a 100× microscope objective
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(numerical aperture NA = 0.85) to a probing spot diameter of ~1 μm, resulting in a power of 0.1 mW at
the sample surface.

3. Results and Discussion

Laser irradiations. The scanning electron micrograph displayed in Figure 3A corresponds to a
non-irradiated sample, revealing the CrN grains at the surface. According to the information extracted
from the 2D-FT, there is neither a clear periodicity nor orientation of the structures of the pristine
surface. From the AFM data, it is possible to obtain the RMS-roughness of RCrN = 25 nm. The fs-laser
irradiations follow the procedure described in the “Materials and Methods” section. There are two
different irradiation strategies: areas processed by dynamically scanning the sample surface with the
laser beam or static irradiation of fixed spot locations.

 

Figure 3. Top-view scanning electron microscopy (SEM) micrographs and 3D reconstructed atomic force
microscopy (AFM) data acquired in different areas of the sample with its corresponding two-dimensional
Fourier transform to estimate the structures periodicity (Λ). (A) Non-irradiated surface showing the
randomly oriented CrN grains with no clear periodicity in the Two-dimensional Fourier transform
(2D-FT). The AFM data shows a profile taken at the position of the indicated black line, featuring a
surface root-mean-squared roughness of RCrN = 25 nm. (B) HSFL produced on an irradiated area at
φ0 = 0.15 J/cm2, Neff_1D = 200 and line separation distance Δ = 50 μm. The periodicity in this case is
Λ⊥HSFL = 98 ± 14 nm, the modulation depth is dHSFL ~50 nm and the root-mean-squared-roughness
is RHSFL = 30 nm. (C) LSFL⊥ processed at φ0 = 0.5 J/cm2, Neff_1D = 10 and line separation distance
Δ = 50 μm. The periodicity is Λ⊥LSFL = 400 ± 330 nm, the modulation depth dHSFL ~200 nm and the
root-mean-squared-roughness is RLSFL = 73 nm. Both structures (Figure 3B,C) were produced with the
Ti:Sa system (λ = 790 nm) and the structures orientation is perpendicular to the laser beam polarization,
indicated by yellow double arrows.
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The first set of experiments contained dynamic irradiations to process 2 × 1 mm2 areas using
a Ti:Sa laser system (φ0 = 0.15 J/cm2, Neff_1D = 200, Δ = 50 μm). These parameters are defined in
“Materials and Methods” section. At this fluence, the final morphology of the laser-induced structures
corresponds to HSFL oriented perpendicular to the laser beam polarization, as displayed in Figure 3B.
The periodicity obtained in this case from the 2D-FT of the SEM micrograph is Λ⊥HSFL = 98 ± 14 nm,
and the RMS roughness RHSFL = 30 nm. From the AFM cross-sectional profile, it can be seen that the
HSFL are superimposed to the roughness of the initial topography of the CrN surface. Note that the
measurement of the RMS roughness takes into account the whole surface data including both, the CrN
grain roughness with the superimposed laser-generated HSFL, the topography of which can be better
observed in the profile of Figure 3B.

Another laser-processed area is produced using an approx. three-times larger laser fluence
allowing the fabrication of LSFL perpendicular to the laser polarization (φ0 = 0.5 J/cm2, Neff_1D =

10, Δ = 50 μm). The corresponding surface morphology is shown in Figure 3C, including an SEM
micrograph and AFM data. The periodicity range of the structures extracted from the 2D-FT of the
SEM micrograph is Λ⊥LSFL = 400 ± 330 nm. The large period variation of about 83% is partly attributed
to the effects of period splitting via localized electromagnetic field-enhancement effects [33]. Moreover,
the consequences of laser scanning must be considered, where the LSFL⊥ generated at the high fluence
part of the Gaussian laser beam are subsequently “overwritten” by HSFL formed by the following
low-fluence wing of the spatial beam profile. From the AFM cross-section, it is possible to estimate a
periodicity of the footprint of the bigger Λ⊥LSFL structures of ∼600 nm and an RMS roughness RLSFL =

73 nm, in good agreement with the work of Yasumaru et al. studying the characteristics of fs-laser
generated LIPSS on CrN [25].

Surprisingly, when observing the irradiated areas for both laser systems under a regular optical
microscope, as shown in Figure 4, it is possible to detect another type of regular LSFL (LSFL‖), structures
(indicated by the sets of red parallel lines in Figure 4) being parallel to the polarization (as indicated by
the yellow double-arrows.) Importantly, from the AFM data shown in Figure 3B the only detected
structures at the sample surface are HSFL perpendicular to the polarization, which clearly confirms
that the LSFL‖ are not located at the surface but constitute in a sub-surface layer.

 

Figure 4. Morphological characterization via top-view optical microscopy (OM) of the samples
irradiated with (A) Ti:Sa laser system (λ = 790 nm), using the same parameters of Figure 3B, featuring
the structures parallel to the laser polarization, highlighted with a set of four parallel red lines,
and (B) Yb-doped fiber laser system (λ = 1030 nm, φ0 = 0.15 J/cm2, Neff_1D = 1000), featuring LSFL‖
structures parallel to the laser polarization highlighted with a set of four parallel red lines. In both
cases, the yellow double arrows indicate the polarization direction.
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More in detail, Figure 4A shows the morphologies detected in areas processed with the Ti:Sa
laser system, where the topography corresponds to LSFL‖ with periodicities of Λ‖LSFL = 820 ± 30 nm.
Since the topography corresponds to the same region shown in Figure 3B, it can be assumed that HSFL
are present at the surface despite that is not possible to resolve them via optical microscopy. The LSFL‖
fabricated with the Yb-doped fiber laser system (φ0 = 0.15 J/cm2, Neff_1D = 1000, Δ = 20 μm) are shown
in Figure 4B, presenting a periodicity of Λ‖LSFL = 1.26 ± 0.08 μm.

In order to discard possible effects due to the laser beam scanning on the LSFL‖, we performed an
additional static (N-on-1) irradiation experiment in a single spot with the Ti:Sa laser system under the
same experimental conditions as in Figures 3B and 4A (φ0 = 0.15 J/cm2, N = 200). The corresponding
SEM micrograph is included in Figure 5A, taken with an acceleration voltage of 5 kV. Similarly, LSFL
structures parallel to the laser beam polarization are present with a periodicity of Λ‖LSFL = 780 ± 65 nm,
which confirms that the phenomenon does not depend on the scanning overlap of the laser pulses.
A second micrograph is acquired at higher magnification and acceleration voltage of 10 kV (Figure 5B),
showing HSFL similar to those of Figure 3B, with periodicities of Λ⊥HSFL = 102 ± 12 nm. In order to
confirm that the LSFL‖ are not located at the sample surface, AFM data displaying the topography
is included in Figure 5C, where again only HSFL structures superimposed to the CrN grains can
be observed.

 

Figure 5. (A). Top-view SEM micrograph of a spot made under the same irradiation conditions of the
area shown in Figures 3B and 4A (φ0 = 0.15 J/cm2 and N = 200), acquired in InLens mode at 5 kV. It is
also possible to detect the formation LSFL parallel to the beam polarization with periodicity Λ‖LSFL =

780 ± 65 nm. (B) SEM micrograph of the red square inset in (A). In this case, the magnification factor is
100.000× and the acceleration voltage was 10 kV, showing the presence of HSFL perpendicular to the
polarization with a periodicity Λ⊥HSFL = 102 ± 12 nm. (C) AFM 3D-data including a profile taken on the
indicated black line showing an RMS roughness RHSFL = 32 nm.

Chemical characterization. Additional analyses were performed for the material modification
accompanying the formation of the LSFL‖ structures. A first chemical characterization of the surface
was conducted by EDX analysis on the spot shown in Figure 5A using an acceleration voltage of 5 kV
to ensure the necessary surface sensitivity. The results are compiled in Figure 6, where the spatial
distribution of oxygen (O), chromium (Cr), carbon (C) and nitrogen (N) are encoded in false colors.
The EDX elemental map of O confirms an increased concentration of oxygen in the irradiated area
keeping the same size and shape of the irradiated spot. Contrary to chromium and carbon, where
the concentration is practically the same in the irradiated area and its surroundings, the nitrogen
concentration slightly decreases in the irradiated area. This indicates that the oxygen is located close to
the sample surface and is, thus, reducing the signal of the nitrogen from underneath due to the formation
of a superficial oxidation layer on the CrN. Those results further support the idea that the formation of
the LSFL‖ structures may take place at the interface between the laser-induced oxidation layer and the
underlying CrN material, in line with the findings obtained from the SEM/AFM characterizations.
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Figure 6. EDX analysis of the fs-laser irradiated spot shown in Figure 5A, where the concentrations of
oxygen, chromium, carbon and nitrogen are displayed in false colors. Brighter colors indicate larger
signals. Note that the spatial distribution of oxygen is consistent with the irradiated spot shown in
Figure 5A.

Complementary structural information was gained from μ-Raman spectroscopy. Figure 7 presents
results of the structures produced on a line track produced with the Yb-fiber laser system under the
same conditions as the one presented in Figure 4B. In this case, the SEM micrograph of Figure 7A
was taken using 5 kV electron acceleration voltage. The LSFL structures are oriented parallel to the
polarization direction, indicated by the yellow double-arrows. However, the morphology is dominated
by HSFL structures perpendicular to the polarization, presenting a periodicity of Λ⊥HSFL = 213 ±
35 nm. The value is larger than the one corresponding to Figure 3B mainly due to the increased laser
wavelength (λ = 1030 nm) and the somewhat different irradiation conditions used in this case.

 

Figure 7. (A) Top-view SEM micrograph taken at 5 kV of an irradiated line on the CrN surface using
the Yb-doped fiber laser system. The whitish regions indicate that the laser-processing generates LSFL‖
visible in the borders of the line (red dot) parallel to the beam polarization and HSFL in the center (blue
dot) perpendicular to the laser beam polarization (indicated by the yellow double-arrows). Irradiation
conditions are the same as those of Figure 4B. (B) μ-Raman spectra acquired at the positions indicated
by the red and blue dots in (A) with an additional spectrum that corresponds to a non-irradiated area
(black line—dot not shown in (A) for comparison. Note the logarithmic scale for the intensity axis.
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In order to get detailed information of the composition of the oxide layer, μ-Raman spectra were
acquired on different positions across the fs-laser processed line track. For experimental details of the
μ-Raman characterization, see the “Materials and Methods” section. The μ-Raman spectra plotted
in Figure 7B were recorded on a non-irradiated location of the sample (black line), at the border of
the fs-laser track (red line) and at its center (blue line) in the two positions marked in Figure 7A.
When comparing to the spectra from the non-irradiated area, both the border of the laser track and
its center present an increased Raman signal around 660 cm−1. According to [34], it corresponds
to the B2g mode of CrO2. The Raman spectrum from the border of the track does not present any
other identifiable peaks attributed to oxides. In the case of the center of the laser track (blue line),
the Raman spectrum shows the presence of several pronounced peaks on a broad background that
confirm the presence of the corundum structure of Cr2O3 with modes A1g (541 cm−1) and Eg (301, 340
and 600 cm−1) [35,36].

FDTD Simulations. In order to check the hypothesis whether the LSFL‖ may be formed at the
chromium oxide/chromium nitride interface, and more specifically, to identify the role of the oxide layer
and its thickness, we have employed the finite-difference time-domain (FDTD) method to calculate
the spatial intensity distribution induced by the fs-laser beam at the interface between the CrN layer
and the covering oxide layer. It was assumed that the oxide layer is composed mainly of Cr2O3 to
simplify the calculations to a single material for the oxide layer. For these simulations, we numerically

solved the Maxwell’s Equations (1) and (2), where
→
H is the magnetizing field,

→
E the electric field, ε0 the

electric permittivity of free space and μ0 permeability of free space,

→∇ ×→H = ε0εr
∂
→
E
∂t

+ σ
→
E (1)

→∇ ×→E = −μ0
∂
→
H
∂t

(2)

considering the relative permittivity εr defined as:

εr = Re(ñ)2 − Im(ñ)2 (3)

in addition, the conductivity σ as:
σ = 2ε0ωRe(ñ) Im(ñ) (4)

where ñ = n + ik is the complex refractive index of the medium and ω is the angular frequency of the
laser radiation (ω = 2.35 × 1015 s−1 for λ = 800 nm irradiation wavelength). The optical constants n
and k for the CrN layer were measured experimentally for the substrate system using ellipsometry
measurements of a non-irradiated sample, see Figure 1C in the “Materials and Methods” section: n =
2.439 and k = 1.623 for λ = 800 nm. For the oxidized layer of Cr2O3, n = 2 and k = 0 were found in [37],
and for vacuum n = 1 and k = 0.

The laser beam considered had Gaussian temporal and spatial distributions. At the surface of the
sample it is considered as a plane wave, polarized along the X-axis. The temporal envelope of the
electric field at the sample surface is described by:

→
E(z = 0, t) = E0 exp

[
−
( t
τ

)2]
sin(ωt)êx (5)

The 3D-geometry used to compute the results is included in Figure 8A. The simulation domain
sizes were fixed at 3.2 μm in X- and Y-directions. The Z-dimension was adjusted in each case depending
on the thickness of each simulated element. The 3D-domain was subdivided into 3D-space cells which
sizes were 5 nm for X and Y and 2 nm for Z. From bottom to top, there is a layer of CrN that starts at Z
= −∞ and finishes at the interface with the oxide layer (Z = 0). In our simulation, the real CrN layer
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thickness of 2.5 μm is thick enough to be considered optically as an infinite layer (see the values of the
optical penetration depth of some tens of nanometers provided in the “Materials and Methods” section).
Therefore, the steel substrate and the chromium-bonding layer were excluded for the simulations since
they do not have any relevant optical contribution. On top of the CrN layer, there is an oxide film that
has a specific thickness Tox ranging from 0 to 500 nm. On top of the oxide layer, and made up of the
same oxidized materials, lay the grating-like HSFL structures with periodicity ΛHSFL = 100 nm for all
the simulations. This value is consistent with the HSFL periodicity found via 2D-FT of Figures 3B and
5B, Λ⊥HSFL = 98 ± 14 nm and 102 ± 12 nm, respectively. At the sample surface, there are two variables
to consider: the modulation depth of the HSFL dHSFL ranging from 0 to 100 nm, and a non-organized
roughness RHSFL ranging from 0 to 50 nm. The rest of the domain is always large enough to contain at
least 10 nm of vacuum above the HSFL region. The simulations ran from t = −2τ to t = 2τ, with τ =

25 fs (FWHM = 2τln2 ≈ 35 fs pulse duration) using time steps of 5.516 attoseconds. We computed the
time-averaged intensity in arbitrary units during the whole interaction, following:

I =
∫ 2τ

−2τ

(
E2

x + E2
y + E2

z

)
dt (6)

All simulated intensity distributions that were evaluated at the interface between the oxide layer
and the CrN sample are compiled in Figure 8. Figure 8B presents a simulation of the intensity in a
sample modelled with a HSFL modulation depth dHSFL = 100 nm, an oxide layer of thickness Tox =

100 nm and an additional non-organized roughness RHSFL = 20 nm. Under these conditions, that are
very close to the real HSFL structures observed in the experiments of Figures 3 and 5, it is already
possible to recognize the signature of the LSFL‖ with period Λ‖LSFL= 580 ± 98 nm. Some remnants of
the interaction between the laser and the HSFL grating at the surface are still present and manifest as
lines oriented along the Y-axis with a periodicity of 100 nm in the X-direction. The other simulations
shown in Figure 8 address systematic variations of the HSFL modulation depth dHSFL (Figure 8C),
the roughness parameter RHSFL (Figure 8D), and the oxide layer thickness Tox (Figure 8E), respectively.
In order to observe its influence on the formation of the intensity pattern responsible of the LSFL‖
formation, the FDTD simulations were performed changing one parameter each time, while keeping
the others constant, as it is indicated in each set of sub-figures.

The simulations obtained upon changing the modulation depth (dHSFL) of the HSFL gratings
formed on the oxide layer, are shown in Figure 8C. Without HSFL structures on the oxide layer (dHSFL

= 0 nm), the intensity distribution corresponds to a non-organized pattern, only affected by the initial
roughness present at the oxide surface set to RHSFL = 20 nm here. For metals it has been demonstrated
that the roughness at the surface is an important parameter that may influence the final periodicity of
the LIPSS [8,17]. However, this is only valid when the structures are produced at the first irradiated
interface (the surface), in our case, the oxide layer, and not at the interface between two different
materials. For all the other modulation depths shown (dHSFL > 0 nm), there is a two-fold modulation
in the calculated intensity patterns at the oxide/nitride interface: in the Y-axis direction, the HSFL
remnants are still visible and are practically constant for all the studied dHSFL values. In the X-axis
direction, there is certain modulation in the form of LSFL parallel to the laser polarization, significantly
more pronounced when dHSFL � 40 nm. This result is consistent with the experimentally measured
modulation depths for the HSFL shown in Figures 3B and 5C (AFM data), having values of dHSFL

~50 nm for both cases.
The second parameter varied in the simulation was the non-organized roughness superimposed to

the HSFL covered oxide layer, RHSFL, as shown in Figure 8D. Note that this parameter is different from
the root-mean-squared roughness obtained from the AFM data in Figures 3B and 5C. When RHSFL = 0
nm, the sample surface corresponds to a smooth HSFL grating. Since the symmetry is not broken due
to the absence of any surface defects, it is expected that the intensity along the Y-axis is not modulated
in the corresponding FDTD simulations. As RHSFL increases, the relative signature of the HSFL is
drastically reduced and the intensity modulation parallel to the laser polarization (X-axis) featuring the
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LSFL‖ characteristics becomes evident, reaching average values of Λ‖LSFL = 650 ± 50 nm when RHSFL =

40 nm, in reasonable agreement to the experimental periodicities found in Figure 5A for the interfacial
LSFL Λ‖LSFL = 780 ± 65 nm.

 

Figure 8. (A) 3D-representation (not to scale) of the simulated domain with dimensions in X and Y of
3.2 μm and variable Z including the different layers, visualizing the relevant parameters studied in the
finite-difference time-domain (FDTD) simulations. (B) Intensity pattern obtained at the interface of the
oxide layer and the CrN sample for a sample with HSFL periodicity Λ⊥HSFL = 100 nm, HSFL modulation
depth dHSFL = 50 nm, roughness of the HSFL RHSFL = 20 nm, and oxide layer thickness Tox = 100
nm. Subsequent simulations take into account the same conditions as in (B) changing in (C) dHSFL,
from 0 to 100 nm, (D) RHSFL from 0 to 50 nm and in (E) Tox from 0 to 500 nm. The laser beam (λ = 800
nm) polarization direction is horizontal. The colors of the intensity plots are encoded in a false color
scheme where red indicated deviations above and blue below the average intensity value of the image,
represented in white.

The final parameter varied is the oxide layer thickness, Tox, as shown in Figure 8E. When Tox = 0
nm, the incident laser beam has propagated only through vacuum, and no dispersive or reflecting
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interface elements modify the wave front upon propagation. Hence, apart from the influence of the
non-organized surface roughness and remnants of the HSFL grating, there is no significant modulation
on the laser beam intensity observed here. The periodicity that can be seen in this case, corresponds
to the presence of the HSFL that are present at the surface of the CrN layer. When Tox = 100 nm,
the intensity is already modulated in the Y-direction while still exhibiting the signature of the HSFL
in the X-direction. For even thicker oxide layers, the regularity of the intensity pattern is reduced
and even the contribution from the HSFL disappears due to propagation effects in the oxide and the
superposition of the incident waves with that partially reflected from the CrN interface.

More in detail, in order to see how the beam is propagating inside this layered system, Figure 9
provides intensity distributions at different positions Z along the beam propagation axis. Each plot
show insets with the corresponding Z-positions at which the intensity distribution is calculated.
The position Z = 0 nm correspond to the interface between the oxide layer and the CrN sample
underneath. In general, positive Z-positions indicate that the intensity distribution is located inside
the oxide layer (or above it) and negative Z-positions correspond to intensities inside the CrN material.
The results for a layered system with a modulation depth of dHSFL = 50 nm, roughness RHSFL = 20 nm
and oxide layer thickness Tox = 100 nm and 200 nm are compared in Figures 9A and 9B, respectively.

 

Figure 9. FDTD-intensity distribution at different Z-positions along the beam axis for two different
layered systems with HSFL modulation depth dHSFL = 50 nm and. In (A) the oxide layer thickness is
Tox = 100 nm and in (B) Tox = 200 nm. The interface between the oxide layer and the CrN is located at
Z = 0 nm. The plots at Z = −20 nm in both cases correspond to intensities calculated 20 nm inside the
CrN from the oxide-nitride interface. The laser beam (λ = 800 nm) polarization direction is horizontal.
The colors of the intensity plots are encoded in a false color scheme where red indicated deviations
above and blue below the average intensity value of the image, represented in white.

In Figure 9A (top row), where the oxide layer thickness is 100 nm, the intensity distribution is
practically unchanged at Z = 100 nm, corresponding to the position at the base of the HSFL structures.
In the middle of the oxide layer (Z = 50 nm) the signature of the HSFL is strongly visible and at this
small propagation distance along the Z-axis, the beam pattern symmetry is not completely broken yet
along the Y-axis. At the interface between the oxide layer and the CrN sample (Z = 0 nm) the signature
of the HSFL is still present but slightly reduced, presenting a clear variation along the Y-axis with the
signature of LSFL parallel to the laser polarization (LSFL‖). This pattern is maintained inside the CrN
sample reducing significantly the signs of the HSFL, as it is shown in the plot at Z = −20 nm.

In Figure 9B (bottom row) a similar system with a just thicker oxide layer of Tox = 200 nm is
analyzed. The intensity distribution at Z = 200 nm is calculated at the base of the HSFL where the
intensity distribution remains unchanged (similarly as the one at Z = 100 nm in Figure 9A). In the
middle of the oxide layer (Z = 100 nm), the modulation of the intensity already shows the very
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pronounced imprint of LSFL‖ with a contribution from the HSFL top grating. At the oxide/nitride
interface Z = 0 nm, the signature of the HSFL is vanished presenting a smooth intensity distribution
that corresponds to the LSFL‖. This distribution is preserved inside the CrN layer (Z = −20 nm).
From these results, it is possible to conclude that for a layered system with HSFL of 100 nm periodicity,
HSFL modulation depth dHSFL = 50 nm, roughness RHSFL= 20 nm, (all in good agreement with the
experimental parameters found in Figures 3B and 5B), the oxide layer thickness value should be
considered between 100 < Tox < 200 nm to produce effectively LSFL‖.

For addressing a less idealized simulation scenario, Figure 10 includes the results of a similar
layered system considering a more realistic topography for the HSFL structures. The parameters
for this simulation are HSFL real periodicity Λ⊥HSFL = 100 nm, an artificial HSFL modulation depth
dHSFL = 75 nm based on a false color grayscale image of the SEM micrograph shown in Figure 10A,
no additional roughness (RHSFL = 0 nm) and an oxide layer thickness of Tox = 100 nm.

 

Figure 10. FDTD simulation of a layered system that includes periodic HSFL Λ⊥HSFL = 100 nm given
by the real structures shown in the SEM micrograph on the top left (A), HSFL modulation depth dHSFL

= 75 nm, no added roughness (RHSFL = 0 nm) and oxide layer thickness Tox = 100 nm. The intra oxide
film position varies between Z = 150 nm (B), Z = 100 nm (C), Z = 75 nm (D), Z = 50 nm (E), and Z =
25 nm (F). The laser beam (λ = 800 nm) polarization direction is horizontal. The colors of the intensity
plots are encoded in a false color scheme where red indicated deviations above and blue below the
average intensity value of the image, represented in white.

In this case, the intensity distribution was acquired at different positions only inside the oxide
layer (at positive Z-positions). The top surface (not shown) is located at Z = 175 nm, (Tox = 100 nm
+ dHSFL = 75 nm). At Z = 150 nm (Figure 10B), it is possible to recognize the morphology shown
in the SEM micrograph. The intensity distribution remains essentially unchanged due to the short
distance that the beam has propagated inside the oxide layer, similarly as in the case of the HSFL
structures (Z = 100 nm, Figure 10C). From there, once the beam propagates 25 nm more along the
beam axis (Z = 75 nm, Figure 10D), the signature of the HSFL is strong and slowly fades away as
the beam propagates towards the oxide/nitride interface. At Z = 25 nm (Figure 10F), the LSFL‖
characteristics with an orientation parallel to the laser beam polarization and larger periods are evident.
Remarkably, considering the real topography, the intensity distributions along different positions along
the Z-axis present a good agreement with the more idealized simulations presented in Figures 8 and 9.
This ultimately confirms the relevance of the oxidation at the surface for the fabrication of such buried
(interfacial) LSFL structures parallel to the laser beam polarization on oxidation prone materials.

72



Nanomaterials 2020, 10, 147

In view of their orientation parallel to the laser beam polarization, their spatial periods of the
order of λ/n, and their sub-surface presence in a transparent material, it is very likely that the physical
origin of the simulated intra-film and interfacial intensity patterns carrying the LSFL‖ characteristics
here lies in the type-d (“dissident”) electromagnetic field structures identified earlier in FDTD
simulations [16,18,20,38]. These intensity patterns are formed via the far-field interference between
the electromagnetic field scattered at the rough surface and the laser beam refracted into the film
and propagating in the sub-surface dielectric material [18,38]. A visualization of the electromagnetic
fields emitted from single and multiple type-d scattering centers on dielectric surfaces predominantly
in the direction perpendicular to the polarization can be found in [18,39]. Note that the type-m
(“mixed”) features observed in FDTD (associated with LSFL parallel to the polarization and periods
close to the wavelength λ) can be ruled out here as origin of the LSFL‖ since the necessary condition
of n = Re(ñ) ≈ Im(ñ) = k [20] on the optical properties of the oxide material is not fulfilled in
our case here (n = 2, k = 0 [37]). Interestingly, the spatial periods of the sub-surface LSFL‖ patterns
simulated by FDTD rather lie between λ and λ/n as it was previously reported in [21]. The deviation
between the experimentally observed and numerically simulated periods Λ‖LSFL may arise from the
fact that in the experiments the laser-generated oxide layer may not a have a sharp interface to the bulk
but may exhibit a graded composition [26] between the sample surface and the CrN bulk material.
The latter would be associated then with optical constants varying at depth. Moreover, high-intensity
laser-induced transient changes of the refractive index n may result in somewhat increased spatial
periods (for details refer to the basic Drude model presented in [19]).

4. Conclusions

From the presented results, four conclusions can be drawn: (i) it can be clearly observed that the
oxide layer is an important parameter that influences strongly the formation of a regular intensity
pattern at the interface to the underlying material that presumably leads to the formation of the LSFL
structures parallel to the laser polarization. (ii) in order to allow the formation of a regular intensity
pattern that can be imprinted at the interface between the superficial oxide layer and the underlying
material (CrN), the thickness of the oxide layer should be in the order of ~100 nm, as it has been also
suggested in [28]. (iii) the presence of superficial sub-wavelength HSFL on the oxide layer is essentially
required to form the near-wavelength LSFL‖. (iv) the intensity pattern carrying the spatial LSFL‖
characteristics is formed via the joint action of electromagnetic scattering, propagation, and interference
effects and does not require the presence of a partially metallic oxide layer (via laser-excited conduction
band electrons) or that of nano-plasmas scattering from localized defects [18], as visualized in the
summarizing scheme presented in Figure 11. The findings suggest that these effects can be present on
strong absorbing materials that are prone to oxide formation.

 

Figure 11. Scheme of the interfacial LSFL‖ formation, featuring scattering, propagation and
interference effects.
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Abstract: Femtosecond laser texturing is a promising surface functionalization technology to improve
the integration and durability of dental and orthopedic implants. Four different surface topographies
were obtained on titanium-6aluminum-4vanadium plates by varying laser processing parameters
and strategies: surfaces presenting nanostructures such as laser-induced periodic surface structures
(LIPSS) and ‘spikes’, associated or not with more complex multiscale geometries combining micro-pits,
nanostructures and stretches of polished areas. After sterilization by heat treatment, LIPSS and
spikes were characterized to be highly hydrophobic, whereas the original polished surfaces remained
hydrophilic. Human mesenchymal stem cells (hMSCs) grown on simple nanostructured surfaces
were found to spread less with an increased motility (velocity, acceleration, tortuosity), while on
the complex surfaces, hMSCs decreased their migration when approaching the micro-pits and
preferentially positioned their nucleus inside them. Moreover, focal adhesions of hMSCs were
notably located on polished zones rather than on neighboring nanostructured areas where the protein
adsorption was lower. All these observations indicated that hMSCs were spatially controlled and
mechanically strained by the laser-induced topographies. The nanoscale structures influence surface
wettability and protein adsorption and thus influence focal adhesions formation and finally induce
shape-based mechanical constraints on cells, known to promote osteogenic differentiation.

Keywords: femtosecond laser; multiscale-patterning; wettability; human mesenchymal stem cell; cell
adhesion; cell spreading; cell motility; protein adsorption

1. Introduction

Because of their excellent biocompatibility and superior mechanical strength, titanium and
related alloys, such as titanium-6aluminum-4vanadium (Ti6Al4V), are widely used for biomedical
applications [1,2]. However, it remains a challenge to achieve a homogenized bone–implant interface
for decent osseointegration of dental and orthopedic implants in human bodies. Several attempts
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to solve this issue have been reported. In particular, it was shown to be possible to modify
surface bio-functionalities, such as improved osseointegration at the implant surface, through surface
engineering [3,4]. The process of osseointegration involves a complex chain of events, from protein
adsorption to recruitment of mesenchymal stem cells (MSCs) and osteoblasts, finally leading to bone
formation at the interface of implant.

Human MSCs (hMSCs) are multipotent bone-marrow derived stem cells that can differentiate
in a wide diversity of cell types such as osteoblasts, adipocytes, chondrocytes or myoblasts and they
represent a model of choice in the field of biointegration tissue–implants. It is widely accepted that
surface properties and, in particular, topography and wettability affect protein adsorption and the
subsequent cell adhesion [5,6] and fate [7]. Surface micropatterning can be applied to modify the
microenvironment of cells and modulate their behavior. Most micropatterning techniques used in order
to apply shape-based mechanical constraint on cells [8] derive from surface grafting of pro-adherent
proteins surrounded by an anti-adhesion coating. Others (e.g., photolithography) are mostly applied
to polymers [9]. Laser texturing is the only technique that can, in a single step, provide controlled
multiscaled design on metallic surfaces. Previous studies showed that by inducing sub-micrometric
roughness, laser texturing could enhance osteoblastic differentiation of hMSCs [10,11] and in vivo
osseointegration [12,13]. Many efforts have been made in order to enhance the osteogenic potential
but engraftment of hMSCs is a critical step in the process of osseointegration. Hence, ultrafast laser
texturing appears to be a promising surface biofunctionalization approach to control hMSCs adhesion,
spreading and migration. It was widely demonstrated that multiscale surfaces can be achieved by
using femtosecond laser texturing, such as nano-textured grooves [14,15], grids [11] or pits [10] within
the micrometric scale. Moreover, laser texturing allows one to obtain various types of laser-induced
surface nanostructures, such as laser-induced periodic surface structures (LIPSS), grooves, spikes,
columns, etc. [16–21]. Of peculiar bio-engineering importance, these nanostructures have different
wetting properties [19,22], which are time-dependent and age towards hydrophobicity [23,24].

Here, our goal was to create finely designed patterns on a Ti6Al4V surface, with both micro- and
nanometric dimensions. It is of interest to evaluate the influence of these engineered double-scaled
surface patterns on cell behavior. It is known that hMSC osteoblastic differentiation could be directed
by the state of intracellular tension [8,25–28]. In order to engineer titanium surfaces with optimal
properties for improved osteogenesis, one must understand the complex interrelationships among
material surface properties, adsorbed proteins, and early cellular responses. In this in vitro study, we
focused on the short-term cellular responses which are known to be crucial in regulating events that
lead to cell differentiation. The aim was to investigate the influence of the laser nanostructures on cell
adhesion, spreading and migration and compare it to conventional smooth titanium. We analyzed the
wetting properties of laser nanostructures before and after sterilization, then we investigated the effect
on the adsorption of proteins on these areas and the establishment of focal contacts. The multi-scale
complex design was conceived in order to spatially control cell adhesion and multicellular organization.
Specific design with carefully arranged pro- and anti-adhesive areas could mechanically constrain the
cellular morphology, which is critical in numerous biomedical and tissue-engineering applications.

We first investigated the properties, such as the topography and wettability, of surfaces fully
covered by simple laser-induced nanostructures, and their influences on cell spreading and motility
were also quantified. Based on the knowledge acquired from the aforementioned studies, we designed
and laser-texturized multiscale surface patterns with combinations of nanostructures, micro-pits, and
polished surface areas. Such surface patterns were developed in order to position cell nuclei and
stimulate the cells to adopt a desired cell shape, thanks to anti-adhesive nanostructures. The key
performance factors, such as the distribution of vinculin adhesion points, surface protein adsorption
rates and the nuclei location were characterized.

78



Nanomaterials 2020, 10, 864

2. Materials and Methods

2.1. Titanium Alloy Samples

Mirror-polished titanium alloy grade 5 (Ti6Al4V) samples were purchased from Goodfellow
(Huntingdon, UK). The samples were square with dimensions of 10 mm by 10 mm with a
thickness of 1 mm.

2.2. Laser Surface Texturing

Surface texturing and patterning were performed by a femtosecond laser with a galvanometer
scanner system within the GIE Manutech-USD platform (Saint-Etienne, France). As a laser source,
Tangor HP (Amplitude Systems) was used delivering femtosecond laser pulses with a duration of
about 400 femtosecond (fs) at a wavelength of 1030 nm. After passing through a 56 mm f-theta
lens, the laser beam converged to a focus spot with diameter 2ω0 = 16.3 μm (1/e2) in the focal plane.
The laser fluence was adjusted by varying the laser power at a given laser repetition rate. The laser
was linearly polarized.

Two different types of laser-processed surfaces were realized:

• two entirely laser-nanostructured samples fully covered by either LIPSS or spikes, termed as such
in the following;

• two multiscale laser-patterned (LP) samples covered with a combination of micro-pits and
laser-nanostructured patterns, together with stretches of polished surface areas (LIPSS + polished
or spikes + polished), termed LP_LIPSS and LP_spikes, respectively.

LP_LIPSS and LP_spikes were realized through a multiple-step patterning strategy: the stretches
of LIPSS or spikes areas were first laser-patterned and micro-pits were then machined in the next
step. A spiral trajectory from the periphery to the center of the micro-pits was used to obtain a
homogeneous photon energy distribution and, therefore, a homogeneous depth. A superposition of
the features made up the complex surface patterns. The principle laser parameters for generating
the aforementioned structures are summarized in Table 1. The laser-processed samples were then
sonicated in demineralized water to clean them after which they were dried at room temperature.

Table 1. Laser parameters.

Topographies
Pulse

Energy (E)
Fluence

Peak
Pulse Rate

Distance between
Pulses

Hatch
Distance

Number of
Pass

Micro-Pits 32 × 10−8 J 0.31 J·cm−1 10 kHz 2 μm 4 μm 5

LIPSS 32 × 10−8 J 0.31 J·cm−1 100 kHz 4 μm 4 μm 3

Spikes 270 × 10−8 J 2.59 J·cm−1 100 kHz 4 μm 4 μm 1

The fluence peak is defined as: Fpeak =
2 E
π ω02 .

2.3. Surface Topography

Topographies and roughness (Sa) were analyzed using an optical 3D microscope (InfiniteFocus
G4, ALICONA, Graz, Austria) which uses the focus variation microscopy technique. This allows
3D surface topography images to be obtained in which each pixel is at its maximum focus and from
which the altitude variations can be analyzed. Sa (Arithmetical mean height of the surface) is a
3D-roughness parameter defined by the ISO 25178 standard. For further surface analysis, scanning
electron microscopy (SEM) (TESCAN VEGA3 SB, Brno, Czech Republic) was carried out at 20.0 kV
with a secondary electron detector.
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2.4. Surface Wettability

Wettability measurements were carried out with a laboratory-developed multiscale and
multifunctional system within the GIE MANUTECH-USD consortium. They were performed in
a controlled atmosphere (Temperature (T) = 23 ± 0.6 ◦C, Relative humidity (RH) = 40 ± 4%). Cell basal
medium was used as the testing medium (MSCBM, Prod. No. PT-3238, Lonza, Basel, Switzerland).
Approximately 2-μL droplets of culture medium were deposited on the surfaces, and the evolution of
the droplet shape was visualized with a camera and a sample rotation stage enabling 360◦ contact
angle measurements. The platform moved at a speed of 0.1 rad·s−1. The droplet profile and especially
the contact angle (CA) were extracted from a complete droplet 360◦ rotation leading to approximately
50 measurements per droplet. The first CA measurements were carried out 38 days after laser
processing. The second step of CA measurements was performed on the same samples, 24 h after a
sterilization procedure in which the samples received a dry heat treatment at 180 ◦C for 2 h. The data
represent the measurements from 4 consecutive droplets on each surface.

2.5. Cell Culture

Human bone marrow-derived mesenchymal stem cells (Lonza) at passage 6 were maintained in a
T75-flask for a week in a growth medium (MSCGM, Prod. No. PT-3001, Lonza) before seeding. Cells
were seeded on samples at 4000 cells·cm−2 in 6-well plates for 24 h, except in the case of the adhesion
plaques study for which the growth time was 48 h.

2.6. Fluorescent Cell Labeling

Seeded cells were fixed in 4% paraformaldehyde for 30 min. Permeabilization was performed
with 0.1% Triton X-100 in phosphate-buffered saline (PBS) for 3 min. Samples were incubated with
rhodamine-conjugated phalloidin diluted at 1:50 in PBS, at 37 ◦C for 1.5 h, then with vinculin antibody,
FITC (Fluorescein isothiocyanate) conjugated (Prod. No. F7053, Sigma-Aldrich, St. Louis, MO, USA)
diluted at 1:50 in PBS, at 4 ◦C for 12 h. Afterwards, nuclei labeling was performed with 1 μg·mL−1

DAPI (4′,6-diamidino-2-phenylindole) diluted in PBS at 37 ◦C for 20 min. Washes were performed
using PBS between each step of the experiment. Specimens were observed by confocal microscopy
(ZEISS LSM 800 Airyscan, Oberkochen, Germany).

2.7. Living-Cell Labeling

For living-cell observations, DIL (1′-dioctadecyl-3,3,3′,3′,3′-tetramethylindocarbocyanine
perchlorate, Prod. No. D282, Thermofisher, Waltham, MA, USA) previously diluted at 1000 μM in
DMSO (Dimethyl sulfoxide) was used. DIL has a high affinity for the phospholipids that make up the
cellular membrane and becomes fluorescent when binding with them. Cells were labeled in suspension
at 1:500 with the previous solution in growth medium, and incubated (temperature (T) = 37 ◦C, relative
humidity (RH) = 95%, 5% CO2) for 1 h, following the protocol of Dumas et al. [10]. After centrifugation
(5 min, 2000 rpm), the culture medium was changed. Then, DIL-labeled cells were seeded on samples
at a density of 4000 cells·cm−2. After letting the cells adhere to the surface for 1 h, the samples were
put upside-down on biocompatible silicon pillars before the time-lapse recording started. The confocal
microscope (ZEISS LSM 800 Airyscan) was equipped with an incubator 37 ◦C, 5% CO2. Images were
recorded every 30 min for 63 h.

2.8. Simultaneous Visualization of Surfaces and Cells through Confocal Microscopy

Surfaces and mesenchymal stem cells labelled with different fluorescent-coupled antibodies
and fluorescent dyes were observed simultaneously using confocal microscopy. Labeling detection
was performed by using up to three different laser wavelengths: 405 nm for DAPI, 488 nm for
anti-vinculin-FITC antibody and 561 nm for rhodamine-conjugated phalloidin. Surfaces observation
was based on the laser reflection on the substrate. For this, images were acquired in a 560–700 nm
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wavelength detection range, including the fourth laser emission wavelength at 640 nm, here used
as a spotlight. This is why polished surfaces, which are highly reflective, appear brighter than
laser-nanostructured areas.

2.9. Protein Adsorption Assay

This experiment was based on the work of Miao et al. [29]. FITC-albumin (Prod. No. A9771,
Sigma–Aldrich) was dissolved in PBS at 15 μM and then diluted at 1:100 in basal culture medium.
Afterwards, 70 μL of FITC-albumin solution was deposited on sample surfaces and incubated overnight
at 4 ◦C. Samples were carefully rinsed in PBS before observation by fluorescent microscopy (ZEISS
LSM 800 Airyscan). The albumin adsorption rate is related to the mean fluorescence intensity. In order
to measure such intensity on specific zones, the laser-patterned surface was thresholded to identify
polished and nanostructured areas. Thus, a Boolean operation allowed us to individually measure
the mean fluorescence intensity of both polished and nanostructured areas. The difference between
both intensities was then statistically compared to the theoretical value μ0 = 0, which represents the
no intensity difference. The protein adsorption assay was made on sterilized samples to consider the
surface properties changes.

2.10. Image Analysis for Cell Behavior

Images were analyzed using the ImageJ [30] freeware with Fiji [31] package.
Spreading measurements were obtained after automatic image processing including binarization

preceded by 8-bit conversion, background removal and filtering. Measurements were carried out on 4
different areas (1.25 × 1.25 mm2) and in duplicate.

For cell motility analysis, the “Manual Tracking” plug-in and IBIDI′s plug-in “Chemotaxis and
Migration Tool” (Gräfelfing, Germany) were used with ImageJ on contrast-adjusted videos. Tortuosity
was defined as the ratio between the accumulated distance and the Euclidean distance. It was computed
every 3 frames (1.5 h) and averaged on the whole recording for each cell. Cell velocity was defined
from the ratio of the accumulated distance and the total recording duration, for each cell. Mean
acceleration was computed from two consecutive cell velocity values, which were calculated from 2
consecutive cell position measurements within a time step between frames of 30 min. The absolute
value of acceleration/de-acceleration was then averaged cell by cell for the whole migration path (63 h).

Nuclei location measurements were performed after binarization preceded by 8-bit conversion,
background removal and filtering, with an automatic image processing for the counting of the whole
nuclei. The counting of nuclei inside micro-pits was done manually, considering a nucleus inside a pit
when half or more of the projected surface of the nucleus was inside. Data corresponding to 300 nuclei
analyzed for LP_LIPSS and 494 for LP_spikes was normalized according to the surface proportion
of micro-pits.

The proportion of focal adhesion points on polished surfaces was measured with consideration
taken to both their number and their surface. The number of focal adhesion points was determined
manually whereas the measurement by surface was semi-automatic. Indeed, focal adhesion points
were binarized after an image processing following the steps: (i) coarse blurring (Gaussian, radius = 40);
(ii) successive subtraction of the blurred image to the raw image followed by local contrast enhancement;
(iii) successive slight blurring (median, radius = 1) followed by local contrast enhancement. Moreover,
the laser-patterned surface was filtered to identify polished and nanostructured areas. Then, a Boolean
operation was used to only measure the surface of focal adhesion points on polished areas. Data were
normalized according to the proportion of polished areas.

2.11. Statistical Analysis

Data were analyzed through the Rstudio [32] freeware. Shapiro–Wilk normality tests and Bartlett
homoscedasticity tests were performed for following statistical test selection. The Kruskal–Wallis test
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followed by a Mann–Whitney pairwise comparison with Bonferroni correction was used for statistical
analysis (n < 15, or homoscedasticity or normality of data not respected).

3. Results

3.1. Surface Characterization

3.1.1. Multiscale Surface Topography

Two simple laser-induced nanostructures based on a literature survey [16,17,19] were obtained by
adjusting femtosecond laser parameters (Figure 1a left panel). LIPSS and spikes were chosen because
of their relative differences in terms of topography, small roughness and hydrophobic behavior. LIPSS
are, as their name suggests, periodic (about 600 nm) and highly anisotropic whereas spikes are poorly
periodic. The average areal surface roughness (Sa) was measured to be 76 ± 5 nm for the LIPSS and
85 ± 5 nm for the spikes, which is consistent with other studies [33,34]. The Sa of the polished surface
was 65 ± 4 nm.

Figure 1. Nanostructures (LIPSS or spikes) and multiscale laser patterns (LP) produced by a femtosecond
laser. (a) Scanning electron microscope (SEM) micrographs of polished surfaces and laser-nanostructured
surfaces with LIPSS or spikes (tilt 45◦). (b) SEM micrographs and focus variation microscopy of
laser-patterned surfaces. LP_LIPSS and LP_spikes with a mix of polished and nanostructured areas.
The micro-pits located in the center of the patterns were deeper and covered with LIPSS.

By adapting laser trajectories, multiscale laser-patterned surfaces can be created.
The laser-untouched areas remain polished whereas their laser-processed counterparts become either
textured with LIPSS or with spikes. Furthermore, finely increasing the number of laser scan passes and
laser fluence allows an etching of the surface to several micrometers of depth. Hence, it is possible to
obtain microscale surface modifications like laser-etched pits. Multiscale laser-patterned LP_LIPSS
and LP_spikes surfaces (Figure 1) were thus formed first by microscale etching followed by imprinting
of superficial laser-induced nanostructures. The patterns had a star-like shape with polished branches
60 μm long and 10 μm wide for an optimal adhesion of the focal contacts in these areas. The center
of each pattern displayed pits approximately 3 μm deep and 40 μm in diameter. The geometry of
the μm-pits was carefully designed for the nuclei to reside in. These parameters were the optimized
values derived from a set of pre-selection experiments (data not shown). The distance between the
micropatterns was adjusted to create a contiguous network of periodically repeated patterns. It is
worth mentioning that, by using focus variation microscopy, we observed that the higher laser fluence
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used to generate spikes caused a difference in surface depth of about 1.5 μm relative to the polished
areas (Figure 1b).

3.1.2. Surface Wettability

In order to characterize surface wettability by cell culture medium, contact angles were measured
on both totally laser-nanostructured and polished surfaces. Figure 2 and Video S1 in Supplementary
Materials show that contact angles were modified by laser texturing: they were either increased in
the case of LIPSS, or notably decreased reaching the superhydrophilicity limit for spikes. It was
observed that sterilization deeply affected the surface wettability. Indeed, we measured a significant
increase in contact angle after such a treatment for all surfaces. This increase was remarkable for
laser-nanostructured samples, reaching superhydrophobicity. The contact angle of the polished surface,
however, did not change as much as the laser-nanostructured ones and remained within the same order
of magnitude. Clearly, sterilization (180 ◦C, 2 h) made the nanostructured surfaces superhydrophobic
while the smooth surfaces remained moderately hydrophilic.

Figure 2. Comparison of the contact angles on polished and laser-nanostructured surfaces
before and after sterilization. (a) Schematic of experimental setup for wettability characterization.
(b) Representative droplet profile according to surfaces and sterilization process (c) 360◦ measurements
from four consecutive droplets (at least 200 measurements per boxplot) of culture medium (2 μL)
deposited on each surface (one sample). The Kruskal–Wallis test followed by Mann–Whitney pairwise
comparison with Bonferroni correction was performed for data before and after sample sterilization.
*** p-value < 0.001.
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3.2. Cell Behavior

3.2.1. Cell Spreading

Cell spreading was investigated to quantify cell responses to nano-textured samples with different
surface properties; 24 h after cell seeding, cytoskeletons and nuclei were stained to measure an average
of cell areas. Figure 3 shows a significant decrease in cell spreading areas on laser-nanostructured
surfaces compared with polished ones. Moreover, spreading on spikes occurred to a significantly
smaller degree than spreading on LIPSS or LP_LIPSS and less by almost half compared with that
on a polished surface. On LP_spikes, spreading increased compared with spikes, but did not reach
the level observed on the polished specimens. Basically, cell spreading decreased in the presence of
nanostructures (with or without smooth areas).

Figure 3. Quantification of cell spreading areas on polished, laser-nanostructured and laser-patterned
surfaces. (a) Cytoskeleton staining images representing human mesenchymal stem cells (hMSCs)
spreading 24 h after seeding on the five different surfaces previously sterilized. The rectangular graphs
on the left are global views at a low magnification, and the square graphs on the right are representative
cells at a high magnification; (b) four different areas of each surface were analyzed and, except for
LP_spikes, the displayed data corresponds to duplicates of each condition (each dot represents the
mean of more than 30 cells per area). The red lines denote mean values. The Kruskal–Wallis test
followed by Mann–Whitney pairwise comparison with Bonferroni correction was performed. * p-value
< 0.05, ** p-value < 0.01.

3.2.2. Cell Motility

The cell velocity, acceleration and the tortuosity of trajectories were measured by manual tracking
of nuclei (Figure 4b) on totally laser-nanostructured (LIPSS and spikes) and laser-patterned samples
(LP_LIPSS and LP_spikes). The cell velocity was significantly increased (approximatively +100%)
on LIPSS and spikes as compared with polished and laser-patterned surfaces (Figure 4a left panel).
Furthermore, no difference in cell migration velocity appeared between polished and laser-patterned
samples. Moreover, no cell velocity difference was noted between LIPSS and spikes nor between
LP_LIPSS and LP_spikes patterns. The tortuosity of the trajectories was enhanced on all laser-treated
surfaces compared with polished ones. Cell acceleration was increased on all the laser-treated samples
whereas the mean velocity was only improved on LIPSS and spikes. This result strongly corroborated
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our observations from the time-lapse videos that the cells tended to stop their migration when crossing
a micro-pit (see Video S2 in Supplementary Materials). Altogether, the results from a 63-h video
strongly suggested that in presence of nanostructures the speed variations (cell acceleration or cell
deceleration) increased and cell trajectories became more tortuous compared with the polished surface.

Figure 4. Cell motility on polished and laser-treated surfaces. hMSCs were observed 1 h post-seeding
for 63 h and every 30 min on sterilized Ti6Al4V samples. (a) Mean velocity and acceleration (absolute
value) were measured for each cell individually. Mean tortuosity was defined as the ratio between the
accumulated distance and the Euclidean distance every 1.5 h and averaged on the whole record for each
cell. Three areas per sample were analyzed, the exact number of analyzed cells is indicated above each
boxplot. The Kruskal–Wallis test followed by Mann–Whitney pairwise comparison with Bonferroni
correction was performed on data. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001 Red asterisks
denote significant differences versus polished surface. (b) Representative migration trajectories of cells
on spikes by manual tracking of nuclei.

3.2.3. Nuclei Location

The nuclei location inside micro-pits was quantified. Figure 5 shows that the nuclei were
preferentially located inside the micro-pits on LP_LIPSS surfaces, whereas this tendency was not
observed on LP_spikes.
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Figure 5. Quantification of nuclei proportion inside pits on laser-patterned surfaces 24 h after cell
seeding. Values were normalized according to the proportion of pits area. Four different areas of each
surface were analyzed and the displayed data correspond to duplicates of each condition (300 nuclei
analyzed for LP_LIPSS and 494 for LP_spikes). Red lines denote mean values. The Mann–Whitney
statistic test was performed. * p-value < 0.05, ** p-value < 0.01. Red asterisks denote significant
differences with the random theoretical value (μ0 = 50%).

3.2.4. Cell Adhesion

In order to determine hMSC interactions with multiscale patterns, cell adhesion was investigated
at the sub-cellular scale. For this, hMSCs were seeded on sterilized laser-patterned samples (LP_LIPSS
and LP_spikes) and were analyzed by immunofluorescence assays for vinculin detection, a protein
involved in cell adhesion. hMSCs were found to place significantly their focal adhesion points on
polished areas rather than on laser-nanostructured ones (Figure 6a). These observations were confirmed
by measurements after image processing (Figure 6b). The number and area of adhesion plaques
were quantified, and data were normalized according to surface proportions. Both number and area
measurements led to the finding that focal adhesions were mostly and preferentially located on the
polished areas. Moreover, a significant difference was measured between laser-patterned LP_LIPSS and
LP_spikes for both factors. Vinculin staining was also performed on polished samples, and samples
fully covered by simple laser-induced nanostructures. It revealed that the focal adhesion clusters were
well established on polished surface but no focal adhesion was observed on LIPSS or spikes (data not
shown). This observation was consistent with the results concerning the preferential distribution of
focal contacts on smooth areas of complex patterns.

Collectively, the migration versus adhesion data suggest that the complex patterns reduce the
migration but increase the adhesion compared to simple nanostructures. This latter fact could be an
important determinant for osteoblast differentiation.
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Figure 6. Quantification of focal adhesion repartition between polished areas and laser-nanostructured
ones on laser-patterned surfaces. (a) Two representative cells 48 h after seeding on laser-patterned
surfaces. Focal adhesions (white arrows) mostly located on polished areas. Nucleus in blue dotted line
located inside the micro-pit. Cytoskeleton with a star like shape in red. Laser patterned surface with
polished areas in white and nanostructured areas in black. (b) Ratio of adhesion plaques on polished
regions compared to adhesion plaques on laser-nanostructured ones was obtained either by counting
the number of adhesion plaques per cell (left panel) or by measuring the areas of the adhesion plaques
per cell (right panel). A total of 760 focal adhesions were analyzed on LP_LIPSS and 665 on LP_spikes.
Values were normalized according to the proportion of polished and laser-nanostructured regions on
each sample. The Mann–Whitney U statistic tests were performed. Red lines denote mean values.
** p-value < 0.01, *** p-value < 0.001. Red asterisks denote significant differences versus the random
theoretical value (μ0 = 50%).

3.3. Protein Adsorption

To observe preferential adsorption of protein an assay with fluorescent albumin was performed
(Figure 7). During this experiment, laser-patterned samples LP_LIPSS and LP_spikes were investigated.
The mean fluorescence intensity was measured on polished and on laser-nanostructured areas to
quantify albumin adsorption on these surfaces. The mean fluorescence was found to be higher (p-value
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< 0.1) on polished areas than on their laser-nanostructured counterparts. It can be noted that the
difference in mean fluorescence intensity was stronger for LP_LIPSS than on LP_spikes.

Figure 7. Comparison of albumin adsorption on polished areas and nanostructured areas. Fluorescent
albumin was detected on laser-patterned surfaces with LIPSS (LP_LIPSS) or spikes (LP_spikes).
(a) Representative image of fluorescence intensity. Polished areas are outlined in red, textured ones
are the remainder (top panel). Respective profiles of the fluorescence intensity, red regions represent
polished areas along the profile (bottom panel). (b) The difference in mean fluorescence intensity
between polished and textured regions is displayed according to an 8-bit grayscale. Four measurements
on areas of 320 μm by 320 μm per sample were analyzed. The Mann–Whitney one-tailed statistic test
was performed. Red lines denote mean values. # p-value < 0.1. Red hash signs denote differences with
the random theoretical value (μ0 = 0).
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4. Discussion

4.1. Uniform Surface Topography (Polished Surface, Laser-Induced Periodic Surface Structures (LIPSS),
and Spikes)

It is well known that the wettability of laser-nanostructured surfaces changes with time [23,24]
and can be modified by storage in different media just after laser processing [35]. In fact, most
laser-induced nanostructures show a total wetting (CA < 5◦) shortly after the laser treatments. These
structures then become more and more hydrophobic with the lapse of time. The first hydrophilic
state could be explained by the laser removal of non-polar and organic surface contaminants [36].
Furthermore, according to the Wenzel model, the roughness of a hydrophilic surface enhances even
more the hydrophilicity, hence the complete wetting observed on the sample with spikes. Moreover,
it was shown that the laser irradiation increased the thickness of the natural oxide layer at the very
surface of the laser-processed titanium samples [36,37] and this was especially demonstrated on
LIPSS topographies. Such an oxide layer leads to high surface polarity, in turn related to hydrophilic
properties due to the polarity of the water molecule [36]. More recently, surface aging towards
hydrophobicity has also been shown to be connected with the progressive adsorption of non-polar
and organic compounds [38]. It was proven that this trend could be accelerated through a low heat
treatment (<200 ◦C) [37,39] comparable to the sterilization process used in this study.

Here, we show that total wetting could be reached in a relatively time-stable (38 days) manner by
using laser-texturing (spikes). In particular, we emphasize that the sterilization process is a critical step
for a more stable and reliable prediction of the surface properties for laser-nanostructured samples.
Indeed, heat treatment appears to significantly promote hydrophobicity. The fact that these changes
were not observed on polished surfaces contrary to their laser-nanostructured counterparts can be
explained by the better-established chemical stability of the passivation layer of the polished surface.
It remains challenging to analyze the independent effects of the surface topography and chemistry
on wettability. Both are without doubt involved, but the cross effects are predominant. Because
laser-induced nanostructures are generated by adjusting the laser fluence, a set of electronic, thermal
and structural variations considerably affects the surface chemistry.

Some studies have already demonstrated the great influence of regular micro- and/or
nano-structures on wettability [40,41] and that laser induced nanostructures such as LIPSS leads
to anisotropy in wetting [19,42]. Hence, the large variation in contact angles on LIPSS (see the box plot
in Figure 2) denoted a droplet anisotropy with an elongation perpendicular to the LIPSS waviness,
which caused a wider contact angle range. The phenomenon became less evident after sterilization
because of the shorter droplet baseline due to non-wetting. It is important to notice that a cell culture
medium with an unknown surface tension was used as the testing medium for the contact angle
measurements. This is why the results cannot be compared in absolute values with data from the
literature; only relative trends can be proposed. This choice was made to mimic as well as possible real
cellular experimental conditions.

Cells respond to their environment by adapting their behavior through changes in their morphology
but also by adjusting their spreading, adhesion and motility. Such behavior modifications can influence
cellular proliferation, direct cell fate, and trigger cellular differentiation, in particular when it comes
to stem cells. Cellular morphology relies on the structure of the cytoskeleton, and changes in cell
shape and contractility are, therefore, often a consequence of its (re)-organization. Moreover, cells
display a mechano-sensing ability triggering the rearrangement of the cytoskeleton upon external
mechanical stimuli. Thus, any morphological or mechanical deformation induced by the substrate
topography are experienced by the intrinsic nuclear mechano-transduction pathways and induce
modifications of the tension and the structure of the cytoskeleton as well as changes in the nucleus as a
response. Since the nucleus, the nuclear membrane and the chromatin are directly connected to the
cytoskeleton, any mechanical stimuli cause changes in the chromatin state thus leading to changes in
gene expression [7,43].
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Here, cell spreading was strongly reduced 24 h post-seeding on totally laser-nanostructured
surfaces (Figure 3). This decrease can be explained based on a hypothesis that our textured samples
might work as anti-adherent surfaces. As a result, cells would become less prone to spread. hMSCs
cultured on specific patterns inducing cell shape with higher aspect ratios enhance the cytoskeletal
tension and exhibit a clear tendency to differentiate towards osteoblastic lineage [25–27]. Interestingly,
McBeath et al. [28] observed that hMSCs grown on pro-adherent patterns would differentiate into
osteoblastic cells or adipocytes if sufficiently spread or unspread, respectively. It seems that adjusting
cellular spreading would control stem cell lineage commitment [28]. Dumas et al. [10] showed
that modifications of cell morphology induced by laser-nanostructured surfaces could direct MSCs
differentiation into osteoblasts.

4.2. Multiscale Surface Topography (Laser-Patterned Samples with Polished Surface Areas (LP_LIPSS), and
Laser-Patterned Samples with Spikes (LP_spikes))

Time-lapse fluorescence microscopy was used for cell motility measurements, 1 h post-seeding
and for 63 h. An increase of the cellular velocity was observed for hMSCs seeded on totally
laser-nanostructured samples, but not on laser-patterned ones (relative to polished). Bertolo et al. [44]
demonstrated that cell velocity is correlated with cell spreading and that faster cells have small
spreading areas. This is adequate for our results. Moreover, the augmentation in cell velocity,
acceleration and tortuosity on the totally laser-nanostructured samples denote a tendency for cells to
explore their environment. We assume that the exploration of the environment by the cells results
from the search for more suitable adherent sites. Interestingly, the velocity and the acceleration of
hMSCs seeded on laser-patterned surfaces (LP_LIPSS and LP_spikes) were significantly reduced
compared with totally laser-nanostructured samples, and even reached the average velocity measured
for hMSCs on polished surfaces (Figure 4b left panel). This could be explained both by the fact that
the polished surface may offer more possible adherent sites and that pits can constitute a location
for cell implantation. Indeed, it was widely observed that cells slowed down during pit-crossing or
even settled down, placing their nucleus inside the pit (Supplementary Materials, Video S2). Further
measurements showed that on LP_LIPSS, up to 70% of the cells’ nuclei were located inside pits. This
last result proved that the control of the cell “engraftment” could be performed using topography
modifications at the microscale. The fact that this behavior might simply be the consequence of
gravity was discarded since it was observed during real-time observation with upside-down samples.
As shown by Pieuchot et al. [45], cells respond to cell-scale curvature variations during their migration
and position themselves in concave valleys such as the pits on LP_LIPSS. It is worth noting that the
nuclei were not significantly located inside pits on LP_spikes. This could be explained by the pattern
topography itself (Figure 1b) which is better defined in terms of height on LP_LIPSS compared to
LP_spikes. Indeed, on LP_LIPSS, only pits represent a concave zone, while on LP_spikes the higher
laser fluence used to generate spikes led to slightly deeper areas (−1.5 μm), which could also be
considered as concave.

To validate our previous idea connecting cell motility and the research for suitable adherent
sites, focal adhesion studies were performed on laser-patterned samples. We showed that hMSCs
adhered preferentially to polished areas compared to the nano-textured ones, and this result was
enhanced on LP_LIPSS (Figure 6). Since the cells also adhered to totally textured samples, it is hard
to conclude whether laser-nanostructured areas had intrinsic anti-adhesive properties. Nevertheless,
when grown on laser-patterned surfaces (i.e., a mix of polished and laser-nanostructured areas), a
significant amount of the cells placed their focal adhesion points on polished areas rather than on
textured ones. Studies indicated that cell adhesion is improved on moderate hydrophilic biomaterial
surfaces. Dowling et al. [46] indicated that a surface with a wettability comparable to our smooth
titanium (60–80◦ contact angle) showed better cell adhesion compared to more hydrophilic (12◦) or
more hydrophobic ones (155◦). However, cell adhesion is highly governed by surface properties
including roughness, and chemical composition, such complex interrelationships are the possible
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reasons for the contradictory reported behaviors. For example, superhydrophobic surfaces were
reported to be extremely cell repellent [47,48] whereas it was shown, in another work, that cells
adhere and proliferate on superhydrophobic surfaces [49]. In our study, we have noted that there
were fewer focal contacts on the smooth areas of the LP_spikes compared to the LP_LIPSS (Figure 6),
this could be due to the fact that the polished areas are not at the same height level than the areas
with nanostructures in LP_spikes. This irregular depth in LP_spikes could decrease the development
of focal adhesions on smooth areas. In order to achieve a better understanding of the connection
between laser-induced topographies and anti-adherent properties, we studied the protein adsorption
rate of such laser-patterned surfaces. The surface wettability was shown to be an important factor in
protein adhesion to biomaterial surfaces. Generally hydrophobic surfaces are considered to be more
protein-adsorbent than are hydrophilic surfaces [50]. However, different studies regarding the effects
of surface wettability on protein adhesion have not always been consistent, the adhesion of proteins to
a surface is a time-dependent process that can involve relatively large energy scales [51]. In the present
study, it was found that albumin adsorption was significantly higher on polished areas as compared to
laser-nanostructured ones. Studies have shown that cells do not adhere directly to the surface but to
proteins, in turn adsorbed on the first surface layer [52]. The protein layers formed within the first few
minutes of contact with the culture medium consist almost exclusively of albumin [53]. This initial
protein adsorption behavior that affect cell-adhesive protein such as fibronectin could subsequently
regulate the cell adhesion via focal contacts [54,55]. Therefore, variations in albumin adsorption rate
should be representative of favorable focal adhesion locations. These results strongly suggest that
within laser-patterned surfaces, the laser-nanostructured areas behaved like anti-adhesive sites for
proteins and cells. Therefore, laser patterning could be used to create local “anti-adherent sites” in order
to constrain and stimulate the stem cells to form the desired shape. Indeed, in this study, star-shaped
cells were observed on laser-patterned surfaces. Polished and pro-adherent branches were guiding
lines for cell extensions and the remoteness of adhesion point locations promoted a high contractility of
the cell cytoskeleton. Furthermore, it is known that cytoskeleton contractility and star-shaped hMSCs
enhance stem cell differentiation into the osteoblastic lineage. Indeed, Kilian et al. [25] demonstrated
that changing the shape of the patterns altered the osteogenesis, so stem cells grown on flower-shaped
(low contractility) or star-shaped (high contractility) patterns would differentiate into adipocytes or
osteoblasts, respectively.

Altogether, our results strongly suggest that surfaces with a predictive cell behavior can be
developed from the understanding of cell-surface interactions. Such surfaces will constitute a major
improvement for the control of the interface between the implant and the surrounding tissues. Complex
multiscale surface geometries (LP_LIPSS and LP_spikes) combining micro-pits and nanostructures
lead to an efficient cell positioning on specific textured areas and the control of focal contact adhesion
repartition. Creating anti-adherent sites delimits appropriately the adhesive sites elsewhere, and the
combination of the two leads to cell confinement for control of shape and mechanics. We expect that
mechanically strained cells on a patterned surface should differentiate preferentially into osteoblastic
cells. A correlation between late differentiation and early parameters, such as shape or migration, is
not within the scope of the present report. A separate study will be carried out on this subject matter.

The laser texturing as a single-step process for creating micron- and nanoscale directly on metals
could constitute a potential tool to improve the performance of biomedical titanium and its attributes
would be useful for a range of applications in regenerative medicine including orthopedics and
dentistry. Otherwise, the anti-adherent function can be applied to achieve other functionalities for
other biomedical implants, for instance, the contact surfaces of nails and splints for bone fracture
fixation where a minimum cell adherence is highly desired.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/5/864/s1:
Video S1: Nanostructured surface wettability before and after sterilization process (droplet 360◦ rotation not
shown). Video S2: A representative time lapse video of cell migration for 25 h on LP_LIPSS (5 frame/s).
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Abstract: Hierarchical micro/-nanostructures were produced on polycarbonate polymer surfaces
by employing a two-step UV-laser processing strategy based on the combination of Direct Laser
Interference Patterning (DLIP) of gratings and pillars on the microscale (3 ns, 266 nm, 2 kHz) and
subsequently superimposing Laser-induced Periodic Surface Structures (LIPSS; 7–10 ps, 350 nm,
100 kHz) which adds nanoscale surface features. Particular emphasis was laid on the influence of
the direction of the laser beam polarization on the morphology of resulting hierarchical surfaces.
Scanning electron and atomic force microscopy methods were used for the characterization of the
hybrid surface structures. Finite-difference time-domain (FDTD) calculations of the laser intensity
distribution on the DLIP structures allowed to address the specific polarization dependence of the
LIPSS formation observed in the second processing step. Complementary chemical analyzes by
micro-Raman spectroscopy and attenuated total reflection Fourier-transform infrared spectroscopy
provided in-depth information on the chemical and structural material modifications and material
degradation imposed by the laser processing. It was found that when the linear laser polarization
was set perpendicular to the DLIP ridges, LIPSS could be formed on top of various DLIP structures.
FDTD calculations showed enhanced optical intensity at the topographic maxima, which can explain
the dependency of the morphology of LIPSS on the polarization with respect to the orientation of the
DLIP structures. It was also found that the degradation of the polymer was enhanced for increasing
accumulated fluence levels.

Keywords: Direct Laser Interference Patterning; Laser-induced Periodic Surface Structures;
polycarbonate; hierarchical structures; surface functionalization

1. Introduction

In the course of evolution, flora and fauna adapted distinct surface structures, which induced
specific functionalities and therefore ensured survival and procreation. A well-known example of
a functional surface found in nature is the lotus leaf, which is water repellent and self-cleaning [1].
Other examples are the wings of butterflies and cicada, which are bactericidal [2–4], or the skin of
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sharks, which present self-cleaning, anti-biofouling, hydrodynamic and drag reduction properties [5].
Other examples, like the tenebrionid beetle Stenocara collects drinking water on its integument from
morning fog and transports the collected water on its skin towards its mouthparts [6]. In this way,
the insect can survive to the Namibian desert climate. Similar functionalities can be also found on
moisture harvesting lizards [7]. All of these different specific surface properties are the result of
so-called functionalized surfaces, which often consist of regular (hierarchical) micro- and nanometer
sized surface structures. Functionalized surfaces have received increased scientific attention in recent
years, aiming to reproduce them (biomimetics) due to their potential for new applications, such as
anti-bacterial hip implants [8,9], increased [10] or decreased [11] cell-tissue growth onto implantable
materials, liquid motion flow in microfluidics [12], fluid transport in tribological systems [13], friction
control [14,15], wettability control [9,16,17] or colorization of surfaces [18–21].

Two well established laser-based methods have been shown in the past to be capable of creating
micro- and nanostructured surfaces directly on the materials surface and thus functionalizing them,
namely Direct Laser Interference Patterning (DLIP) and Laser-induced Periodic Surface Structures (LIPSS).
DLIP is a method that produces micrometer and sub-micrometer sized, regular (hierarchical) structures
on various materials, such as metals [17], polymers [16,22] or ceramics [23]. The periodic structures
are created due to the interference pattern, which is produced when two or more laser beams
are overlapped, leading to material removal (ablation) at the interference maxima of the spatially
modulated intensity distribution. In the case of two-beam interference, the spatial period of the
interference pattern can be controlled by the laser wavelength (λ) and the angle of incidence of the
interfering laser beams (θ) [17]. Employing modern laser and beam scanning technology, the DLIP
technique can fulfill industrial demands by addressing individual patterns of several square micrometer
areas only, at processing rates of 0.9 m2/min and 0.3 m2/min for polymers and metals, respectively [24].

The second approach is based on LIPSS. LIPSS are regular (hierarchical) micro- to nanometer
sized surface ripples, which appear due to the interference of (1) the impinging laser radiation with
its scattered light at the surface or (2) laser triggered surface plasmon polaritons [25–27] and can
be processed on solids due to polarized, (ultra-) short pulsed laser irradiation at laser peak fluence
levels close to the ablation threshold [25,28]. The direction of the LIPSS depends on the material
and the (linear) laser beam polarization. Their periodicity depends on several process parameters,
such as the laser wavelength (λ), the angle of incidence (α), the number of pulses processing effectively
impinging one spot (Neff) and the laser peak fluence (F0) [9,25,28]. Several types of LIPSS can be
distinguished, depending on the laser processing parameters and the material, e.g., common Low
Spatial Frequency LIPSS (LSFL) with a period of about the laser wavelength (ΛLIPSS ∼ λ), High
Spatial Frequency LIPSS (HSFL) with a period well below the laser wavelength (ΛLIPSS < λ/2),
or even hexagonally arranged triangular nanopillars with an overall period close to the laser wavelength
(ΛLIPSS ∼ λ) [25,28]. LIPSS can be processed on metals [8–10,18–20,29], semiconductors [12,21,25,28],
dielectrics [30], ceramics [31–33] and polymers [34–37]. Large area processing of LIPSS is easily
achieved in a one-step approach by scanning the focused laser beam in a meandering way across the
sample surface. Since the central high fluence part of the Gaussian laser beam profile can generate
different types of LIPSS than its low fluence wing, hierarchical micro-/nano-structures are easily
feasible [9,38]. Moreover, as the periodicity of HSFL is not constrained by the optical diffraction limit,
these extremely fine nanostructures may be even superimposed to sub-micrometric LSFL [39].

While individual scientific communities have already independently explored and optimized
the processing of LIPSS and DLIP-based structures in detail [25,40,41], the combination of both
techniques is still widely unexplored [42]. Although hierarchical structures can be achieved by using
LIPSS [9,38] or DLIP [16] methods separately, the hybrid two-step laser process can provide an
enhanced flexibility control of the surface features as well as explore new geometries in view of tailored
surface functionalities.

Commercially available polycarbonate is used as sample material due to its wide range of
applications, such as for products in the electronic and the automotive sector, in building and
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construction and for optical information storage systems, because of its unique combination of
properties such as excellent toughness, high electrical insulation, transparency and large heat distortion
resistance [43]. However, UV radiation leads to depolymerization of the molecular structure of
polycarbonate [44–47] and this material modification could impair the use for applications. Hence,
the quantitative changes of the molecular structure due to the two laser based surface functionalization
techniques need to be assessed.

In this work, the evolution of nanometer sized LSFL on top of different types of micrometer sized
DLIP structures on polycarbonate with respect to the laser peak fluence is studied, depending on the
morphology and dimensions of the DLIP structures, as well as the direction of the laser polarization
relative to the orientation of the DLIP structure, to obtain hierarchical structures. Additionally,
the structural molecular changes of the polycarbonate due to the laser irradiation are studied.

2. Materials and Methods

Commercially available Bisphenol-A polycarbonate (PC) plates (Makrolon™ of Covestro AG,
Leverkusen, Germany) with a thickness of 5 mm and a surface roughness of Ra ≈ 2 nm were used
as samples. DLIP and LIPSS methods were used on the samples using three different laser setups;
one at the University of Twente (TruMicro 5050 of Trumpf GmbH, Ditzingen, Germany) and two at the
Faunhofer Institute for Material and Beam Technology IWS (DLIP-μFab, Fraunhofer IWS, Dresden,
Germany; Fuego of Time-Bandwidth Products AG, Zurich, Switzerland), as listed in Table 1.

Table 1. Laser sources and process parameters to produce hierarchical structures.

Structure Type DLIP LIPSS

Laser source
Laser-export

TECH-263 Advanced
Trumpf

TruMicro 5050
Time-Bandwidth

Fuego
DLIP Period [μm] 1.5 10 - -
Wavelength [nm] 266 266 343 355
Pulse Duration [s] 3 × 10−9 3 × 10−9 7 × 10−12 1 × 10−11

Pulse Frequency [kHz] 2 2 100 100
Beam Quality Factor M2 [-] <1.3 <1.3 <1.3 <1.3
Laser Spot Diameter [μm] 25 25 174 120
Scan Velocity [mm/s] 2.5 2.5 1000 600
Number of Overscans [-] 1 1 1000 1000
Line Pitch [μm] 7.33 10.16 10 3
Geometrical Pulse-to-Pulse Overlap [%] 85 90 94 95

Peak Fluence Levels [J/cm2 ]
0.25 (ridges) +

0.2 (Pillars)
1.45 (ridges) +
1.13 (Pillars) 2. . . 4×10−3 2. . . 4×10−3

2.1. Direct Laser Interference Patterning Configurations

The structuring of the PC samples was conducted by a compact two-beam DLIP system
(DLIP-μFab, Fraunhofer IWS, Dresden, Germany), which produces confined DLIP treated areas
containing the periodic structures created per laser pulse (also called pixels), with a diameter of
dP ≈ 25 μm. The pixel diameter was calculated using the D-squared method described elsewhere [48].
The system uses a frequency quadrupled Q-switched laser head (TECH-263 Advanced of Laser-export
Co. Ltd., Moscow, Russia) with a maximum pulse energy of 50 μJ and operating at a wavelength of
λ= 263 nm and a pulse duration shorter than 3 ns. The laser beam has a nearly Gaussian intensity
distribution (TEM00) with a beam quality of M2 < 1.3. The setup of the used DLIP optics allows the
primary beam from the laser source to split into two single beams by means of a diffractive optical
element. The sub-beams are parallelized by a prism and finally overlapped at the sample surface using
a focusing aspheric lens.

As can be observed in Figure 1a, an interference pattern is obtained within the volume where
the two single laser beams overlap. Changing the position of the prism modifies the interfering angle
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θ, and leads to a change of the spatial period Λ of the periodic structures. In the employed setup,
spatial periods Λ in the range between 1.0 μm and 11.0 μm can be produced. In order to structure
larger areas than the DLIP pixel, the sample is moved using a high precision computer-controlled stage
system (PRO155-05, Aerotech GmbH, Fürth, Germany), resulting in square-shaped processed areas
with an edge length of 30 mm full covered with a ridge-like pattern. In particular, the samples
were moved in the direction parallel to the interference lines with a spatial pulse separation p
and successively displaced laterally of a quantity h (hatch distance), chosen as an integer of the
spatial period (see Figure 1b). Moreover, for producing micro-“pillars”, the areas treated with DLIP
and containing a ridge-like pattern have been rotated by 90 degrees and re-irradiated, selectively
ablating the previous pattern in the interference maxima. Note, that we use the term “pillar” here
in the following for simplicity, since micro-“cones” are usually referred to as self-assembling surface
structures [49–51].

Figure 1. (a) Depiction of the interference phenomenon between two laser beams overlapping with
an angle θ and (b) Scheme of the texturing approach for the displacement of several DLIP pixels
on the sample’s surface with p: pulse separation; h: hatch distance; dp: pixel size; Λ: DLIP period.
The scanning direction is vertical.

2.2. Fabrication of Laser-Induced Periodic Surface Structures

For the manufacturing of LIPSS two laser sources were used, see Table 1. Third harmonics
were generated of a pulsed Yb:YAG disk laser source (TruMicro 5050 of Trumpf GmbH, Ditzingen,
Germany) emitting a linearly polarized laser beam with a wavelength of 1030 nm, diameter of ≈5 mm,
a maximum pulse repetition rate of 400 kHz, pulse energies up to 125 μJ and a fixed pulse duration
of 6.7 ps. In other experiments, a frequency-tripled Nd:VAN laser source (Fuego of Time-Bandwidth
Products AG, Zurich, Switzerland) emitting a linearly polarized laser beam with a wavelength of 1064
nm, a maximum pulse repetition rate of 8 MHz, pulse energies up to 200 μJ and a fixed pulse duration of
10 ps were used. To obtain homogeneous areas of LIPSS, the laser beam was scanned over the substrate
using galvanometer scanners (intelliSCAN14 of ScanLab GmbH, Puchheim, Germany). The laser
beam was focused on the surface of the samples, using a telecentric Fθ lens (Ronar of Linos GmbH,
Göttingen, Germany) with a focal length of 103 mm. For obtaining large geometrical pulse-to-pulse
overlap values in both x− and y−directions at a scan speed of 1 m/s, the laser spot diameter on the
sample was increased either by decreasing the laser beam diameter to ≈1 mm before focusing using a
beam reducing telescope (TRE13 of Optogama, Vilnius, Lithuania), or by defocused laser processing. It
was shown in an earlier publication, that the LIPSS morphologies and dimensions do not significantly
differ when processing a defocused laser beam compared to processing with the focal spot [52].
The geometrical pulse-to-pulse overlap is given by OL = (1 − v/(d × fF))× 100, with v being the laser
scan speed, d the beam spot diameter and fF the laser pulse repetition rate. The processing parameters
for the manufacturing of LIPSS are also summarized in Table 1. The meandering area scanning
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procedure could be repeated several times, denoted as the number of overscans (NOS). Schematic
representations of the laser setups and the scanning trajectory of the laser spot are shown in Figure 2.

The laser power at the sample surface was measured using a photodiode power sensor (S130VC
of ThorLabs GmbH, Dachau, Germany) with a measurement uncertainty of ±5%, connected to a
readout unit (PM100A of ThorLabs GmbH, Dachau, Germany). Along with the pulse repetition
rate, this allowed to determine the energy E per individual laser pulse. The Gaussian (TEM00) focal
spot diameter d = 174 ± 1.6 μm (e−2) was measured in the sample processing plane using a laser
beam characterization device (MicroSpotMonitor of Primes GmbH, Pfungstadt, Germany). From both
information, the peak laser fluence F0 in front of the sample surface was calculated according to
F0 = 2E

πd/22 [48].

Laser Source

Power
Attenuator

BD

BSC
THG

Galvo-
scanner

Z-Stage

PC-
Sample

BR
(optional)

(a)

E

(b)
Figure 2. (a) Schematic representation of the laser setup; λ/2: half-wave plate; BSC: polarizing beam
splitter cube; BD: beam dump; THG: third harmonic generator, BR: beam reducer. (b) Scanning
trajectory of the laser spot; the double-headed arrow indicates the direction of the laser polarization

−→
E ;

fF: laser pulse frequency; v: scan velocity; d: laser spot diameter; OL: geometrical pulse-to-pulse
overlap; NOS: number of overscans; Δx: geometrical pitch between subsequent laser pulses in
x-direction, Δy: Line pitch in y-direction.

2.3. Morphological Characterization

The morphology and dimensions of the processed surface structures were analyzed by a Scanning
Electron Microscope (SEM JSM-7200F of JEOL, Tokio, Japan) and an Atomic Force Microscope (AFM
NX10, Park Systems Corp., Suwon, Korea) in true non-contact mode using a non-contact cantilever
(PPP-NCHR, 125 × 30 × 4 μm3, nominal tip radius < 10 nm, Park Systems Corp., Suwon, Korea).
Prior to SEM characterization, the samples were sputter coated with gold (JFC-1300 coater from JEOL,
Tokio, Japan), resulting in a ≈10 nm thick, electrically conductive layer.

From SEM micrographs, the spatial frequencies of LIPSS were analyzed with the help of the 2D
fast Fourier transform (FFT) algorithm using a MATLAB script [53]. Details of this script are reported
in our earlier work [28]. From cross-sections of AFM micrographs, the amplitude of LIPSS were
determined using another MATLAB script, also reported in [52].

2.4. FDTD Simulations

A commercially available photonic Finite-difference time-domain (FDTD) simulation software
(Lumerical FDTD of Lumerical Inc., Vancouver, Canada) was used to analyze numerically the
time-averaged optical intensity distribution of one laser pulse duration induced by a 6.7 ps laser
pulse with a wavelength of 343 nm and with the laser beam polarization perpendicular and parallel to
1.5 μm ridge-like DLIP structures on polycarbonate (DLIP-type 1, see Figure 3a). The surface of the
DLIP structure was modeled using the period, depth and full width at half maximum (FWHM) of the
DLIP-type 1 structure obtained by AFM measurements. The period was found to be 1.5 μm, the depth
of was found to be 400 nm and the FWHM of the ridges was found to be about 1 μm. The mesh
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settings of the two-dimensional computations were set to an automated mesh accuracy of 7 with a
minimal step size of 0.25 nm, the time step size was set to 1.62×10−17 s, and the periodic boundaries
were periodical on x-axis were set to Periodic and on the y-axis to PML. The optical properties were
taken from Ref. [54].

2.5. Chemical Characterization

In order to analyze the surface chemistry of the polycarbonate substrate before and after laser
irradiation of the sample, two different spectroscopy techniques were employed to record the IR spectra,
i.e., micro-Raman spectroscopy (μ-RS) and microscopy based Fourier-transform infrared spectroscopy (FTIR).

μ-RS was performed on the laser-irradiated sample and on a reference position (Alpha 300R,
WiTEC, Ulm, Germany). A ruled 600 grooves/mm grating was chosen in the optical spectrometer
(UHTS 300, WiTEC, Ulm, Germany), which was equipped with a Peltier-cooled CCD camera (iDus
DV401A, Andor Technology Ltd, Belfast, Ireland) operated at a temperature of 210 K. The resulting
wavenumber resolution is < 2 cm−1. The ps-laser irradiated surface regions were excited at a power
level of 0.6 mW using the 532 nm emission line of a continuous wave laser (Excelsior, Spectra Physics,
Santa Clara, USA). The Raman-laser radiation was focused on the sample surface by a microscope
objective (EC Epiplan 20× NA 0.4, Carl Zeiss AG, Oberkochen, Germany) probing a circular spot of
about 4 μm in diameter. All spectra are presented without background correction.

FTIR spectra were recorded in attenuated total reflection (ATR) mode (Vertex 70 with a Hyperion
3000 microscope, Bruker Optik, Ettlingen, Germany). The ATR microscope objective is equipped with
a Ge-crystal tip ensured surface sensitivity through evanescent field coupling. ATR FT-IR spectra
were taken at numerous arbitrary positions on laser processed and unprocessed sample areas with a
measurement area of 80 × 80 μm2. The FTIR spectra were background corrected (see details below)
and absorption peaks resulting from ambient air containing CO2 water vapor were removed.

3. Results and Discussion

3.1. Direct Laser Interference Patterning on Polycarbonate

Four different types of DLIP structures were processed in a first set of experiments. DLIP-type
1 and 2 are ridge- and pillar-like structures, respectively, with a period of 1.5 μm and a height of
approximately 400 nm (Figure 3a,b). Otherwise, DLIP-type 3 and 4 types are ridge- and pillar-like
structures, respectively, with a period of 10 μm and an approximated height of about 15 μm
(Figure 3c,d). The laser processing parameters are listed in Table 1.

3.2. Laser-Induced Periodic Surface Structures on Polycarbonate

In a second processing approach, an area of 5 × 5 mm2 was processed with the Trumpf TruMicro
5050 laser system on a pristine polycarbonate sample by scanning the laser spot perpendicular to the
laser polarization and using an overlap of OL = 93% at a pulse frequency of f = 100 kHz, number
of overscans NOS = 1000 and a peak fluence level of F0 = 4.42 mJ/cm2. These parameters permitted
low-spatial frequency LIPSS parallel to the laser polarization (type II [25]) with a very homogeneous
morphology , see Figure 4. The period of the LSFL-II was found to be ΛLIPSS = 265 ± 75 nm and their
amplitude (modulation depth) A was 11 ± 8 nm. On the basis of these laser processing parameters,
hierarchical micro-/nanostructures were produced by processing LSFL-II on top of the four different
types of DLIP structures (see next section).
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10 μm 10 μm

10 μm 10 μm

a) DLIP-type 1 b) DLIP-type 2

c) DLIP-type 3 d) DLIP-type 4

Figure 3. (a) ridge-like DLIP structure with a period of 1.5 μm and an depth of 400 nm (DLIP-type 1);
(b) pillar-like DLIP structure with a period of 1.5 μm and an depth of 400 nm (DLIP-type 2);
(c) ridge-like DLIP structure with a period of 10 μm and an depth of 15 μm (DLIP-type 3); (d) pillar-like
DLIP structure with a period of 10 μm and an depth of 15 μm (DLIP-type 4) obtained with laser
parameters listed in Table 1.

Figure 4. AFM topography of LSFL processed on untreated polycarbonate with the above
mentioned parameters.
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3.3. Hierarchical Structures on Polycarbonate

In a further processing phase, the DLIP-treated PC samples were irradiated with ultrashort
UV radiation with the aim to create a two-level hierarchical microtexture. Figures 5–10 show SEM
micrographs of different DLIP structures processed in a second laser processing step in order to
produce LIPSS with orthogonal scanning (laser polarization) directions regarding the direction of the
DLIP ridges and at various laser fluence levels, indicated as �E and �v in sub-figures (b), respectively.

2.74 mJ/cm
2

3.07 mJ/cm
2

3.24 mJ/cm
2

3.41 mJ/cm
2

3.58 mJ/cm
2

3.75 mJ/cm
2

(a) (b) (c) (d) (e) (f) (g)

E
v

DLIP-type 1

Figure 5. SEM micrographs of (a) ridge-like DLIP structure with a period of 1.5 μm (DLIP-type 1).
(b–g) Evolution of surface morphology on top of the DLIP structure upon additional scan-processing
with increasing peak fluence levels and a laser beam polarization perpendicular to the DLIP ridges
processed with the Trumpf TruMicro 5050 laser system.

It can be observed in Figure 5, that LSFL-II parallel to the laser polarization and perpendicular
to the 1.5 μm DLIP ridges start to develop on the latter at a fluence level of 2.74 mJ/cm2 and higher.
Also, nano-droplets start to appear in the valleys between the DLIP ridges (see Figure 5b). At a slightly
higher laser fluence level of 3.07 mJ/cm2, LSFL-II also start to develop in the valleys between the
DLIP ridges in form of periodic chains of nano-droplets (see Figure 5c). At a fluence of 3.24 mJ/cm2,
all DLIP ridges are homogeneously covered with LSFL-II. Additionally, it can be observed that the
nano-droplets between the DLIP ridges in Figure 5d–f are larger in diameter then at lower fluence levels
in Figure 5b,c. The seeding of the periodic nano-droplet chains in Figure 5c can be linked to optical
scattering effects, leading to periodic laser-induced defects of the PC with increased absorptivity [26].
The growth of the nano-droplets can be related to thermocapillary forces, pushing molten material
from the ridges down in the DLIP valleys towards the nano-droplets [55,56]. At even higher laser
fluence levels, nano-droplet appearance increases and the DLIP ridges become thinner due to more
molten material that is transferred into nano-droplets until the ridges merge into each other and severe
ablation takes place, see Figure 5e–g.

Figure 6 shows SEM micrographs of the evolution of surface morphology on top of the DLIP-type
1 structure with increasing peak fluence levels and a laser polarization parallel to the DLIP ridges.
Here, the polarization of the laser beam is rotated by 90◦ compared to Figure 5, i.e., parallel to the DLIP
ridges. It can be observed, that also in this case nano-droplets appear at the valleys of the DLIP ridges
at a fluence level of 2.74 mJ/cm2, see Figure 6b. At a somewhat higher fluence level of 2.90 mJ/cm2,
the DLIP ridges start to separate into chains of larger micro-droplets. Similar results were found
when processing LSFL on top of LSFL on polyethersulfone, when the sample was rotated by 90◦ [57]
and when processing LIPSS on a chromium thin film [58]. This phenomenon can be related to the
Plateau-Rayleigh instability [58]. In brief, the surface energy in a stationary fluid in cylindrical form is
larger than the effect of gravity and, hence, changes the shape of the cylinder into droplets in order
to reduce the total surface energy. As for the case with the laser polarization perpendicular to the
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DLIP pattern (see Figure 5), the amount of nano-droplet increases with increasing laser fluence levels,
see Figure 6d–g. LSFL-II appear inhomogeneously and randomly on top of DLIP ridges at fluence
levels of 3.41 mJ/cm2 and 3.58 mJ/cm2. Similar results were found for the pillar-like DLIP structure
with a period of 1.5 μm (DLIP-type 2), as shown in Figure 7. Here, nano-droplets start first to appear
between the ridges and droplet appearance and growth dominates. LSFL-II were found sporadically
on top of the droplet roughened surface at laser fluence levels of 2.57 to 3.07 mJ/cm2, see Figure 7a–g.

2.74 mJ/cm
2

2.90 mJ/cm
2

3.07 mJ/cm
2

3.24 mJ/cm
2

3.41 mJ/cm
2

3.58 mJ/cm
2

(a) (b) (c) (d) (e) (f) (g)

E
v

DLIP-type 1

Figure 6. SEM micrographs of (a) ridge-like DLIP structure with a period of 1.5 μm (DLIP-type 1). (b–g)
Evolution of surface morphology on top of the DLIP-type 1 structure with increasing peak fluence
levels and a laser polarization parallel to the DLIP ridges processed with the Trumpf TruMicro 5050
laser system.

2.10 mJ/cm
2

2.27 mJ/cm
2

2.44 mJ/cm
2

2.57 mJ/cm
2

2.90 mJ/cm
2
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2

(a) (b) (c) (d) (e) (f) (g)

E v
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Figure 7. SEM micrographs of (a) pillar-like DLIP structure with a period of 1.5 μm (DLIP-type 2).
(b–g) Evolution of surface morphology on top of DLIP-type 2 structure with increasing peak fluence
levels processed with the Trumpf TruMicro 5050 laser system.

The formation of LIPSS on top of polymeric photoresist film microstructures were recently
reported by Ehrhardt et al. [42]. The authors studied the formation of LSFL-II on top of pillar-like
dot array microstructures with pillar widths of 2 × 2 μm2 and 5 × 5 μm2 and a pillar height of about
2.2 μm, as well as on top of ridge-like microstructures with ridge widths of 1 μm and 3 μm and a
ridge height of about 1 μm using 100 to 1500 pulses of a nanosecond laser source with a wavelength of
248 nm at a pulse repetition rate of 100 Hz. The authors reported that no laser parameter regime was
found to obtain LSFL on top of 1 × 1 μm2 dot pillar arrays. This is in agreement with our experiments
for the pillar-like DLIP-type 2 structure with a period of 1.5 μm reported in this study.
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Figure 8. SEM micrographs of (a) ridge-like DLIP structure with a period of 10 μm (DLIP-type 3). (b–g)
Evolution of surface morphology on top of the DLIP structure with increasing peak fluence levels
and a laser polarization perpendicular to the DLIP ridges processed with the Trumpf TruMicro 5050
laser system.

Figure 8 shows the evolution of nanostructures on top of ridge-like DLIP structures with a period
of 10 μm (DLIP-type 3) when irradiated with UV picosecond pulses linearly polarized perpendicular
to the ridges of the DLIP structure. At a laser fluence level of 2.74 mJ/cm2, LSFL-II and nano-droplets
appear on top of the DLIP ridges, see Figure 8b. With increasing laser fluence, the nano-droplet growth
on top of the ridges is reinforced, see Figure 8b–g. When irradiating the ridge-like DLIP structures
having a period of 10 μm with the laser polarization parallel to the DLIP ridges, LSFL-II only appear
on top of the DLIP ridges at laser fluence levels exceeding the melting threshold of the material. As a
consequence, the “sharp” DLIP ridges collapse, forming small valleys as shown in Figure 9.

DLIP-type 3

Figure 9. SEM micrograph of LSFL-II on top of the ridge of ridge-like DLIP structure with a period
of 10 μm (DLIP-type 3) processed with the Time-Bandwidth Fuego laser system. This sample
was contaminated.
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Figure 10. SEM micrographs of (a) pillar-like DLIP structure with a period of 10 μm (DLIP-type 4).
(b–g) Evolution of surface morphology on top of the DLIP structure with increasing peak fluence levels
processed with the Time-Bandwidth Fuego laser system.

The formation of LSFL-II and deformation due to melting of pillar-like DLIP cones due to UV
picosecond laser irradiation can be observed in Figure 10. It can be seen that the DLIP cones tip
flattens due to laser-induced melting effects. Moreover, LSFL-II develop on top of the flattened parts,
see Figure 10a–f. The melting also leads to a collapse of the DLIP cones and leaves some holes in
the central region, see Figure 10e–g. The holes may be induced due to the sub-surface release of
gaseous photo-thermal reaction products. Similar results were found in the recent publication by
Ehrhardt et al. [42] on pre-patterned polymer films.

The appearance of LSFL-II on ridge-like photoresist film microstructures “moved” from the
top to the side walls of the ridge-like structures with increasing laser fluence levels, as reported
by Ehrhardt et al. [42]. Additionally, these authors reported that melting is responsible for the
disappearance of the LSFL-II on top of the ridge-like microstructures [42]. The appearance of the
LSFL-II only on top of the DLIP ridges and pillars in this study and ridge-like microstructures reported
in [42] at certain fluence levels can both be explained with the decrease of the local laser fluence at the
tilted slopes of the DLIP ridge topography. That is, due to the geometrical enlargement of the laser
spot on the irradiated surface area at slopes for non-normal incident radiation, the laser fluence level
decreases below the LSFL-II threshold.

In order to evaluate the periodicity and amplitude of the LSFL-II on top of the different DLIP
structures, the topography of DLIP structures at which the ridges are covered homogeneously with
LSFL-II are analyzed using AFM. Figure 11a,c,d show the AFM micrographs of Figures 5d, 8b and 10d,
respectively. Note, that the DLIP-type 3 and 4 are too deep for the AFM tip to reach the bottom of
the DLIP ridges. For these two cases, the AFM micrograph is cut at the depth at which the AFM
measurement lost its signal. The average periods of the LSFL-II are ΛLIPSS = 254 ± 9 nm and the
average amplitudes are 33±12 nm for all analyzed hierarchical structures. It is known that LSFL-II
are seeded and formed in a sub-surface layer [26,27]. Figure 11b shows cross-sections obtained from
AFM measurements of ridge-like DLIP structures with a period of 1.5 μm (DLIP-type 3)—with and
without LSFL-II, as it can be seen in Figure 11a. The Figure also shows, that the overall depth of the
of the DLIP structure is reduced when LSFL-II are generated. This is an indication, that the LSFL-II
indeed are formed below the surface.
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Figure 11. (a) AFM micrograph of LSFL-II processed on DLIP-type 1 with polarization perpendicular
to the DLIP ridges at a laser peak fluence of F0 = 3.24 mJ/cm2, (see Figure 5d). (b) AFM cross-sections
of ridge-like DLIP structures with a period of 1.5 μm (DLIP-type 3)—with (see Figure 11a) and without
LSFL-II. (c) AFM micrograph of LSFL-II processed on DLIP-type 3 with polarization perpendicular to
the DLIP ridges at a laser peak fluence of F0 = 2.74 mJ/cm2, (see Figure 8b). (d) AFM micrograph of
LSFL-II processed on DLIP-type 4 at a laser peak fluence of F0 = 2.92 mJ/cm2, (see Figure 10d).

3.4. FDTD Simulations

Figure 12 shows the time-averaged optical intensity distribution (as calculated by the photonic
simulation software, see Section 2.4) induced by one UV picosecond pulse on and in the surface of
DLIP-type 1 structure with the parameters described in Section 2.4. It can be concluded from this
Figure, that the maximum intensities differ for each case of polarization. That is, if the orientation of
the laser polarization is perpendicular to the DLIP ridges, the maximum intensity is found on top of the
ridge and another less localized intensity enhancement is observed several hundreds of nanometers
below it. The intensity maximum close to the surface can facilitate the seeding of LIPSS on top of the
DLIP ridges, see Figure 5b. If the orientation of the laser polarization is parallel to the DLIP ridges,
the maximum intensity is found in the bottom of the DLIP ridges, which can explain the dominance of
nano-droplet growth at these positions, see Figure 6b.
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Figure 12. Calculated time-averaged optical intensity distribution of a 6.7 ps laser pulse with a
wavelength of 343 nm with a polarization (a) perpendicular and (b) parallel to the orientation of
DLIP-type 1 ridges with a period of 1.5 μm. The arrows in the upper right corners indicate the direction
of the laser polarization. Note the different color scales used in (a,b) for encoding the intensity.

3.5. Chemical Characterization

Figure 13 shows the μ-Raman spectra of non-irradiated and LIPSS-processed PC (LSFL-II as
described in Section 3.2). The reference measurement of the non-irradiated material (black curve) shows
pronounced characteristic peaks that are typical for this type of bisphenol-A based PC material [59].
The measurement in the LIPSS-covered area (green and red curves) exhibit a very strong and broad
background signal that is caused by optical fluorescence. This fluorescence is excited by the Raman
laser in the laser-modified PC over the entire depth (Rayleigh-length, � 3 μm for the given microscope
objective) of the probing Raman spot. Moreover, it was noticed that the μ-RS spectra recorded in
the LIPSS-covered areas show a characteristic photo-bleaching effect, i.e., the fluorescence level of
the spectra drops about 75 percent upon exposure to the Raman laser radiation and then saturates
after several tens to hundreds of seconds, see Figure 13. The effect arises from broken bonds in
the polymer material that create energetic states within the electronic band gap. These states are
capable of being excited by the Raman laser radiation at 532 nm wavelength, causing the strong
fluorescence background. Upon continuous Raman laser irradiation, these broken bonds may react
with the environment (e.g., via oxidation), hence, reducing the fluorescence again. The red curve
of the laser-processed PC was recorded after photo-bleaching the sample. However, at the given
signal-to-noise level it is difficult to quantify changes induced upon the UV ps-laser irradiation here.
Hence, other DLIP structures were not tested by μ-RS here and a more surface sensitive method
(ATR-FTIR) was selected for further material characterizations.

Fourier-transform infrared spectroscopy in attenuated total reflection mode (ATR-FTIR) is capable
of selectively examining the near-surface layer of organic films [46]. With this technique, the chemical
changes before and after laser irradiation and the resulting degradation of the polycarbonate are
analyzed. Figure 14 exemplifies ATR-FTIR spectra of non-irradiated polycarbonate samples (black
curves) compared to samples processed homogeneously with LSFL-II (see Figure 14a–c, top row,
red curves), DLIP structures with a period of 1.5 μm (see Figure 14d–f, middle row, red and blue
curves) and DLIP structures with a period of 10 μm (see Figure 14g–i, bottom row, red and blue
curves). For each type of surface structure, three different spectral regions of interest are selected,
i.e., left column: 4000 to 2700 cm−1, middle column: 2000 to 1300 cm−1, and right column: 1300 to
600 cm−1, all being representative for the absorption range of specific vibrational excitation modes
in the polymeric material. All measured ATR-FTIR spectra were normalized at the peak located at
1014 cm−1, as proposed in Ref. [46]. It can be concluded from the graphs that the different laser
processing techniques and irradiation parameters lead to a degradation of characteristic absorption
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bands and the formation of various absorption bands at specific wavenumbers. The differences of the
reference spectra of the unprocessed polycarbonate among the different measurements may arise from
inhomogeneities and additives within the polycarbonate samples.

Figure 13. Raman spectra of non-irradiated (unprocessed) PC (black curve) and of UV ps-laser
irradiated PC with LIPSS (LSFL-II) as described in Section 3.2 before (green curve) and after (red curve)
photo-bleaching (for details see the text). Note that the ordinate is separated and the scaling differs for
both separations.

Figure 14. ATR-FTIR spectra of unprocessed samples (black curves) compared to samples processed
homogeneously with LIPSS (type LSFL-II, red curves in (a–c), ridge-like (blue curves) or pillar-like
(red curves) DLIP structures with 1.5 μm period (d–f) and ridge-like (blue curves) or pillar-like
(red curves) DLIP structures with 10 μm period (g–i). Note the different vertical scales in the graphs.
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For all processed samples, the laser processing led to a degradation of the C-H vibrational region
at a wavenumber of about 3000 cm−1 (see Figure 14a,d,f), the carbonyl and C=C vibration peaks at
wavenumbers about 1790 and 1500 cm−1, respectively (see Figure 14b,e,h) and the C-O-C vibration
features at about 1120 to 1280 cm−1 (see Figure 14c,f,i). The degradation of the laser irradiated
polycarbonate is also accompanied by the appearance/growth of other bands. While the processing
of LIPSS leads to a broad absorption band at about 3400 cm−1 (see Figure 14a), which is related to
the OH-stretch region [45], the processing of DLIP structures leads to absorption bands at 3550 and
3500 cm−1 (see Figure 14d,g), which are attributed to free- and hydrogen-bonded phenolic groups [44].
Additionally, two bands arise at about 1630 and 1690 cm−1 (see Figure 14b,e,h), which are attributed
to the creation of phenylsalicate and dihydroxybenzophenone (both C13H10O3), respectively [46,47].
The degradation on the polycarbonate upon irradiation with ultrashort pulsed UV radiation is in full
accordance with the literature here [44–47].

It can be observed in Figure 14, when comparing the relative changes of the absorption
spectra from the untreated PC with the spectra of the processed samples with various micro- and
nanostructures, that the relative changes due to laser irradiation are most affected by the production of
homogeneous areas of LIPSS (see Figure 14a–c) and least affected by the creation of DLIP structures
with a period of 1.5 μm (see Figure 14d–f). Additionally, it can be observed in Figures 14d–i, that the
formation of pillar-like DLIP structures affects the degradation of the PC more than the fabrication
of ridge-like DLIP structures . The different levels of degradation of the PC due to the processing of
different structures can be related to the number of laser pulses irradiating one spot diameter Neff and
the corresponding accumulated fluence (Facc) levels, see Table 2. The total amount of pulses impinging
the same spot equals Neff = NOS × d2 × f /(v × h) with h being the hatch distance (line pitch).
The accumulated fluence is given by Facc = Neff × F0. It can be observed in and Table 2, that although
the peak fluence to manufacture LIPSS-II is much less than the peak fluence to create the ridge-like
and pillar-like DLIP structures, the accumulated fluence is much greater when comparing those
parameters. The latter explains the increasing degradation of the polycarbonate when comparing
different ATR-FTIR spectra of the different samples in Figure 14.

Table 2. Effective number of pulses and accumulated laser fluence levels due to various laser micro-
and nanostructuring techniques.

Structure Type Neff [-] F0 [J/cm2] Facc [J/cm2]

LSFL-II 302760 4.4×10−3 1338
DLIP 1.5 μm Ridge 68 0.25 17
DLIP 1.5 μm Pillar 68 + 68 0.25 + 0.2 27
DLIP 10 μm Ridge 50 1.45 71
DLIP 10 μm Pillar 50 + 50 1.45 + 1.13 111

It must to be noted, that the light penetration depth according to the Lambert-Beer law between the
nanosecond and picosecond laser sources differ due to the different wavelength used. The penetration
depth will also have an impact on the depth of the changes of the chemical structure of the polymer.
Whereas the penetration depth for a wavelength of 266 nm on PC is about 0.6 μm [60], the penetration
depths for wavelengths of 343 nm and 355 nm are about 104 and 107 μm, respectively [54].
However, the depth of the chemical changes fall out of the scope of this paper.

4. Conclusions

The evolution of nanometric LIPSS on different types of micrometric DLIP structures with
increasing fluence levels was analyzed to achieve hierarchical micro-/nano-structures on a commercial
polycarbonate (Makrolon ™). It was found that LIPSS can be formed on top of various forms and
sizes of DLIP structures by selecting the laser beam polarization perpendicular to the DLIP ridges.
However, the fabrication of LIPSS on a micro-scale structure is limited by the height and width of the
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pre-processed microscale ridges. FDTD calculations of the time-averaged optical intensity distribution
of a picosecond laser pulse with a wavelength of 343 nm at micro-structures with a period of 1.5 μm
and a height of 400 nm were conducted with varying laser beam polarization directions. If the latter
was set perpendicular to the micro-structures, the time-averaged optical intensity was found to be
enhanced on top of the micro-structures, promoting the seeding of LSFL on top of the ridges. However,
when the laser beam polarization direction was set parallel to the DLIP ridges, the optical intensity
was found to be locally increased at the bottom of the DLIP ridges, enhancing nano-droplet growth
at these positions. Moreover, since LSFL appearance is limited to a narrow window of laser fluence
levels, the growth of LSFL only on top of the DLIP ridges was was limited by the non-normal angle
of incidence of the laser radiation at the side walls of the DLIP structures. The latter decreases the
local fluence level below the LSFL threshold. As an important aspect for potential future applications,
it was found that a sufficiently broad top of the DLIP-pillars is required to allow LIPSS to be formed
there. Additionally, with increasingly accumulated fluence levels, the degradation of the polymer also
progresses. This needs to be considered if the original property of the unprocessed polymer is essential
for applications.
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Abstract: Silicon suboxide (SiOx, x ≈ 1) is a substoichiometric silicon oxide with a large refractive
index and optical absorption coefficient that oxidizes to silica (SiO2) by annealing in air at ~1000 ◦C.
We demonstrate that nanostructures with a groove period of 200–330 nm can be formed in air
on a silicon suboxide film with 800 nm, 100 fs, and 10 Hz laser pulses at a fluence an order of
magnitude lower than that needed for glass materials such as fused silica and borosilicate glass.
Experimental results show that high-density electrons can be produced with low-fluence femtosecond
laser pulses, and plasmonic near-fields are subsequently excited to create nanostructures on the
surface because silicon suboxide has a larger optical absorption coefficient than glass. Calculations
using a model target reproduce the observed groove periods well and explain the mechanism of the
nanostructure formation.

Keywords: femtosecond laser; laser ablation; nanostructure formation; surface plasmon polaritons;
near-field; silicon suboxide; glass

1. Introduction

Structures smaller than the wavelength of light can induce optical anisotropy and rotatory and
resonant scattering [1,2]. Recent developments in material nanoprocessing techniques enabled the
regular arrangement of nanostructures on or inside solids to perform many attractive applications such
as optical cloaking [3,4], photon trapping [5,6], and structured light generation [7,8]. Because glass
is transparent in the visible region, chemically stable, and inexpensive, it is a promising material for
use in these applications, and it is popularly used for many kinds of optical elements and optical
integrated devices.

Periodic nanostructures with a sub-μm groove period d can be easily formed inside or on glass
by superimposed multiple shots of tightly focused femtosecond (fs) laser pulses of a few μm in
diameter and at a fluence of a few to 10 J/cm2 by using a high-numerical-aperture (NA) lens such as a
microscope objective [9–11]. Recently, using the birefringence of nanostructures formed in fused silica
with fs pulses, Beresna et al. developed a spatial-distributed wave plate that can convert a Gaussian
beam to structured light such as a radially polarized beam or an optical vortex [12]. This remarkable
optical element is currently commercially available. Since laser nanoprocessing can be rapidly applied
to a large area, it has attracted much interest as an industrial nanofabrication technique [13]. However,
the focal spots of a few μm and a short focusing depth being required for nanostructuring somewhat
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restrict the possible applications. Current limitations include slow processing times and short working
distances between the target and the focusing lens [14].

Silicon suboxide is a substoichiometric silicon oxide that has a larger refractive index and a larger
optical absorption coefficient in the region from ultra-violet (UV) to near-infrared (NIR) than other
glass materials such as fused silica, borosilicate, and soda-lime glass [15–18]. In addition, it can be
easily oxidized to SiO2 by thermal treatment (~1000 ◦C) in air to become transparent in the UV–NIR
region [18]. Thermal treatment in an oxygen-free environment leads to the formation of silicon
nanocrystals [19]. As a result of these properties, this material has attracted attention for applications
such as anti-reflection coating [20], photo luminescence [21], giant Raman scattering [22], and SiO2

precursors for laser processing [23].
In this paper, we describe the successful formation of a nanostructure with a groove period of

d = 200–330 nm in air on a silicon suboxide (SiOx, x ≈ 1) surface irradiated with 800 nm, 100 fs laser
pulses at ~700 mJ/cm2 using a low NA lens. Preliminary results were presented in [24]. The spot
size was 120 μm in diameter and the fluence was an order of magnitude lower than that needed
for structuring glass materials. However, thus far, the fs-laser-induced nanostructuring of silicon
suboxide has not been well understood, and its successful control has not been achieved. In this work,
based on the formation process of a nanostructure observed on silicon suboxide, we discuss its
physical mechanism. The groove period calculated for a model target closely matches the observed
groove period. These results showed that the formation of a thin layer of high-density electrons and
the excitation of surface plasmon polaritons (SPPs) are responsible for the nanostructure formation on
a silicon suboxide induced with intense femtosecond laser pulses.

2. Experimental

As a target, we used a silicon suboxide, SiOx (x ≈ 1) film of 1.4 μm thickness deposited on a fused
silica substrate by thermal evaporation (Leybold UNIVEX 350, Cologne, Germany) [18]. Figure 1a
shows the refractive index n and the extinction coefficient κ measured as a function of wavelength
λ = 300–900 nm with a spectroscopic ellipsometer (M-220, JASCO Corporation, Tokyo, Japan). As seen
in Figure 1b, the film is colored yellow because κ is especially large in the UV to blue region.
The nonlinear absorption coefficient β of the film was not measured in this work, though values of
β = 10−7–10−5 cm/W were measured using an 800 nm fs laser, which are much larger than the value
for fused silica [16,17]. In addition, because the refractive index of silicon suboxide was measured as
n = 1.8–2.4 in the UV–NIR region, which is much larger than that of glass such as fused silica as shown
in Figure 1a, β of the film applied in this work should also be larger. In a previous report, a silicon
suboxide film 700 nm thick was confirmed to be able to oxidize to SiO2 by annealing in air at ~1000 ◦C
for 48 h, resulting in an increase of the transmittance in the UV–NIR region [18].

 

Figure 1. (a) Refractive index n (black solid line) and extinction coefficient κ (blue dashed line) of the
silicon suboxide film measured as a function of the wavelength λ. (b) Photograph of the film on a fused
silica substrate 25 mm in diameter.
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Figure 2a shows a schematic diagram of the optical configuration used in the ablation experiment.
We used 800 nm and 100 fs laser pulses delivered from a Ti:sapphire laser system at a repetition
rate of 10 Hz. The incident laser pulses were controlled with a mechanical shutter to be either a
superimposed number of pulses of N = 250–1000 or a single shot N = 1. The pulse energy was
controlled with a pair of a half-wave plate and a polarizer to set the laser fluence to F = 625–750 mJ/cm2.
To measure the energy shot by shot, we acquired the energy of the pulse reflected at a glass surface
with a photodiode. The linearly polarized fs laser pulses were focused in air at normal incidence on
the silicon suboxide films with a lens with a 250 mm focal length. To monitor the surface irradiated by
the pulses, the microscopic image of the target surface was observed with a charge-coupled device
(CCD) camera with a He–Ne laser beam used for illumination. For measuring the intensity profile
of the focal spot, we tilted the target to observe the fs pulse reflected at the surface with the camera.
The result is shown in Figure 2b. The intensity distribution of the focal spot fitted the lowest-order
Gaussian profile well. The focal spot size was 120 μm in diameter at 1/e2 of the maximum intensity.

 
Figure 2. (a) Schematic diagram of the optical configuration for the ablation experiment. MS, mechanical
shutter; HWP, half-wave plate; P, polarizer; GP, glass plate; PD, photodetector; L, lens. (b) Intensity
profile of the focal spot of a fs pulse. The red and blue curves represent the horizontal and vertical profiles,
respectively, with a Gaussian profile shown in gray for comparison. The inset shows a CCD image of
the focal spot.

The surface morphology of the target was observed with an optical microscope (VH-Z500R,
Keyence, Osaka, Japan) and a scanning electron microscope (SEM, JSM-6510, JEOL, Tokyo, Japan).
A 10 nm thick platinum layer was applied homogeneously onto the irradiated surface with an ion
sputter coater to improve the conductivity of the surface, thus improving the clarity of the SEM image.
To evaluate the spatial periodicity of the surface structure, a two-dimensional Fourier transform
(using the image processing software, SPIP, Image Metrology, Lyngby, Denmark) was performed
on the SEM image in a 5 × 5 μm2 region to acquire the spatial frequency distribution along the
polarization direction.

3. Results and Discussion

The nanostructures formed on various kinds of materials irradiated with fs laser pulses at a fluence
F lower than the single-shot ablation threshold F1 [25]. To compare the F1 of the silicon suboxide
film to those of the glass materials [26,27], we measured F1 from the optical microscope images of the
single-shot ablation traces. Figure 3a shows an example of an optical microscope image of the film
surface irradiated with a single fs pulse at F= 1200 mJ/cm2. The light gray area in the center of the image
is the ablated trace. Then, while varying F, we measured the area S of the corresponding ablation traces.
Figure 3b shows S plotted as a function of F. By extrapolating the fitting line (solid line in Figure 3b),
the single-shot ablation threshold of the silicon suboxide was estimated to be F1 = 1060 (±10) mJ/cm2,
which is much smaller than F1 = 2 J/cm2 for fused silica [26], F1 = 4.1 J/cm2 for borosilicate glass [27],
and F1 = 3.4 J/cm2 for soda-lime-silicate glass [27]. The results showed that the small F1 for silicon
suboxide could be attributed to the large optical absorption coefficient [15].
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Figure 3. (a) Optical microscope image of the silicon suboxide film irradiated with a single fs pulse at
F = 1200 mJ/cm2, and (b) single-shot fs laser ablated area S plotted as a function of the laser fluence F.

Figure 4 shows an SEM image and the spatial frequency spectrum of the silicon suboxide film
irradiated at F = 675 mJ/cm2 for N = 250, 500, and 1000 pulses. For N ≤ 200, no ablation trace
was observed. Increasing N to 250, ablation traces were observed on the surface at several places
in the focal spot. As shown in Figure 4a, dot-like nanostructures formed over the whole area of
the traces, while line-like nanostructures expanding perpendicular to the polarization direction were
generated at the center of the traces. With a further increase of N to 500 and 1000, as seen in Figure 4b,c,
the area over which the dot-like nanostructures formed extended more widely than that for the line-like
nanostructures. In the spatial-frequency spectrum, therefore, the spectral peak indicating the periodic
structures in the ablation trace could not be identified.

Figure 4. SEM image (top) and Fourier spectrum (bottom) of the silicon suboxide films irradiated with
(a) N = 250, (b) N = 500, and (c) N = 1000 fs laser pulses at F = 675 mJ/cm2. E denotes the direction of
the polarization.

An increase in F was expected to increase the density of the free electrons produced in the surface
layer to a level sufficient to change the surface morphology. To confirm this, we irradiated the film
surfaces with fs pulses at F = 700 mJ/cm2. The results are shown in Figure 5. At N = 250 (Figure 5a),
the line-like nanostructures clearly formed with a period of ~160 nm in a larger area than those generated
at F = 675 mJ/cm2. Increasing N to 500 (Figure 5b), the area over which both the dot-like and line-like
nanostructures formed widened from the center of the focal spot to the edge. At N = 1000, as shown in
Figure 5c, the spectral peak of the ablation trace appeared faintly at d ≈ 220 nm, corresponding to the
peak at 4.5 μm−1.
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Figure 5. SEM image (top) and Fourier spectrum (bottom) of the silicon suboxide films irradiated with
(a) N = 250, (b) N = 500, and (c) N = 1000 fs laser pulses at F = 700 mJ/cm2. E denotes the direction of
the polarization.

We increased F to 750 mJ/cm2, and observed the surface morphology of the films irradiated with
the fs pulses. The results are shown in Figure 6. At N = 250 (Figure 6a), the line-like nanostructures
clearly formed with a spectral peak at d = 210–320 nm, where d is defined as the full width at a
half maximum of the spectrum with the background signal subtracted (dashed line in Figure 6).
With increasing N, the line-like nanostructures were formed with d = 230–290 nm at N = 500 (Figure 6b)
and d = 200–330 nm at N = 1000 (Figure 6c), where the other spectral peaks at the respective harmonic
frequencies were virtual. In this experiment, we could not clearly observe any change in the spectral
peak position for increasing N. At N = 1000, the nanostructures homogeneously formed in an area of
~20 μm in diameter in the center of the focal spot, which is an order of magnitude larger than that on
glass irradiated with tightly focused fs pulses. These results showed that fs laser pulses are strongly
absorbed in a silicon suboxide surface to produce high-density electrons in the vicinity of the surface,
leading to nanoablation with intense near-fields of SPPs.

Figure 6. SEM image (upper) and Fourier spectrum (lower) of the silicon suboxide films irradiated
with (a) N = 250, (b) N = 500, and (c) N = 1000 fs laser pulses at F = 750 mJ/cm2. E denotes the direction
of the polarization. The period d is estimated from the half maximum of the spectrum (orange-hatched
area in the spectrum).
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Based on the experimental results and the calculation using a model target, we discussed
the excitation of SPPs in the silicon suboxide surface with the fs pulses and the subsequent
nanostructure formation. The reflectivity of 1.4% at the interface between SiOx and substrate was
calculated at normal incidence. Assuming the constructive interference between the incident and
reflected pulses [28], the fluence at the surface could be enhanced by a factor of 1.25, leading to a decrease
in the effective F1 from 1060 to 850 mJ/cm2. The experimental results for F = 675–750 mJ/cm2, as shown
in Figures 4–6, clearly showed that these fluences are lower than the single-shot ablation threshold
and higher than the multiple-shot ablation threshold for the pulses with N ≥ 250. Assuming that the
superimposed multiple fs laser pulses at a fluence lower than the single-shot ablation threshold induce
surface modifications within a thin surface layer [29–31], subsequent fs pulses could induce a high
density of electrons suitable to excite SPPs in this layer [32,33]. As shown in a previous report on
pump-probe reflectivity measurements, an intense fs laser pulse can produce electrons with a high
density of ~1022 cm−3 in fused silica [34]. Assuming the production of the high-density electrons in the
silicon suboxide, the permittivity of the silicon suboxide can be described using a Drude model [35,36]:

εa = εsiox −ω2
p/
(
ω2 + iω/τ

)
, (1)

where εsiox = 3.24 is the permittivity of the silicon suboxide at λ = 800 nm measured with the
ellipsometer, and the second term represents the modulation by free-carrier response at the electron
density Ne produced in the silicon suboxide surface. Here, ω = 2πc/λ is the laser frequency in vacuum,
c is the light speed in vacuum, τ is the Drude damping time, and ωp = (e2Ne/(ε0m*m))/2 is the plasma
frequency with the permittivity of vacuum ε0, the electron charge e and mass m, and the optical
effective mass of an electron m*. We ignored other effects modulating the permittivity such as band
and state filling [37,38] and band gap renormalization [39–41] because they are very small.

The calculation method to determine the plasmon wavelength λspp in the surface layer irradiated
with the fs pulse is almost the same as that used in previous studies [32,33]. Briefly, λspp = 2π/Re[kspp]
was calculated using the following relation between light and SPPs:

kspp = k0

√
εa εb

εa + εb
, (2)

where k0 = 2π/λ is the laser wavenumber in vacuum. Assuming that the SPPs are excited at the
interface between the silicon suboxide and the surface layer with high-density electrons produced
with the fs laser pulse, as shown in the inset of Figure 7, we set εb = εsiox. For the excitation of SPPs,
that is, for evanescent waves to exist in the vicinity of the surface, the relation Re[εa] < 0 should
be satisfied [42]. The excitation of the SPPs is the origin of the periodicity of the fs laser-induced
nanostructure formation, and periodic nanoablation is induced by a fine spatial distribution of
electromagnetic energy in the surface layer [32,33,43–51]. To form the stationary energy distribution,
the following two processes were proposed: the interference between the incident laser beam and the
SPPs [43–45], and the counter-propagating SPP interference, i.e., the generation of a standing wave
mode of SPPs [32,33,46–51]. The groove periods of the aforementioned types of interference are λSPP

and λSPP/2, respectively. Assuming that either these types of interference occur simultaneously or the
latter occurs dominantly, the period could become λSPP/2.

Figure 7 shows the calculated groove period D plotted as a function of Ne. We reported the
damping time and optical effective mass of an electron to be τ = 0.1–2 fs [52,53] and m* = 1, respectively.
Here, we show two results at τ = 0.5 fs (thick red curve) and τ = 1 fs (thin blue curve) for m* = 1.
Excitation of SPPs is allowed in the region Re[εa] < 0, as shown by the solid curves in Figure 7. For both
values of τ, when the high-density electrons are excited in the surface layer and metalize the surface
with the fs pulse, the calculated period is D = 180–430 nm. At τ < 0.5 fs, D was calculated to approach
~200 nm. If the SPPs are resonantly excited, where εa + εb becomes zero [42,50], D could be 267 nm for
τ = 1 fs at Ne = 1.0 × 1022 cm−3. Here, Ne for these values of D is much larger than the critical plasma
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density of 1.7 × 1021 cm−3. Ne can reach a higher value than this critical density because the electrons
are generated in the solid surface [34,54]. These calculated results are in good agreement with the
observed period d. The results showed that plasmonic near-fields generated in the silicon suboxide
surface induce nanoablation to form a periodic nanostructure.

Figure 7. Period D of nanostructures calculated as a function of electron density Ne. The thin blue and
thick red curves denote D at the damping times of τ = 1 fs and τ = 0.5 fs, respectively. Excitation of
SPPs is allowed in the region Re[εa] < 0, where D is drawn with solid lines.

4. Conclusions

We found that clear periodic nanostructures can be formed on a silicon suboxide film with
superimposed fs laser pulses at low fluence. The experimental and calculated results obtained showed
that the low-fluence fs pulses are absorbed near the surface due to the large absorption coefficient of
the film, forming a thin layer having high-density electrons and leading to nanoablation by plasmonic
near-fields. The interfering fs pulses can form grooves with a period of λ/(2sinθ), where θ is the incident
angle of the laser pulse [55]. By using a high-NA optical configuration, the period can reach λ/2.
For nanostructuring in this present work, the period λSPP/2 was much smaller than λ/2, as denoted
in Equation (2). As silicon suboxide can easily be transformed into transparent glass, the proposed
technique should provide a useful approach for rapidly and homogeneously fabricating nanostructures
on glass.
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Abstract: A direct comparison of simulation and experimental results of UV laser-induced surface
nanostructuring of gold is presented. Theoretical simulations and experiments are performed on an
identical spatial scale. The experimental results have been obtained by using a laser wavelength of
248 nm and a pulse length of 1.6 ps. A mask projection setup is applied to generate a spatially periodic
intensity profile on a gold surface with a sinusoidal shape and periods of 270 nm, 350 nm, and 500 nm.
The formation of structures at the surface upon single pulse irradiation is analyzed by scanning and
transmission electron microscopy (SEM and TEM). For the simulations, a hybrid atomistic-continuum
model capable of capturing the essential mechanisms responsible for the nanostructuring process
is used to model the interaction of the laser pulse with the gold target and the subsequent time
evolution of the system. The formation of narrow ridges composed of two colliding side walls is
found in the simulation as well as in the experiment and the structures generated as a result of the
material processing are categorized depending on the range of applied fluencies and periodicities.

Keywords: periodic nanostructures; molecular dynamics; two-temperature model; laser material
processing; ultrashort laser pulses; laser ablation; laser interference ablation

1. Introduction

Since the beginning of ablative laser materials processing, the fabrication of periodic surface
patterns has always been a subject of interest. Besides the spontaneous development of periodic ripple
structures (LIPSS) [1–3] and surface plasmon-polariton (SPP)-induced structures under the controlled
conditions [4–6], the beam interference concepts have been applied to create deterministic patterns with
a predefined period and control of the surface profile [7,8]. For moderate period sizes in the range of a
few μm to tens of μm, mostly nanosecond pulsed lasers have been applied [9–12]. If shorter periods in
the μm or sub-μm range are desired, especially in case of metals and semiconductors, ultrashort pulses
of picosecond or femtosecond duration are used [13–15]. The latter have the advantage that thermal
diffusion of the absorbed energy and thus the extent of the heat affected zone can be minimized enabling
precise patterning [16,17]. However, in many cases it has been observed that the local ablation depth
does not correlate with the local laser fluence in a simple way as it could be expected from large-area
ablation experiments, where a monotonously increasing ablation depth with increasing fluence is
observed. Instead, the formation of bumps, voids, ridges, and droplets is observed, indicating that on
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this scale, other contributions like lateral material movement have to be considered [18]. Irradiation
with a line pattern leads to grooves with protruding side walls [19]. Thin films disintegrate and
form nanowires and nanodots [20,21] or nanospikes [22]. Thermocapillary and Marangoni effects
as well as Rayleigh–Plateau instability have been identified to influence the structure formation and
its disintegration process [23,24]. Later on, however, the relaxation of the laser-induced stresses,
generated in the vicinity of the target’s surface as a result of the laser heating, has been determined as a
main driving mechanism responsible for the nanostructures growth [25–27]. The specifics of the final
nanostructures shape depend on the material as well as on the laser parameters, the dynamical changes
of the reflectivity of the material [28,29], and the geometric parameters of the irradiation pattern.

In this study, we investigate the formation of structure on gold irradiated by an UV ultrashort
pulse at a 248-nm wavelength with a periodic line pattern with periods of 270–500 nm. Experimentally
obtained results are directly compared to simulations based on a hybrid atomistic-continuum model,
where the atomic motion is described within a molecular dynamics (MD) approach, the effect of free
carriers is considered with a diffusion differential equation describing the temperature dynamics of
electrons, and the energy exchange between electrons and the lattice is treated as in the Two Temperature
Model (TTM) [30]. With such combined MD-TTM approach [31], the mechanisms of ultrashort laser
pulse melting, spallation, and ablation of mono- and poly-crystalline metal targets [32], nanostructuring
in air [33] and under water confinement [34,35], as well as laser-induced generation of nanoparticles in
different media [36] have been successfully studied. The results of simulations are analyzed and the
target’s evolution is characterized via dynamic evolution of thermophysical dynamics quantities such
as temperature, pressure, density, and the lift-off velocity. The strength and accuracy of the derived
mechanisms are verified with the experimental measurements and observations. Such a methodology
allows for extracting the mechanisms of the nanostructures formation and manipulating with them
targeting the problem of generation of periodic patterns with predesigned morphology. The obtained
structures are classified into four different fluence regimes resulting in (1) surface swelling, (2) internal
void formation including structures growth, (3) surface walls formation, and (4) broad melting.
The first two lower fluence regimes around the material’s modification threshold, corresponding
to the onset of surface melting, sub surface voids generation and subsequent formation of periodic
lines were described in [37]. The higher fluence regimes, around and above the ablation threshold of
210 mJ/cm2 [38], resulting in the formation of steep ridges and broad melting, including the process of
generation of a subsurface layer (here 100 nm depth), with polycrystalline structures are studied in the
present paper. The nanostructuring processes are well described by the simulations that match the
experimental results for different irradiation conditions with great detail.

2. Experiment

The surface structuring experiments are performed by single pulse exposure using a combination
of interference and mask projection to form a large area of sinusoidal intensity distribution on the
sample surface (Figure 1). The used laser system consists of a frequency tripled Ti:Sa system (Coherent
Libra) seeding a KrF excimer amplifier (LLG TwinAmp) producing pulse energies of up to 40 mJ at
a wavelength of 248 nm and a repetition rate of 10 Hz. The pulse length of 1.6 ps is measured by
using a frequency resolved optical gating (FROG) trace obtained with a self build device described in
Ref. [39]. Single pulses are selected by a shutter. The used pulse energy is set by a variable attenuator.
The flat top central part of the laser beam illuminates the mask comprising a square aperture of 1 mm
edge length in contact with a Cr-on-quartz grating of lines and spaces with 25 μm period and duty
cycle 0.5. The demagnification of the Schwarzschild objective used for mask imaging is adjusted to be
25x. Consequently, the edge length of the overall projected area on the workpiece is 40 μm. Since all
diffracted orders emerging from the transmission grating except the two first orders are blocked,
the image is formed via two-beam interference, resulting in a sinusoidal intensity distribution across
the 40 μm area. The spatial frequency of this modulation is doubled by blocking the zeroth order
diffraction, thus resulting in a period of 500 nm on the workpiece (instead of a pitch size of 1 μm based
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on the nominal demagnification). In order to obtain other periods, the mask period and objective
demagnification have been changed accordingly. For the 350-nm structure a 36x objective and a 25-μm
grating, and for the 270-nm period a 74x objective and a 40-μm grating were used. A schematic view of
the intensity distribution is shown in Figure 1b. The purpose of the lens with f = 1000 mm in the setup
is to reduce the size of the beam within the Schwarzschild objective. All experiments are conducted at
the Laser-Laboratorium Göttingen e.V. (Göttingen, Germany).

 

Figure 1. (a) Mask projection setup for periodic surface structuring. A sinusoidal interference pattern
is obtained by using only the ± 1st diffraction orders for mask imaging. (b) Shape of the intensity
distribution generated by two beam interference.

3. Theory

The essential concepts and applications of the combined atomistic-continuum model MD-TTM to
study the evolution of metallic solids excited with an ultrashort laser pulse are explained in Ref. [31].
The model consists of two parts: the atomic motion is described within the MD approach, whereas
a diffusion differential equation for electrons is accounting for the effect of free carriers via their
temperature dynamics. Thus, the combined model provides a detailed atomic-level description of the
kinetics of fast non-equilibrium processes of laser melting at the atomic resolution and, at the same
time, in continuum ensures for the adequate description of the laser light absorption by the conduction
band electrons, the energy transfer to the lattice due to the electron–phonon coupling, and the fast
electron heat conduction. Based on the atomistic-continuum approach, the MD-TTM model was
further developed for simulation of the nanostructuring processes on metal targets in multiprocessing
algorithm (running in parallel) to be applied in large scale modeling tasks. The model applied here
and its parametrization for the investigation of UV ultrashort pulse generation of periodic pattern on
metal surfaces in a high fluence regime is described in detail in Ref. [37].

The initial structures represented by supercells of (40 x 270 x 200) nm3 and (40 x 500 x 200) nm3 in
X, Y, and Z directions correspondingly were prepared and consisted of 125,000,000 and 230,000,000
atoms, respectively. The MD supercells were equilibrated at room temperature before exposure to a
single 1.6-ps laser pulse of wavelength equal to 248 nm with a spatially sinusoidal intensity profile
with periods of 270 nm and 500 nm for the smaller and the larger sample, correspondingly. Then, the
prepared computational cells were run across 256 and 480 processor cores, respectively, to simulate the
nanostructuring process up to 1.5 ns of the experimental time.

The geometry and boundary conditions of the computational supercell were the same as those
reported in Ref. [37], whereas, depending on the investigated feature, various techniques of the
visualization and numerical analysis of the results from the point of thermo-dynamical properties were
used. Thus, monitoring of the pressure and lift-off dynamics at the same time allows for extracting the
mechanism of the nanostructures’ formation, whereas the simultaneous observation of the electronic
and lattice temperatures explains their fast solidification [25]. Additionally, depending on the
particular conditions of laser-induced phase transition processes (ultrafast melting and resolidification),
local order parameter (LOP) [31] or central symmetry parameter (CSP) [40] have been used to identify
the local crystal structure. The former parameter, due to its high sensitivity is frequently utilized for
tracking down the ultrafast laser-induced melting process under conditions of strong superheating
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and high pressure and temperature gradients, whereas the latter is independent on crystal orientation
and therefore allows for convenient identification of the forming nanocrystals during the solidification
process. Such an approach has been in particular successfully used during the procedure of direct
comparison of the simulation results with the obtained nanostructures in the experiments. Thus, the
local crystal structures are readily highlighted by LOP or CSP values during the visual analysis of the
atomic configurations.

4. Results and Discussions

Figure 2 displays scanning electron micrographs (SEM) taken from a gold surface irradiated with
a 350-nm-periodic intensity profile (single pulse at 248 nm, 1.6 ps). At low fluence (a) some slight
elevations at the lines of maximum fluence are visible (surface swelling). Increasing the fluence (b),
these elevations become more pronounced and open up at some points forming holes (void formation).
At further increased fluence (c), the elevations turn into grooves by opening up over the whole length
and forming side walls. In some regions the side walls of neighboring grooves are well separated,
in other regions the walls of neighboring grooves merge to form one nanoridge with some droplets on
top (wall formation). Taking an even higher fluence (d), the line pattern blurs giving the impression of
broad melting.

 

(a) (b) 

(c) (d) 

Figure 2. Surface topography obtained on gold after single pulse irradiation with a 350-nm period.
(a) Surface swelling at 100 mJ/cm2, (b) void formation at 150 mJ/cm2, (c) wall formation at 200 mJ/cm2,
(d) broad melting at 350 mJ/cm2.

In the case of a larger structure period of 500 nm, the neighboring features at the high fluence lines
are a bit more separated. Figure 3a displays the 3D simulated atomic snapshots taken 1 ns after the
laser pulse absorption for three different fluences: at 130 mJ/cm2 slight surface elevations are visible.
At 160 mJ/cm2 these voids are much larger, and at 250 mJ/cm2 the voids open leading to a rather
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shallow groove with steep side walls. In Figure 3b this simulation result is directly compared to the
corresponding experimental data. There is a wide agreement; even details like droplets on the walls
and spikes on the ground are found in both representations. Only the thickness and the height of the
walls seem to deviate in the simulation from the experimental observation. While further dynamics
of molten material is not excluded, a better agreement may also be reached applying alternative
models for material parameters. For example, the electron-phonon coupling parameter is heavily
under discussion [41–43]. Here, we have applied the result of Lin et al. [44], while recent calculations
have yielded a lower value and showed a strong dependence on density [45]. In addition, the model
for the electron heat conductivity has a strong impact on the resulting laser energy deposition profile.
In the present work it was described as a function of electron and lattice temperatures [46], whereas
an alternative approach accounting for the density of matter can be utilized [47]. Thus, as a result of
different descriptions of the above quantities, the effective penetration depth of the laser-deposited
energy [48] (was identified here as 150 nm) can deviate as well as the profile and magnitude of the
established temperature and pressure gradients [16]. The relaxation of the laser-induced stresses,
depending on the temperature distribution and the peak position of tensile forces, results in nucleation
of the internal voids (onset of the spallation process) at a certain depth, therefore, determining the
thickness of the spalled layer as a result [49].

Figure 3. (a) Simulated 3D atomic snapshots 1 ns after 1.6 ps single pulse irradiation with a structure
period of 500 nm. Fluence: 130 mJ/cm2 (top), 160 mJ/cm2 (middle), 250 mJ/cm2 (bottom). The atoms are
colored by central symmetry parameter (CSP) for distinguishing a local crystal structure as follows:
crystal < 0.08 < defects (dislocations) < 0.11 < liquid < 0.25 < surfaces < 0.50 < vapor (free atoms).
(b) Direct comparison of the simulation (cross section for the case of a 500-nm period) with the
(c) experimental result (SEM, top view) on the same length scale at the incident fluence of 250 mJ/cm2.

Eventually, the high linear momentum of the upward motion of the solidifying structure results
in a propagation of cracks along the X direction of the forming nanostructure. This is indicated by
arrows in the Figure 4a at the last atomic snapshot at 1000 ps. The development of the crack leads to a
complete detachment of the nanostructure tip resulting in spallation, leaving an opened hole as it is
experimentally observed, see Figure 2b. The tip detachment is obvious in the analysis of the velocity
lift-off field where a clear jump in its value is observed at the crack position. Interestingly, the spalled
tip in Figure 4a is already in the solid phase, which is supported by the CSP analysis (CSP < 0.11) and
the tip temperature has a value of 950 K, whereas the equilibrium melting point of the modeled Au
material is 1337 K.

129



Nanomaterials 2020, 10, 1998

 

Figure 4. (a) Sequence of atomistic snapshot configurations (100 ps, 300 ps, 600 ps, and 1000 ps) of a
500-nm period structures obtained at the incident fluence of 160 mJ/cm2. The arrows on the 1000 ps
snapshot indicates the formation of a crack along the nanostructure direction X. (b) Calculated shapes
for 300 ps, 700 ps, 1.5 ns after the pulse for a 270-nm period structure obtained at an incident fluence
of 250 mJ/cm2. The atoms are colored by CSP for distinguishing a local crystal structure as follows:
crystal < 0.08 < defects (dislocations) < 0.11 < liquid < 0.25 < surfaces < 0.50 < vapor (free atoms).
(c) The tangential (perpendicular to the incident pulse) Y component of the velocity field of the growing
structure in (b) is shown by color for the set of times: 1000 ps, 1300 ps, and 1500 ps.

It can be clearly seen that in the non-damaged parts of the surface (more precisely: in the areas
where the fluence is below the threshold) the original morphology remains intact even at the highest
fluence for the case of a 500-nm period (Figure 4a). However, as the incident fluence increases
(Figure 3a), or at a smaller structure period of 270 nm, this non-influenced zone becomes very narrow.
This is observed in Figure 4b, where the high incident fluence of 250 mJ/cm2 results in an active
formation of subsurface voids that develop fast and open to the surface by the time of 700 ps. While the
non-influenced zone is getting narrow, the walls of neighboring grooves will collide and form one
merged wall (nanoridge), as it experimentally can be seen in Figure 2c. This can also be concluded from
Figure 4c, where the tangential component of the local velocities of the material in Y direction is plotted
as a color field. Specifically, at the moment of the separation of the left and right wings of the growing
structure, the surface tension forces add up to the tangential momentum for their further motion and
the left wing has a negative Y component (−20 to −40 m/s), whereas the right wing has a positive
one (+20 to +40 m/s). This means that the walls are moving outwards approaching their merging
point in between the grooves. In fact, already upon the beginning of the spallation process, the side
walls of the forming structure already have the tangential component of the velocity due to outward
motion of the melt driven by the unloading pressure wave. At 1.5 ns after the pulse, the walls of liquid
material are still moving outwards without any resistance and they will collide afterwards. Note that
the smaller the period, the lower the required fluence at which merging of side walls occurs. This is
supported by the experimental measurements (see Figure 5) where at a period of 270 nm, the incident
fluence of 300 mJ/cm2 is sufficient to lead to single walls formation between the grooves, whereas it
does not happen yet below the incident fluence of 400 mJ/cm2 at a 500-nm period. In Figure 5a–d on
top of the nanoridges, droplets are forming at some irregular positions, caused by instabilities, they are
also visible forming already in the MD simulation in Figure 4c after 1500 ps on the tip of the filament.
The formation of droplets occurs due to Rayleigh–Plateau instability and minimizes the surface tension
of the elevating and elongating wall-like structures.
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Figure 5. Periodic patterns obtained with periods of 270 nm in (a) and (c) and 500 nm in (b) and (d) at
various fluences, at a tilt angle 45◦, the period is indicated by the scale bars. For larger periods, a higher
fluence is required to obtain nanoridges composed of two collided walls. The squared structure in
(d) is experimentally identified and obtained in simulations (Figure 6).

Figure 6 shows the direct comparison of the modeling results with the experimental observations
for the case of a 500-nm period structures formation at an incident fluence of 250 mJ/cm2. One can see
that the final structures are opened to the surface (a) and the simulation is reproducing this process
(c). Amazingly, not only the formation of the wall-like structures is observed in both simulations and
experiments (green lines relate the experimental observation with corresponding cross sections in
the simulated structure), but even the tiny surface and subsurface nanograins, nanovoids, nanowalls,
nanocolumns, and polycrystalline structures at the base of the modeled structures reveal a perfect
match between the simulation and experiments. Namely, the process of spallation creates an excessively
rough surface with nanostructures and nanovoids, captured inside the solidified material (b). To make
it clear, the corresponding nanocolumn (orange rectangle) and nanovoid structures (red rectangle) are
identified and boxed in both the TEM (a) and FIB (b) pictures and related to the atomic snapshot (c).
The formation of such structures perfectly agrees with recent theoretical findings presented in [54,55].
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Figure 6. Direct comparison of SEM top view in (a) and TEM cross-section in (b) with the simulation
results of the atomic configuration 40 x 500 x 200 nm3 of a 500-nm period at 1000 ps in (c). The atoms are
colored by CSP parameter. The process of spallation results in an opening of the generated structure and
formation of a number of droplets and pillar-like structures on the remaining surface (orange rectangle).
The spallation process is accompanied with the generation of subsurface voids (red rectangle) registered
in both experiment and simulation and is magnified in the squared window in Figure 7d below.

Apart of the generation of a great number of dislocation planes, highlighted by a light blue color
in Figure 6c, the results of the simulation also predict the polycrystalline character of the solidified
structures as it was emphasized in [56]. As it was found in [25], the fast cooling process of the
developing structure is provided by the strong electronic heat conduction mechanism. Since the
classical solidification is governed by the diffusion process, which takes time, the liquid can undergo a
significant cooling below the equilibrium melting point by more than 20% [57]. Thus, at such strong
undercooling conditions, the classical solidification process governed by the heterogeneous mechanism
(propagation of the well-defined solid–liquid interface) cannot keep up due to a too strong cooling rate
and the solidification process turns into a massive nucleation of the solid phase inside the liquid due
to the homogeneous nucleation mechanism. This results in the formation of nanograins of the solid
phase that have random orientation forming nanograin boundaries constituting the polycrystalline
character of the final nanostructures. Moreover, the stronger the cooling rate, the smaller the resulting
nanograin size. Since the cooling rate depends on the established temperature gradient, it therefore
depends on both the physical size of the excited volume and the applied incident fluence, see Figure 7.

132



Nanomaterials 2020, 10, 1998

Figure 7. The nanostructures generated in the simulations on periodic nanostructuring are magnified
for (a) the period of 270 nm at the incident fluence of 120 mJ/cm2 and (b) 145 mJ/cm2. (c) Structures
obtained for the case of a 500-nm period at the incident fluence of 160 mJ/cm2 and (d) 250 mJ/cm2.
The atoms are colored by CSP parameter.

The analysis of the generated crystal structures, presented in Figure 7a–d, indicates their
polycrystalline character, where mainly small nanocrystals are constituting the nanostructures generated
at a smaller period and at a smaller incident fluence. The last figure in (d) allows for a direct comparison
of the simulated bottom and subsurface structure generation, shown in an orange rectangle region
in Figure 6a–c. The noticeably larger size of the nanocrystals is explained by a relatively weaker
cooling rate limited to the nearly 1D case due to the elongated geometry of the pillar-, column-
or wall-like structures. The detailed analysis of the experimental picture (Figure 6b) indicates the
polycrystalline character of the subsurface region via darker lines and spots due to different optical
properties of the nanograin boundaries and the relative defects. While the experimentally observed and
numerically simulated nanograin structures are in agreement with recent theoretical works [49,58,59],
it is worth mentioning that the crystal structures obtained during the nanostructuring process due to
extremely fast laser-induced cooling mechanism can be of unique character and never met in nature [58].
Thus, generation of such structures can be of great interest for potential technological applications.

Figure 8 illustrates that by increasing the incident fluence to a higher value of 500 mJ/cm2

(well above the ablation threshold ~210 mJ/cm2), the melting extends over the whole irradiated area
(40 × 40) μm2, and the contrast of the resulting surface pattern strongly diminishes (500-nm period) or
totally vanishes (270-nm period). We refer to this observation as broad melting. In order to follow the
development of an ultrafast melting process, induced in the material at such strong heating, we used
here the LOP parameter that is very sensitive to the crystal structure disordering and allows for a
reliable identification of the liquid phase [31,33]. Thus, in both Figure 8a,c, a well distinguished melting
front due to propagation of a solid–liquid interface referred to as heterogeneous melting is not observed.
Instead, due to significant overheating the phase transition proceeds by a massive nucleation of liquid
phase inside the crystal referred to as homogeneous mechanism of the phase transition. Additionally,
a number of dislocation planes, generated due to rapid expansion of the most heated material volume,
is less resistant to the phase transition. This provides an additional input to the nucleation sites for the
liquid phase, visible as red lines inside the solid phase shown in yellow/orange.

The experimental as well as the simulation results show that in addition to the laser induced
upward motion of material, a lateral displacement of material plays an important role in the structure
formation process. This observation is in agreement with a recent experimental and theoretical work
on redistribution of the processed material volume during the femtosecond laser processing [51].
In contrast to material irradiation by a single focused beam to a small spot where the material can
expand freely in lateral directions, in the case of a periodic lateral pattern, the material expulsions from
neighboring grooves at high fluence affect each other. This leads to the observed specific features like
steep ridges at a moderate incident fluence and a flatter pattern at higher energy deposition values.
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Figure 8. (a) Direct comparison of the simulation results of 270-nm period nanostructuring at a high
incident fluence of 485 mJ/cm2 with (b) the experimental data obtained for 470 mJ/cm2. (c) Direct
comparison of the simulation results of 500-nm period nanostructuring at a high incident fluence of
485 mJ/cm2 with (d) the experimental data obtained for 500 mJ/cm2. The atoms are colored by local
order parameter (LOP) used here for identification of the extremely fast melting process. The liquid
phase is characterized by a rapid jump of LOP above cut-off value 0.5.

Finally, the good agreement between the modeling results and the experimental data justifies the
proposed approach as a powerful tool revealing the physics behind the nanostructuring process at
a gold surface and providing a microscopic insight into the dynamics of the structuring processes
of metals in general. Moreover, the results discussed above are applicable to other metals as well,
whenever fast and localized laser energy deposition occurs. In particular, transition metals such
as Al and Ni, due to a shorter characteristic distance (75–125nm as compared to Au 150–200nm)
of the laser-deposited heat penetration [48] (heat affected zone), could be better candidates for the
achievement of cleaner structures at a shorter structure period. Reducing the structure period below this
distance, however, can deteriorate the resulting surface quality due to laser-deposited dissipated heat
(governed by the fast electron heat conduction process) and therefore smoothing the resulting pattern.
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5. Conclusions

The performed experiments of periodic patterning with a single UV ultrashort laser pulse and
corresponding simulations with the combined atomistic-continuum model allowed us to draw the
following conclusions about the mechanism responsible for the nanostructures formation: the outward
hydrodynamic motion of the expelled melted surface layer and its subsequent opening result in a
tangential component of the velocity and lead to merging of neighboring walls of the forming structures
and the formation of nanoridges on the target surface. The complete solidification of the forming
structures at the fluencies well above the ablation threshold as well as the solidification of the generated
droplets takes much longer (tens of ns) time scale. The strong cooling rate of the forming structures
is responsible for the formation of the nanofeatures with a polycrystalline character constituting the
nanosize features of various shapes. The broad melting observed at high fluencies was identified
as a reason for diminished contrast of the generated structures as a result of the molten material
redistribution. The applied numerical model has been identified as a powerful numerical tool for
the investigation of the ultrashort laser pulse nanostructuring process on metals. The results of the
performed study can have a strong impact on potential industrial applications for the generation of
material surfaces with predesigned properties and topography.
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Abstract: Laser-induced periodic surface structures (LIPSSs) spontaneously appearing on the
laser-treated (melted or evaporated) surfaces of bulk solid materials seem to be a well-studied
phenomenon. Peculiarities of oxidative mechanisms of LIPSS formation on thin films though are far
less clear. In this work, the appearance of oxidative LIPSSs on thin titanium films was demonstrated
under the action of commercially available nanosecond-pulsed Yb-fiber laser. The temperature and
energy regimes favoring their formation were revealed, and their geometric characteristics were
determined. The period of these LIPSSs was found to be about 0.7 λ, while the modulation depth
varied between 70 and 110 nm, with high stability and reproducibility. It was shown that LIPSS
orientation is rather easily manageable in the regimes of our interest, which could provide a way of
controlling their properties.

Keywords: LIPSS; LSFL; laser thermochemical recording; titanium films; laser-induced oxidation

1. Introduction

The formation of laser-induced periodic surface structures (LIPSSs), which was observed on
a wide range of materials under the action of laser radiation, is a well-known phenomenon that
attracts both fundamental and applied attention in modern photonics. LIPSS submicron reliefs are
used to control optical [1–4], mechanical [5], chemical [6–8], and other properties of functional surfaces.
A significant number of studies have been devoted to the study of LIPSSs appearing under pico- and
femtosecond laser exposure [4,9–11], often localized in small areas of the irradiated region. LIPSS
uniformity and long-range order are also usually disturbed [11] by the simultaneous initiation from
multiple independent seed locations [12]. In general, there are two types of LIPSSs: structures with a
period comparable to the radiation wavelength λ (low-spatial-frequency LIPSS (LSFLs)) and small-scale
structures, the period of which is much less than λ (high-spatial-frequency LIPSSs (HSFLs)) [13]. In [14],
LSFLs were obtained on a Cr film under femtosecond exposure to Yb:KGW laser radiation (wavelength
1026 nm, pulse duration 232 fs) in a nondestructive regime. Those structures, however, significantly
protruded above the surface of the initial film, which according to the authors indicated the significant
oxidation of the irradiated metal in the areas of the protrusions.

Despite the fact that the mechanisms, controllability, and reproducibility of the LIPSS appearance,
presumably, should not significantly depend on the duration of laser exposure, studies of LIPSS
formation under nanosecond pulses [15–17] are uncommon. This is due to the narrow range of recording
parameters and the sensitivity of LIPSS characteristics to the physical mechanisms of their formation,
which are easier to identify under a short exposure. The physical mechanisms of LIPSS formation have
been discussed in many works, e.g., [13,18–20], mainly, however, for bulk metals irradiated by ultrashort
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pulses with energy densities above the ablation threshold. The mechanisms of LIPSS formation on
thin metal films in nondestructive regimes have been studied less thoroughly, although these films are
widely used for different applications—from diffraction optical components recording to color laser
marking [21]—which increases the interest in the phenomena (oxidation, melting, ablation, etc.) of
their laser treatment. The formation of oxidative LIPSSs in [12,14,22] can be represented as the result
of the interference of the incident laser radiation, with that scattered by the initial film roughness.
Interference leads to the formation of a periodic absorption profile and appropriate modulation of the
temperature distribution along the surface. At the maxima of the temperature profile, oxidation occurs
more rapidly due to the nonlinear nature of the oxidation process [23], which completes a positive
feedback. In addition, the protruding oxide lines and dots can serve as cylindrical or spherical convex
nano- or microlenses that redistribute and concentrate the energy of the next laser pulses closer to
the lower oxide–metal interface, thereby exacerbating temperature modulation and promoting the
formation of oxidative LIPSSs.

In [12], it was suggested that the usage of ultrashort pulses is necessary for LIPSS formation,
in order to ensure that heat diffusion does not smear out the nanometer-scale localization of the
deposited laser energy. In this work, we present experimental results showing that regular oxidative
LIPSSs, which have not been previously observed in the range of low-temperature (below the melting
point) processes on thin titanium films, can be obtained under the action of nanosecond laser pulses.
Recording, in this case, was conducted using the method of direct laser thermochemical writing on thin
metal films (for instance, on Ti [21,23–27], Sn [28], V [29], Zr [29], etc.), in which the image is created
by direct oxidation of the original film under local laser heating until the formation of a contrasting
transparent oxide layer (for further information about this method, see [23]). The formation of LIPSSs
accompanies the oxidation of the initial film and creates an additional relief over the recorded image.

Since the main field of application of the technology of laser thermochemical recording on thin
metal films is recording diffractive optical elements [23,30], self-organization of LIPSSs in the irradiated
region can be regarded either as a defect (leading to distortion of the wavefront of radiation interacting
with the diffractive element) or, on the contrary, as an advantage (as it makes it easier to form structures
with a period on the order of the wavelength), with the prospects of being used for direct writing of
photonic crystals, specific diffractive elements, etc.

2. Materials and Methods

To obtain LIPSSs, in the present work, we used titanium films with the initial transmission in the
visible range of about 10% (thickness on the order of 10 nm) on a BK7 glass substrate with a thickness
of 2.85 mm. Yb-fiber laser (λ ≈ 1.07 μm) with random (partial) polarization and Gaussian spatial
distribution of radiation was used as a radiation source, as part of the MiniMarker laser processing
complex (Laser Center Ltd., St. Petersburg, Russia) (Figure 1a,b, for technical parameters see [31]).

For determining the regimes suitable for obtaining LIPSSs, the following parameters were varied:
pulse duration τ (from 4 to 50 ns), average power Pav (from 20 to 400 mW), and pulse repetition rate f
(from 10 to 100 kHz). Ti films were irradiated with a scanning focused laser beam; the scanning speed
V remained constant and equal to 0.1 mm/s. With an increase in the scanning speed, LIPSS formation
was not registered, possibly due to a decrease in the number of pulses per unit area, down to values at
which the oxide did not have enough time to form. Laser radiation was initially partially polarized,
and in some experiments a Glan–Taylor prism was introduced into the optical scheme, changing the
polarization to mostly linear. The diameter of a Gaussian laser beam on the surface of the film d was
about 80 μm, and the irradiation of the film was carried out perpendicularly to the surface. Note that
under the studied conditions, the pulse overlap coefficient calculated by formula [32]

k =

(
1− V

f d

)
× 100% (1)
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exceeded 99%, and the distance between the centers of neighboring irradiated zones under the action
of successive pulses was on the order of 1–2 nm, which, as will be seen below, does not coincide with
the period of emerging LIPSSs. Thus, the LSFLs obtained in this work were indeed formed by the
mechanism of LIPSS formation and do not represent the edges of the heat-affected zone (HAZ) from
neighboring pulses or other similar structures. The obtained structures were examined using the Carl
Zeiss Axio Imager A1.m optical microscope (Carl Zeiss Microscopy GmbH, Munich, Germany) and
the AFM NT-MDT Nanoeducator (LLC “NT-MDT”, Moscow, Russia). 2D-FFT analysis of optical
micrographs was carried out using a homemade image processing program written in Python. The FLIR
Titanium 520M (FLIR Systems, Inc., Wilsonville, OR, USA) thermal imaging camera was used to
estimate the temperature on the film surface during irradiation, and the power meter Gentec-EO
SOLO2 (Gentec Electro-Optics, Inc., Quebec, Canada) was used to measure the average laser power.

Figure 1. (a) Experimental setup diagram; (b) results of measuring the power of laser radiation after
the optical system depending on the rotation angle of the polarizer (Glan–Taylor prism).

3. Results and Discussion

Figure 2 shows optical and AFM micrographs of structures recorded at pulse durations τ from
4 to 8 ns and fluences ε from 20 to 44 mJ/cm2, as well as the corresponding measured temperature
distributions. There was no dependence of the LIPSS period on the laser energy parameters to be
found; in all the cases studied, the LIPSS period was about 0.72 ± 0.02 μm, which corresponds to the
values acquired for the films of similar thickness in [12]. The AFM results (Figure 2g–i) show that the
LIPSS amplitude also averages at 70–110 nm without clear dependence on the exposure parameters,
which indicates the reproducibility and stability of such structures.

Based on the data obtained, it was determined that the optimal value of the average energy
density for the appearance of LIPSSs in the oxidative mode lies in the range from 20 to 60 mJ/cm2, while
the experimentally determined average temperature on the surface does not exceed 350 ◦C, based
on thermal imaging pictures (Figure 2j–l). The peak temperature value reached in the center of the
irradiated region on the film at the end of a single pulse was estimated by the following formula [32]:

T1 =
qA1τ

ρ1c1h
(
1 +

√
π

2ψ

) + Tin, (2)

where q is the intensity of laser radiation; A is the absorbance coefficient; τ is the pulse duration; ρ is
the density; c is the thermal capacity; a is the thermal diffusivity of the materials; ψ =

ρ1c1h
ρ2c2

√
a2t

is the
coefficient, defining the amount of heat transfer to the substrate; index “1” is related to the metal film;
index “2” is related to the oxide layer; and Tin is the initial temperature (≈20 ◦C). The values of the
physical and optical parameters of the materials used in the calculations are given in Table 1.
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Figure 2. Optical micrographs of the recorded oxide microstructures in reflected (a–c) and transmitted
(d–f) light, AFM images of surface fragments containing laser-induced periodic surface structures
(LIPSSs) (g–i), and the corresponding thermal images (j–l). Insets show 2D-FFT spectra of fragments
of the corresponding images (spatial frequencies up to 2 μm–1). The scanning direction by the laser
beam in the images (a–f) is from left to right. All recordings were conducted with initial partially
polarized laser beam. Recording regimes: (a,d,g,j) τ = 4 ns, Pav = 90 mW, f = 50 kHz, ε = 20 mJ/cm2;
(b,e,h,k) τ = 4 ns, Pav = 140 mW, f = 100 kHz, ε = 24 mJ/cm2; (c,f,i,l) τ = 8 ns, Pav = 160 mW, f = 50 kHz,
ε = 44 mJ/cm2.

Table 1. Physical and optical characteristics of titanium and BK7 glass.

Titanium [33,34]

Density, p1 4.5 × 103 kg/m3

Thermal capacity, c1 530.8 J/(kg·K)

Absorbance coefficient A1 at λ = 1.07 μm 0.42

BK7 glass [35]

Density, p1 2.5 × 103 kg/m3

Thermal capacity, c2 720 J/(kg·K)

Thermal diffusivity, a2 0.6 × 10−6 m2/s

Since titanium oxides are substantially transparent in the visible and near-IR ranges, the estimates
obtained by formula (2) using the absorbance of the initial metal film A1 show the upper limit of possible
temperature values. Heat accumulation effects under the studied conditions are negligible due to heat
dissipation into the substrate during the time between pulses. Model estimations of peak temperature
values (as well as experimental average evaluations (Figure 2i–l)) show numbers significantly lower than
titanium melting point (1660 ◦C [33]) and, to be precise, range from 470 to 1065 ◦C for pulse durations
of 4–14 ns within the experimentally determined fluence regimes of oxidation with the appearance of
clearly defined LIPSSs. Interference modulation during LIPSS formation may have increased the peak
temperature values in the maxima of the interference pattern, but microscopy results (Figure 2a–i) show
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no evidence of melting, or other signs of thermally-induced aberrations, which makes plausible the
nonablative, oxidative nature of the LIPSS formation process.

Although direct comparison of our results with those from other sources is difficult due to
differences in selected materials or exposure durations, LIPSSs with similar quality were formed under
laser irradiation of the same wavelength, and average powers of the same order, in the benchmark
article [12]. However, the laser spot coverage area size in our case is 7 times larger (80 μm vs. 12 μm),
and scanning speed is far higher (100 μm/s vs. 2–8 μm/s), which results in much more efficient LIPSS
recording, all without violation of long-range order. In addition, the usage of a commercially available
nanosecond-pulsed Yb-fiber laser system instead of a femtosecond laser system is economically beneficial.

The well-known result, according to which the orientation axis of the LSFLs is defined by the
polarization axis of laser radiation [13], was experimentally confirmed using a Glan–Taylor prism.
The original partially polarized laser beam (Figure 3a) was converted using a prism to a linearly
polarized one, and the angle of the LIPSS orientation corresponded to the rotation angle of the prism
polarization axis. Based on the results of 2D-FFT analysis for structures formed under the action of
linearly polarized radiation (Figure 3b–e), the period was found to be the same, i.e., 0.72 ± 0.02 μm.
Separately, it was noted that the scanning direction (left-to-right, top-down) of the linearly polarized
laser beam does not affect the rotation angle of the LIPSSs.

 
Figure 3. Optical micrographs of LIPSSs recorded in the same energy regime: τ = 4 ns, Pav = 90 mW, f
= 50 kHz, ε = 20 mJ/cm2. (a) Original partially polarized laser beam. (b–e) Linearly polarized radiation,
where double-sided arrows indicate the direction of the polarization plane (at 0, 30, 60, and 90◦ to the
scanning direction respectively). Insets show 2D-FFT spectra of fragments of the corresponding images
(spatial frequencies up to 2 μm−1).

The experimentally defined regimes favorable for the formation the oxidative LIPSSs on the thin
metallic titanium films are shown in Figure 4a. With an increase in the duration or fluence of the pulses,
a shift of the LIPSSs from the center of the irradiated region to the zone with a lower radiation intensity
was observed (see Figures 2c and 4c), until their complete disappearance. The optimal repetition rate
of nanosecond pulses lies in the range from 40 to 70 kHz (Figure 4d); however, this range expands
with a reduction in the duration of a single pulse. Thus, contrast, ordered, and regular LIPSSs were
observed when exposed to pulses with duration of 4 ns in a wide range of their repetition rates from
30 to 100 kHz. Observed restrictions on the pulse repetition rates are most likely to be explained
by their connection with laser fluence. A decrease in the pulse repetition rate while maintaining the
average power leads to an increase in the fluence and, consequently, an increase in the maximum
peak value of the film temperature. This is followed by an increase of thermal-induced stresses, and,
finally, the experimentally observed cracking of the film material and the disappearance of the regular
LIPSSs (Figure 4b). An increase in the pulse repetition rate beyond the optimal range most likely
leads to a decrease in the average fluence below the threshold values required for the LIPSS excitation.
Reproduction of the LIPSS orientation as a result of positive feedback was also demonstrated by
recording several tracks with a slight overlap (about 8%) (Figure 5). It can be noted that the direction,
rotation angle, and location of the LIPSSs were reproduced on different tracks recorded sequentially
and independently of each other. This reproducibility can be useful for functional structuring of the
film surface under the considered conditions.
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Figure 4. (a) Experimentally determined recording regimes for obtaining oxidative LIPSSs on titanium
films of the selected thickness: the green area is homogeneous, with contrast structures over the entire
track area; the yellow area has structures predominantly along the edges of the tracks; the red area has
no structures or film cracking over the entire track area. Black dots mark the experimentally obtained
results. Recording regimes (with the corresponding points marked in (a)): (b) τ = 20 ns, Pav = 100 mW,
f = 15 kHz, ε = 100 mJ/cm2; (c) τ = 8 ns, Pav = 100 mW, f = 30 kHz, ε = 48 mJ/cm2; (d) τ = 4 ns, Pav =

100 mW, f = 60 kHz, ε = 23 mJ/cm2.

 
Figure 5. Fragment of a structure consisting of sequentially recorded tracks with LIPSSs using an initial
partially polarized laser beam. Recording regime: τ = 4 ns, Pav = 90 mW, f = 50 kHz, ε = 20 mJ/cm2 (for
a single track see Figure 2a). Sample photo is shown in the inset.
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4. Conclusions

In the presented work, we demonstrated the formation of oxidative LIPSSs on titanium films
under the action of nanosecond pulses. The mechanism of LIPSS formation under the considered
conditions confirms the model proposed earlier in [12,14,22], which is based on the interference of the
initial laser radiation, with that scattered by the initial film roughness. The results of AFM, optical
microscopy, and subsequent 2D-FFT analysis show that the depth of the oxidative relief formed on
the titanium film is stable, with an average of 90 nm, and its period is about 0.7 λ. It is significant
that the formation of LIPSSs occurs in the preablative oxidative temperature regime at temperatures
below the melting point, due to which the structures have high reproducibility and order (deviations
in the value of the period do not exceed 0.02 μm). The LIPSS reproducibility is also facilitated by the
recording method, in which the formation of the relief occurs under the influence of 24,000–80,000
nanosecond pulses (for 0.8 s) that successively irradiate the affected area. The action of subsequent
pulses consolidates and significantly enhances the relief formed as a result of the scattering of the first
pulses on the initial roughness of the film. This positive feedback contributes to the appearance of
LIPSSs (under the influence of partially polarized radiation) with the predominant formation direction.
The experimentally defined optimal regimes for the LIPSS formation were pulse durations in the range
of 4–14 ns and fluences in the range of 10–70 mJ/cm2, while the range of the latter is limited by fluence
values sufficient for the excitation of LIPSSs but not exceeding the films’ cracking thresholds. It was
shown that since the pulse repetition rate is a technological factor that affects the energy density, it
can be used to control the occurrence of LIPSSs (for example, under studied conditions, the frequency
values suitable for the formation of LIPSS were 30–70 kHz at τ = 8 ns ceteris paribus). Yb-laser as part
of the MiniMarker laser processing complex is a commercially-available, economically competitive
system that allows obtaining high-quality uniform structures far more efficiently than by using a
femtosecond laser system [12]. Controlling the direction of formation of the oxidative relief under the
studied conditions can be achieved relatively easily, simply by changing the scanning direction of a
partially polarized laser beam or by rotating the plane of polarization of radiation, which opens up
new possibilities for applied surface functionalization.
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Babin, S.A.; Bulgakova, N.M. LIPSS on thin metallic films: New insights from multiplicity of laser-excited
electromagnetic modes and efficiency of metal oxidation. Appl. Surf. Sci. 2019, 491, 650–658. [CrossRef]

15. Одинцoвa, Г.; Andreeva, Y.M.; Salminen, A.; Roozbahani, H.; Van Cuong, L.; Yatsuk, R.; Golubeva, V.;
Romanov, V.; Veiko, V.; Luong, V.C. Investigation of production related impact on the optical properties of
color laser marking. J. Mater. Process. Technol. 2019, 274, 116263. [CrossRef]

16. Kang, M.J.; Park, T.S.; Kim, M.; Hwang, E.S.; Kim, S.H.; Shin, S.T.; Cheong, B.-H. Periodic surface texturing of
amorphous-Si thin film irradiated by UV nanosecond laser. Opt. Mater. Express 2019, 9, 4247–4255. [CrossRef]

17. Reyes-Contreras, A.; Camacho-López, M.A.; Camacho-López, S.; Olea-Mejía, O.; Esparza-García, A.;
Bañuelos-Muñetón, J.G. Laser-induced periodic surface structures on bismuth thin films with ns laser pulses
below ablation threshold. Opt. Mater. Express 2017, 7, 1777. [CrossRef]

18. Dusser, B.; Sagan, S.; 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]

19. Makin, V.S.; Logacheva, E.I.; Makin, R.S. Localized surface plasmon polaritons and nonlinear overcoming of
the diffraction optical limit. Opt. Spectrosc. 2016, 120, 610–614. [CrossRef]

20. Ehrhardt, M.; Han, B.; Frost, F.; Lorenz, P.; Zimmer, K. Generation of laser-induced periodic surface structures
(LIPSS) in fused silica by single NIR nanosecond laser pulse irradiation in confinement. Appl. Surf. Sci. 2019,
470, 56–62. [CrossRef]

21. Andreeva, Y.M.; Luong, V.C.; Lutoshina, D.S.; Medvedev, O.S.; Mikhailovskii, V.Y.; Moskvin, M.K.; Одинцoвa, Г.;
Romanov, V.V.; Shchedrina, N.N.; Veiko, V.P. Laser coloration of metals in visual art and design. Opt. Mater.
Express 2019, 9, 1310–1319. [CrossRef]

22. Florian, C.; Déziel, J.-L.; Kirner, S.V.; Siegel, J.; Bonse, J. The Role of the Laser-Induced Oxide Layer in the
Formation of Laser-Induced Periodic Surface Structures. Nanomaterials 2020, 10, 147. [CrossRef] [PubMed]

23. Veiko, V.P.; Shakhno, E.A.; Sinev, D.A. Laser thermochemical writing: Pursuing the resolution. Opt. Quantum
Electron. 2016, 48, 322. [CrossRef]

24. Wang, Y.; Wang, R.; Guo, C.F.; Miao, J.; Tian, Y.; Ren, T.; Liu, Q. Path-directed and maskless fabrication of
ordered TiO2 nanoribbons. Nanoscale 2012, 4, 1545–1548. [CrossRef]

25. Veiko, V.P.; Zakoldaev, R.A.; Shakhno, E.A.; Sinev, D.A.; Nguyen, Z.K.; Baranov, A.V.; Bogdanov, K.V.;
Gedvilas, M.; Raciukaitis, G.; Vishnevskaya, L.V.; et al. Thermochemical writing with high spatial resolution
on Ti films utilising picosecond laser. Opt. Mater. Express 2019, 9, 2729–2737. [CrossRef]

146



Nanomaterials 2020, 10, 2161

26. Veiko, V.P.; Nguyen, Q.D.; Shakhno, E.A.; Sinev, D.A.; Lebedeva, E.V. Physical similarity of the processes of
laser thermochemical recording on thin metal films and modeling the recording of submicron structures.
Opt. Quantum Electron. 2019, 51, 348. [CrossRef]

27. Shakhno, E.A.; Sinev, D.A.; Kulazhkin, A.M. Features of laser oxidation of thin films of titanium. J. Opt. Technol.
2014, 81, 298. [CrossRef]

28. Guo, C.F.; Cao, S.; Jiang, P.; Fang, Y.; Zhang, J.; Fan, Y.; Wang, Y.; Xu, W.; Zhao, Z.; Liu, Q. Grayscale photomask
fabricated by laser direct writing in metallic nano-films. Opt. Express 2009, 17, 19981–19987. [CrossRef]

29. Korolkov, V.P.; Sedukhin, A.G.; Mikerin, S.L. Technological and optical methods for increasing the spatial
resolution of thermochemical laser writing on thin metal films. Opt. Quantum Electron. 2019, 51, 389. [CrossRef]

30. Veiko, V.P.; Korolkov, V.P.; Poleshchuk, A.G.; Sinev, D.A.; Shakhno, E.A. Laser technologies in micro-optics.
Part 1. Fabrication of diffractive optical elements and photomasks with amplitude transmission. Optoelectron.
Instrum. Data Process. 2017, 53, 474–483. [CrossRef]

31. Laser Center. Available online: https://www.newlaser.ru/laser/lc/minimarker2.php (accessed on 27 September 2020).
32. Metev, S.M.; Veiko, V.P. Laser-Assisted Microtechnology; Springer: Berlin, Germany, 1998; p. 180.
33. Kikoin, I.K. Tables of Physical Quantities; Atomizdat: Moscow, Russia, 1976.
34. Ordal, M.A.; Bell, R.J.; Alexander, R.W.; Newquist, L.A.; Querry, M.R. Optical properties of Al, Fe, Ti, Ta, W,

and Mo at submillimeter wavelengths. Appl. Opt. 1988, 27, 1203–1209. [CrossRef]
35. Gedvilas, M.; Voisiat, B.; Indrisiunas, S.; Raciukaitis, G.; Veiko, V.; Zakoldaev, R.A.; Sinev, D.; Shakhno, E.

Thermo-chemical microstructuring of thin metal films using multi-beam interference by short (nano- &
picosecond) laser pulses. Thin Solid Films 2017, 634, 134–140. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 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/).

147





nanomaterials

Article

Surface Superconductivity Changes of Niobium
Sheets by Femtosecond Laser-Induced
Periodic Nanostructures

Álvaro Cubero 1, Elena Martínez 1,*, Luis A. Angurel 1, Germán F. de la Fuente 1, Rafael Navarro 1,

Herbert Legall 2, Jörg Krüger 2 and Jörn Bonse 2

1 Instituto de Nanociencia y Materiales de Aragón (INMA), CSIC-Universidad de Zaragoza,
50009 Zaragoza, Spain; acubero@unizar.es (Á.C.); angurel@unizar.es (L.A.A.);
german.delafuente.leis@csic.es (G.F.d.l.F.)

2 Bundesanstalt für Materialforschung und -prüfung (BAM), Unter den Eichen 87, 12205 Berlin, Germany;
herbert.legall@bam.de (H.L.); joerg.krueger@bam.de (J.K.); joern.bonse@bam.de (J.B.)

* Correspondence: elenamar@unizar.es

Received: 23 November 2020; Accepted: 14 December 2020; Published: 16 December 2020

Abstract: Irradiation with ultra-short (femtosecond) laser beams enables the generation of
sub-wavelength laser-induced periodic surface structures (LIPSS) over large areas with controlled
spatial periodicity, orientation, and depths affecting only a material layer on the sub-micrometer
scale. This study reports on how fs-laser irradiation of commercially available Nb foil samples
affects their superconducting behavior. DC magnetization and AC susceptibility measurements at
cryogenic temperatures and with magnetic fields of different amplitude and orientation are thus
analyzed and reported. This study pays special attention to the surface superconducting layer that
persists above the upper critical magnetic field strength Hc2, and disappears at a higher nucleation
field strength Hc3. Characteristic changes were distinguished between the surface properties of the
laser-irradiated samples, as compared to the corresponding reference samples (non-irradiated). Clear
correlations have been observed between the surface nanostructures and the nucleation field Hc3,
which depends on the relative orientation of the magnetic field and the surface patterns developed by
the laser irradiation.

Keywords: niobium; surface superconductivity; laser-induced periodic surface structures (LIPSS);
femtosecond n-IR laser

1. Introduction

It is well established for type II superconductors that both a lack of material’s extended lattice
periodicity (grain boundaries, stacking faults, etc.) and local crystallographic defects (vacancies,
substitutions) interact with magnetic vortices and act as effective pinning centers of the magnetic
flux lines. The vortex pinning forces generated by these structural imperfections cause flux density
gradients that contribute to the irreversible behavior of the magnetization [1] and to low frequency AC
losses. Vortex pinning is a phenomenon of great relevance for practical conductors since it allows the
superconductor to carry resistance-less current.

Type II superconductors with negligible bulk pinning may also present hysteresis effects, due to
Bean–Livingston surface barriers [2] or due to geometrical edge barriers (specimen-shape dependent) [3].
Both types have been observed in low- and high-temperature superconductors (LTS and HTS,
respectively) [2–8]. The former type of barriers is generally observed in clean single crystals, whereas
the latter is more pronounced for thin films of constant thickness in perpendicular magnetic fields. In
both cases, the magnetic irreversibility is caused by the asymmetry between the magnetic flux entry
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and exit. In type II superconductors, vortex cores overlap at the upper critical field strength, Hc2, and
superconductivity becomes extinguished from the bulk. However, it is worth noting that a surface
superconducting layer can persist above Hc2, up to the surface critical field strength, Hc3. For flat
surfaces, Saint James and De Gennes [9] predicted a superconducting layer of a thickness approximately
equal to the superconducting coherence length, up to a field Hc3 ≈ 1.69 × Hc2 when the field is applied
parallel to the superconductor’s surface. These surface current vortices can be pinned, resulting in
a surface critical current (ic), which depends on the surface characteristics, such as roughness and
morphology. These can be changed, for example, by different polishing procedures [10–12], or by
low-energy Ar+ ion irradiation of the surface [13].

Within the class of type II LTS, pure niobium has been widely studied in the literature by its
intrinsic properties and by its application in superconducting radio frequency (SRF) cavities, where
surface control has the greatest relevance. In SRF applications, very clean surfaces are required to
achieve a high quality factor, Q0, which is inversely proportional to the surface resistance [11]. Surface
treatment procedures including thermal etching, electropolishing and buffered chemical polishing
are usually used to achieve the former requirement [10,12]. Grassallino et al. [14] also found that
the annealing in a partial pressure of nitrogen or argon gas, followed by the electropolishing of the
niobium cavity, yields very low values of the microwave surface resistance and, therefore, more efficient
accelerating structures.

Nowadays, focused laser pulsed sources allow surface control on the near micrometer and
submicrometer scales, enabling surface specialized functionalities in a wide variety of materials and
with increasing processing speeds. Different processing techniques, such as laser direct writing, laser
interference patterning or laser-induced self-organization, enable the control and modification of
the laser-processed surface morphologies [15–21]. Particularly here, a laser-induced self-ordering
process [22] has been chosen that enables the generation of laser-induced periodic surface structures
(LIPSS) in a robust single-step approach. In general, such surface structures may exhibit the shape of
grating-like ripples, grooves, spikes, pillars, cones, etc., featuring spatial periods ranging from a few
tens of micrometers to a few tens of nanometers far beyond the wavelength diffraction limit [17,18,21,22].
Furthermore, femtosecond (fs) laser pulses facilitate the attainment of LIPSS with minimum thermal
heating effects on the irradiated target.

Ultra-short laser processing, thus, opens the possibility of changing the surface morphology
through periodic surface structures on large areas and in continuous fabrication processes featuring
currently maximal areal processing rates at the m2/min level for both the laser interference patterning
and the self-organization approaches [23]. Moreover, the spatial period of the LIPSS can be controlled
via the laser irradiation wavelength, the laser pulse fluence or by the effective number of incident
pulses [21]. Particularly, close to the ablation threshold of fs-laser irradiated metals, a significant
variation of the ripple period can be realized [24–26]. Hence, the localized generation and control of
surface defects, such as ripples, is a promising approach to affect the surface superconducting properties.

In this work, two different near-infrared (n-IR) fs-lasers, which differ in wavelength and pulse
duration, have been used for laser structuring of Nb foil samples. Ultra-short laser irradiation produces
distinctive quasi-periodic nanostructures that vary with the laser pulse fluence or with the effective
number of incident pulses. Here, these values have been chosen to produce elongated quasi-parallel
morphologies of ripples that are not isotropic. The microstructural changes following irradiation
have been analyzed and compared with non-irradiated samples. The effects of applying different
atmospheres (argon, nitrogen and air) during the laser treatment process have also been analyzed.
In a previous work, it was reported that the laser-generated structures on Nb foils produce some
irreversible changes in the magnetic behavior of this superconductor [18]. Nevertheless, discriminating
between bulk and surface effects frequently presents important challenges. The aim of the present
work is to study the effect of femtosecond n-IR laser structuring of Nb foil samples on their surface
superconductivity characteristics. These properties were characterized using DC magnetization and
AC susceptibility measurements with the magnetic field applied parallel to the Nb foil surface in order
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to maximize Hc3 values and to minimize the geometric specimen-shape factor. The effect of the LIPSS
anisotropy on the surface superconductivity behavior has been studied and is reported here.

2. Materials and Methods

Commercial Nb foil samples (rolled, 25 μm thickness, 99.8% purity and typical roughness of
0.30–0.35 μm) (Sigma-Aldrich, Darmstadt, Germany) have been irradiated with two different n-IR
femtosecond lasers located in different laboratories, i.e., at the Institute of Nanoscience and Materials
of Aragón (INMA) in Zaragoza (Spain), and at the German Federal Institute for Materials Research
and Testing (BAM) in Berlin: (i) L1 at INMA: n-IR Yb:YAG laser (Light Conversion, Vilnius, Lithuania),
(Carbide CB3-40W), center wavelength λ = 1030 nm, pulse duration τp = 280 fs. The focusing of the
laser beam was realized by means of a cylindrical lens system (focal length of 150 mm) leading to an
elliptical beam with 1/e2 diameters of 2ab = 1500 μm and 2bb = 26 μm. (ii) L2 at BAM: n-IR Ti:Sapphire
laser (Femtolasers, Vienna, Austria) (Compact Pro), center wavelength λ = 790 nm, pulse duration
τp = 30 fs. For properly handling such extremely short femtosecond laser pulses, the focusing of the
laser beam was realized by a spherical dielectric mirror (Layertec GmbH, Mellingen, Germany) (focal
length of 500 mm) resulting in a circular beam of 1/e2 diameter Db = 2 rb = 130 μm. For both laser
systems, the experiments were performed with a pulse repetition frequency f rep = 1 kHz and the
focused 1/e2 beam diameters were determined in the sample processing plane using the D2-method
proposed by Liu [27,28]. At the given conditions, the areal processing rates were approximately
1.0 mm2/s for L1 and 0.12 mm2/s for L2 here. For irradiation with L1, the sample was placed inside
a chamber that allows laser processing in different gaseous atmospheres, such as air, Ar or N2; and
the line-wise laser scanning was performed in the direction perpendicular to the major axis of the
elliptical beam. In all experiments, the laser scanning direction coincides with that of the linear laser
beam polarization.

Table 1 collects the laser processing conditions of the irradiated Nb samples. With laser L1, two
samples were processed with the same conditions but changing the atmosphere (Ar and N2). In both
cases, the laser polarization was parallel to the rolling direction. The two samples that were processed
with laser L2 were treated in air. The difference between samples “FS_air1” and “FS_air2” is that they
were irradiated with orthogonal orientation with respect to the Nb foil rolling orientation. Sample
FS_air2 sample was oriented in order to have laser beam polarization perpendicular to the rolling
direction. A reference non-irradiated sample, named “REF”, was also studied for comparison.

Table 1. Laser processing parameters used in 25 μm thick Nb foil samples irradiated with fs-lasers.

Sample Laser Atm.
P

(W)
f rep

(kHz)
vL

(mm/s)
ds

(μm)

Fp

(J/cm2)

Ip

(GW/cm2)

F2D

(J/cm2)

FS_Ar L1 Ar 0.18 1 1 1000 0.61 2671 17.1
FS_N L1 N2 0.18 1 1 1000 0.61 2671 17.1

FS_air1 L2 Air 0.02 1 6 20 0.15 5023 16.6
FS_air2 L2 Air 0.02 1 6 20 0.15 5023 16.6

The main parameters of laser processing were described in detail in [18] but are summarized
here as follows. P is the nominal average laser power and f rep the pulse repetition frequency. Each
laser pulse is characterized by the peak fluence (Fp) and the peak irradiance (Ip). For a given value
of f rep, the laser beam scanning velocity (vL) controls the distance between two laser pulses in a line,
dp = vL/f rep. Taking into account the Gaussian beam profile in the processing plane, a uniform fluence
distribution is obtained in the full 2D scanned area if line-to-line overlap is above a critical threshold
value (ds/rb for L2 or ds/ab for L1 is below 0.9, where ds is the distance between adjacent lines). This is
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fulfilled for the treatments performed with laser L2, where ds is 20 μm while the characteristic beam
radius is rb = 65 μm. In this situation, the total accumulated fluence can be calculated as

F2D =
π r2

b

dp ds
Fp (1)

Laser parameters were selected in order to have similar F2D values with both lasers. A constant
value of F2D = 16.6 J/cm2 was obtained for samples treated with laser L2. In the case of laser L1, the
distance between two lines (ds = 1 mm) is larger than the characteristic line size (ab = 0.75 mm) leading
to a non-uniform fluence distribution on the surface, with an average value of 17.1 J/cm2.

The optical penetration depth 1/α = λ/(4πk), with α being the linear absorption coefficient and
k the imaginary part of the complex valued refractive index, accounts to ~16 nm at both laser
irradiation wavelengths.

The surface microstructural characterization was performed in a MERLIN field-emission scanning
electron microscope (FE-SEM) (Carl Zeiss, Jena, Germany) equipped with an energy dispersive X-ray
spectroscopy (EDX) system (Oxford Instruments, Abingdon, UK) operated at 5 kV. Surface topographic
cross-sections were analyzed by Scanning Transmission Electron Microscopy (STEM) using a Tecnai
F30 microscope (FEI Company, Hillsboro, OR, USA), also equipped with a high-angle annular dark
field (HAADF) detector. Sample preparation was performed with a Focused Ion Beam (FIB) in a Dual
Beam Helios 650 (FEI Company, Hillsboro, OR, USA) apparatus, using 30 kV Ga+ ions for the initial
steps and 5 kV for final thinning. Prior to the preparation of a FIB lamella, a protective Pt cap layer was
deposited at the region of interest. X-ray photoelectron spectroscopy (XPS) was applied to characterize
the changes in the chemical state of the surface using an AXIS Supra spectrometer (Kratos, Manchester,
UK). The photoemission was excited with monochromatic Al Kα X-ray radiation at 1486 eV over a
spot size of 700 × 300 μm2, resulting in an XPS information depth between 5 and 10 nm. The carbon
C1s peak at 284.8 eV served as the reference signal for energy calibration.

Measurements of DC magnetization (M) and complex AC susceptibility, χac (with in-phase, χ′,
and out-of-phase, χ′′, components) were carried out in a SQUID-based MPMS-5T system (Quantum
Design, San Diego, CA, USA). The Reciprocating Sample Option (RSO) of the system was used for
DC measurements. For χac measurements, the AC drive magnetic field (sine wave of amplitude μ0h0

and frequency f ) is superimposed on the constant DC magnetic field, μ0H. In this work, AC and DC
components of the applied magnetic field have the same direction. Values of f = 10 Hz and μ0h0 = 10
and 100 μT have been used. The magnetic field was applied parallel to x- and y- axes of the foil’s
surface plane (see Figure 1), in order to analyze if laser polarization and rolling orientations have any
effect on their magnetic and superconducting behavior. For magnetic measurements, the size of the
measured sample area is in the range of (3–4) mm × (3–4) mm and both surfaces of the samples were
irradiated. The critical temperature (Tc) was determined as the onset of diamagnetism from χ′(T),
being T the temperature, obtaining Tc values ranging between 9.30 and 9.35 K in all samples. The heat
capacity was measured in a PPMS-9T (Quantum Design, San Diego, CA, USA) apparatus.
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Figure 1. FE-SEM micrographs (secondary electrons) of the surfaces of all analyzed representative
samples (same magnification for all images). The rolling direction is parallel to the y-axis in all samples,
except for FS_air2, where it is parallel to x. The linear laser beam polarization is parallel to x in all cases.

3. Results and Discussion

3.1. Microstructural Characterization

Figure 1 shows SEM micrographs from the surface of each of the five analyzed samples. The
reference sample clearly shows the microstructural characteristics arising from rolling, with defects
parallel to the rolling direction (y-axis in the figure). These are also visible, although with less clarity,
after laser irradiation. This rolling direction coincides with the y-axis in all the samples, except in
the case of sample FS_air2, which was rotated by 90◦. Surface irradiation of the samples with both
fs-lasers produces, in all cases, elongated quasi-periodic surface structures aligned perpendicular to
the laser polarization (direction x in the figure). This type of near-wavelength sized ripples is known
as low spatial frequency LIPSS (LSFL) [17,22]. These structures are caused by the excitation of surface
plasmon polaritons (SPPs) at the rough metallic surface and their interference with the incident laser
radiation. The intra-pulse interference modulates the spatial pattern of optical energy absorbed by
the electronic system of the solid and leads—after electron-phonon energy relaxation—to spatially
modulated ablation [22]. This formation mechanism is supported by the values of the dielectric
permittivity of the material Nb at the laser irradiation wavelengths that account to ε = −10.1 + i × 15.6
at 790 nm and ε = −24.4 + i × 16.8 at 1030 nm, respectively [29]. Hence, at both irradiation wavelengths,
the condition R(ε) < −1 is fulfilled here—a prerequisite for the excitation of SPPs [30,31]. The
relevance of specific hydrodynamically driven supra-wavelength sized ripples that were observed
upon irradiation of thin metal films on dielectric substrates with high aspect ratio elliptical ns-laser
beams parallel to the direction of scanning [32] can be ruled out here, since, in our case, the ripples
(LSFL) are formed perpendicular to the direction of beam scanning—always perpendicular to the laser
beam polarization and they exhibit near wavelength sized periods (see Figure 1).

The EDX analyses of the sample surfaces revealed an increase in the % of O elemental composition
in the samples processed in air (6.2 wt%, 27.7 at%) compared to the reference sample (4.1 wt%, 19.9 at%),
and a reduction for samples processed in N2 or Ar (3.4 wt%, 17.0 at%). The standard deviations of the
wt% values range between 0.2 and 0.4. A small amount of nitrogen (0.6 wt%, 3.0 at%, 0.1 wt% sigma)
was detected in sample FS_N. Note that the absolute percentage values must be taken with care here
due to the large EDX information depth and due to surface corrugations being present in the laser
processed areas.
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Quasi-periodic submicrometer-structures induced by both lasers can be better analyzed using
higher magnification, as it is demonstrated in Figure 2 for samples FS_Ar and FS_air2. The upper row
images in the figure correspond to cross-sectional views obtained by STEM for a lamella extracted from
the samples (cut parallel to x-axis). The lower row images correspond to surface views by FE-SEM
using an in-lens secondary detector. LSFL were formed in both samples and have similar modulation
depths (peak-to-valley distances of about 200 nm). These structures are more homogeneous for sample
FS_air2, as it is clearly seen in the cross-sectional view. The spatial period of the LSFL is 775 nm
for samples irradiated with laser L1 and 570 nm for those irradiated with laser L2. These are mean
values that have been calculated by analyzing statistically representative areas observed on samples by
FE-SEM, and have standard deviations of 68 and 35 nm, respectively. The differences in the observed
periods are assigned to the different laser wavelengths emitted by L1 and L2. It must be pointed out
that the geometrical characteristics of the LSFL are in good agreement with the atomic force microscopy
measurements published for fs-laser irradiated niobium in [18,33]. High spatial frequency LIPSS
(HSFL) with periods of 50 to 80 nm, which form between LSFL structures, being perpendicular to them,
are also observed in both samples (see Figure 2c,d), in line with the observations reported in [34].

 

Figure 2. (a,b) STEM micrographs of the cross-sectional images near the surface. (c,d) FE-SEM top-view
images (in-lens detector) of the surface of the same samples. (Left column) FS_Ar, (Right column)
FS_air2. The white arrows in (a,b) point at the boundary between laser-affected and non-affected regions.

It is important to note here that, due to the rolling process involved in the manufacturing of the Nb
foils, the grains are elongated in the bulk of the material, with the longest grain axis oriented parallel to
the rolling direction. This is also parallel to the ripple orientation in sample FS_Ar, but perpendicular
in sample FS_air2. This is the reason for the different grain shapes observed in Figure 2a,b, with a clear
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texture of grains oriented perpendicular to the nanostructure observed in sample FS_air2. Interestingly,
a boundary can be observed in both samples that is separating the laser-affected region from the
non-affected bulk material underneath (marked by white arrows in Figure 2a,b. Supposedly, the Nb
surface was melted up to this depth during the fs-laser scan processing, resulting in a re-solidified
layer of 40 to 300 nm here (depending on the position across the LIPSS). This thickness is larger than
the optical penetration depth of the laser radiation in Nb, which can be explained by the multi-pulse
laser treatment upon scan-processing.

Figure 3 shows HAADF-STEM images of the cross-section of samples FS_N and FS_air2.
Corresponding STEM-EDX analyses confirm the presence of O and Nb elements in the darker
areas observed near the sample surface (data not shown here). These zones are more abundant in the
sample processed in air (Figure 3b) than in the samples processed in nitrogen (Figure 3a) or argon (not
shown here). The oxide layer can be associated with the dark interfacial zones and exhibits a thickness
of a few nanometers for the sample FS_N (≈5 nm in the zone shown in the inset of Figure 3a). For
sample FS_air2, however, this layer exhibits an increased thickness (reaching values up to 20 nm) and
is much less uniform. Note that the thickness of the oxide layer formed upon fs-laser processing in
nitrogen here is very similar to that found for the natural Nb passivation layers that are characterized
by a thickness of about 6–8 nm and Nb2O5 as the outermost layer [33].

 

Figure 3. HAADF-STEM images of a cross-section of sample (a) FS_N and (b) FS_air2, near the surface.
The insets show the areas highlighted by a white rectangle in the corresponding main images, with
higher magnification.

The high resolution XPS spectra of niobium Nb 3d, plotted in Figure 4, show very similar behavior
for all samples, with the presence of the Nb 3d doublet at binding energies (BEs) of 209.80 and
207.05 eV, corresponding to Nb2O5, as the main chemical compound at the surface [35–37]. The peaks
corresponding to metallic Nb, Nb0, are also observed in all samples except in the one processed in air,
FS_air2. The latter indicates a thickness of the laser-induced oxide layer exceeding the XPS information
depth here—fully in line with Figure 3b and with previous observations made for fs-irradiation of Ti in
the air environment [38]. The sample irradiated in nitrogen atmosphere exhibits a very weak signal in
the N 1s spectrum with a BE of approximately 400.0 eV (see Figure 5), thus discarding the presence
of niobium nitrides, NbNx, which are expected to appear at lower binding energies (396.5 eV [39],
397.5 eV [40]). This is very similar to the results reported for nitrogen doped niobium [37], where the
peak at 399.84 eV in the N 1s spectrum was attributed to the formation of CH3CN.
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Figure 4. High resolution Nb 3d XPS spectra for the analyzed samples discussed in the text. CPS:
counts per second.

Figure 5. High resolution XPS spectra of the N 1s line of samples REF (non-irradiated, black line) and
FS_N (laser irradiated in nitrogen atmosphere, red line). CPS: counts per second.

3.2. Irreversible Magnetization and Upper Critical Field, Hc2

Figure 6a shows the width of the magnetic hysteresis loop, ΔM, as a function of the magnetic field
for the reference non-irradiated sample (REF) and the irradiated sample (FS_N), at the temperature
T = 5 K, and with the magnetic field applied parallel to the x- and y-axes. ΔM was obtained for each H
value as ΔM =M↓ −M↑, where M↑ and M↓ are the corresponding values measured for increasing and
decreasing fields, respectively.
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Figure 6. (a) Field dependence of the magnetic hysteresis loop width, μ0ΔM(H) at T = 5 K of the REF
and FS_N samples with the external DC field applied in the x- and y-directions, both parallel to the
surface as indicated in Figure 1; (b) heat capacity of the non-irradiated reference (REF) sample recorded
at 5 K. The derived upper critical field μ0Hc2 is marked by an arrow. Both arrows point to the same
magnetic field, for better comparison.

In these measurements, the sharp increase of the magnetic irreversibility, which is related to ΔM,
is frequently associated to the onset of bulk superconductivity and, therefore, to the upper critical field
μ0Hc2 [10]. Nevertheless, this value is not always easy to derive from magnetization curves, due to
the appearance of a tail at high magnetic fields in some conditions, as in this case [41]. With this aim,
heat capacity, which is essentially a bulk property, could better allow the determination of μ0Hc2, as
marked by the arrow in Figure 6b [12,13]. It must be noted that the C(H) curve for the FS_N sample
(not shown here for clarity reasons) is very similar to that of the reference sample, indicative of similar
bulk properties (and μ0Hc2) between both samples.

The results in Figure 6a thus clearly show irreversible magnetization values above μ0Hc2, with
differences between samples and orientations. The existence of non-zero ΔM values above μ0Hc2 is
indicative of the presence of surface critical currents, ic. As it is observed, fs-laser irradiation produces
a significant decrease of ΔM above Hc2, particularly when the magnetic field is applied in the direction
perpendicular to the nanostructures (x-direction, as indicated in Figure 1). This effect is observed for
all analyzed irradiated samples, independently of the processing atmosphere. It must be noted that
the reference sample also exhibits some anisotropy in ΔM, with higher values above Hc2 for the field
applied parallel to the rolling direction (y-axis). This is indicative of an influence of the anisotropy of
the microscopic grain structure induced by rolling, as visualized in Figures 2a,b and 3, in agreement
with previous studies [41].

Changes in the ΔM (or ic) at fields above Hc2 for different surface treatments have been reported
by several groups. For example, Scola et al. [13] observed an increase of ic values after irradiating the
Nb surface with low-energy Ar+ ions; Aburas et al. [12] observed changes by polishing the surface
using different processes (sandpaper, diamond, colloidal silica and chemical polishing), with lower ic
values for smoother surfaces; Casalbuoni et al. [10] also reported differences in ic values of Nb cylinders
subjected to buffered chemical polishing or to electropolishing; and van Gurp [41] observed higher ic
values for cold rolled Nb foils compared to electrolytic Nb foils.

The behavior observed here would thus suggest that surface critical currents present a marked
anisotropy, with higher values for magnetic fields applied along the ripples in the irradiated samples.
Further analysis of the surface superconducting characteristics and the effects of the different laser
irradiation conditions can be better performed from χac(H) measurements because of their higher
sensitivity, as discussed in the following section.
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3.3. Surface Superconductivity Characterization

Hc3 values can be estimated fromχac(H) following a procedure similar to that described in [10,11,42].
The complex χac(H) curve was measured in descending DC magnetic fields applied parallel to the
Nb sheet surface, starting from normal-state conditions and then approaching the superconducting
transition by decreasing the DC magnetic field. Low frequency (f = 10 Hz) and low amplitude
(μ0h0 = 10 μT) of the AC alternating magnetic field were used for the present measurements, similarly
to those reported in references [10,11], for ease of comparison. Figure 7 shows χ′(H) and χ′′(H)
curves measured at 5 K with decreasing fields from 1.5 T down to 0 T for different samples and for
two orientations of the external magnetic field. Note that the value of the initial DC magnetic field
(μ0H = 1.5 T) was chosen considerably larger than μ0Hc2 to ensure that the entire sample, including
its surface, was in the normal state at the beginning of each measurement run [11]. All values in the
graphs have been scaled by χ′−1, which is the value of χ′ measured at zero field, and it is close to the
expected value for perfect diamagnetism for each sample, i.e., χ′−1(emu) ≈ V(cm3)/(4π), where V is the
volume of the sample. Hc3 at each temperature can be defined as the first deviation point from the
values at normal state of χ′′ or as the onset of χ′ (above noise level). In the figure, arrows indicate the
position of the Hc3 values of two of the samples (REF and FS_N), for clarity purposes.

Figure 7. Components of the χac: χ” (a,c) and χ′ (b,d), scaled by χ′−1, as a function of the DC magnetic
field, μ0H, applied parallel to the y-axis (a,b) or the x-axis (c,d), at T = 5 K, f = 10 Hz and μ0h0 = 10 μT
measured in descending fields from the initial field 1.5 T. The arrows mark μ0Hc3 values for samples
REF (black arrow) and FS_N (blue arrow), derived as explained in the text.

From Figure 7, it is worth pointing out that fs-laser processing produces a pronounced shift of
the transition towards smaller magnetic fields together with much narrower transitional widths, as
compared to the reference sample. Two non-irradiated samples were measured, showing very similar
curves (see Figure S1 presented in Supplementary Material), thus confirming this laser-modified
behavior. The onset of the normal-to-superconducting transition of fs-laser processed samples occurs
at higher fields when H is applied parallel to the nanostructures produced by the laser (y-axis) than
when it is applied perpendicular to them (x-axis). The effect of the used atmosphere during laser
processing is not significantly relevant, although some differences are observed, especially for fields
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applied along the x-axis (Figure 7c,d). The non-irradiated sample REF also shows some anisotropy,
assigned to the elongated defects/grains produced by the rolling during its manufacture. Note that
the maximum of χ′′(H) curves is lower (thus indicating lower AC losses, which represent the energy
dissipation during a cycle), for the fs-laser processed samples, especially for those irradiated in Ar and
N2 atmosphere and for magnetic fields applied parallel to the induced nanostructures (y-axis). This
could suggest lower surface resistance in these samples and conditions [43].

χ′′(H) curves also allow the estimation of Hc2, which is defined as the point where χ′′(H) decreases
to zero after the transition when ramping down the field [10,11]. As seen in Figure 7a, the increase of
χ′′(H) around Hc2 is smooth at these conditions, so that we can only have an estimate of this value in
the range between 0.35 T and 0.40 T in all samples, as the low-intensity signal makes the noise relevant,
thus preventing more precise estimation of Hc2 here. Nevertheless, it is possible to derive Hc2 values
using higher amplitude of the AC field, since the directly measured signal by the magnetometer is
proportional to h0·χac(H, f, h0), so that the signal-to-noise ratio increases with h0. Figure 8 compares the
same samples and conditions as in Figure 7a but for μ0h0 = 100 μT. Hc2 values defined this way would
be about 0.34 T for all the samples (dotted arrow in the figure). This is in good agreement with the
result obtained previously from the heat capacity measurement shown in Figure 6b. It must be pointed
out that, as expected, Hc2 does not depend on the field orientation, since similar Hc2 values are derived
when the field is oriented parallel to the x-axis (see Figure S2 in the Supplementary Material).

Figure 8. χ′′(H) for the same samples and under the same conditions as in Figure 7a, but in this case
μ0h0 = 100 μT. χ′′ is plotted in a log scale. The dotted arrow indicates the estimated μ0Hc2 value for
these samples. Note that the two continuous arrows point to the same DC field values as in Figure 7a,
to allow for a direct comparison between the two sets of data.

The choice of small μ0h0 values in these measurements aims at improving the surface sensitivity.
It can be observed that the onset of the normal-to-superconductor transition does not vary significantly
by increasing μ0h0 from 10 to 100 μT, for laser processed samples, but it shifts at slightly lower external
DC fields for the reference sample. This indicates that both AC field amplitudes would provide good
sensitivity to analyze near-surface regions. It should be underlined that, upon increasing μ0h0, the
AC field will sense deeper into the sample so that the peak of the χ′′(H) curve shifts towards lower
fields [5]. More specifically, for the fs-laser treated samples, the peak shifts from 0.49–0.50 T for the
μ0h0 = 10 μT AC field down to the 0.45–0.46 T for the 100 μT AC field, when H is parallel to the y-axis
(Figures 7 and 8). The behavior is similar in all laser treated samples, although the peak of the sample
processed in argon appears at slightly higher fields. In the case of the non-irradiated sample, the
observed shift is larger, as the χ′′(H) peak moves from 0.60 T (at 10 μT AC field) down to 0.50 T (at
100 μT AC field). In all samples, these fields are well above the μ0Hc2 field, thus clearly indicative of
surface phenomena.
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The surface critical fields, Hc3, derived from χ′′(H) measurements at 5 K and AC fields of 10 Hz
and amplitude 10 μT are plotted in Figure 9 for all analyzed samples presented in this study and
for both DC field orientations. Note that the values Hc3 obtained from χ′(H) curves, which are not
displayed here for clarity purposes, show the same trends, but are slightly shifted towards lower
magnetic fields than those corresponding to χ′′(H). The estimated μ0Hc3 values for external magnetic
fields applied parallel to the surface nanostructures (y-axis) decrease from 0.84 T for the REF sample
to about 0.54–0.58 T. That is, the r32 factor (=Hc3/Hc2) decreases from ≈2.4 for the as-rolled reference
sample to 1.6–1.7 for fs-laser irradiated samples. Moreover, Hc3 values are smaller when applying
the magnetic field perpendicular to the nanostructures (x-axis). For this field orientation, we observe
some changes depending on the processing atmosphere, with samples irradiated in argon and nitrogen
having the smallest and the largest anisotropy, respectively. More precisely, for this field orientation,
the transition of FS_N shifts slightly towards lower fields compared to the other irradiated samples (see
Figure 7d), whereas the transitions of FS_air1 and FS_Ar are very similar for χ′/χ′−1 > 0.06, but differ
on the onset of diamagnetism, which occurs at higher DC fields for FS_Ar, thus exhibiting a larger
Hc3 value. The reasons for the observed differences among the irradiated samples are still unknown.
They are, in any case, small compared with those found between fs-laser irradiated and non-irradiated
samples. It seems clear, however, that irradiation with fs-lasers, as used in this work, is sufficiently
short in time to limit the chemical reaction between niobium and oxygen or nitrogen, thus resulting
in very similar critical surface fields, independently of the atmosphere used during the irradiation
process. Hence, this similarity points toward a topographic effect of the LIPSS here. Moreover, it was
observed that the laser polarization orientation with respect to the rolling direction of the sample does
not show a very important effect on the superconducting properties of the laser processed surface as
the laser treatment diminishes rolling defects and both FS_air1 and FS_air2 samples exhibit a similar
nanostructure and magnetic behavior.

Figure 9. Critical surface fields, μ0Hc3, of all analyzed samples derived from χ′′(H) measurements at
T = 5 K, f = 10 Hz and μ0h0 = 10 μT, with the external magnetic field applied parallel to the x- and
y-axes.

Note that the effect of fs-laser processing on Hc3 is similar to the effect of electropolishing and
buffered chemical polishing of Nb wire reported by Sung et al. [11]. In that study, the authors observed
a decrease of Hc3 in all polished samples as compared with the as-drawn wires. For example, μ0Hc3 at
5 K was reduced from≈0.84 T (as-drawn) to ≈0.68 T after electropolishing for 3 h. They also found some
differences in Hc3 and r32 values by annealing (at 800 ◦C) or by baking (at 120 ◦C) the niobium samples.
Following these results, it is thus worth further exploring the effect of different LIPSS topographies,
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together with annealing and/or baking of the Nb samples, on the surface superconducting properties
of niobium.

4. Conclusions

Laser-induced periodic surface structures (LIPSS) were generated on oppositely aligned
(3–4) mm × (3–4) mm areas on the top and bottom surfaces of as-rolled commercial niobium foils
using two different fs-laser systems under different atmospheres (air, argon, and nitrogen). After laser
treatment, the surface roughness is very similar in all cases. The formed low spatial period LIPSS
(LSFL) have similar modulation depths (peak-to-valley distance of about 200 nm) and are aligned
perpendicular to the laser beam polarization. They are characterized by a spatial frequency that
depends on the laser wavelength: 775 nm (std 68 nm) and 570 nm (std 35 nm), i.e., approximately
73–74% of the irradiation wavelengths of λ = 1030 and 790 nm, respectively. High spatial frequency
LIPSS (HSFL) with periods between 50 and 80 nm, are also formed between the LSFL structures, in the
perpendicular direction.

Chemical analyses by EDX and XPS indicated some laser-induced oxidation effects, with Nb2O5

being the dominating type of oxide. Upon fs-laser processing in ambient air, a thin surface oxide layer
of a few tens of nanometers extent was detected through cross-sectional STEM/EDX analyses. When
laser processing takes place under inert gases, however, the laser-induced oxide layer thickness of
~5 nm is similar to that found for the native oxide on the non-irradiated reference sample. A small
nitrogen signal is observed by EDX and XPS on the surface of the laser irradiated sample under
nitrogen, not being consistent with the definite presence of niobium nitrides.

The surface critical field, Hc3, was derived from AC susceptibility measurements as a function
of the externally applied DC magnetic field, which was applied parallel to the surface and in both
orientations with respect to the generated LIPSS. Clear effects of laser irradiation on the surface
superconducting properties of the niobium foil samples have been shown. In particular, Hc3 decreases
for laser irradiated samples as compared to the non-irradiated reference sample. Laser irradiation also
results in significantly narrower normal-superconductor transitions and lowerχ”(H) peaks, whereas the
upper critical field, Hc2, remains unaffected. The microstructural anisotropy of the fs-laser-generated
LIPSS is clearly reflected on the surface superconducting properties of the samples, with higher Hc3

when the external magnetic field is parallel to the LIPSS (LSFL). Nevertheless, the differences in the
spatial periodicity of LIPSS between these samples do not affect significantly the Hc3 values. Moreover,
it seems clear that irradiation with ultra-short pulsed lasers, as used in this work (with pulse durations
of 280 fs and 30 fs), is of sufficiently short interaction time to limit the chemical reaction between
niobium and oxygen or nitrogen, thus resulting in similar critical surface fields independently of the
irradiation atmosphere.

The observed behavior indicates that fs-laser processing is useful to control the surface
superconducting properties of niobium and could be an alternative to some well-stablished
procedures, such as electropolishing or buffered chemical polishing. This work demonstrates
that surface modification associated with ultra-short pulse laser processing strongly affects surface
superconductivity. In order to understand completely the interaction between the laser generated
surface nanostructures and superconductivity, additional studies using different laser sources
(wavelengths or longer pulse durations) should be necessary.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/12/2525/s1,
Figure S1: Comparison between χ′(H) and χ′′(H) curves of two different non-irradiated samples, REF and REF(2),
nominally identical. Magnetic fields were applied parallel to the y-axis and the measurements were performed at
5 K, 10 Hz and μ0h0 = 10 μT with descending fields from the initial field of 1.5 T. Figure S2: χ′′(H) for different
samples at 5 K, 10 Hz and μ0h0 = 100 μT, measured in descending DC fields from the initial magnetic field 1.5 T.
AC and DC magnetic fields were applied parallel to the x-axis.
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Abstract: Ultrafast laser processing with the formation of periodic surface nanostructures on the
15×(Ti/Zr)/Si multilayers is studied in order to the improve cell response. A novel nanocomposite
structure in the form of 15×(Ti/Zr)/Si multilayer thin films, with satisfying mechanical properties
and moderate biocompatibility, was deposited by ion sputtering on an Si substrate. The multilayer
15×(Ti/Zr)/Si thin films were modified by femtosecond laser pulses in air to induce the following
modifications: (i) mixing of components inside of the multilayer structures, (ii) the formation of an
ultrathin oxide layer at the surfaces, and (iii) surface nano-texturing with the creation of laser-induced
periodic surface structure (LIPSS). The focus of this study was an examination of the novel Ti/Zr
multilayer thin films in order to create a surface texture with suitable composition and structure for
cell integration. Using the SEM and confocal microscopies of the laser-modified Ti/Zr surfaces with
seeded cell culture (NIH 3T3 fibroblasts), it was found that cell adhesion and growth depend on the
surface composition and morphological patterns. These results indicated a good proliferation of cells
after two and four days with some tendency of the cell orientation along the LIPSSs.

Keywords: multilayer thin film; ultrafast laser processing; laser-induced periodic surface structure;
cell response

1. Introduction

The role of biomaterials as implants based on natural or synthetic materials in clinical treatment is
the replacement of damaged, non-functional organs, and tissues. The selection and manufacturing
of biomaterials are predominantly based on imitating the chemical and physical properties of the
natural tissue, causing a minimal response of foreign body [1,2]. For years, metallic biomaterials have
been widely used in biomedical devices due to an excellent combination of mechanical properties
and durability. However, the metallic biomaterials still lack satisfactory biofunctionalities for certain
applications, such as blood compatibility for blood-contacting devices and bone conductivity in
orthopedic applications [3]. Titanium-based materials are nowadays well integrated into the body,
attributing to their constructive properties, such as high specific strength, relatively low Young’s
modulus values, excellent corrosion resistance, and good biocompatibility [4,5]. Pure titanium and
titanium alloys are ideal as biomaterials due to the superior biocompatibility based on an outer oxide
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layer with a negative charge at physiological pH and protects dissolving metallic components into
biological fluids [6,7]. New biomedical Ti-based alloys have been developed with a high concentration
of β-stabilizer elements (β phase of titanium) as potential solutions to the mismatch between the
Young’s modulus of the implant and the surrounding hard tissues. The most common alloying
elements added to these new alloys are niobium, tantalum, zirconium, and molybdenum, as they do
not exhibit any cytotoxic reaction in contact with cells [8–10].

The surface properties of the biomaterial play critical roles in the interactions between the biological
environment and the implant. Surface functionalization is one of particular interest and a requirement
to improve the surface bioactivity and other biofunctionalities, in terms of the adsorption of proteins on
the material surface, which is determinant for the subsequent processes of cell growth, differentiation,
and extracellular matrix formation [11]. Due to the limitation of biocompatibility on the surface
properties, thin films and coatings have been considered as a useful alternative. The surface properties
of thin films including dissolution and corrosion, fouling resistance, and hydrophilicity/hydrophobicity
are modulated to improve the materials response in biological environments [12,13]. The appropriate
way for the preparation of Ti-based alloy coatings is the deposition of a multilayer structure with
an alternate distribution of Ti and other (Zr, Ta, Mo, and Nb) components in thin films [14–16].
These multilayer systems exhibit desirable mechanical properties, because the alloying Ti with
mentioned non-cytotoxic metals can be achieved with the further lowering of Young’s modulus [17–20].

The surface modification of the biomaterial aims to create specific chemical and physical properties
that offer a favorable cellular response. In cases where tissue integration is desired, the physical
environment should include macro, micro, and even nanoscale features that allow for cells to adhere,
proliferate, and migrate [21–23]. Femtosecond laser texturing holds promise for the surface modification
of biomaterials due to a wide application to all materials; the possibility of getting a wide variety
of structures with micro- and nano-scaled features; and a fast, repeatable, and contactless process.
The femtosecond laser pulses exhibit some advantages such as less debris contamination, reproducibility,
precision, and a minimal heat-affected zone, making it a very promising technique for the surface
modification of biomaterials [24]. With laser fluence close to the damage threshold for given materials,
the nanoscale periodic ripple structures usually are formed due to interference between the incident
laser beam and the surface scattered wave [25–29]. The interaction with intense laser pulses involves a
lot of physical processes simultaneously (heating, melting, ejection of species, vaporization, shock wave
propagation, and expansion) inducing the formation of rougher surface texture-like grooves and spikes.
Laser surface modification is a unique method that allows the production of a bioactive surface with
formation of the desired oxide and alloy, the creation of nano/micro textures, and a change in the
wettability of the surface. The functionalization of these bioactive surfaces is reflected in the adhesion,
spreading, and proliferation of the different cells and wherein to inhibit the development of bacterial
infections. Surfaces with micro/nano morphological characteristics support cell growth. Furthermore,
bacteria adhere preferentially to polished surfaces and to surfaces with cavities larger than the bacteria
size, but the development of bacterial infections on the nano-textured surfaces is reduced [30–34].

The orientation of cells is a crucial issue for nerve regeneration and muscle reparation. The cell
growth is determined by the structure of the extracellular matrix, where the tri-dimensional patterns
can induce the spread of cells in the desired direction. At the surface with roughness determined by
randomly distributed features, cells are oriented in all directions. When muscle tissue made up from
elongated cells (fibers) are cultured on well-defined patterns with laser-etched micro and nanometer
lines, the cells will tend to localize in the grooves between the lines, favoring oriented growth. In the
healthy tendons, fibroblasts are oriented in the direction of stretching; however, the fibroblasts tend to
orient themselves randomly during the tendon healing. By incorporating an extracellular matrix with
suitable patterns, the direction of fibroblast growth and better tendon healing can be influenced [35,36].

Surface modification in terms of the oxidation and texturing of Ti-based materials shows
cell repellence explained by limitation of the cell flexibility as well as a limited contact area,
which considerably weakens the cell adhesion. On the other hand, morphological features
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(laser-induced periodic surface structure (LIPSS), spike etc.) reduce adhesion of the trans-membrane
proteins in the cell membrane, which are in contact with their ridges, leading also to weaker adsorption.
By studying the cell response, it was found that most cells are attached to the tops of morphological
objects and do not reach the valleys. In addition, it has been observed that the certain number of cells is
oriented to follow the direction of the LIPSS [37,38]. In the future, special attention should be focused
on researching the possibility of deposition of Ti-based multilayer thin films and their laser processing,
which would achieve an appropriate distribution of composition (alloy and oxide) in a small thickness
and the creation of bioactive surface structures.

In this study, the main focus was directed to the examination of a novel titanium–zirconium
(Ti/Zr) bimetallic nanocomposite in order to create a bioactive surface with adjusted composition
and morphology for cell responses with a high degree of proliferation, as well as cell growth along
laser-induced morphological features. Following the previous sub-ablative femtosecond laser studies
for the fabrication of a micro/nano laser-induced periodic surface structure (LIPSS) on the multilayer
thin films, the formation of an LIPSS was explored for the possible creation of alloys in the multilayer
Ti/Zr system and a very thin oxide layer on its surface. The micro/nano patterns distribution with
changed composition and wettability are evaluated with the aim of determining their influence in
cell proliferation and cell morphology with the possibility of cell orientation along the laser-induced
periodic structure.

2. Materials and Methods

2.1. Deposition of Ti/Zr Multilayers

The multilayer structures composed of consecutively distributed titanium and zirconium layers
were deposited in a Balzers Sputtron II system, using 1.3 keV argon ions and 99.9% pure Ti and Zr
targets. Before deposition, the chamber was evacuated to the base pressure of 1 × 10−6 mbar, while the
Ar partial pressure during deposition was 1 × 10−3 mbar. For the substrate, we selected a silicon wafer
Si (100), which was cleaned by etching in hydrofluoric acid (HF) and immersion in deionized water
before mounting in the chamber. The deposition of multilayers was performed in a single vacuum run
at a deposition rate of 0.17 nm s−1 for both Ti and Zr components, without heating of the substrates.
The total thickness of the complete multilayer structure, which consisted of fifteen (Ti/Zr) bilayers,
was 500 nm, where thickness of individual Ti and Zr layers was about 17 nm.

2.2. Laser Processing of Ti/Zr Multilayers

Laser processing of the multilayer 15×(Ti/Zr) thin films was performed with the Yb:KGW laser
source Pharos SP from Light Conversion. The surface of thin films was irradiated by focused linearly
p-polarized pulses with the following characteristics: repetition rate of 1 kHz, pulse duration equal
to 160 fs, central wavelength of 1030 nm, and 43 μm Gaussian spot diameter. Samples were laser
processed in an open air ambient environment and mounted on a motorized, computer controlled,
X-Y-Z translation stage, at normal incidence to the laser beam. For higher precision, the irradiations
were conducted at identical conditions covering a surface of 5 × 5 mm at a pulse energy of 2.5 μJ and
scan velocity of 3 mm s−1 with constant distance between lines of 15 μm. In each line, the energy per
pulse was assumed to be constant, since the pulse energy deviation was less than 1%.

2.3. Characterization of Ti/Zr Multilayers

The depth profile in the unmodified and laser-modified areas of the 15×(Ti/Zr)/Si system was
analyzed by Auger electron spectroscopy (AES) in a PHI SAM 545 spectrometer. During depth profiling,
the sample was sputtered by inclined Ar ion beams of 1 keV at an ion incidence angle of 47◦ with respect
to the surface normal. Surface compositional analysis of the 15×(Ti/Zr)/Si system was done by X-ray
photoelectron spectroscopy (XPS) using the PHI-TFA XPS spectrometer. The relative sensitivity factors
were used for the calculation of surface concentrations [39], and they were provided by an instrument
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producer. Detailed surface morphology after irradiation was examined firstly by optical microscopy
and then by scanning electron microscopy (JEOL JSM-7500F) equipped with energy-dispersive X-ray
spectroscopy (EDS) (Oxford Instruments INCA) and by atomic force microscopy (AFM, Solver PRO
47) in the contact mode with a standard preamplifier. Structural characterization of the samples was
done by cross-sectional transmission electron microscopy (TEM) in conventional and high-resolution
modes, using an FEI Talos F200X microscope (Thermo Fisher Scientific, 168 Third Avenue, Waltham,
MA USA) which was operated at 200 keV voltages. The samples for TEM examination were prepared
by a conventional procedure including the cutting and mounting of the samples onto a copper slot,
followed by polishing and Ar ions milling. In addition, the samples were also analyzed in scanning
transmission (STEM) mode with energy-dispersive spectrometry (EDS) elemental profiling and element
color mapping.

2.4. Cell Study

Cell integration was studied with the NIH 3T3 established adherent mouse fibroblast cell line
(obtained by Mr. G. Vrentzos, IMBB, FORTH). Fibroblast NIH 3T3 cells were grown in cell culture flasks
using Dulbecco’s modified Eagle’s medium DMEM (Invitrogen, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum (Biosera, Sussex, UK) in a 5% CO2 incubator (Thermo Scientific) at 37 ◦C.
Laser-processed samples were autoclaved and transferred into sterile wells of 24-well plates (Sarstedt;
Numbrecht, Germany). Culture medium with 3 × 104 cells were seeded onto the samples, where
they were cultured in different time periods, ranging from two to four days in order to estimate the
cell orientation, adhesion, and proliferation. The cultured samples with the NIH 3T3 fibroblast were
washed twice with 0.1 M sodium cacodylate buffer (SCB) and fixed with 2% glutaraldehyde (GDA)
and 2% paraformaldehyde (PFA) in 0.1 M SCB for 30 min. Subsequently, samples were washed twice
with 0.1 M SCB and dehydrated in increasing concentrations (from 30 to 100%) of ethanol. Finally,
before the determination of NIH 3T3 fibroblasts cell morphology, samples were dried in a critical point
drier (Baltec CPD 030), sputter-coated with thin (10 nm) gold/palladium layer (Baltec SCD 050) and
observed by Scanning Electron Microscope (JEOL JSM-6390 LV).

The cytoskeleton, focal adhesion points, and nucleus of NIH 3T3 fibroblasts were stained for actin
filaments, vinculin, and 4′,6-Diamidino-2-Phenylindole (DAPI). Specifically, after 2 and 4 days of cell
culture, the samples were fixed with 4% paraformaldehyde (PFA) for 15 min and permeabilized with 0.1%
Triton×-100 in phosphate-buffered saline (PBS) for 5 min. The non-specific binding sites were blocked with
2% Bovine Serum Albumen (BSA) in PBS for 30 min. The samples were incubated with α-vinculin primary
antibody (FAK 100, Actin Cytoskeleton/Focal Adhesion Staining Kit, Sigma Aldrich) (1:500 in PBS–BSA
1%), and then, the next day, double labeling for 2 h at room temperature with Alexa Flour 48 2nd Antibody,
mouse (Thermo Scientific) for focal adhesion points staining, and Phalloidin–Tetramethylrhodamine B
isothiocyanate (TRITC-conjugated) phalloidin (FAK 100, Actin Cytoskeleton/Focal Adhesion Staining Kit,
Sigma Aldrich) (1:500 in PBS–BSA 1%) for actin filaments in the cytoskeleton staining. Finally, the samples
were washed with PBS and put on coverslips with 4′,6-Diamidino-2-Phenylindole (DAPI) (Molecular
Probes by Life Technologies, Carlsbad, CA, USA) for nuclei staining. Cell imaging was performed using
a Leica SP8 inverted scanning confocal microscope with ×40 objective. Changes in the directional
orientation of cell cytoskeleton, “Local gradient orientation” were performed using the Fiji Image-J plug-in
“Directionality” [40]. In this way, the data of the structures, presented in the input image (Actin image
on the Confocal), in a given direction was extracted and plotted as a polar plot. The amount of cells
was normalized with the maximum value and expressed as a normalized amount. For good statistics,
ten images of each time point and each area were recorded.

3. Results and Discussion

The laser processing of materials with multiple, linearly polarized ultrafast laser pulses is used
to create the arrayed surface structure, such as a laser-induced periodic surface structures (LIPSS).
An optimal combination of several laser parameters (pulse energy, number of pulses, repetition rate,
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and scanning rate) has achieved conditions for the generation of LIPSS morphology on the surface of a
15×(Ti/Zr)/Si multilayer system (Figure 1a). The observed surface structure is defined as low spatial
frequency LIPSS (LSFL), originating from an interference of the incident laser beam with a surface
electromagnetic wave excited during the laser treatment [41]. Polarization of the laser beam was chosen
to be normal on the scanning direction, in order to obtain LIPSSs for as long as possible. The relatively
good uniformity of the LIPSS can be characterized by their length in the range of 4 to 6 μm, where some
LIPSSs are ended, while others appeared or bifurcation points can be recognized. These values of
LIPSS length are coincided with the mean free path of excited surface plasmon polaritons (SPP) for
Ti component irradiated with laser pulses at a wavelength of 1030 nm [42]. It has been found that
titanium has a small SPP mean free path, which supports a good coherence between excited SPP
and incident laser radiation, favoring the formation of high regularity LIPSS [42]. The formation
of LIPSSs is followed by the ablation of a multilayer Ti/Zr system without visible hydrodynamic
features, but ripples are somewhere covered with a nanoparticles dimension up to 100 nm (Figure 1b).
The significant ablation of a multilayer Ti/Zr structure, especially Ti as the top layer, is expected due to
the applied fluence of 0.662 Jcm−2 being higher than the ablation threshold of 0.228 Jcm−2 for the Ti
component [42]. By comparing the EDS spectra before and after the laser irradiation of a 15×(Ti/Zr)/Si
multilayer system (Figure 1c), it has been found that approximately half of the multilayer thin film was
removed. The concentration of both components Ti and Zr were reduced by about 50%, while the
concentration of Si was increased as a contribution of the substrate. At the same time, the content of
oxygen was increased, which indicates that the surface oxidation of Ti and Zr has occurred during the
laser processing.

Figure 1. SEM images (a,b) of laser-modified 15×(Ti/Zr)/Si multilayer thin films with a fluence of
0.662 Jcm−2, and energy-dispersive X-ray spectroscopy (EDS) spectra (c) recorded from un-modified
and laser-treated surface.

The morphological features of the created LIPSS at the surface of the 15×(Ti/Zr)/Si multilayer thin
film are specified in more detail by atomic force microscopy (Figure 2). The whole laser-processed
surface (5 × 5 mm) was covered by uniform distributed LIPSSs (Figure 2a), which are almost regular
and identical with lengths in the range from 4 to 7 μm. The consequence of the ripple structure is a
higher roughness of the modified surfaces (Ra = 65 nm), causing the higher total surface. The average
periodicity between LIPSSs was about 880 nm (Figure 2b), which would correspond to the formation
of low spatial frequency LIPSS (LSFL). The depth between ripples reaches a value up to 200 nm
(Figure 2b), which would mean that it almost touches the Si substrate at the bottom of the valley
between two ripples if half of the multilayer structure was removed.

The information about the surface composition and chemical state of constituents (Ti and Zr)
before and after laser processing is obtained by an analysis of binding energies in the corresponding
XPS spectra. At the surface of the as-deposited 15×(Ti/Zr)/Si multilayer system, where titanium was
the top layer (Figure 3a), the signal of the Zr component did not appear (Figure 3b). Titanium on
the surface appeared in the oxidation state of +4 with a binding energy of 458.5 eV, corresponding
to titanium dioxide (TiO2). However, a small amount (approximately 3%) of Ti exists in a metallic
state at the binding energy of 454.2 eV. Together with the laser-assisted ablation of the thin film

169



Nanomaterials 2020, 10, 2531

material, laser-induced surface oxidation is also achieved, since both components Ti and Zr exist
as oxide phases at a binding energy of 458.5 eV for Ti (Figure 3c) and 182.4 eV for Zr (Figure 3d).
The interaction between the laser beam and 15×(Ti/Zr)/Si multilayer thin film generates a dense plasma
with lot of energetic species such as Ti+, Ti3+, and TiO+, making the irradiated surface very chemically
reactive [43]. The titanium and zirconium react with the gaseous surrounding, forming a surface
ultrathin oxide layer rich with carbon due to the decomposition of CO2 [44]. On the laser-treated
surface, the TiO2 constitutes about 58%, while ZrO2 covers the surface with 42%, which would mean
that slightly more Zr components are removed by laser treatment. The interesting finding was that
there was no appearance of silicon at the contact surface, which is very important for cell study:
only the biocompatible phases of Ti-oxide and Zr-oxide exist on the surface.

 

Figure 2. Atomic Force Micrpscopy (AFM) image (a) and surface profile (b) for laser-treated 15×(Ti/Zr)/Si
multilayer thin film at fluence of 0.662 Jcm−2.

Figure 3. XPS spectra of (a) Ti 2p and (b) Zr 3d for the surface of as-deposited 15×(Ti/Zr)/Si multilayer
thin films and XPS spectra (c) Ti 2p and (d) Zr 3d recorded after laser modification.

The concentration depth profiles through the 15×(Ti/Zr)/Si multilayer system were recorded with
AES spectrometry (Figure 4). The spectrum for as-deposited multilayer thin films (Figure 4, Top) is
shown to have very well separated Ti and Zr layers with approximately the same thicknesses as the
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individual layers. Initially well-separated layers are intermixed after the laser irradiation (Figure 4,
Bottom), which could be attributed to the alloying between Ti and Zr components. However, a weak
periodicity has been retained on curves corresponding to Ti and Zr, indicating that the layers are
not completely intermixed. At the surface and near-surface region, the concentration of oxygen was
relatively high; this is a consequence of the laser-assisted surface oxidation and the certain penetration
of oxygen inside the multilayer structure. On the other hand, silicon atoms were diffused in the
multilayer structure and almost reached the surface.

Figure 4. Auger electron spectroscopy (AES) spectra before (Top) and after (Bottom) laser modification
of the 15×(Ti/Zr)/Si multilayer thin film.

A cross-section view of the 15×(Ti/Zr)/Si multilayer system was obtained with TEM microscopy,
which illustrated the volume changes made inside of the thin films after laser processing. A very
well-defined multilayer structure composed of a total 30 layers was confirmed for the as-deposited
15×(Ti/Zr)/Si sample (Figure 5a). The thicknesses of individual Ti and Zr layers are identical with values
of about 17 nm (Figure 5b). The TEM cross-section view after laser processing (Figure 5c) confirms
previous assumptions obtained by the SEM-EDS method that almost half of the multilayer structure
was removed, because thirteen layers remained from the deposited thirty. The TEM microphotograph
(Figure 5c) has shown that the part of the thin films close to the surface has mixed layers (Figure 5d),
but the layers that are close to the Si substrate remain quite clearly separated. A small part of the
sub-surface region, including a few layers (no more than three), has very fine grain structures, where Ti
and Zr are totally intermixed with a high possibility to form alloy.
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Figure 5. TEM images of a cross-section view for (a) a whole unmodified 15×(Ti/Zr)/Si multilayer thin
film, (b) part of an unmodified structure at high magnification, (c) a whole laser-modified 15×(Ti/Zr)/Si
multilayer thin film, and (d) part of a modified structure close to the surface.

The EDS/TEM elemental mapping images are shown in Figure 6 to identify the spatial distributions
of Ti, Zr, and Si components in the multilayer Ti/Zr system before and after laser processing. In elemental
maps for the unmodified sample (Figure 6a), it can be found that Si atoms appeared only in a narrow
area attributed to the substrate (Figure 6a1), while Zr (Figure 6a2) and Ti (Figure 6a3) atoms were
grouped in periodically repeated areas associated with their individual layers. In the case where all
three elemental maps were overlapped (Figure 6a4), the edges between the Ti and Zr layers are very
sharp, pointing to their complete separation. On the contrary, in the laser-processed sample (Figure 6b),
the spatial distribution of Si atoms (Figure 6b1) shows the penetration of Si atoms into the multilayer
structure. The spatial distribution of Si atoms reflects that the Si atoms on their tracing through the
multilayer structure are more collected in the Zr layer than in the Ti layer. Generally, it is known that
Si is the mainly dominant diffusion species, and Si atoms as smaller atoms regarding Ti and Zr are
easily diffused in their crystal lattice, locating in interstitially positions [45]. Elemental maps for Zr
(Figure 6b2) and Ti (Figure 6b3) reveal that these atoms are intermixed, indicating the final result to the
formation of Ti-Zr alloy due to their unlimited dissolving [46,47]. From the image obtained by the
mutual overlap of all three elemental maps (Figure 6b4), it can be concluded that the degree of Ti and
Zr mixing is reduced with the distance from the surface, whereby they keep a layered structure inside
of the thin films.

The biocompatibility of this laser-patterned thin films is closely related to the cell viability
and proliferation with attachment, adhesion, and spreading in the early phase of the cell–material
interaction, and at the same time, it demonstrates the role of surface topography in influencing the cell
behavior [48]. A morphological examination of NIH 3T3 fibroblast cell proliferation on as-deposited
and laser-modified 15×(Ti/Zr)/Si multilayer surfaces was estimated by SEM analysis after two- and
four-day cultivation (Figure 7). On the flat area of the as-deposited 15×(Ti/Zr)/Si sample, there is an
arbitrary cell growth occurring in all directions (Figure 7a), especially after four days when the number
of cells is increased (Figure 7b). After two-day cultivation, the laser-modified surface of 15×(Ti/Zr)/Si
with LIPSS structures is partially covered by cells, forming elongated groups (Figure 7c). The fibroblast
cells adhered and proliferated on the LIPSSs in 2 days, with tendency for a growth along the LIPSSs
orientation. Almost the whole laser-modified surface is covered by cells, with the significant longer
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groups of cells in the orientation of LIPSSs after 4 days of cultivation (Figure 7d). In addition to the
evident directed growth of fibroblast cells on a laser-created surface topography, it can be observed
that the surface topography induced faster cell proliferation due to the significantly greater coverage
of the surface with higher and longer cell groups. On the other hand, fibroblast cells are oriented along
periodic structures, especially after 4 days of cultivation (Figure 8).

Figure 6. Elemental mapping (Si, Zr, and Ti) and their overlapping for (a) an as-deposited, (a1) elemental
map for Si, (a2) elemental map for Zr, (a3) elemental map for Ti, (a4) overlapped all elemental map and
(b) laser-modified 15×(Ti/Zr)/Si multilayer thin film, (b1) elemental map for Si, (b2) elemental map for
Zr, (b3) elemental map for Ti, (b4) overlapped all elemental map

Figure 7. SEM images of NIH 3T3 fibroblasts cultivated on the as-deposited (a,b), and laser-processed
15×(Ti/Zr)/Si multilayer thin film (c,d), for 2 and 4 days, respectively.

173



Nanomaterials 2020, 10, 2531

Figure 8. SEM images of NIH 3T3 fibroblasts cultivated on laser-modified 15×(Ti/Zr)/Si multilayer after
(a) two and (b) four days.

A relatively high degree of cell proliferation is caused by good cell adhesion, which is directly
related to the surface characteristics such as composition and morphology. Increasing the surface
roughness of the multilayer 15×(Ti/Zr)/Si system, which is reflected in the creation of parallel periodic
structures, has a positive effect on cell adhesion. Surface roughness at order of microns increased the
effective surface area of cell adhesion. It could be concluded that cells on the laser-modified surface are
immobilized, and the cell deposition/adhesion rates increase as a consequence of cells anchored in
morphology features especially in sub-micro- and micro-channels [49–51].

This study of the laser-modified 15×(Ti/Zr)/Si multilayer demonstrated that in sub-micro features,
the ridge width is commonly larger than or equal to the size of a single cell, which is permissive for cell
attachment and migration, as well as cell alignment following the geometrical guidance. In contrast,
nanometer features are similar to the ECM (extracellular matrix) architectures and typically much
smaller than a single cell, consequently inducing cell alignment in a more fundamental way such as
mimicking or signaling the cell membrane receptors [52].

The Directionality Polar Plot demonstrates the effect of the flat and ripples area of the 15×(Ti/Zr)/Si
multilayer on the fibroblast cytoskeleton in terms of orientation at both time points (Figure 9). It was
observed that there was a random orientation of cells on the flat area at both time points. In particular,
the normalized amount of the flat area (black line) after 2 days showed a broad distribution at a range
of ±90◦, and this was also observed after 4 days (blue line). After 2 days, the fibroblasts oriented
on the LIPSS area (red line) with the narrowest distribution ranging from ±15◦ corresponding to an
orientation profile following the LIPSSs direction. The orientation of fibroblasts after 4 days was a little
disturbed (pink line), in which the distribution ranged ±30o due to the greater covering of the surface
with cells.

Figure 9. Directional Polar Plot of NIH 3T3 fibroblasts’ cytoskeleton on the flat and ripples area of
sample 2 for 2 and 4 days; the black and blue lines represent the flat area at 2 days and 4 days respectively,
while the red and magenta lines represent the ripples area at 2 days and 4 days, respectively.
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4. Conclusions

This study included laser processing of the nanocomposite 15×(Ti/Zr)/Si structure in order to
achieve surface bioactivation by adjusting the morphology and composition. An optimal combination
of laser parameters, a pulse energy of 2.5 μJ and scan velocity of 3 mm s−1, achieved conditions for the
formation of a high regularity laser-induced periodic surface structure (LIPSS) on a relatively large
5 × 5 mm surface. The formation of an LIPSS was accompanied by an intense ablation of almost half of
the Ti/Zr multilayer structure. Laser modification of the nanocomposite 15×(Ti/Zr)/Si samples induced
the desired composition changes to achieve optimum biocompatibility. Primarily, the formation of an
ultrathin oxide layer on a surface composed of Ti and Zr oxide, and then alloying Ti and Zr components
in a sub-surface layer, was reached.

The biocompatibility of the laser-processed nanocomposite 15×(Ti/Zr)/Si thin films is confirmed
by a seed NIH 3T3 established adherent mouse fibroblast cell line. The fibroblast cells adhered and
proliferated on the laser-induced morphology in 2 days with tendency for a growth along the ripples
(LIPSS) orientation. Almost the whole laser-modified surface of 15×(Ti/Zr)/Si system is covered by
cells, with the significant longer groups of cells in the orientation of ripples after 4 days of cultivation.
The bioactivation of this specific 15×(Ti/Zr)/Si multilayer system with laser surface texturing and an
adjusting of surface composition could be potentially useful for tissue engineering and the application
of this material as an implant.

The presence of titanium and zirconium oxides at the contact surface with a laser-induced ripple
structure enabled physical and molecular interaction between the observed surface and the cell
membrane, which contributed to a relatively large number of cells after 2 days and especially 4 days
after cultivation. It can be suggested that the newly developed multilayer Ti/Zr thin films achieved a
high degree of proliferation and oriented cell growth, and thus, they are suitable implants.
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Abstract: Laser-induced periodic surface structures (LIPSS) are used for the precision surface
treatment of 3D components. However, with LIPSS, the non-normal incident angle between the
irradiated laser beam and the specimen surface occurs. This study investigated LIPSS on four different
metals (SUS 304, Ti, Al, and Cu), processed on a tilted surface by an s-polarized femtosecond fiber
laser. A rotated low spatial frequency LIPSS (LSFL) was obtained on SUS 304 and Ti materials by the
line scanning process. However, LSFL on Cu and Al materials was still perpendicular to the laser
polarization. The reason for the rotated and un-rotated LSFL on tilted metal surfaces was presented.
The electron-phonon coupling factor and thermal conductivity properties might induce rotational
LSFL on tilted SUS 304 and Ti surfaces. When fabricating LSFL on an inclined plane, a calibration
model between the LSFL orientation and inclined plane angle must be established. Hence, the laser
polarization direction must be controlled to obtain suitable LSFL characteristics on a 3D surface.

Keywords: femtosecond laser; laser-induced periodic surface structures; LIPSS; LSFL

1. Introduction

LIPSS (Laser-induced periodic surface structures) were first discovered by Birnbaum in 1965 [1]
and gradually extended from basic research to application [2–4]. They can be quickly generated on
metal, semiconductor, and dielectrics by a single laser beam [5]. In the past, most papers focused
on generating LIPSS on plant surfaces by different scanning strategies or polarization [6–9]. Recent
studies recently investigated LIPSS by the p-polarized laser beam with oblique incidence on the sample
surface [10–13]. These studies found that the polarization portion irradiated on the hole and groove
sidewall changes with the incidence angle. The low spatial frequency LIPSS (LSFL) on the sidewall
changes direction, for instance, not being perpendicular to the polarization direction. However,
few studies investigated LIPSS by the s-polarized laser beam with oblique incidence on the sample
surface. The studies showed that in this condition, the laser polarization portion on the specimen
surface will not change.

Recently, Schwarz et al. used a scanning s-polarized femtosecond laser to irradiate materials (e.g.,
fused silica) with a tilted angle [14]. The study found that the LSFL orientation was not perpendicular
to the laser polarization, and the rotation angle increased as the specimen tilted angle increased.
In another study, Liu et al. [15] investigated the LIPSS generated by linear polarization (s-polarized
and p-polarized) femtosecond laser beam on a tilted SUS 304 surface. The experiments found that
LSFL was rotated by the s-polarized beam and was not rotated by the p-polarized beam. Hence,
the mechanism of rotational LSFL on the tilted specimen by s-polarized laser beam was deduced.
However, although [14,15] have published the experimental results for rotational LIPSS on different
materials by s-polarized femtosecond laser beam, there is no study to validate whether the LSFL rotates
on the tilted surface for more metal materials.

Nanomaterials 2020, 10, 2540; doi:10.3390/nano10122540 www.mdpi.com/journal/nanomaterials179
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In this study, LIPSS was generated on four metals (SUS 304, Ti, Al, and Cu) by an s-polarized
femtosecond laser beam (1030 nm) with specimen tilted angles (0◦, 30◦, and 45◦) and validated whether
the LSFL rotated or not. These metal materials were chosen because they have different optical and
thermophysical properties and are suitable to investigate the mechanism of rotational LSFL. The results
reveal that only specific metals at the processing wavelength can exhibit rotational LSFL structures on
the tilted surface.

2. Materials and Methods

The mechanically polished materials (SUS 304, Ti, Al, and Cu) were irradiated using a femtosecond
fiber laser (KASMORO, mRadian Inc, Hsinchu, Taiwan) with a wavelength of 1030 nm, a pulse width
of 420 fs, a repetition rate of 100 kHz, and a maximum laser power of 2 W. The laser beam was linearly
polarized and was passed through a liquid lens (EL-10-42-OF, Optotune Inc., Dietikon, Switzerland)
before entering a galvanometric scanner that had an F-theta lens with a focal length of 100 mm.
The liquid lens was used to control the focus position on the tilted surface. The focused spot size
was determined to be 60 μm. It is important to note that the experiment was mainly based on the
wavelength of 1030 nm, but for the copper material, to explore the influence of the laser wavelength,
the laser beam was passed through the BBO crystal to convert the laser beam with wavelength 515 nm.
The laser beam was entering a galvanometric scanner that had an F-theta lens with a focal length of
165 mm. The focused spot size was determined to be 50 μm.

The experiment process is shown in Figure 1. The line scanning with the s-polarized beam parallel
to the scanning direction was used to investigate LSFL on four metals (SUS 304, Ti, Al, and Cu) with
different sample tilted angles (θ). For the femtosecond laser processing, all the specimens were cleaned
in an ultrasonic bath (in water) machine for 10 min, and the experiment was conducted in an airy
atmosphere. After the experiment, scanning electron microscopy (SEM, Hitachi SU-8010, Tokyo, Japan)
was used to measure the structure profile. The orientation and the period of structures were determined
using a fast Fourier transformation (FFT) analysis of the SEM images.

Figure 1. Schematic of fabricating the low spatial frequency LIPSS (LSFL) on different metals.

3. Results and Discussion

Figure 2 shows a line pattern with LSFL fabricated by the femtosecond laser of wavelength
1030 nm and different θ (0◦, 30◦, and 45◦). The scanning direction is from left to right (see Figure 1).
The laser power (P) and scanning speed (V) were shown on the top side of the figures. Note that these
parameters were experimentally determined so that LSFL can be uniformly fabricated on different
metals. Table 1 summarizes LSFL experimental results and material related optical and thermal
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parameters. In the θ = 0◦ case, as shown in Table 1, the period of LSFL was near the wavelength, that is,
in the range of 907~976 nm by laser wavelength 1030 nm.

Figure 2. SEM images of the LSFL generated by the line scanning process for the four different metals
irradiated by 1030 nm laser with different θ (0◦, 30◦, and 45◦): (a–c) SUS 304, (d–f) Ti, (g–i) Al, and
(j–l) Cu.

Table 1. Summary of LSFL experimental results and material related optical and thermal parameters.

Material SUS 304 Ti Al Cu Cu

Wavelength λ (nm) 1030 1030 1030 1030 515

LSFL period (nm) at θ = 0◦ 959 976 907 919 420

LSFL period (nm) at θ = 30◦ 893 917 906 932 438

LSFL period (nm) at θ = 45◦ 788 864 814 1019 496

Optical parameters

Re (ε) at 300 K [16] −6.6275 −4.2656 −95.117 −45.761 −5.3328

Im (ε) at 300 K [16] 23.004 27.277 27.653 4.5744 6.1794

SPP propagation length Lspp (μm) 4.02 4.52 57.32 73.35 0.78

Thermal parameters

Electron-phonon coupling factor G at
Te = 10,000 K (Wm−3K−1 × 1017) [17] 30.04 36.74 3.62 5.29 5.29

Thermal conductivity at 300 K (W/m-K) 16.2 22 235 385 385

Melting Temperature (K) 1723 1930 933 1356 1356
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In Figure 2a,d,g,j, the orientation of LSFL (yellow double arrows) was nearly perpendicular to the
laser polarization. The mechanism of generating LSFL can be explained by the interference between
the incident laser beam and the surface plasmon polariton (SPP) [3]. Interestingly, at θ = 30◦ and
45◦, as shown in Figure 2b,c,e,f, LSFL presented a different orientation for SUS 304 and Ti. When
θ was increased, the LSFL rotation angle is increased. However, for Al and Cu, the LSFL is always
perpendicular to the laser polarization rather than rotation, as shown in Figure 2h,i,k,l.

Figure 3 shows the SEM images of the line scanning start region for four materials. An interesting
phenomenon was observed in the scanning start region for SUS 304 and Ti, as shown in Figure 3a,b.
The LSFL was perpendicular to the polarization at the center of the starting point (pink arrow) before
gradually rotating along the scanning direction. It then remained at a constant rotated angle (red
arrow). The LSFL rotation angle was around 14◦ and 19◦ for SUS 304 and Ti, respectively. However, in
the Al and Cu material, as shown in Figure 3c,d, the LSFL was not rotated in the scanning start region.
Their orientation remained perpendicular to the laser polarization.

Figure 3. SEM images of the line scanning start regions for four materials with θ = 30◦; (a) SUS304,
(b) Ti, (c) Al, and (d) Cu.

Why is it that not all tilted metal materials can produce LSFL rotation? The possible reasons
need to be further discussed. Bonse and Gräf show that the formation of LSFL may be caused by
electromagnetic effects or matter reorganization [3]. This study will examine the two issues and discuss
why only SUS 304 and Ti produce LSFL rotation among the four experimental materials.

Assume that SPP orientation on the tilted sample differs from the flat surface and induces the
LSFL rotation. The experiment results show that the rotational LSFL only exists in SUS304 and Ti.
We can deduce that the SPP generated on the tilted sample is different among the four materials.
The LSFL related to SPP propagation length (Lspp) is presented in [18,19]. Recently, studies have
further proposed that Lspp is related to the uniformity of LSFL. The shorter the Lspp length, the
better the LSFL uniformity in metals [20]. Metals (Ti, Steel, Mo) can produce highly regular LSFL by
femtosecond laser irradiation with wavelength 1030 nm. However, the LSFL were not regular for Cu
and Al. The Lspp can be calculated by:

Lspp =
1

2Im(β)
β =

2π
λ

√
ε

1 + ε
(1)

where λ is the laser wavelength, ε is the relative permittivity, and β is the SPP wave number.
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The calculated Lspp at room temperature is shown in Table 1. It was found that the SUS 304 and
Ti materials with shorter Lspp (<5 μm) and the Cu and Al materials with Lspp larger than 50 μm at
laser wavelength 1030 nm. It will be necessary to conduct experiments with different wavelengths
to validate the speculation that Lspp is a possible factor to induce LSFL rotation on a tilted surface.
As shown in Table 1, the Lspp is shorter in wavelength of 515 nm (<1 μm). Therefore, the LSFL
generated by a 515 nm laser was inferred to be rotated. However, as shown in Figure 4, the LSFL
remains perpendicular to the laser polarization. The different wavelengths (1030 nm and 515 nm)
irradiation on the Cu demonstrate that Lspp is not a critical factor to induce LSFL rotation. However,
the findings validate that the uniformity of LSFL generated by 515 nm laser (Figure 4c) is better than
that generated by 1030 nm laser (see Figure 3d).

Figure 4. SEM images of the LSFL generated by the line scanning process for the Cu irradiated by
515 nm laser with (a,c) θ = 30◦ and (b,d) 45◦; (c,d) scanning start regions.

When the femtosecond laser was irradiated on the metal sample, the surface reflectivity was
varied due to the dynamic electron temperature. We then further investigated the dynamic permittivity
and Lspp to know whether they induced the rotated LSFL or not. Winter et al. used pump-probe
ellipsometry to measure the dynamic relative permittivity ε when the Cu was irradiated by 528 nm
laser and 0.4 J/cm2 [21]. The dynamic Lspp during femtosecond laser irradiation can be calculated
by Equation (1) with the experimental data (dynamic ε) from [21]. As shown in Figure 5, Lspp was
increased during laser irradiation. The maximum Lspp was 1.03 (at 0.14 ps) and was slightly higher
than 0.78 at room temperature. However, the LSFL was still perpendicular to the laser polarization.
Thus, this study speculates that Lspp was not a factor that affected LSFL rotation on the tilted sample.

We tried to compare whether the matter reorganization by material properties could influence
rotational LSFL. Gurevich et al. proposed the three steps for the generation of LIPSS [22]: (1) modulation
of the electron temperature (Te) by the interference of the incident laser beam and surface plasmon
wave; (2) modulation of lattice temperature (Tl); (3) hydrodynamic instabilities and reorganization of
the molten material on the surface.

183



Nanomaterials 2020, 10, 2540

Figure 5. Dynamic permittivity ε and Lspp.

In this study, the electron-phonon coupling factor (G) and the thermal conductivity of the four
materials were compared (see Table 1) in an attempt to deduce the reason for rotational LSFL.
The two-temperature model (TTM) can be used to describe the electron-lattice coupling effect
(G(Te − Tl)) in the ultrafast laser process. If the G is larger and the electron thermal diffusivity
is smaller, the energy that can be absorbed in the irradiated area is faster and more concentrated,
providing a positive feedback loop for the amplification of the lattice temperature modulation [22,23].
The G values of the four materials at Te = 10,000 K are shown in Table 1. SUS 304 and Ti were about
6–10 times the ratio of Al and Cu. Therefore, for SUS 304 and Ti, the electron temperature coupled to
the lattice temperature faster, causing a larger temperature gradient in the molten pool. In addition,
SUS 304 and Ti had higher melting temperatures (1723 K and 1930 K) and lower thermal conductivity
(16.2 and 22 W/m-K at 300 K), which could also make the melting pool temperature gradient larger.
When the melting pool produces a larger temperature gradient, it can create a larger Marangoni force
and push the liquid material to a lower temperature area [24].

The influence of the thermophysical parameters of SUS 304 and Ti when processing metals on
an inclined surface can easily cause local instability on the melting pool. Accordingly, the LSFL was
symmetrically rotated at both sides of the irradiation area, as shown in Figure 3a,b. According to the
experimental results, it was found that when fabricating LSFL on the inclined plane, a calibration model
between the LSFL orientation and inclined plane angle must be established, and the laser polarization
direction must be controlled to obtain a suitable LSFL orientation.

4. Conclusions

This study investigated s-polarized femtosecond laser beams irradiated on four metals (SUS 304,
Ti, Al, and Cu) with different sample tilted angles (θ). The experimental results of the line scanning
demonstrated that: (1) only SUS304 and Ti material could induce the rotation of LSFL on the tilted
sample, and the LSFL rotation angle increased as θ increased; and (2) for Al and Cu material, the LSFL
orientation remained perpendicular to the laser polarization as θ increased. We deduced that the
electron-phonon coupling factor and thermal conductivity were quite different on the SUS 304 and Ti
and could influence the LSFL rotation on the tilted surface. The higher electron-phonon coupling factor
and lower thermal conductivity of materials would cause the instability molten pool and induce the
rotational LSFL on the tilted surface. Thus, for 3D surface processing, precise, controlled polarization
should be conducted to generate the uniform LSFL for specific materials.
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Abstract: Noble metal nanodots have been applied to plasmonic devices, catalysts, and highly
sensitive detection in bioinstruments. We have been studying the fabrications of them through a
laser-induced dot transfer (LIDT) technique, a type of laser-induced forward transfer (LIFT), in which
nanodots several hundred nm in diameter are produced via a solid–liquid–solid (SLS) mechanism.
In the previous study, an interference laser processing technique was applied to LIDT, and aligned
Au nanodots were successfully deposited onto an acceptor substrate in a single shot of femtosecond
laser irradiation. In the present experiment, Pt thin film was applied to this technique, and the
deposited nanodots were measured by scanning electron microscopy (SEM) and compared with the
Au nanodots. A typical nanodot had a roundness fr = 0.98 and circularity fcirc = 0.90. Compared
to the previous experiment using Au thin film, the size distribution was more diffuse, and it was
difficult to see the periodic alignment of the nanodots in the parameter range of this experiment. This
method is promising as a method for producing large quantities of Pt particles with diameters of
several hundred nm.

Keywords: interference laser processing; laser-induced dot transfer; laser-induced forward transfer;
nanodot; nanoparticle; array; femtosecond laser; solid–liquid–solid mechanism; Pt

1. Introduction

The first laser-induced forward transfer (LIFT) technique was examined in 1970 [1]. It
was called as “laser typewriter”, in which an ink ribbon was used as a source target. In this
technique the irradiated region is transferred to the receiver substrate, as shown in Figure 1a.
The target thin films were extended to various materials such as metals [2], dielectrics [3],
biomaterials [4], and fluorophore [5], and microscopic process measurement techniques
using image laser spectroscopy have been applied to investigate the LIFT process [6,7]. The
laser-induced dot transfer (LIDT) technique, a type of LIFT, was developed for depositing
nanodots which are smaller than laser wavelengths [8–11]. The mechanism involves the
liquid behavior of solute metals and their freezing, called the solid–liquid–solid (SLS)
mechanism [12]. Here, SLS enables the fabrication of a variety of nanostructures other than
nanodots using LIDT, such as the nanobump [13], nanodrop [13,14], nanowhisker [12,15],
nanocrown [15,16], etc. Furthermore, we have investigated interference laser processing
for two decades. In these studies, the aligned nanostructures mentioned above have been
successfully fabricated in a single shot of laser irradiation. We applied this technique to
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LIDT as shown in Figure 1b, and aligned Au nanodots with Λ = 3.6 μm square matrices
were successfully deposited [17].

Figure 1. (a) Schematic illustration of laser-induced forward transfer (LIFT), laser-induced dot
transfer (LIDT), and the laser-induced dot caught on source target (LIDOS) [18] process. (b) LIDT
with interference pattern [17].

In this study, we used Pt thin film as a source target for LIDT combined with the
interference laser processing technique, and the nanodots deposited on the receiver sub-
strate were measured by scanning electron microscopy (SEM). The size distributions were
analyzed on parameters such as pulse energy. The results that we obtained are supported
by a heuristic model.

2. Materials and Methods

The experimental setup is shown in Figure 2. A laser operated at a 785 nm center
wavelength with a 240 fs pulse width was used. The pointing was stabilized with a piezo-
actuated mirror by <10 μrad h−1. The beam was split by a diffractive optical element (DOE)
into four 1st order diffracted beams. They were correlated and formed an interference
pattern on the backside of the donor Pt thin film through a de-magnification system
consisting of two achromatic convex lenses ( f1 = 200 nm, f2 = 50 nm). The two lenses and
the zero-order beam were placed coaxially with the DOE perpendicular to the axis, and at
the same time they were properly spaced. The verticality was set by aligning the direction
of the return light to the light source. The donor substrate was placed with mechanical
precision so that it was perpendicular to the axis. In this way, an interference pattern was
formed on the donor substrate. The zero-order beam was dumped between the lenses.
The right inset in Figure 2 is a simulation result of the interference pattern [19], and the
period was Λ = 3.6 μm. The 50 nm thick Pt film deposited onto a 1mm thick silica glass
substrate that was used as a donor film target. Here, in a quote from a previous paper, the
thickness of the donor Au film was 40 nm. An Au receiver film 100 nm thick deposited
onto a 1mm thick silica glass substrate which was placed in contact facing the donor film.
The LIDT experiment was performed in a vacuum chamber (P < 1.3 kPa). The off-line
image analysis explained in Section 3.2 was performed using ImageJ (NIH).

Figure 2. Experimental setup. Right inset shows the simulation result of the interference pattern on the irradiation plane. fs
laser: femtosecond laser; DOE: diffractive optical element; L1 and L2: achromatic lenses.
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3. Results and Discussion

3.1. SEM Images of the Pt Nanodots

Typical SEM images of the Pt and Au nanodots [17] are shown in Figure 3. The surface
morphology was measured by a scanning electron microscope (JSM-7400FS, JEOL, Tokyo,
Japan). When Fpeak was the peak fluence, the area with a fluence higher than Fpeak/e2 was
0.073 mm2. The pulse energy for the Pt and Au target was 69 and 97 μJ, and the average
fluence (1/e2) in the area was 94.2 and 133 mJ/cm2, respectively. It is apparent that the Pt
and Au nanodots were transferred successfully. On the other hand, the Pt nanodots are
deposited in a dispersed position, though the Au nanodots are in array corresponding to
the interference pattern which is shown in the right inset in Figure 2. This tendency did
not change with the fluence, and small nanodots are found between the large nanodots in
the case of Pt.

Figure 3. Scanning electron microscopy (SEM) images of (a) Pt nanodots and (b) Au nanodots deposited by LIDT with the
interference pattern of a fs laser. The original image of (b) is the same as in [17] Nakata et al. 2020. Int. J. Exrem. Manuf. 2,
025101.1-5. CC-BY-3.0.

The SEM images of Pt nanodots as a function of the averaged fluence are summarized
in Figure 4. The measurement range is located approximately at the center of the processed
area. At a lower fluence of 75 mJ/cm2, the number of nanodots is small. It seems that
the size of the nanodots appears to be classified into two types at a higher fluence, the
statistical analysis of which is explained in the following Section 3.3.

In the previous experiment using Au donor film, a variety of unit structures such as
solo, adjoining, and stacking nanodots were observed [17]. We found similar unit structures
in this experiment, as shown in Figure 5. Here, all images are of structures fabricated under
the fluence of 106 mJ/cm2, but similar structures were seen in the other fluences of 94 or
84 mJ/cm2. As mentioned below, the size of the nanodots are classified into two types.
Figure 5a is a representative large nanodot, which has circular shape with a diameter of
D = 627 nm. Here, the circularity fcirc and roundness fr of the nanodot are defined by the
following equations:

fcirc = 4πS/P2 (1)

fr = 4S/(2a)2, (2)

where S is the surface area of the nanodot, P is the perimeter, and 2a is the length of the
major axis, assuming the shape to be an ellipsoid. For this nanodot, we obtained fcirc = 0.90
and fr = 0.98, so it is a fairly round circle. The three-dimensional shape is considered to be
a collapsed sphere, as in previous experiments using Au thin film [17]. On the other hand,
a representative small nanodot is shown in Figure 5b. The diameter is D = 125 nm. Such
fine nanodots were seen in the entire measurement area at all fluences.
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Figure 4. SEM images of Pt nanodots with different averaged fluences. (a) 106 mJ/cm2, (b) 94 mJ/cm2, (c) 84 mJ/cm2,
(d) 75 mJ/cm2. (b) shows the same area as in Figure 3a, but is slightly wider.

 

Figure 5. SEM images of the nanodots. (a,b) Pt solo nanodots, (c) Pt adjoining nanodots, (d) Pt nanodots with gap, and (e,f)
Pt stacking nanodots. (g,h) and (i) are solo, adjoining and stacking Au nanodots, respectively. The pixel size of the image is
(b) 2.36 nm/pixel, (g–i) 1.88 nm/pixel, and 4.7 nm/pixel otherwise. Therefore, the first digit of the size in the text is for
reference.
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Similar to the case of Au donor film, we found solo, adjoining, and stacking nanodots,
as shown in Figure 5c–f. Here, Figure 5g–i are images of Au nanodots [17]. In the case
of the adjoining nanodots that are in contact as shown in Figure 5c, the shape of the c1
nanodot is squashed. It is an ellipse with a minor axis of 600 nm and a major axis of 746 nm.
This implies that at the timing of deposition near c2, c1 was at high temperature and soft.
The diameter of the c2 nanodot is 707 nm. Whereas, Figure 5d shows nanodots with a
nanogap. Both d1 and d2 are circular with diameters of D = 621 and 702 nm, respectively.
The gap length is Δl = 46 nm.

In contrast to the case with Au donor film, the number of stacking nanodots, which
are shown in Figure 5e,f, seemed to be quite small. The mechanism will be discussed in
Section 3.3.

3.2. Statistical Analysis

In a past LIDT experiment, Dr. Narazaki reported that single or multi nanodot ejection
occurs from a focal spot of a laser [8]. The same phenomena was observed in the case of
LIDT using an interference pattern with an Au film target [17]. In this subsection, nanodot
size distribution is analyzed from the images in Figure 4. Here, adjoining and stacking
nanodots are excluded from the calculation. The minimum size measurement limit due
to the resolution of the image is approximately D = 280 nm. Figure 6 shows the nanodot
size distribution as a function of the averaged fluence. In all conditions, the distribution is
split into two parts: small dot and large dot groups, as divided by the red arrows. The total
number of each group is summarized in Table 1, and plotted in Figure 7a. Here, the number
of the spots in the corresponding area shown in the images in Figure 4 is 223. So, it is
interesting that the number of nanodots is always larger than the number of ablation spots
in the interference pattern. This directly proves that multiple nanodots can be generated
from a single spot.

Figure 6. Nanodot size distributions. The averaged fluence was (a) 106, (b) 94, (c) 84, and (d) 75 mJ/cm2, respectively.
Alphabetical numerals correspond to those in Figure 4. The red curve on each graph corresponds to a normal distribution
fit on the data set starting from the red arrows to the right in each case.
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Table 1. Results of the analysis of particle size distribution: number, mean size, standard deviation,
and values for each group divided by size (indicated by red arrow in Figure 6). Alphabetical numerals
correspond to those in Figures 4 and 7.

Averaged Fluence (mJ/cm2) (a) 106 (b) 94 (c) 84 (d) 75

(a-1) total number 263 375 322 264
(a-2) number of small size group 100 233 162 236
(a-3) number of large size group 163 142 160 28

(b-1) average particle size 526 480 506 347
(b-2) average size of small size group 339 349 345 319
(b-3) average size of large size group 641 698 668 581

(c-1) standard deviation (SD) 151 176 171 88
(c-2) SD of small size group 48 58 62 36
(c-3) SD of large size group 46 52 50 30

Figure 7. (a) nanodot number and (b) size distributions. The average fluence was 106, 94, 84, and 75 mJ/cm2, respectively.

At the lowest fluence, the number of large dots is low, though that of small dots is high.
On the other hand, many large nanodots are formed at higher fluences. The total number
in of nanodots in the large group does not change much above 84 mJ/cm2. The red curve
on each graph corresponds to a normal distribution fit on the data set starting from the red
arrows to the right in each case. The averaged diameter of the large nanodot group is largest
at around 84 to 94 mJ/cm2, and decreased at the highest fluence, as shown in Figure 7b. In
addition, the number of the small nanodot group decreased at the highest fluence. These
results suggest that the vaporized metal dissipated or was deposited as a thin film on
the receiver substrate without condensation at the highest fluence. Here, it should be
noted that there is a possibility of the nanodots’ shapes being squashed, depending on the
temperature at which the particles are deposited, which is likely to vary with the average
fluence and the thermal properties of the receiver substrate.

Here, the shape and diameter of the nanodots fabricated by various methods is
compared. The circularity and roundness are excellent in most of the LIDT experiments
including this paper. On the other hand, the size distribution was one group in the
previous experiment, but it is divided into two groups in this experiment. The large
nanodot group has an average size of about 580 to 690 nm, which is comparable to the
previous interference LIDT experiment using Au thin film, and other group’s single LIDT
experimental results [8,20]. On the other hand, the nanodots fabricated using LIDOS with
an Au thin film, in which nanodots are deposited on a source target placed in air as seen in
Figure 1a, have a smaller average particle size of less than 200 nm. This is probably due
to the fact that the interference pattern period is 1.93 μμm, which is about half that of the
present study [18]. It is important to note that for precise comparison, it is necessary to
prepare the same experimental systems. The smallest standard deviation in LIDOS was
3 nm [18], which is far smaller than the values shown in Table 1. With even larger spot
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sizes, higher pulse energies, and thicker film targets, the deposit becomes a micron-sized
dot or larger diameter film structure, and this process is called LIFT [1–5,21]. In the case of
pulsed-laser deposition (PLD), micron-sized droplets are ejected from the ablation spot [22].
In this technique, some tens of nm-sized particles are formed due to the condensation
at high atmospheric gas pressure conditions [23,24]. Here, chemosynthesis is useful to
fabricate a number of nm-sized nanodots and nanorods. In summary, utilizing LIDT with
an interference pattern is a good alternative method to PLD. In addition, there is still a
possibility that the array structure and uniform size distribution of Pt nanodots can be
achieved by optimizing the parameters. We will discuss this in the next section.

3.3. Heuristic Model of LIDT

In this subsection, the formation mechanism of nanodots is discussed based on the
above observations and previous experiments. Figure 8 provides a schematic explanation
of the mechanisms of LIDT via SLS, which has been discussed based on the experimental
results of the interference laser processing. The upper left figure illustrates the interference
laser processing. Here, we focus on a spot in the interference pattern. In the past experiment
with Au and Ag thin film targets, we have selectively fabricated metal nanowhiskers [12,15]
and nanocrowns [15,16], as shown in the inserted pictures in Figure 8b,c, respectively.
Usually, nanowhiskers and nanodrops [13,25] are formed as shown in Figure 8b, but
nanocrowns are formed as shown in Figure 8c when the film thickness is relatively thin or
the interference pattern has a wider period, i.e., when the spot size is relatively large [15,16].
In the former case, a nanodot is formed by surface tension and deposited onto the receiver
substrate, which was shown in the previous paper using Au donor film [17]. In this case,
the position of the nanodots and the interference pattern are in good agreement. In addition,
as seen in the water droplet behavior [26–28], the formation of a second and subsequent
nanodots may occur, which are deposited as the neighbor of the first nanodots [8,17].
Thus, the film thickness and spot size have been considered to be the key parameters for
determining either of the processes explained in Figure 8b,c, up to this point.

On the other hand, in this experiment, only by changing the thin film material to
Pt did we find a dispersion in the deposition position and the generation of a greater
number of nanodots than the number of spots. Here, three general mechanisms of nanodot
formation can be considered: formation at the spot center by surface tension of the liquid
metal, formation at the edge of the nanocrown, and condensation of the metal vapor.
Here, the last mechanism does not occur in this experiment because it only occurs under
high pressure. As shown in Figure 4, the nanodots are not aligned according to the
interference pattern. In addition, the stacking nanodots in this experiment, which are
shown in Figure 5e,f, were not frequently found which may be due to the fact that major
nanodots are ejected in a splashy manner, not sequentially from the same spot [26–28].
These suggest the ejection of nanodots from the nanocrowns. On the other hand, the sizes
are divided into two groups, as shown in Figure 6. The average size of the large sized group
is similar to the previous results of the LIDT using Au, where an ablation and a Au nanodot
corresponded one-to-one. Additionally, their number is smaller than that of the number of
ablation spots. Thus, it is possible that the nanodots in the larger size group were formed
by the process explained in Figure 8b, and the smaller group nanodots were formed by
the process explained in Figure 8c. In addition, the most reliable way to confirm the type
of LIDT mechanism is to measure the donor thin film after LIDT with SEM. Recovery of
the donor thin film substrate after the process is possible by improving the method of
fixing the donor thin film target, which will be done in the future. Furthermore, imaging
measurement of the LIDT process is also an alternative. In past experiments, the resolution
of the microscopic imaging laser-induced fluorescence (2D-LIF) [6] or scattering imaging
technique [7] were suited to measure the behavior of the micron-sized ejecta in LIFT. On
the other hand, the very small size of the nanodots in this LIDT setup makes it difficult to
measure them with these techniques.

193



Nanomaterials 2021, 11, 305

 

Figure 8. Schematic explanation of solid–liquid–solid (SLS) process in LIDT. The upper left sketch is
a schematic of four-beam interference, in which the bright spots are in lattice. (a) induction of energy
into a localized region results in a partial liquid motion of solute metal thin film by the reaction
due to the thermal expansion of the film or vapor pressure. (b) partial liquid motion results in
the simultaneous formation of a nanodot and a nanowhisker. (c) nanodots are ejected in a splashy
manner. Insets in each illustration are copied from our past experiments [12,13,15,16].

Here, we discuss on the cause of the difference in results by comparing the experimen-
tal conditions with the previous experiment where Au donor thin film was used, and the
period of the interference pattern was the same, 3.6 μm. The film thickness and averaged
fluence agree within a difference of 20 to 30%. In addition, the melting points of Au and
Pt are 1064 and 1768 ◦C, respectively. The surface tensions at those temperatures are 907
and 1784 dyn/cm respectively [29], and the latter is almost twice as large. The viscosity
is between 3.7 and 4.9 cP at 1333–1640 ◦C in the case of liquid Au [30], and is 6.74 cP at
1768 ◦C in the case of liquid Pt [31]. At present, it is not clear which physical properties are
the key parameters to govern the process. Here, molecular dynamic simulation will be a
powerful tool to investigate the underlying mechanisms and key parameters [32]. There is
still the possibility of achieving an array structure and uniform size distribution of the Pt
nanodots by optimizing the parameters, and further experiments are needed.

4. Conclusions

The interference pattern of a femtosecond laser was applied to the LIDT technique, and
a number of nanodots with diameters of some hundreds of nm with good roundness and
circularity were fabricated. A typical nanodot had a circularity fcirc = 0.90 and roundness
fr = 0.98. A comparison of the number of nanodots produced and the number of processed
spots in the interference pattern revealed that multiple nanodots were formed from a single
spot. The size distribution was divided into two groups, and the ratio was affected by the
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average fluence. The smallest average diameter of the large nanodot group was 581 nm
with a smallest standard deviation of 30 nm at 75 mJ/cm2.

In terms of applications, Pt is useful as a catalyst. Its size is relatively larger than that
of a typical catalyst [33] and so the combined use of plasmonic interactions is promising.
Compared with bottom-up methods such as chemosynthesis, SLS can fabricate pure
nanodots because no catalyst or chemosynthetic solutions are required. It requires no
further processes, such as rinsing or annealing. The size distribution of Pt nanodots is
reasonably uniform, but the processing parameters for fabricating aligned nanodots needs
to be further explored. These advantages will broaden the range of applications in nano-3D
printing and catalyst and plasmonic applications.
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Abstract: 2D Ti-Fe multilayer preparation has been attracting increased interest due to its ability to
form intermetallic compounds between metallic titanium and metallic iron thin layers. In particular,
the TiFe compound can absorb hydrogen gas at room temperature. We applied femtosecond laser
pulses to heat Ti-Fe multilayer structures to promote the appearance of intermetallic compounds and
generate surface nanostructuring. The surface pattern, known as Laser Induced Periodic Surface
Structures (LIPSS), can accelerate the kinetics of chemical interaction between solid TiFe and gaseous
hydrogen. The formation of LIPSS on Ti-Fe multilayered thin films were investigated using of
scanning electron microscopy, photo-electron spectroscopy and X-ray diffraction. To explore the
thermal response of the multiple layered structure and the mechanisms leading to surface patterning
after irradiating the compound with single laser pulses, theoretical simulations were conducted to
interpret the experimental observations.

Keywords: vacuum-arc evaporation; titanium; iron; LIPSS; multilayer structures

1. Introduction

The TiFe intermetallic compound (IMC) is considered a promising hydrogen storage
material, but this IMC requires initial activation to effectively absorb hydrogen gas [1–6].
Using high-pressure torsion (HPT), TiFe can reversibly absorb ~1.4–1.7 wt.% H2 in practice
at room temperature without thermal activation [1]. Usually, TiFe is processed by three
different routes: annealing, plastic deformation using groove rolling, and severe plastic
deformation using HPT [2]. Effective activation of air-exposed TiFe alloy might be per-
formed mechanically using cold rolling [3,4] or ball milling [3,5,6]. These procedures help
to restore the hydrogenation capability of TiFe. Because of the low price of production
and activation of TiFe, it can be used in hydrogen storage tanks, fuel cells and secondary
batteries. Recently, the operation of a bench-scale stationary hydrogen energy system
comprising photovoltaic panels, a water electrolyzer and a TiFe-based tank was tested in
practice [7]. Thin films of pure TiFe can be used as hydrogen sensors at room temperature,
but in order to charge/discharge them faster, a more developed surface structure is needed.
The nanostructuring of solid surfaces may be a reasonable way of accelerating the kinetics
of their interaction with gaseous hydrogen.

Fabricating a surface pattern that can be used for the aforementioned purpose can be
achieved through numerous methods including multi-beam interference-based techniques
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and Laser Induced Periodic Surface Structures (LIPSS). LIPSS is a potentially strong method,
as it is a single-step, maskless and optical patterning technique. This method of surface
texturizing has been realized on metals [8], semiconductors [9], dielectric surfaces [10]
and polymers [11]. Moreover, LIPSS were used in numerous applications including solar
cells [12], plasmonics [13], colorizing metals [14,15], wettability [16] and tribology [17].
Recently, advanced techniques for generating highly-regular LIPSS (HR-LIPSS) have been
developed to create high-quality periodic nanostructures over large area [18]. Nanolayers
with a high level of regularity were obtained over a large surface area with a single-step
maskless process and industrially accepted speed production. The use of the HR-LIPSS
approach allows laser self-organized periodic structures with practical applications to be
obtained, as they are sensitive to the optical, mechanical, adhesive and wetting properties
of the surface.

The nanostructured pattern (LIPSS) of the Ti-Fe system was obtained by using fem-
tosecond laser pulses to create a functional profile. In order to interpret the physical
mechanisms that account for the surface modification, simulations were performed to
highlight the thermal response of the femtosecond laser pulses during the LIPSS formation
on multilayers Ti-/Fe system. The theoretical predictions, based on the 1D two-temperature
model (TTM) simulations, were in good agreement with the experimental results.

2. Experimental Part

2.1. Preparation of Ti-Fe Multilayer

Made in a vacuum, thick condensates of the Ti/Fe system composed of numerous
layered heterogeneous layers of the separate metals were obtained using the device “Bulat-
3T” (Kharkiv, Ukraine) through the method of consecutive condensation from unfiltered
plasma flows, which were respectively generated by stationary cathode-type vacuum arcs
under conditions of constant ion bombardment of the formed condensates by applying
an electric negative potential to the substrates [19]. The distance between the end-type
cathodes and the substrates was 125 mm. Steel plates were used as a substrate made of
X12Cr17 coiled steel with a size of 100 nm × 100 nm × 0.3 mm. Cathodes with a diameter
of 64 mm were obtained by machining ingots of Ø70 mm from pure Ti and Fe, melted by
electron beam remelting in a vacuum of 1 × 10−4 mm Hg. The condensation duration of
each sublayer was 10, 20, 30, 40, 50 s, which made it possible to obtain condensates while
modulating the multilayer structure in the range of 125–620 nm. The total thickness of the
multilayer compositions was 60–80 microns. A negative potential of 180V was applied
to the substrates. The metal deposition rate was 0.8–1.2 μm/min. The total duration of
the deposition of multilayer compositions is 60 min. The arc current was tantamount to
100A and 80A for cathodes of Ti and Fe, respectively. The value of the working pressure in
the installation chamber was 3–4 × 10−3 mm Hg. The vacuum annealing of condensates
without separation from the substrates was carried out in this unit at a temperature of
650–700 ◦C by bombarding their surfaces with argon ions for 30 min as a way of applying
a negative potential of 1 kV to the substrates and a pressure of 3–4 × 10−3 mm Hg
in the chamber. The structure of the coatings was studied using a JEOL 733 scanning
electron microscope (Tokyo, Japan). The phase composition of multilayer condensates
was determined using X-ray diffraction analysis. XRD analysis was performed using
Cu Kα radiation. The microhardness of the condensates was measured using a PMT-3
microhardness meter at a load of 50 g on transverse sections.

2.2. Processing with Ultrashort Laser

Heat-treated samples with a thickness of 60–80 μm were irradiated with a Yb: KGW
laser (model Pharos 20 W, LightConversion, Vilnius, Lithuania) with 213 fs pulses and a
spectrum width of 15 nm (Figure 1). The pulse repetition rate was 600 kHz. The fluence
was in the range of 0.5 J/cm2. Laser processing of the samples was carried out in air at
room temperature in the regime of scanning a laser beam over their surface. The average
power output was 20 W. The laser setup was equipped with lenses with a focal length of
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56 mm, which ensured that a laser spot with a diameter of 10.4 μm was obtained at �/e2

intensity. The size of the lateral displacement of the laser beam was adjustable from 2 to
4 microns. Laser installation allows one to scan the surface of the samples with a linear
speed of 0.5 m/s and an equivalent productivity of about 900 mm2/min. The topography
of the laser-treated sample surface was studied using an FEI Nova Nano SEM 450 electron
microscope (Hillsboro, OR, USA).

 

Figure 1. Laser setup for generation LIPSS: 1—femtosecond laser “Pharos”, 2—laser beam, 3—HWP (half wave plate),
4—expander, 5—galvoscaner, 6—F-theta lens, 7—z-axis motorized stage.

2.3. X-ray Photoelectron Spectroscopy (XPS)

XPS data were recorded using SPECS spectrometer (Berlin, Germany) with a PHOIBOS
hemispherical energy analyzer and monochromatic Al Kα X-ray irradiation (hν = 1486.74 eV,
350 W). All spectra were calibrated using the C 1s main peak located at a binding energy
(BE) of 284.6 eV. The atomic concentrations of the elements were calculated taking into
account corresponding relative sensitivity factors in CasaXPS software program.

2.4. X-ray Diffraction Analysis (XRD)

XRD patterns were recorded using a Rigaku diffractometer, equipped with a Miniflex
goniometer and an X-ray source with Cu Kα radiation, at λ = 1.5418 A, 30 kV, and 15 mA.
The samples were scanned in the 1–80◦, 2θ range with a scan rate of 0.02◦/s. Diffraction
patterns were assigned using Joint Committee on Powder Diffraction Standards (JCPDS)
cards supplied by the International Centre for Diffraction Database (ICDD).

2.5. Scanning Electron Microscope (SEM) and Focused Ion Beam (FIB) Characterization

The surface morphology of the untreated samples and those treated with ultrashort
laser pulses was studied using Fa scanning electron microscope FEI Nova Nano SEM
450 with Bruker QUANTAX-200 X-EDS (Billerica, MA, USA). The cross-sections and the
corresponding images were obtained by means of an FEI Strata 235 M dual beam system
(Hillsboro, OR, USA). The system combines a Focused Ion Beam (FIB) equipped with a
Ga Liquid Metal Ion Source (LMIS). The perpendicular cross-sections of the Ti/Fe-coated
surfaces were obtained using an FIB (E-beam = 30 keV) for milling, setting 1 nA as the ion
beam current for milling and 300 pA for the final polishing. In order to protect the topmost
material of the coating from the ion mixing effect, the surface was protected by a thin Pt
layer (Pt shield) deposited in situ using Ion Beam.

3. Research Results and Their Discussion

3.1. SEM Observation

SEM shows a typical surface morphology of metallic Ti or Fe layers after vacuum
arc condensation after arc melting. The surface is chaotically covered with many inho-
mogeneous particles left after melting (Figure 2a). However, laser treatment with LIPSS
formation leads to the structuring of the surface by creating periodic longitudinal ripples
on Ti/Fe systems when the Ti layer is on the top (Figure 2b,c). LIPSS were successfully
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generated over a large area of 1 cm2. Despite a lot of bifurcations that were created as a
collateral effect of vacuum-arc deposition, LIPSS were homogeneously obtained over all
large areas, which can be attributed to the HR-LIPSS method [20]. The quality of LIPSS was
measured by a descriptor of the regularity of the periodic structures, DLOA (Dispersion of
the LIPSS orientation angle), which is presented in-depth in [20]. DLOA was measured at
18.5◦, thus certifying that periodic structures have a good quality despite of the numerous
defects on the surface. The period of periodic structures is in the range of 650–750 nm,
while the direction of the periodic structures is perpendicular to the laser polarization,
which suggests an ablation mechanism for LIPSS formation.

 

Figure 2. SEM observation of the surface of Ti/Fe (a) after vacuum arc condensation and after LIPSS formation on their
surface (b) and its magnified view (c).

The focused ion beam (FIB) technique demonstrates the cross-sections of Ti-Fe bi-
layered structures, non-irradiated as well as irradiated by laser pulses (Figure 3). This
approach revealed the periodicity of metallic titanium and iron layers, suggesting a
“sandwich-type” structure. The thickness of a separate layer was in the range of 90–100 nm;
moreover, this value was directly proportional to the deposition time. The cross-section
image on the patterned area (Figure 3b) shows that each ripple is much deeper than the
thickness of the Ti or Fe layers, and consists of at least two altered layers. The width of the
columnar crystallites, which was elongated in the direction of the steam flow, increased
with the respective increase of the substrate temperature. It was well visible that the
periodic metal layers were not completely uniform in color. That is, in addition to light and
dark areas, there were also mixed shades. This suggested an alloying between two metallic
layers that may occur at temperatures even lower than those in the case of bulk metals using
the Ti-Fe binary phase diagram; two intermetallic compounds, Fe2Ti and FeTi, may exist in
the narrow regions of two components [21]. Thus, in subnano-multilayer condensates of
metallic titanium and iron, the formation of the TiFe intermetallic compound at the layer
interface might be observed in conformity to the Ti-Fe phase diagram.
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Figure 3. SEM micrographs of the vacuum-arc condensed Ti-Fe multilayer with layer formation (b) and after LIPSS
formation (a) made by shot by gallium ion beam.

3.2. XPS Analysis

The surface of the Ti-Fe multilayers was analyzed by XPS. The C 1s, Fe 2p, O 1s, Ti 2p,
N 1s, and Ca 2p photoelectron core level spectra of the detected elements were monitored
(Table 1). The obtained XPS signals were assigned in accordance with the XPS database [22].
Along with amorphous carbon on the surface, some carbonates (C 1s at ~288.2 eV) were
detected. In total, ~44 and ~35 at.% of Carbon was detected by XPS for the as-prepared
and laser-treated Ti-Fe multilayer samples. These values might be considered to be surface
contamination at the metallic surface [23]. The signal of O 1s demonstrates two intense
peaks at 529.7 eV and 531.4 eV. The first peak suggests surface oxides on both TiO2 and
Fe2O3, and the second one might be associated with oxygen in the surface carbonates.
The total amount of oxygen was ~45 at.%. In addition to Fe III oxide, metallic iron was
also found on the surface. The Fe 2p3/2 core level in XPS spectra reveals two peaks at
706.4 and 710.4 eV related to Fe0 and Fe3+ chemical states, respectively. The amount of
Fe2O3 was higher than metallic Fe in one order. Similar to iron, titanium was also found
in two chemical states: Ti0 (Ti 2p3/2 at ~453.5 eV and Ti4+ (Ti 2p3/2 at ~458.4 eV) where

201



Nanomaterials 2021, 11, 316

metallic titanium is dominated by TiO2. Calcium in the form of Ca2+ (Ca 2p3/2 at ~347.2 eV
was also detected by XPS. Most probably, this is because of typical surface contamination
CaCO3 XPS signals at 400.5 and 396.4 eV might be attributed to the N 1s signal in organic
compounds with C–N bonds and metal nitrides, respectively.

Table 1. Surface element analysis evaluated with XPS.

Sample Ti, at % Fe, at % C, at % O, at % Ca, at % N, at %

Ti-Fe
as prepared

2.3 8.2 43.5 44.4 0.3
2.9

C-N2.0
TiO2

0.3
Ti0

7.7
F2O3

0.5
Fe0

31.6
other C

11.9
CO3

2−
23.2

oxide
21.2

CO3
2− Ca2+

Ti-Fe
laser treated

14.6 4.5 34.6 44.9 0.2 1.2

11.9
TiO2

2.7
Ti0

4.0
F2O3

0.5
Fe0

28.6
other C

2.1
carbide

3.9
CO3

2−
25.5

oxide
19.4

CO3
2− Ca2+ 1.1

C-N
0.1

nitride

Both the as-prepared and laser-treated Ti-Fe multilayer samples were contaminated
by carbon, oxygen and nitrogen, which is very common for as-prepared or laser-treated
surfaces in open air. In addition, XPS data suggested a residual CaCO3 on the surfaces.

3.3. XRD Analysis

XRD patterns for as-prepared and laser-treated Ti-Fe multilayer samples are shown in
Figure 4. Both samples had an amorphous halo in range of 20–35◦, and there was only one
difference in the peak intensity of the TiFe intermetallic compound. After heat treatment of
the Ti-Fe multilayer, the intermetallic compound TiFe was synthesized. The laser treatment
applied to the surface resulted in a partial removal of the surface layer, since te surface
of the prepared Ti-Fe multilayer samples was thoroughly “scratched”. This is probably
the reason why the TiFe phase, which appeared after heat treatment located between the
metallic titanium and the iron layer, became more pronounced in the XRD pattern. In other
words, the laser treatment of the Ti-Fe multilayer might be considered a technical tool for
both surface structuring (Figure 2b,c) and opening the way to TiFe thin layers (Figure 4).

 

Figure 4. XRD patterns for the laser-treated (a) and as-prepared (b) Ti-Fe multilayer samples.
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3.4. AFM Analysis

Atomic force microscope (AFM) analysis of the surface roughness was done for five
randomly selected parts of the surface (Table 2). It is clear that all experimental values
of surface area for the laser treated Ti-Fe multilayer structure were higher than those for
the as-prepared Ti-Fe multilayer. This suggests that LIPSS are developing surface of Ti-Fe
multilayer surface.

Table 2. Values of the surface area obtained by AFM respect to a projection area of 95.36 μm2.

Sample
Surface Area of the Five Selected Parts of the Surface, μm2.

1 2 3 4 5 Average

Ti-Fe
laser treated 136.691 134.578 132.351 132.057 136.347 134.405

Ti-Fe
as prepared 123.707 123.836 123.513 122.829 122.577 123.292

4. Theoretical Model-Simulation Procedure

To interpret the experimental observations, simulations were conducted to explore
the thermal response of the multiple layered structure 15x(Ti/Fe) after irradiation with
single laser pulses with a pulse duration of τp = 213 fs and a wavelength λL = 1030 nm.
An 1D-Two Temperature Model (TTM) [24] was used to describe the relaxation process
following electron excitation due to laser heating through the following equations [25,26]:

C(i)
e

∂T(i)
e

∂t = ∂
∂z

(
k(i)e

∂T(i)
e

∂z

)
− G(i)

eL

(
T(i)

e − T(i)
L

)
+ S(i)(z, t) [S(i) = 0, for i > 1]

C(i)
L

∂T(i)
L

∂t = ∂
∂z

(
k(i)L

∂T(i)
L

∂z

)
+ G(i)

eL

(
T(i)

e − T(i)
L

) (1)

S(1)(z, t) =
α(1 − R − T)

√
4 log 2F√

πτp
exp

(
−4 log 2

(
t − 3τp

τp

)2
)

exp(−αz) (2)

In Equations (1) and (2), T(i)
e (T(i)

L ) stands for the electron (lattice) temperature of layer
i (i = 1, 3, 5... 2n−1 for Ti layer, i = 2, 4, 6 . . . 2n for Fe layer, for n = 300 Ti/Fe layers for a
multi-layered thickness equal to 60μm; each layer has a thickness equal to 100 nm). The ther-
mophysical properties of the materials, such as electron and lattice heat capacity, (C(i)

e ,C(i)
L ),

electron and lattice heat conductivity (k(i)e ≡ k(i)e0

(
B(i)T(i)

L /
(

A(i)
(

T(i)
e

)2
+ B(i)T(i)

L

))
,

k(i)L ∼ 0.01k(i)e ), and electron-phonon coupling strengths (G(i)
eL ), and the model param-

eters used in the simulations are listed in Table 3.

Table 3. Simulation parameters for Ti and Fe.

Parameter Ti Fe

GeL [Wm−3K−1] Fitting [26,27] Fitting [28]
Ce [Jm−3K−1] Fitting [26,27] Fitting [28]
CL [Jm−3K−2] 2.3521 × 106 [29] 3.675 × 106 [30]

ke0 [Jm−1s−1K−1] 21.9 [29] 46.6 [30]
Tmelting [K] 1941 [29] 1811 [30]
Tboiling [K] 3560 [29] 2750 [30]
Tcritical [K] 15500 [31] 8500 [30]

A [s−1 K−2] Fitting [26,27] 0.98 × 107 [30]
B [s−1 K−1] Fitting [26,27] 2.8 × 1011 [30]

While Equation (2) provides the general expression of the form of the source term
due to material heating with a pulsed laser that includes the absorption coefficient α, the
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reflectivity R and the transmission coefficient T of the material, the Transfer Matrix Method
was used to compute the optical properties of the top layer (Ti) after irradiation with
pulsed laser of 1030 nm by taking into account the presence of the rest of the thin layers.
Calculations yield α = 4 × 105 cm−1 [32], T ∼= 0, R = 0.54, indicating that most of the energy
will be absorbed in the first layer (Ti), while the transmitted part of the laser energy into
the second layer (Fe) is essentially zero, due also to the thickness of the layer (100 nm),
and it is not sufficiently high to excite the electrons in the rest of the layers (especially the
second layer) and produce meaningful results. This argument justifies the use of a source
term to describe laser heating only of the first layer and it is assumed that laser energy is
not transmitted into the next layers. In principle, only heat transfer between the top few
layers is expected, while optical excitation of the rest of the layers (except from the top one)
is negligible.

Equations (1) and (2) are solved by using an iterative Crank–Nicolson scheme based
on a finite-difference method. For the initial conditions, we chose thermal equilibrium
at Te(z,t = 0) = TL(z,t = 0) = 300 K. Adiabatic boundary conditions are considered on

the surface (at z = 0, k(Ti)
e

∂T(Ti)
e

∂z =k(Ti)
L

∂T(Ti)
L

∂z =0) and the back of the complex structure. Fur-
thermore, at the interface between the two layers, the following conditions are applied:

T(Ti)
L = T(Fe)

L ,T(Ti)
e = T(Fe)

e , k(Ti)
L

∂T(Ti)
L

∂z = k(Fe)
L

∂T(Fe)
L
∂z , k(Ti)

e
∂T(Ti)

e
∂z = k(Fe)

e
∂T(Fe)

e
∂z . The evalua-

tion of the thermal response of the material following irradiation with single pulses was
performed through the correlation of the simulation results with the measured ablation.
As noted in previous reports, ablation may be associated with the lattice temperature ex-
ceeding the condition (~0.90 Tcritical where Tcritical is the critical point temperature [33–35]).
Another criterion that is also usually employed is the boiling temperature of the material,
Tboiling (i.e., the region of the material that is characterized with lattice temperatures higher
than Tboiling is removed [29]). In this work, the latter condition is used, as the experimental
results indicate that there is ablation, while theoretical calculations do not yield lattice
temperatures (~0.90 Tcritical).

5. Discussion

Despite a lot of bifurcations being created as a collateral effect of vacuum-arc deposi-
tion, the LIPSS were quite regular over all of the large areas, which can be attributed to the
HR-LIPSS method [20]. Moreover, as shown by AFM, LIPSS increase the relative surface
area by 9% with respect to the untreated sample, which might translate into a positive
impact on kinetics for chemical interaction between solid TiFe and gaseous hydrogen. We
expect that the surface properties are crucial for the acceleration of hydrogen gas adsorption
on the solid surface that, together with hydrogen atom diffusion, might be a limiting stage
for the hydrogenation process.

Because the laser treatment occurred in open air, the surfaces of the Ti-Fe multilayer
samples were contaminated by amorphous carbon, CaCO3, TiO2 and Fe2O3. XPS experi-
ments confirmed these surface contaminations, which are typical for a solid surface. AFM
and XPS results suggested that because of the LIPSS treatment, the surface area of the
Ti-Fe multilayers was increased; however, their surface cleanness was not affected. In
practice, the laser treatment resulted in solid surface structuring and opened the way to
the TiFe compound located under the surface of the prepared Ti-Fe multilayer samples.
Experimental results obtained by SEM and XRD suggested that for the prepared Ti-Fe mul-
tilayers, alloying between metallic titanium and metallic iron resulted in the appearance of
a TiFe compound. Usually, production of TiFe as ingot might be carried out directly by arc
melting of metallic titanium and iron through the following reaction:

Ti + Fe = TiFe + 40.6 kJ.
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At the same time, chemical methods including calciothermic reduction of TiO2 also
enable the production of TiFe, but in the form of a fine powder [36]:

TiO2 +Fe + 2Ca = TiFe + 2CaO + 365.7 kJ.

The TiFe compound belongs to the hydrogen storage materials, in which the hydride
has a similar crystal structure as the starting compound, although lattice expansion takes
place during hydrogenation. More specifically, the crystal structure of the hydrogenated
TiFe might be considered the derivative of that of the TiFe parent compound. The hydride
stability is related to the strength of the chemical bond between metal atoms in a polyhedron
in which H atoms are located. Therefore, hydrogen pressure is correlated with the ratios of
the bond order between the metal atoms in the polyhedron [37,38]. On the other hand, the
TiFe intermetallic compound has a CsCl-type structure, where expansion and contraction of
the interatomic distances between Ti atoms during hydrogenation are 0.092 and 0.014 nm,
respectively, while no changes are observed between Ti and Fe atoms. Thus, the H atom
can occupy the interstitial site that is the Ti2Fe4 octahedron [39], resulting in a formula of
hydride of TiFeH1.94 with a calculated hydrogen content of 1.9 wt.% H2.

Theoretical calculations of the lattice temperatures based on the scheme described
above yield a spatio-temporal evolution that is illustrated in Figure 5 (in the center of
the Gaussian spot). Our simulations and comparison with experimental observations
indicate that nearly half of the first layer (Ti) is removed at fluence F = 0.5 J/cm2 (Figure 5a)
and a second pulse is required to remove the Ti top layer completely (Figure 5b) This
value corresponds to fluence that is sufficient to raise the temperature of the upper layer
above Tboiling; therefore, the boiling temperature is regarded as a reliable ablation threshold
criterion. It is noted that for each pulse, only the first pair of Ti/Fe layers below the upper
surface thermally respond to the heat transfer. Thus, for the sake of simplicity, only a region
with a small number of layers is shown to describe the affected zone.

It is important to note that due to the fact that lattice temperatures on the second
layer (Fe) are lower than the boiling temperature for Ti, no material is predicted to be
removed from the second layer. On the other hand, it is evident that the lattice temperature
attained from a large part of the second layer (Fe) for F = 0.5 mJ/cm2 is above the melting
point of the material. Finally, Figure 5c illustrates the effect of the third pulse, showing
that due to the small heat capacity, large conductivity and lower boiling temperature, the
energy of the laser propagates inside the Fe-layer; however, it is only sufficient to remove
part of the Fe-layer, while another portion of the rest undergoes a phase transition, as
the lattice temperatures lie between the melting point and the boiling temperature. The
value for the reflectivity and absorption coefficient used to simulate energy absorption
for Fe are 0.6173 and α = 4 × 105 cm−1, respectively, when Fe is on the upper surface.
The above description indicates that fluid dynamics and resolidification processes are
expected to further modify the surface profile of the assembly. Therefore, appropriate
phase change-related corrections need to be incorporated into the model for a more accurate
description of the surface modification processes and determination of the morphological
changes. A thorough approach requires the inclusion of Navier–Stokes equations (to
describe fluid dynamics) and relevant equations to account for evaporation [32,35–37]. The
fact that mass displacement and mass removal is expected to lead to a corrugated profile
means that appropriate conditions for surface plasmon excitation can be easily satisfied
(for a detailed description, see Refs [32,40–42]). Thus, a periodic pattern can be produced,
which is also confirmed by the experimental results [43,44]. This occurs irrespective of
which material is on top (Fe or Ti). Although most studies have been centered on the
investigation of surface plasmon (SP) excitation in dielectric–metal–dielectric multi-layered
films and potential coupling of the excited SP on the dielectric–metal and metal–dielectric
films in the periodicity of the periodic structures [45,46], to the best of our knowledge,
no previous study has been conducted for air/multi-layered (metallic) heterostructures.
Certainly, as there is no alteration of dielectric/metallic films to sustain excitation of bound
SP, only SP on the top layer should be expected to have a periodicity the size of the
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laser wavelength (~1 μm). Nevertheless, it is known that the SP wavelength decreases
at increasing energy doses [47]. The aforementioned simulations predict a sufficient
ablation that induces an enhanced depth in the irradiated heterostructure, and therefore,
SP wavelength should decrease. Although a consistent approach based on the employment
of Finite Difference Time domain codes to solve Maxwell’s equations is expected to provide
a precise correlation of the ripple periodicities as a function of the produced depth (see
Ref. [48] and references therein), an approximate methodology is used (see Ref. [48]). More
specifically, for fourteen pulses, a SP wavelength equal to 920 nm is predicted, which yields
a similar ripple periodicity on Fe illustrated in Figure 5d. Experimental measurements
performed for 12.5 pulses give a ripple periodicity in the range of 650–750 nm. Certainly, a
theoretical investigation assuming the surface patterning effect following a larger number
of pulses could be conducted for a quantitative comparison of the ripple periodicities;
however, the predominant aim of this work was focused on the thermal response of the
material and the ablation-assisted modification of the surface layers. The reason why
fourteen pulses were used in the simulations was to clearly illustrate both the damage
induced on the complex (removal of layers) and the periodicity of the rippled zone. It is
evident that there is a discrepancy between the experimentally measured value and the
theoretical prediction that requires more investigation; however, the aim of the current work
was to highlight the step-by-step removal of the metallic layers. Thus, the development
of an improved theoretical model that yields a better agreement with the experimental
observations could be the subject of a future work.

  

(a) (b) 

 μ

μ

(c) (d) 

Figure 5. Lattice temperature field evolution in depth (in the center of the Gaussian spot) perpendicular to the surface of
the sample after one pulse (a), two pulses (b) and three pulses (c) (white region indicates material removal, horizontal
dashed line show the borders of the films); (d) periodic pattern after fourteen pulses (laser polarization is vertical to the
figure plane).
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6. Conclusions

The intermetallic compound TiFe was formed between multilayers made of metal-
lic titanium and metallic iron and was detected using both XPS and XRD. The LIPSS
method was applied, which generated homogeneous ripples over a large area, even on
non-polished surfaces densely covered with numerous defects and bifurcations. Because
of the generation of a more developed Ti-Fe multilayer surface, the absorption/desorption
of gaseous hydrogen was accelerated. The thermal effects resulting from the irradiation
of the compound were simulated to predict the affected region as well as to predict the
periodicity of the surface pattern.

Laser-treated Ti-Fe multilayers will be tested with respect to hydrogen gas absorption
and optimized as a hydrogen sensor in future publications.
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Abstract: The formation of melt and its spread in materials is the focus of many high temperature
processes, for example, in laser welding and cutting. Surface active elements alter the surface tension
gradient and therefore influence melt penetration depth and pool width. This study describes the
application of direct laser interference patterning (DLIP) for structuring steel surfaces with diverse
contents of the surface active element sulphur, which affects the melt convection pattern and the pool
shape during the process. The laser fluence used is varied to analyse the different topographic features
that can be produced depending on the absorbed laser intensity and the sulphur concentration.
The results show that single peak geometries can be produced on substrates with sulphur contents
lower than 300 ppm, while structures with split peaks form on higher sulphur content steels. The peak
formation is explained using related conceptions of thermocapillary convection in weld pools.
Numerical simulations based on a smoothed particle hydrodynamics (SPH) model are employed to
further investigate the influence of the sulphur content in steel on the melt pool convection during
nanosecond single-pulsed DLIP.

Keywords: direct laser interference patterning; periodic microstructure; sulphur content; nanosecond
pulse; surface tension gradient; Marangoni convection; smoothed particle hydrodynamics

1. Introduction

During the process of evolution, numerous animals and plants have perfectly adapted
to environmental conditions by developing repetitive surface patterns. For instance, fine
riblets on their skin scales, which reduce water drag, enable sharks to swim faster and
more effortlessly than other fishes [1]. In addition, hierarchical structures give rise to
the structural colour of Morpho butterfly wings and to the hydrophobic and self-cleaning
properties of rice leaves [2,3]. Learning lessons from nature and imitating these examples,
surface microstructuring can be applied to improve the efficiency of ship propulsion and
electricity generation in wind turbines by reducing friction, and to generate colours for
decorative motifs or security marks on products as well as self-cleaning surfaces on solar
panels or worktops in professional kitchens [4,5]. The success of manufacturers in a global
competition relies on additional benefits to differentiate their products. Consequently,
techniques allowing for the fabrication of complex surface patterns are sought to add novel
functionalities to products.

Surface topographies with feature sizes in a wide range can be generated, from submi-
cron structures made by lithography and subsequent wet chemical etching [6] or focussed
beam structuring [7] to submillimetre surface textures produced by brushing, grinding, or
milling. After structuring, several cleaning steps are, in general, required before the surface
can be used further, with the extended production time impairing the profitability of the
overall process.

Nanomaterials 2021, 11, 855. https://doi.org/10.3390/nano11040855 https://www.mdpi.com/journal/nanomaterials
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In contrast, laser texturing is an effective single-step method for fabricating surface
structures that dispenses with the need for material removal or cleaning processes [8,9].
More specifically, direct laser interference patterning (DLIP) provides the advantage of
producing repetitive surface structures with periodicities in the submicron to micron
range. This surface functionalisation technique has already been employed for diverse
applications, such as antibacterial and antifouling surfaces [10], control of wettability [11],
tribology [12,13], cell adhesion [14,15], and decoration and anti-counterfeit protection [16]
on various materials. The DLIP process generates periodic microstructures on substrates
exposed to an interference pattern, which results when at least two coherent laser beams
are combined, by means of photothermal or photochemical interactions [17–19].

The intensity distribution of the interference pattern is determined by the laser wave-
length λ, the number and the polar angle θ/2 of the partial beams [20,21]. A two-beam con-
figuration considered here generates line-like surface textures, where the spatial period Λ,
defined as the distance between adjacent intensity maxima or minima, can be adjusted by
the intersecting angle θ according to Equation (1):

Λ =
λ

2 sin(θ/2 )
. (1)

It is evident from Equation (1) that the minimal theoretically achievable spatial period
is half of the used laser wavelength, i.e., Λ = λ/2 for an interception angle of θ = π.
The sinusoidal laser fluence distribution of a two-beam interference pattern is given by
Equation (2):

Φ(x, y) = 4Φ0 cos2
[

kx sin
(

θ

2

)]
, (2)

where Φ0 is the fluence of each partial beam and the wave number is defined as k = 2π/λ.
The application of short pulsed laser radiation with nanosecond pulse duration and

infrared wavelengths involves photothermal interactions, in particular the formation of
very localised molten zones [22,23]. In the case of metallic substrates, the local insertion
of energy in a thin surface layer enables the specific shaping of well-defined melt pools
associated with an alteration of the surface topography, which is influenced by the laser
fluence and the material properties as well. In nanosecond pulsed DLIP of metals at mod-
erate laser fluence, thermocapillary driven melt pool flow is interpreted as the mechanism
responsible for the surface microstructure formation [24]. The in-process observation of
DLIP is not possible though, owing to the short duration and the microscopic scale of the
surface modification. However, the use of numerical simulation allows for an investigation
and insights into the phenomena contributing to the process.

The development of the melt pool convection was originally modelled for welding
processes with continuous energy input into the metallic workpiece. In detail, arc welding
was considered at first, and the research was subsequently extended to laser beam welding.
Accordingly, the melt pool characteristics are determined by the interaction between arc and
metal, the heat transfer and fluid flow along with the thermophysical material properties,
and the applied boundary conditions [25–28]. Numerical investigations on thermal fluid
flow revealed that thermocapillary stresses constitute the main force driving the circulation
in the weld pool [27,28]. This thermocapillary flow, or Marangoni convection, arises due to
surface tension gradients along the melt pool surface [29]. Even minor additions of a surface
active element, e.g., oxygen, aluminium, phosphorus, or sulphur, may significantly affect
the surface tension of molten metal and, as a result, the weld penetration depth and pool
width [30–32].

The effect of surface active elements on the melt convection patterns and pool shape
was first investigated experimentally by Heiple and Roper [29]. Beginning at that time,
mathematical models for the theoretical study of welding processes, i.e., the fluid flow [30]
and heat transfer in the melt pool [33–37] were developed. While the effect of the
temperature-dependent surface tension was incorporated into the models [33–37], the weld
pool simulations mostly considered a constant temperature coefficient of surface tension.
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On the other hand, a variable, i.e., a temperature-dependent, temperature derivative of
surface tension, as required in the presence of a surfactant, was rarely included in the nu-
merical investigations [38–42].

A very low sulphur content in steel (<30 ppm or at most 40 ppm S) involves a negative
temperature coefficient of surface tension [29,32], giving rise to an outward melt flow at
the surface and a wide but shallow weld pool. For a higher sulphur content in steel,
the temperature derivative of surface tension is positive over a temperature interval of at
least 200 K from the melting point [29]. A completely inward convection at the surface and
a narrow but deep weld pool result [42], provided that the surface temperature does not
exceed the aforementioned range. Furthermore, thermocapillary convection is assumed to
influence the surface shape of the fusion zone [32,43]. Outward thermocapillary flow leads
to a recess at the centre and bulges near the edges of the melt pool surface, as outlined
in Figure 1a. On the contrary, inward Marangoni convection entails a ridge at the centre
and surface depressions adjacent to the edges of the molten zone; see Figure 1b.

Figure 1. Surface evolution during laser processing due to temperature gradients and thermocapillary flow for (a) negative
and (b) positive temperature coefficients of surface tension dγ/ dT, outlines adopted from [32,43].

Notwithstanding the extensive research on thermocapillary flow in the context of
welding, the effects of surface active elements in steel on the mechanisms of laser-based
microprocessing are still widely unexplored. With regard to laser texturing, the melt
pool flow may be employed to generate novel microstructures that provide surfaces with
particular functionalities.

In this work, steel samples with different sulphur content are treated by two-beam
direct laser interference patterning using a nanosecond pulsed laser to explore the possi-
bilities of fabricating repetitive surface patterns based on thermocapillary convection due
to the negative or positive temperature coefficient of surface tension. The topographies
resulting from the two-beam DLIP process are analysed by confocal and scanning electron
microscopy. Depending on the employed laser processing parameters and the sulphur
content, individual structuring regimes are identified. In addition, numerical process
simulations are performed using a smoothed particle hydrodynamics (SPH) model to
understand the thermocapillary flow patterns in the melt pool and hence the microstruc-
ture formation.

2. Materials and Methods

This section presents the techniques and models employed in the combined experi-
mental and numerical investigation. At first, the steel substrates used, the experimental
setup, and the sample characterisation methods are detailed in Sections 2.1–2.3. Follow-
ing this, the theoretical model and the specific parameters considered for the numerical
simulations are elucidated in Sections 2.4 and 2.5.

2.1. Materials

In order to evaluate the influence of the sulphur content (S) on the structure formation
with DLIP, steels with four different sulphur contents were chosen: 30 ppm, 100 ppm,
<300 ppm, and 1500–3000 ppm S. The flat steel plates with a thickness of 5 mm were cut
into 50 × 50 mm2 pieces and polished with diamond suspension (Masterprep, Buehler,
Lake Bluff, IL, USA) of 0.05 μm size to an average surface roughness (Sa) of 0.008 μm.
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The root mean square roughness (Sq) of the same samples was 0.020 μm, with a maximum
height of the assessed profile (Sz) at 0.450 μm. Before structuring, the surfaces were cleaned
in an ultrasonic bath with ethanol (99.99% purity) for 25 min at room temperature to
remove all preprocess contamination and were dried with compressed air.

2.2. Nanosecond Direct Laser Interference Patterning

The laser structuring process was accomplished on a compact DLIP system (DLIP-
μFab, Fraunhofer IWS, Dresden, Germany) equipped with a Q-switched Nd:YLF laser
(Tech-1053 Basic, Laser-export, Moscow, Russia) operating at 1053 nm and providing
12 ns pulses (full width at half maximum, FWHM) at 1 kHz with pulse energies up to
290 μJ. The laser emits the fundamental transverse mode (TEM00) with a laser beam quality
factor of M2 < 1.2. This main beam is then split into two sub-beams by passing through
a diffractive optical element (DOE) and the beams are subsequently parallelised by a prism.
A schematic representation of the main DLIP components is shown in Figure 2a. A lens
is overlapping the beams on the surface with a focal distance of 40 mm and produces
an interference spot of 160 μm in diameter. Varying the angle of incidence of the partial
beams by changing the distance between DOE and prism, the spatial period determined
by Equation (1) is specified in the range between 1.29 μm and 7.20 μm. The latter period
was chosen for the structuring on the steel samples to keep the single line-like melt pools
separated from each other and to prevent thermal influence among themselves.

The Gaussian shape of the intensity profile of the overlapped beams is indicated
in Figure 2b. The highest laser intensity is reached in the spot centre, whereas the in-
tensity decreases towards the spot edges. The DLIP process was performed using laser
fluences between 0.2 J/cm2 and 1.1 J/cm2, which correspond to 58% to 91% of laser power,
respectively. The samples were positioned under the laser spot with an x-y-axis system
(Pro115 linear stages, Aerotech Inc., Pittsburgh, PA, USA), and the focus position was
controlled by vertically moving the DLIP optical head on a z-axis. Laser microprocessing
experiments were carried out in ambient environment without posttreatments. In all cases,
the structuring process was made without overlapping pulse.

(b)
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Figure 2. Setup employed for direct laser interference patterning (DLIP) experiments on steel substrates: (a) nanosecond
pulsed infrared laser, optical head for DLIP on a z-stage, and sample mounted on an x-y positioning stage and (b) laser
fluence distribution of interference pattern due to two coherent partial beams with a Gaussian intensity profile.
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Here, the angle of incidence θ/2 of the partial beams is considered small and, as a
consequence, the interference spot is assumed to be circular. Therefore, the laser fluence
distribution of the interference pattern exemplified in Figure 2b is given by

Φ(x, y) = 2Φ0

{
cos

[
2kx sin

(
θ

2

)]
+ 1

}
exp

(
−2r2

r2
0

)
, (3)

where r2 = x2 + y2 and r0 is the Gaussian beam radius of the partial beams. Assuming that
the periodicity Λ (see Equation (1)) of the interference pattern is considerably smaller than
the Gaussian beam diameter, the average fluence is given by

Φav(x, y) = 2Φ0 exp

(
−2r2

r2
0

)
(4)

with the central value Φav(r = 0) = 2Φ0. Furthermore, the interference spot radius rspot is
supposed to be smaller than the Gaussian beam radius r0.

Consequently, the energy provided by the laser pulse is calculated by integrating the
local averaged fluence in Equation (4) over the interference spot

Espot =
∫ 2π

φ=0

∫ rspot

r=0
Φav(r)r dr dφ = Φ0πr2

0

[
1 − exp

(
−2r2

spot

r2
0

)]
(5)

and divided by the spot area to obtain the fluence averaged over the interference spot

Φav,spot =
Espot

πr2
spot

= Φ0
r2

0
r2

spot

[
1 − exp

(
−2r2

spot

r2
0

)]
. (6)

Given that the averaged fluence Φav,spot in Equation (6) is known from measurement,
the average fluence in the centre of the spot is determined by

Φav(r = 0) = 2Φ0 = 2Φav,spot
r2

spot

r2
0

/[
1 − exp

(
−2r2

spot

r2
0

)]
. (7)

As mentioned above, it is assumed that Λ/2 = λ
/
(4 sin(θ/2)) 
 r0. Therefore, the laser

fluence distribution of the period comprising the central maximum and in the central plane,
i.e., for |x| ≤ Λ/2 and y = 0, is approximately given by Equation (2), which corresponds
to Equation (3) without the exponential factor.

2.3. Surface Characterisation

The polished and structured surfaces were characterised using confocal microscopy
(S neox, Sensofar, Terrassa, Spain) at 150× magnification with an optical resolution of
0.14 μm and a vertical resolution of 1 nm. The field of view (FOV) is 117 × 88 μm2 in the
x-y-plane. The recorded measurements were processed using the software MountainsMap
7.3 (Digital Surf, Besançon, France), utilising profile extraction including the step height
measurement function for analysis of the peak formation and the image tools for three-
dimensional images of the structured surfaces. In addition, the laser treated substrates
were also evaluated using a scanning electron microscope (SEM) (Supra 40 VP, Zeiss,
Jena, Germany) at an operating voltage of 5.0 kV.

2.4. Mathematical Model

The mathematical model of the material behaviour during single pulse DLIP was
already described in detail by Demuth and Lasagni [44]. Here, the nonlinear temperature
dependence of surface tension considered is presented along with the dimensionless form
of the governing equations and the Marangoni boundary condition. The dimensional
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conservation equations and boundary conditions are provided in Appendix A for the sake
of clarity.

In the present investigation, the surface tension of liquid steel is a nonlinear function
of temperature in the presence of the surface active element sulphur. Therefore, the temper-
ature coefficient of surface tension, i.e., dγ/ dT, is a function of temperature as well, unlike
the constant negative value found in the absence of a surfactant.

An expression for the temperature-dependent surface tension of liquid iron with the
solute sulphur was derived by Sahoo et al. [45] in the following form:

γ = γ0
m +

dγ

dT

∣∣∣∣ pure
metal

(T − Tm)− RTΓs ln
[

1 + k1aS exp
(
−ΔH0

RT

)]
, (8)

where γ0
m is the surface tension of the pure metal at the melting point Tm and aS is the

sulphur activity in wt%. In Equation (8), R = 8.3143 J/(mol K) is the gas constant,
Γs = 1.3 × 10−5 mol/m2 is the surface excess at saturation, k1 = 3.18 × 10−3 is a con-
stant related to the entropy of segregation, and ΔH0 = −1.88 × 105 J/mol is the stan-
dard enthalpy of adsorption [38,45]. The values of the temperature coefficient of surface
tension, which is required for the melt pool convection in the boundary condition (A9)
(see Appendix A) resulting for the binary system Fe–S can be used for the simulation
of stainless steel melt pools [46]. Further considering the values γ0

m = 1.943 N/m,
dγ/ dT|pure metal = −4.3 × 10−4 N/(m K) and Tm = 1723 K [38,45,47] in Equation (8),
the surface tension is evaluated and presented in Figure 3a for liquid steel with different
concentrations of the surfactant sulphur. Differentiating Equation (8) with respect to T,
the relation for the temperature coefficient of surface tension is obtained as follows [38,45]:

dγ

dT
=

dγ

dT

∣∣∣∣ pure
metal

− RΓs ln(1 + KaS)− KaS

1 + KaS

ΓsΔH0

T
, (9)

where the equilibrium constant K = k1 exp[−ΔH0/(RT)] is introduced. Consequently,
the temperature derivative of surface tension in Equation (9) is evaluated as a function
of temperature for molten stainless steel with different sulphur contents and presented
in Figure 3b.
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Figure 3. Temperature-dependent (a) surface tension and (b) its temperature derivative for liquid steel with different
sulphur contents.

The governing equations stated in (A3)–(A6) are rewritten in dimensionless form to
reveal the dimensionless numbers characterising the problem. For this purpose, the non-
dimensionalisation of the variables position x, time t, velocity v, dynamic pressure pdyn,
temperature T, and specific enthalpy h is made using the scales L, L2/a, a/L, ρ0a2/L2,
Tv − T0, and cp(Tv − T0), respectively. In addition, the diffusion length L = 2√aτp is
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specified as the characteristic length scale, where the pulse width τp (FWHM) is selected as
the laser beam dwell time. The resulting dimensionless variables are given by

x∗ = x
2√aτp

, t∗ = t
4τp

, v∗ = 2v
√

τp

a
, p∗dyn =

4τp

ρ0a
pdyn, T∗ = T − T0

Tv − T0
(10)

and the dimensionless specific enthalpy assumes the shape

h∗ = h
cp(Tv − T0)

= T∗ + fm Phs/l + fv Phl/v, (11)

where the phase change numbers of melting and vapourisation are defined as

Phs/l =
Lf

cp(Tv − T0)
, Phl/v =

Lv

cp(Tv − T0)
. (12)

Employing the dimensionless variables in Equations (10) and (11), the governing equa-
tions (A3)–(A6) are rewritten in dimensionless form as

dh∗

dt∗ = ΔT∗ + (1 − R) La
σ∗√2π

{
2 cos2

[
πx∗

Λ∗

]}
exp

⎛
⎜⎝−

(
t∗ − t∗p

)2

2σ∗ 2 + α∗(z∗ − z∗surf)

⎞
⎟⎠, (13)

∇ · v∗ = 0, (14)

dv∗

dt∗ = −∇p∗dyn + PrΔv∗ + Pr Ra
T∗ − T∗

l
1 − T∗

l
ez, (15)

dx∗

dt∗ = v∗ (16)

with the dimensionless standard deviation σ∗ = σ/(4τp) of the laser pulse, periodicity
Λ∗ = Λ/L, and absorption coefficient α∗ = αL used in Equation (13). Furthermore,
the dimensionless form of the Marangoni boundary condition given in Equation (A9) is
obtained as [48]

∂v∗x
∂z∗ = − Ma

1 − T∗
l

∂T∗

∂x∗ . (17)

In addition to the aforementioned phase change numbers, Phs/l and Phl/v given in (12),
and the Fourier number Fo corresponding to the considered physical time, the dimension-
less numbers arising in the dimensionless Equations (13)–(17) are the laser number La

La =
2Φ0α

ρ0cp(Tv − T0)
, Fo =

tend
4τp

, (18)

the Prandtl number Pr, the Rayleigh number Ra, and the Marangoni number Ma defined by

Pr =
ν

a
, Ra = 8τp

β(Tv − Tl)g√aτp

ν
, Ma = −dγ

dT
Tv − Tl

ρ0ν
2
√

τp

a
. (19)

At first, the Marangoni number Ma in the boundary condition (17) may be evaluated
using the aforementioned temperature coefficient dγ/ dT|pure metal for liquid steel in the
absence of the surfactant sulphur. In the presence of sulphur, the resulting Marangoni
number Ma multiplied by the dimensionless temperature coefficient of surface tension
given by (20), which is a function of temperature, is considered in the Marangoni boundary
condition (17).(

dγ

dT

)∗
=

dγ

dT

/
dγ

dT

∣∣∣∣ pure
metal

= 1 − RΓs
dγ
dT

∣∣∣ pure
metal

ln(1 + KaS)− KaS

1 + KaS

ΓsΔH0/T
dγ
dT

∣∣∣ pure
metal

(20)
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2.5. Numerical Simulation

Simulation of the single pulse DLIP process considered material in the plane y = 0 is
subject to the central period of the interference pattern comprising the fluence maximum.
According to the approach presented in [44], a two-dimensional section of 7.5 μm ×
4.75 μm size in the x-z-plane was discretised using particles for the numerical solution
by means of the smoothed particle hydrodynamics (SPH) method. The discretisation
starts with coarse particles of 1 μm diameter at the bottom of the computational domain
and a consecutive reduction of the particle diameter towards the surface according to
a geometric sequence with common ratio 7/9; see Figure 4a. Near the surface, an initially
equidistant array of fine particles of (7/9)21 μm ≈ 5.1 nm diameter is arranged for the
melt pool simulation; see Figure 4b. This minimum particle size is specified to ensure
a complete insertion of the energy provided by the laser irradiation in accordance with
an earlier investigation [49]. In the present discretisation, the equidistant arrangement
of fine particles represents a surface layer of 270 nm depth. In addition, three rows and
columns of dummy particles are situated beyond the domain boundaries to complete the
kernel function support of nearby interior particles and to facilitate the application of
boundary conditions.

Figure 4. Particle discretisation of computational domain, dummy particles less opaque, details: (a) 7.5 μm × 4.4 μm, coarse
particles start at the bottom, (b) 440 nm × 440 nm, near-surface equidistant initial array and coarsening.

The numerical investigation models the two-beam interference patterning process
and setup described in Section 2.2 at moderate fluences. In detail, the process parameters
considered for the numerical simulation of DLIP are presented in Table 1.

Table 1. Process parameters of single pulse DLIP on stainless steel with sulphur content.

Process Parameter Symbol Value

wavelength λ 1053 nm
intersection angle between beams θ 0.1464 rad
periodicity of interference pattern Λ 7.2 μm
average fluence in interference spot Φav,spot 0.300 J/cm2

fluence of interference pattern 2Φ0 0.532 J/cm2

pulse duration (FWHM) τp 12 ns
pulse time tp 50 ns
simulation duration tend 200 ns
initial substrate temperature T0 298.15 K
gravitational acceleration g 9.81 m/s2

Fourier number Fo 4.16
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Note that the periodicity Λ is defined by the wavelength λ and the intersection angle θ;
see Equation (1). In addition, two moderate laser fluences Φav,spot = 0.300 J/cm2 and
0.375 J/cm2 were used in the numerical simulations. Considering an interference spot
radius rspot = 80 μm and a Gaussian beam radius r0 = 100 μm, the average fluence in the
central period of the interference pattern results from Equation (7) as 2Φ0 = 0.532 J/cm2

and 0.665 J/cm2, respectively. Furthermore, simulations were performed for sulphur
contents of 30 ppm, 100 ppm, 300 ppm, and 1500 ppm.

The considered material properties of the AISI 304 stainless steel substrates are com-
piled in Table 2. The temperature coefficient of surface tension dγ/ dT given in the table
represents the constant negative value for stainless steel in the absence of a surfactant,
which is replaced by the model introduced in Section 2.4 in the presence of sulphur. Con-
cerning the values of the density ρ0, specific heat cp, thermal conductivity κ, and thermal
diffusivity a given in Table 2, the respective temperature-dependent values, if available, are
averaged over the interval from the room temperature to the vapourisation point. The ther-
mal diffusion length is then calculated employing the determined thermal diffusivity and
presented in Table 3 along with the dimensionless quantities resulting from the material
properties in Table 2.

Table 2. Material properties of stainless steel substrates.

Material Property Symbol AISI 304 Steel Unit References

solidus temperature Ts 1673 K [50]
liquidus temperature Tl 1727 K [50]
vapourisation temperature Tv 3273 K [51]
density ρ0 7262 kg/m3 [50]
specific heat cp 704 J/(kgK) [50,52]
thermal conductivity κ 26.8 W/(mK) [50]
thermal diffusivity a 5.24 × 10−6 m2/s
enthalpy of fusion Lf 251 kJ/kg [50,51]
enthalpy of vapourisation Lv 6500 kJ/kg [51]
dynamic viscosity (at Tl) η 7.0 × 10−3 Pas [50]
kinematic viscosity (at Tl) ν 1.02 × 10−6 m2/s
volumetric thermal expansion coefficient β 8.5 × 10−5 1/K [53,54]
temperature coefficient of surface tension dγ/dT −4.3 × 10−4 N/(mK) [45]
absorption coefficient (at 1053 nm) α 5.15 × 107 1/m [55]
reflectivity (at 1053 nm) R 0.646 1 [55]

Table 3. Diffusion length and dimensionless numbers of DLIP model for stainless steel surfaces.

Quantity Symbol AISI 304 Steel

thermal diffusion length L 501.5 nm
laser number La 18.0241
solid–liquid phase change number Phs/l 0.119849
liquid–vapour phase change number Phl/v 3.10367
Prandtl number Pr 0.1947
Rayleigh number Ra 3.04124 × 10−8

Marangoni number Ma 9.08939

3. Results and Discussion

This section reports and discusses the results of the DLIP experiments and the nu-
merical simulations. In Section 3.1, the microstructures observed after laser processing,
depending on the sulphur content of the substrate and the laser fluence, are presented.
Furthermore, Section 3.2 provides the results of the simulations performed to comprehend
the melt pool convection and the structure formation during the DLIP process.
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3.1. Experimental Results

In a first set of experiments, the polished steel samples with different sulphur con-
tent were irradiated with DLIP line-like patterns by systematically changing the laser
fluence. The DLIP spots showed differences in surface morphology for varying sul-
phur content. Figure 5 shows surface profiles of the steel samples with varied sul-
phur contents (30 ppm S, 100 ppm S, and 300 ppm S) treated at different laser fluences
(Φav,spot = 0.46 J/cm2, 0.63 J/cm2, 0.82 J/cm2, and 0.99 J/cm2). The grey highlighted
area represents the region of maximum laser intensity (interference maximum) during
structuring. For instance, the steel with 30 ppm sulphur treated with a laser fluence of
Φav,spot = 0.46 J/cm2 exhibits a line-like pattern with a central peak (∼40 nm height) sur-
rounded by two valleys (∼15 nm depth) below the initial surface level. Increasing the
laser fluence to Φav,spot = 0.82 J/cm2 leads to a transformation stage, where the central
single peak splits into two peaks with a structure height of approximately 50 nm, forming
a well-defined valley between them. By further increasing the laser fluence, both the
height of the peaks and the depth of the valley increases, determined by a significant flow
of the molten material during the DLIP process; see Figure 5 for 30 ppm S content and
Φav,spot = 0.99 J/cm2.

Figure 5. Overview of peak transformation of DLIP structures made on steels with varying sulphur contents. The columns
show profiles of produced patterns in steels with sulphur contents of 30 ppm, 100 ppm, and 300 ppm at different laser
fluences (Φav,spot = 0.46 J/cm2, 0.63 J/cm2, 0.82 J/cm2, and 0.99 J/cm2). The grey highlighted areas represent the regions of
maximum laser intensity during patterning.
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The line-like pattern on the steel with 100 ppm S reveals a topography similar to the
processed one of 30 ppm S steel when irradiated at a low fluence level of
Φav,spot = 0.46 J/cm2, with similar peak heights and valley depths; see Figure 5. However,
the central peak, with a maximum structure height of 50 nm as well, starts to split only at
laser fluences above Φav,spot = 0.63 J/cm2. By fluence increase to Φav,spot = 0.99 J/cm2, both
peak height and valley depth constantly increase further and reach a similar magnitude as
that for the geometries on 30 ppm S steels irradiated with Φav,spot = 0.99 J/cm2.

In contrast, for the steel samples with the highest concentration of sulphur (300 ppm
and 1500–3000 ppm), a different behaviour was observed at low fluences. Here, two
separate peaks with peak heights of up to 50 nm instead of a centre peak are found also
at low laser fluences; see Figure 5 for 300 ppm S content and Φav,spot = 0.46 J/cm2. As the
laser fluence is increased, the split peaks become larger, reaching up to 50 nm absolute
structure height at Φav,spot = 0.82 J/cm2. At Φav,spot = 0.99 J/cm2, the height of the split
peaks is further increased, similar to the 30 ppm and 100 ppm samples.

The surface microstructures generated on steel samples with 30 ppm, 100 ppm, and
300 ppm S using laser fluences in the range 0.46 J/cm2–0.99 J/cm2 are further illustrated
by the scanning electron micrographs shown in Figure 6. The small graphs inserted into
the SEM images in Figure 6 indicate the areas of maximum laser intensity on each surface.

Figure 6. Scanning electron micrographs of surfaces after DLIP (λ = 1053 nm, Λ = 7.2 μm, and
τp = 12 ns) on steel substrates with distinct sulphur contents using a single pulse and different laser
fluences. Small graphs indicate areas of maximum laser intensity. The brightness and contrast of the
SEM images were enhanced for better visualisation.
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In agreement with the surface profiles presented in Figure 5, the micrographs of
steels with 30 ppm S and 100 ppm S contents irradiated with a laser fluence of 0.46 J/cm2

in Figure 6 depict structures with a single central peak. With an increase in laser fluence,
the structure width grows, where a smaller central peak and two neighbouring subpeaks
evolve instead of the single peak structure. On the other hand, microstructures fabricated
using the highest laser fluence of 0.99 J/cm2 display a split peak formation, induced by the
dominant recoil pressure during the patterning process. In contrast, the SEM images of
structures made on steel substrates with 300 ppm S in Figure 6 show a split peak formation
for all laser fluences applied, where the structure width increases with the laser fluence up
to 0.99 J/cm2.

The differences in peak formation can also be identified in the three-dimensional
images presented in Figure 7. Small, single peaks of the structures obtained on 30 ppm S
steel at a laser fluence of Φav,spot = 0.46 J/cm2 are shown in Figure 7a. The topography
shown in Figure 7b on steel with 300 ppm S after DLIP treatment at Φav,spot = 0.82 J/cm2

is characterised by split peaks and an enclosed valley below the initial surface level.
The structure heights are decreasing from the DLIP spot centre towards the spot edge,
following the Gaussian intensity distribution of the laser beam. Even at the spot edge, no
structures in transformation stage or single peaks are visible in Figure 7b.

Figure 7. Three-dimensional confocal microscope images of DLIP laser spots on steel samples with different sulphur
contents. (a) Single peak structures generated on steel with 30 ppm S content and Φav,spot = 0.46 J/cm2, (b) split peak
structures fabricated on steel with 300 ppm S content and Φav,spot = 0.82 J/cm2.

An explanation of the distinct structure formation and the different peak heights at
similar laser fluence is attempted on the basis of the surface tension gradient depending on
the sulphur content of the melted steel [47]. As evident from Equation (9) and Figure 3b,
both the surface temperature and the sulphur activity affect the temperature coefficient
of surface tension, which determines the direction of thermocapillary flow and the melt
pool geometry [38]. For 30 ppm S, the surface tension temperature coefficient is positive
only in a small temperature range of ∼300 K from the liquidus point Tl. At moderate
fluences, the positive temperature derivative of surface tension induces an inward flow
at the surface and the formation of a single peak structure with adjacent depressions,
as shown in Figure 1b, e.g., for 30 ppm S and Φav,spot = 0.46 J/cm2 in Figure 5. For an
augmented sulphur content of 100 ppm, the magnitude and temperature range of the
positive temperature coefficient of surface tension is enlarged, resulting in a stronger inward
convection and more marked single peak structures at moderate fluences, as presented
in Figure 5 for Φav,spot = 0.46 J/cm2 and 0.63 J/cm2.

With an increase in laser fluence, the higher surface temperatures are associated
with a negative temperature coefficient of surface tension of the steel melt at low sulphur
concentrations. Accordingly, the inward flow from the melt pool edges is temporarily
suppressed by an outward flow from the centre of the melt pool surface at higher surface
temperatures, which causes the evolution of outer peaks near the edges of the melt pool;
see Figure 1a. In addition, small central peaks may form due to inward convection in
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the late stages of the melt pool presence at lower melt surface temperatures; see the mi-
crostructures for 30 ppm S at Φav,spot = 0.63 J/cm2 and 0.82 J/cm2 and for 100 ppm S at
Φav,spot = 0.82 J/cm2 in Figure 5. On the contrary, it is evident from the split peak structures
observed in Figure 5 for steel with 300 ppm S at fluences up to Φav,spot = 0.82 J/cm2 that
the conception of an even stronger inward convection at higher sulphur contents is not con-
firmed by the experiments. This deviation suggests that, in the presence of higher impurity
levels, the expression for the temperature-dependent surface tension in Equation (8) is no
longer appropriate or that effects other than thermocapillary convection are responsible
for the microstructure evolution. For a high fluence of Φav,spot = 0.99 J/cm2, split peak
structures of similar height are produced on all steel samples, independent of the sulphur
content; see Figure 5. This observation may be attributed to the dominance of the recoil
pressure induced by vapourisation of molten metal at high laser intensity, which causes
a lateral ejection of melt during the patterning process [56].

It is important to mention the different behaviour observed at the fluences below
Φav,spot = 0.46 J/cm2 or at the edges of the DLIP spots. In these cases, single peaks are
observed without the surrounding valleys, as compared to the centre peaks of the 30 ppm
and 100 ppm S samples treated with Φav,spot = 0.46 J/cm2. In other words, this structure
has been produced without the flow of molten metal and thus can only be explained by
the transformation of the crystalline structure of the used steel. When an austenitic steel
is heated, depending on the temperature reached and the cooling rate, the structure can
transform to martensite, which has a lower density (austenite: 7.9 g/cm3; martensite:
6.5 g/cm3 [57]). Taking into consideration that the measured height of the peak was 15 nm,
it is estimated that the austenitic steel was affected up to a depth of 69 nm.

The dependence of structure heights and peak splitting on sulphur content and
laser fluence is shown in Figure 8. The change in structure height between centre peak
and initial surface level is depicted in Figure 8a. Fluences below Φav,spot = 0.46 J/cm2

produce slight surface elevations related to phase changes austenite–martensite in the steel.
A fluence increase from Φav,spot = 0.46 J/cm2 to Φav,spot = 0.9 J/cm2 results in a gain in
structure heights, up to 49 nm for single peaks with surrounding valleys for <100 ppm S
steels. A further rise in fluence only results in a decrease in structure height due to
a transformation stage from single peak to split peaks. Structures on steel with higher
sulphur content (>100 ppm S) show negative structure heights, that is, valleys at the centre,
for fluences above Φav,spot = 0.46 J/cm2 due to the split peak formation. With increasing
fluence to Φav,spot = 0.99 J/cm2, the valley enclosed by the split peaks becomes slightly
deeper and increases further for fluences above Φav,spot = 0.99 J/cm2. Maximum peak
heights of 150 nm are found for Φav,spot = 1.1 J/cm2 on all steel samples, irrespective of the
sulphur content.

Figure 8. Surface topography observed after single pulse DLIP (λ = 1053 nm, Λ = 7.2 μm, τp = 12 ns) on steel with different
sulphur contents as a function of fluence: (a) structure height and (b) distance of peak(s) from centre.
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The topic of peak splitting is also addressed in Figure 8b. Here, the distance be-
tween the split peaks is analysed. No peak splitting is detected for fluences below
Φav,spot = 0.46 J/cm2. Starting from Φav,spot = 0.46 J/cm2, a separation distance (half
distance between both peaks) increasing with the laser fluence up to a maximum of 2 μm
is measured for high sulphur content steels.

3.2. Simulation Results

Simulations of single pulse DLIP were performed for stainless steel substrates with
different sulphur contents. As mentioned in Section 2.5, the numerical simulations consid-
ered the process parameters and material properties given in Tables 1 and 2, respectively,
as well as the resulting diffusion length and dimensionless quantities in Table 3. The di-
mensionless form (20) of the surface tension temperature coefficient in Equation (9) was
incorporated into the Marangoni boundary condition in Equation (17). Furthermore, simu-
lations were carried out for the central period of the interference pattern with an average
fluence of either 2Φ0 = 0.532 J/cm2 or 2Φ0 = 0.665 J/cm2, corresponding to a laser number
of La = 18.0241 or La = 22.5301.

The evolution of the maximum surface temperature predicted in the simulation for the
moderate laser fluence 2Φ0 = 0.532 J/cm2 is presented in Figure 9 along with the temporal
variation of the laser pulse intensity. The maximum surface temperature trend in Figure 9
is in line with earlier simulation results in [44], although Tmax ∼ 2570 K is lower here, for
DLIP of stainless steel at a laser wavelength of λ = 355 nm and a lower fluence of 2Φ0 =
0.4 J/cm2, which is attributed to the higher reflectivity at the present wavelength. It is
evident from Figure 9 that the substrate surface is heated up to a temperature significantly
above the liquidus point at the interference maximum due to the action of the laser pulse.
Accordingly, a melt layer with the dimensions computed by the SPH model and presented
in Figure 10 develops near the interference maximum after the onset of the laser pulse.
Concerning the trends in Figure 10, the discrete values of the melt pool dimensions are
employed only once at a central point in time to avoid a stair-step appearance of the
graphs. The melt pool depth and the duration of the melt presence are compatible with
the aforementioned numerical results in [44], whereas the melt pool width in Figure 10
exceeds the earlier calculations owing to the larger periodicity Λ of the interference pattern
considered here.
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Figure 9. Maximum surface temperature during single pulse DLIP of stainless steel with Gaussian
beams using the process parameters λ = 1053 nm, Λ = 7.2 μm, τp = 12 ns and 2Φ0 = 0.532 J/cm2 or
2Φ0 = 0.665 J/cm2.
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Figure 10. Transient melt pool dimensions predicted by the smoothed particle hydrodynamics (SPH)
model of DLIP (λ = 1053 nm, Λ = 7.2 μm, τp = 12 ns) on stainless steel using a laser fluence of either
2Φ0 = 0.532 J/cm2 or 2Φ0 = 0.665 J/cm2.

Furthermore, simulations were performed for an elevated laser fluence
2Φ0 = 0.665 J/cm2 to investigate the influence of the laser fluence on the material be-
haviour, in particular the nonlinear effect on the melt pool dimensions and the velocity
field, and the structure formation reported in Section 3.1. Consequently, the evolution of
the maximum surface temperature computed by the SPH model is also shown in Figure 9.
The temporal maximum of the surface temperature Tmax ∼ 3150 K at the interference
maximum is below the vapourisation point, unlike the simulation results in [44] for the
comparable fluence 2Φ0 = 0.5 J/cm2 and the laser wavelength λ = 355 nm with a lower
reflectivity of the stainless steel substrate. These differences from the earlier results are
attributed to the slightly larger width of the laser pulse considered in the present inves-
tigation. The computed dimensions of the melt layer developing after the beginning of
the laser pulse are shown in Figure 10 for the elevated fluence 2Φ0 = 0.665 J/cm2 as well.
In accordance with the numerical results in [44], the maximum melt pool dimensions are
roughly 20% wider and even 50% deeper than the calculations for the moderate fluence,
i.e., 2Φ0 = 0.532 J/cm2 here. Again, the duration of the melt presence and the determined
melt pool depth conform with the previous results in [44] unlike the increased melt pool
width due to the larger periodicity Λ employed.

As set out in the Introduction, the nonuniform surface temperature of the melt layer
gives rise to surface tension gradients, entailing thermocapillary convection in the direction
of high surface tension. Considering the presence of the surfactant sulphur in liquid steel,
the temperature coefficient of surface tension is positive near the melting point, i.e., there
is inward convection from the melt pool edges towards regions of higher surface tension
and temperature. The computed velocity magnitude of this inward flow at the melt pool
surface is indicated by the solid lines in Figure 11a for different sulphur contents and the
moderate laser fluence 2Φ0 = 0.532 J/cm2. If the surface of the melt pool is heated to higher
temperatures, the temperature coefficient of surface tension is negative in the proximity
of the interference maximum and an additional outward flow from the centre of the melt
pool surface towards regions of maximum surface tension develops. The predicted velocity
magnitude of this outward convection is indicated by the dashed lines in Figure 11a for
different sulphur contents.
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Figure 11. Horizontal velocity magnitudes at melt pool surface during DLIP with λ = 1053 nm, Λ = 7.2 μm, and τp = 12 ns
using a fluence of (a) 2Φ0 = 0.532 J/cm2 or (b) 2Φ0 = 0.665 J/cm2 on steel with sulphur content.

It is observed from Figure 11a that the magnitude of the outward flow is particularly
prominent for a low sulphur concentration of 30 ppm and decreases with an increase in
sulphur content. On the contrary, the inward flow becomes more pronounced for a higher
surfactant concentration, as can be identified from Figure 11a. For 1500 ppm sulphur,
the highest sulphur content investigated, the thermocapillary convection is completely
inward at the melt pool surface for the moderate laser fluence, as the maximum surface tem-
perature does not exceed the point of maximum surface tension; see also Figures 3 and 9.
For a clearer idea of the substrate behaviour in the interaction zone, Figure 12a presents the
predicted temperature and velocity fields in a section of the computational domain compris-
ing the melt pool half width for different sulphur contents at several times. In addition to
the velocity magnitudes shown in Figure 11a for the moderate fluence 2Φ0 = 0.532 J/cm2,
Figure 12a illustrates the strong outward convection for a low sulphur content of 30 ppm,
which gradually decreases and is dominated by the inward convection for higher sulphur
concentrations of 100 ppm and 300 ppm. Compared with the results in [44], lower hori-
zontal velocity magnitudes are obtained in this work, which is attributed to the generally
smaller magnitude of the surface tension temperature coefficient in the presence of a sur-
factant and the lower surface temperature gradients due to the larger periodicity Λ and
longer pulse duration τp.

The magnitudes of the horizontal velocity extrema at the melt pool surface predicted
for the elevated laser fluence 2Φ0 = 0.665 J/cm2 are presented in Figure 11b. It is noted
in Figure 11b that the velocity magnitude of the inward flow from the melt pool edges is
consistently higher than the results in Figure 11a for the moderate laser fluence. As the
surface temperature largely exceeds the point of maximum surface tension in the central
region due to the elevated fluence 2Φ0 = 0.665 J/cm2, the outward flow from the centre of
the melt pool surface is significantly enhanced; see Figure 11b. Considering a low sulphur
content of 30 ppm, Figure 11b shows that the outward flow clearly dominates the melt
pool convection. For a concentration of 100 ppm sulphur in liquid steel, outward and
inward convection both contribute considerably to the melt pool flow pattern. On the
contrary, the graphs in Figure 11b suggest that the inward flow still dominates the melt
pool convection for a higher sulphur content of 300 ppm in spite of the augmented outward
flow. The foregoing statements are further illustrated in Figure 12b, which depicts the
temperature and velocity fields computed for DLIP of stainless steel employing the elevated
fluence in a section comprising the melt pool half width. In particular, a comparison of the
results for 100 ppm sulphur presented in the central columns of Figure 12a,b reveals that
a slight increase in the laser fluence changes the melt pool convection from a predominant
inward flow to competing outward and inward flow. This changed melt flow character
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may explain the transition from a single peak microstructure to split peaks in Figure 5
when augmenting the laser fluence.
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Figure 12. Simulation of melt pool flow during DLIP (λ = 1053 nm, Λ = 7.2 μm, and τp = 12 ns) of steel with (l) 30 ppm,
(c) 100 ppm, and (r) 300 ppm sulphur at a laser fluence of (a) 2Φ0 = 0.532 J/cm2 and (b) 2Φ0 = 0.665 J/cm2 with detail of
2 μm × 250 nm including isotherms, streamlines, and velocity vectors in melt pool half width at times (a) t = 50 ns, 53 ns,
56 ns, 59 ns, and 62 ns, and (b) t = 48 ns, 52 ns, 56 ns, 60 ns, 64 ns, and 68 ns.
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4. Conclusions

Direct laser interference patterning was employed on steel substrates with varied
sulphur content to study the influence of melt dynamics on the produced surface topogra-
phies. For the structuring process, a laser source with a wavelength of 1053 nm and a pulse
duration of 12 ns was selected to permit a photothermal interaction at the steel surface
and thus the melt pool formation. At laser fluences below Φav,spot = 0.46 J/cm2, low peak
heights were produced independently of the sulphur content. An explanation can be
found in the phase change in the steel microstructure from austenite to martensite, which
involves a volume expansion due to the lower density of martensite. A slight enhancement
of the laser fluence resulted in an increase in height of the single peak structures formed
on low sulphur steels, which can be related to the inverse Marangoni convection in the
melt pool. With a further increase in laser fluence, the structures on low sulphur steels
change from single peak to split peaks. In contrast, for steels with high sulphur content,
structures with split peaks were produced also at low laser fluences. Structures generated
employing laser fluences above Φav,spot = 0.90 J/cm2 exhibited split peaks, irrespective of
the sulphur content, due to the dominance of the recoil pressure during the DLIP process.
The difference in the surface topography observed as a function of the laser parameters
and sulphur content can be used in the future to create pattern geometries different from
the yet achievable with two-beam or three-beam DLIP and thus to produce surfaces with
novel functions.

As the process is not accessible to measurement, numerical simulation is used to gain
insight into the mechanisms effective during nanosecond pulsed DLIP of stainless steel
with sulphur content. For this purpose, an SPH model for heat transfer and fluid flow
during the patterning process is extended to take the nonlinear temperature dependence
of surface tension in the presence of a surfactant into account. Considering the process
parameters and physical properties of the substrates employed in the experiments, process
simulations of DLIP on stainless steel with different sulphur content were performed.
The computational results provide detailed information on the temperature field, the melt
pool size, and flow pattern in the interaction zone. In particular, the influence of sulphur
concentration on the thermocapillary convection and the effect of laser fluence on the
melt pool dimensions and flow pattern were investigated numerically. Consequently,
the simulations support the explanation of the microstructure formation observed in the
experiments. For instance, the evolution of both single peak structures at moderate fluence
and split peak structures at elevated fluence found after DLIP on stainless steel with
100 ppm sulphur is confirmed by the dominating inward flow and the competing outward
flow, respectively, in the SPH simulations.

The simulation results hint at the relevance of the melt pool flow in the microstructure
evolution due to nanosecond pulsed DLIP of metals at moderate fluences, although the melt
displacement and the structure formation cannot be reproduced at present. Prospective
numerical investigations of nanosecond pulsed DLIP on metal substrates will include
the modelling of the surface deformation and the vapourisation recoil pressure at higher
fluences.
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Abbreviations

The following abbreviations are used in this manuscript:

AISI American Iron and Steel Institute
DLIP direct laser interference patterning
DOE diffractive optical element
FOV field of view
FWHM full width at half maximum
LASER light amplification by stimulated emission of radiation
Nd:YLF neodymium-doped yttrium lithium fluoride
ppm parts per million
SEM scanning electron microscope
SPH smoothed particle hydrodynamics
TEM00 fundamental transverse electromagnetic mode

Appendix A. Governing Equations and Boundary Conditions

The conservation of energy determines the state of the material throughout the pat-
terning process. Here, the interference irradiation constitutes a volumetric heat source:

q̇′′′(x, y, z, t) = α(1 − R)
Φ(x, y)
σ
√

2π
exp

[
−
(
t − tp

)2

2σ2 + α(z − zsurf)

]
, (A1)

where Φ(x, y) is the fluence distribution of the interference pattern (see Equation (2))
and where a single laser pulse of Gaussian temporal shape with the standard deviation
σ = τp

/(
2
√

2 ln 2
)

and the pulse duration τp (FWHM) at the pulse time tp is considered
along with the Beer–Lambert absorption law. Furthermore, in Equation (A1), α denotes
the absorption coefficient of the substrate and R is its reflectivity, both evaluated at the
laser wavelength λ. In addition, the mixed enthalpy-temperature formulation is employed
in the heat transfer Equation (A3) below to account for the latent heat of involved phase
changes. For this purpose, the specific enthalpy comprises sensible and latent amounts:

h = hsens + hlat = cp(T − T0) + fmLf + fvLv, (A2)

where fm and fv represent the molten and vaporised mass fractions and the specific latent
heats of fusion and vapourisation are denoted by Lf and Lv, respectively.

As soon as the material is molten due to the absorption of the incident radiation,
the melt pool convection starts, which is particularly governed by the conservation of mass
and momentum. The liquid metal is conceived as an incompressible fluid with constant
density and viscosity, except for the density in the body force term of the momentum
Equation (A5) within the scope of the Oberbeck–Boussinesq approximation. Furthermore,
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as the conservation equations are solved by a Lagrangian particle method, an equation
describing the evolution of particle positions is required. Accordingly, the governing
equations are considered in the following form:

ρ0
dh
dt

= κΔT + q̇′′′, (A3)

∇ · v = 0, (A4)

ρ0
dv
dt

= −∇pdyn + ηΔv − β(T − Tl)ρ0g, (A5)

dx
dt

= v. (A6)

In Equations (A3), (A5), and (A6), it should be noted that the left-hand side is written
in terms of the substantial derivative d

dt =
∂
∂t + v · ∇.

To solve the above equations, suitable boundary conditions have to be prescribed.
Given the short time scale of the nanosecond laser interference patterning process, heat
losses to the environment are neglected and adiabatic boundary conditions are employed:

− κ
∂T
∂n

= 0,
∂h
∂n

= 0. (A7)

Concerning the liquid metal flow, the dynamic pressure is subject to homogeneous Neu-
mann boundary conditions and the no-slip condition is applied at the bottom of the
melt pool:

∂pdyn

∂n
= 0, v = 0. (A8)

Apart from that, an inhomogeneous Neumann condition, the Marangoni boundary condi-
tion, on the horizontal velocity [48,58] and a vanishing vertical velocity are imposed at the
free surface:

η
∂vx

∂z
=

∂γ

∂x
=

dγ

dT
∂T
∂x

, vz = 0. (A9)
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Abstract: In this work, we investigate the fabrication of stainless-steel substrates decorated with laser-
induced periodic surface structures (LIPSS) of both hydrophilic and hydrophobic wettability through
different post-processing manipulation. In carrying out these experiments, we have found that while
a CO2-rich atmosphere during irradiation does not affect final wettability, residence in such an at-
mosphere after irradiation does indeed increase hydrophobicity. Contrarily, residence in a boiling
water bath will instead lead to a hydrophilic surface. Further, our experiments show the importance
of removing non-sintered nanoparticles and agglomerates after laser micromachining. If they are not
removed, we demonstrate that the nanoparticle agglomerates themselves become hydrophobic, creating
a Cassie air-trapping layer on the surface which presents with water contact angles of 180◦. However,
such a surface lacks robustness; the particles are removed with the contacting water. What is left
behind are LIPSS which are integral to the surface and have largely been blocked from reacting with
the surrounding atmosphere. The actual surface presents with a water contact angle of approximately
80◦. Finally, we show that chemical reactions on these metallic surfaces decorated with only LIPSS are
comparatively slower than the reactions on metals irradiated to have hierarchical roughness. This is
shown to be an important consideration to achieve the highest degree of hydro-philicity/phobicity
possible. For example, repeated contact with water from goniometric measurements over the first
30 days following laser micromachining is shown to reduce the ultimate wettability of the surface to
approximately 65◦, compared to 135◦when the surface is left undisturbed for 30 days.

Keywords: fs-laser; micromachining; wetting; hydrophobicity; LIPSS

1. Introduction

The irradiation of solids with linearly-polarized laser radiation has long been known
to result in the formation of laser-induced periodic surface structures (LIPSS) [1]. Because
of the contactless, maskless, single-step nature of laser irradiation—coupled with advances
in high repetition rate, low pulse duration laser technology—the processing of LIPSS has
become a scalable method of surface functionalization [2]. Specifically, the wettability of
a surface can be controlled by combining the regular nanoscale roughness imparted through
laser irradiation with favourable surface chemistry. A highly hydrophilic surface, for example,
can be fabricated through the creation of an increased hydrophilic surface area—leading
to the Wenzel wetting state [3]. Contrarily, a highly hydrophobic surface can be fabricated
through the creation of trapped air pockets—leading to the Cassie wetting state [4].

The typical method of rendering laser-irradiated solids highly hydrophobic had
been to deposit a low-energy coating onto the micromachined surface [5]. However,
Kietzig et al. (2009) reported the creation of superhydrophobic surfaces from smooth,
hydrophilic, steel alloys some time after laser irradiation without the need for such chemical
coatings. They noted that the water contact angle measured on their micromachined
samples evolved from hydrophilic to highly hydrophobic over the first 2–3 weeks following
exposure to the femtosecond laser beam, with the samples exposed simply to lab air. It was
noted via surface chemistry analyses that the increase in hydrophobicity correlated with
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an increase in the relative amount of carbon—with the surface being solely made up of
iron oxides and carbon after some time [6]. Kietzig et al. (2011) performed a follow-up
study in which they showed that pure metals exhibit this same hydrophilic-to-highly
hydrophobic wetting evolution upon laser irradiation, similarly following an increase
in surface carbon content [7]. Indeed, in the years since these results were published, there
have been a considerable number of studies carried out which demonstrate similar wetting
evolutions for laser micromachined metallic surfaces, generating much interest around
the ability to create superhydrophobic metals in a single processing step [8–14].

A specific mechanism or reaction scheme for the increase in surface carbon content
after irradiating metals with ultrashort laser pulses remains unknown. However, it is clear
that a sort of cleaning of the metallic surface occurs during the ablation process whereas
the outermost oxidized layers are removed, exposing a hydrophilic reactive surface on
which a new chemical layer can form [15]. Kietzig et al. (2009) presented their original
hypothesis that the progressive dissociative adsorption of CO2 onto the reactive surface was
the cause of the increase in non-polar carbon—and increased hydrophobicity. They tested
this hypothesis by exposing a freshly irradiated surface to a CO2-rich environment. Indeed,
this exposure led to a surface with a higher carbon content and a higher water contact
angle than a surface exposed to lab air [6]. This technique of exposing a micromachined
metal to a CO2-rich environment has since been reported as an experimental method to
fabricate superhydrophobic surfaces [16,17]. On the contrary, Long et al. (2015) were
the first to report that exposure of a laser-irradiated metal to pure CO2 actually led to
a restraint in the hydrophilic-to-highly hydrophobic wetting transition. Rather, they report
that residence in a vacuum atmosphere accelerated the transition due to adsorption of
organic matter, originating from the mechanical vacuum pump, which had contaminated
the chamber. Their theory of the progressive adsorption of hydrocarbons being the origin
of the non-polar carbon surface chemistry was tested by exposing a laser-irradiated sample
to an atmosphere rich in organic matter, which again led to accelerated transitions [10].
This contrary theory that airborne hydrocarbons are the source of the non-polar carbon which
progressively adsorbs onto laser-irradiated metals—rendering them highly hydrophobic—has
been the basis of discussion in many subsequent studies [12,13,15,18,19].

The creation of a stable highly hydrophilic metallic surface upon laser micromachining
had also been reported by Kietzig et al. (2009). Instead of exposing the freshly irradiated
surface to lab air or CO2, it was immersed in boiling water for two days. This residence
in the water bath led to a surface chemistry rich in hydrophilic oxides, hypothesized to be
formed through dissociative adsorption of the water molecules. This surface did not undergo
the typical hydrophilic-to-highly hydrophobic wetting transition after exposure to lab air [6].

The manipulation of the micromachined substrate in the early times after irradiation is
evidently paramount to the final wettability obtained. This has led to interest into the effect
of the atmosphere during the irradiation process itself on final wettability of the surface.
Pou et al. (2019) performed a study in which they streamed: air, Ar, N2, O2, and CO2 onto
the substrate during nanosecond laser irradiation. After irradiation, the samples were
individually sealed in an air-filled bag for a week before analytical tests were performed.
What they report is that streaming N2, O2, CO2, or even simply streaming air during
the irradiation process ultimately results in a hydrophilic surface rich in metal lattice oxides
and hydroxides [20]. The origins of the air used in these experiments is not explicitly stated,
thus it is difficult to determine if these results fit with the theory that airborne hydrocarbons
are the source of the non-polar carbon which progressively adsorbs onto laser-irradiated
metals. Further, the negative effect that the CO2 stream has on ultimate wettability of
the surface contradicts what has been reported by those already mentioned.

Pou et al. (2019) make a point of mentioning in their experimental section that after
their texturing process, the samples were rinsed with ethanol to remove any debris that
could affect subsequent measurements [20]. This is an important procedural point con-
sidering that the waste generated during laser micromachining are reactive nanoparticles.
Analytical techniques such as water contact angle or surface chemistry measurements
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could be greatly influenced by the presence of non-sintered nanoparticles or agglomer-
ates. Nonetheless, it is often unclear how these nanoparticles are dealt with in published
studies—or if they are considered at all [7,8,11–15].

The present work takes another look at the effect of CO2 exposure on the final wettability
of laser micromachined metals. Specifically, we explore the effect of this gas on the wetta-
bility of LIPSS-decorated stainless-steel in an attempt to rigorously describe what we have
empirically known—that CO2 exposure does in fact promote hydrophobicity of our laser
micromachined metals. We also take this opportunity to discuss otherwise how the manipu-
lation of LIPSS-decorated stainless-steel at early times following irradiation greatly affects
the final wettability of the surface. In doing so, we note the effect of non-sintered nanoparti-
cles generated during micromachining and the effect of disturbance of the nascent surface
chemistry on the ultimate wettability. These are all important considerations as metal laser
micromachining technologies get scaled and transferred to industrial applications.

2. Materials and Methods

2.1. Fs-Laser Micromachining

The substrate used in this study was a 0.036′′-thick 316 stainless-steel sheet (McMaster-
Carr). The manufacturer has supplied us with an ASTM A751/14a chemical analysis of
the substrate, as presented in Table 1. This material came pre-polished with a mirror-like
ASTM #8 finish. This sheet was cut into small coupons, and was then ultrasonically cleaned
in acetone for 5 min to remove any oils from the surface prior to micromachining.

Table 1. ASTM A751/14a chemical analysis of 316 stainless-steel substrate.

C% Cr% Cu% Mn% Mo% N% Ni% P% S% Si%

0.0205 16.5820 0.4420 1.1830 2.0205 0.0465 10.0700 0.0310 0.0010 0.2750

The cleaned surfaces were in turn decorated with laser-induced periodic surface struc-
tures (LIPSS) by exposure to ultrashort laser pulses. The laser system used was a Libra
amplified Ti:sapphire laser (Coherent, Inc., Santa Clara, CA, USA) with a central wavelength
of 800 nm, output power of 4 W, pulse duration of <100 fs, and a 1 kHz repetition rate.
A variable attenuator comprised of a half-wave plate and a polarizing beam splitter was used
to reduce the laser output power. A plano-convex lens with a focal length of 200 mm was
used to focus the laser beam. The pristine substrates were mounted horizontally onto XY
linear translation stages, with their top surface being 3 mm closer to the focusing lens than
the focal point, as shown in Figure 1a. The XY-stages were actuated by an XPS universal high-
performance motion/driver controller (Newport Corp., Irvine, CA, USA). Successive pulses
were overlapped in lines irradiated at 10 mm/s. Using the methods of Liu [21], the ablation
threshold fluence of the 316 stainless-steel at these conditions was measured to be 0.23 J·cm−2,
matching well what is reported in the literature [22]. Further, the effective beam diameter
at these conditions is measured to be 80 μm. Through trial-and-error, optimal conditions
for the formation of LIPSS were determined to be at a peak intensity of 696 W·cm−2, pulse
fluence of 0.70 J·cm−2, and Neff,2D of 200 pulses-per-spot. In total, a 10 × 10 mm square
patch was irradiated on each stainless-steel coupon on which to perform the subsequent
goniometric measurements.
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(a)(a) (b)

CO2 Nozzle
Angled at 20◦ Exhaust Nozzle

Angled at 20◦

Figure 1. (a) Rendering of the fs-laser micromachining setup. Stainless-steel coupons are mounted hori-
zontally on XY translation stages, 3 mm closer to the laser focusing lens than the focal point. A stationary
nozzle is used to introduce CO2 gas at the point of laser irradiation. (b) Magnified rendering of the CO2

nozzle and exhaust line in relation to the stainless-steel substrate and laser beam spot.

A gas nozzle with an inner diameter of 2 mm was mounted stationary with the laser beam
at an angle of 20◦ to the stainless-steel substrate, as shown in Figure 1b. This nozzle allowed
flowing of carbon dioxide directly on the laser spot during irradiation, and thus a CO2-rich
environment to be formed over the irradiated patch. A needle valve and calibrated in-line
rotameter allowed for the carbon dioxide volumetric flow rate to be set as an experimental
parameter (from 0 to 10,000 mL·min−1). An exhaust line was mounted opposite the CO2
nozzle as a safety measure to collect nanoparticles blown away by the gas stream.

2.2. Post-Processing Steps

The samples in the present work were prepared in three ways: (1) no further process-
ing after laser micromachining—referred to hereafter as no-post; (2) residence in a CO2-rich
reactor after micromachining—referred to hereafter as CO2-reactor; and (3) residence in boil-
ing water after micromachining—referred to hereafter as boiling-water.

CO2-reactor samples were immediately removed from the XY translation stages after
the micromachining routine had finished. They were placed in a small reactor with
an ambient temperature of 60 ◦C, held constant via a PID-controlled heating element.
Carbon dioxide was introduced to the reactor with its release valve initially open to flush
the volume of air. The release valve was closed, the CO2 pressure inside the reactor was
increased to 20 PSI, and the reactor was sealed. These samples had a residence time of 48 h
inside the reactor before further tests were performed.

Boiling-water samples were immediately removed from the XY translation stages after
the micromachining routine had finished. They were placed in a beaker of boiling deionized
water which was continually topped off to maintain an adequate level of water. These
samples had a residence time of 48 h in the boiling water before further tests were performed.

2.3. Sample Characterization

Carefully timed dynamic water contact angle measurements were performed on
each of the micromachined stainless-steel coupons. These measurements were taken at
0-, 10-, 20-, and 30-days after micromachining was performed. The 0-day measurements
were started within 10 min of the experimental surface being created (after finishing
micromachining, or after finishing the post-processing step, as applicable). These water
contact angle measurements were performed using a lab-built goniometer comprised of
an Infinity 3 microscope camera (Teledyne Lumenera, Inc., Ottawa, ON, Canada.) equipped
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with a VZM 200i zoom imaging lens (Edmund Optics, Inc., Barrington, NJ, USA). High
backlighting is provided by an ultra-bright LED spotlight (Optikon Corp, Kitchener, ON,
Canada). A 70-2203 syringe pump module (Harvard Apparatus, Inc., Holliston, MA,
USA), controlled by a custom Arduino code, pumps degassed reverse osmosis water onto
the studied surface. θsessile was measured by gently placing a 5 μL droplet onto the studied
surface. θadvancing and θreceding were measured by first gently placing a 2 μL droplet onto
the studied surface, then pumping 5 μL to and from said droplet, respectively, at a rate of
0.25 μL/s.

The goniometric measurements on each stainless-steel coupon were carried out as
follows. First, θsessile was measured on five different locations within the laser-irradiated
patch. In the case of CO2-reactor samples, a second round of θsessile measurements was
performed on the same five locations within the patch, after allowing the surface to dry.
Next, θadvancing and θreceding were measured on the same five locations within the patch,
after allowing the surface to dry. The error bars in the data presented herein represent
the bounds of the 95% confidence intervals on the mean of these goniometric measurements.

After the 30-day goniometric measurements were completed all of the substrates
described in the previous sections were imaged using a Quanta 450 scanning electron
microscope (ThermoFisher, Inc., Waltham, MA, USA). An accelerating voltage of 5.0 kV
and spot size of 2.5 nm were used to image the stainless-steel samples.

3. Results and Discussion

3.1. Effect of CO2 Stream Flow Rate

We begin the discussion with an overview presentation of the bulk of the data collected.
Figure 2a–c presents the average sessile water contact angles measured over the 30-day
period on the laser micromachined surfaces prepared with increasing flow rate of CO2 during
irradiation, and the three separate post-processing steps. We note that the dynamic water
contact angles are typically better suited to describe the wettability of a surface, and indeed
we include this data as Supplementary Materials, however the nature of our experimental
method leads us to centre our discussion around both datasets, as explained later.

The data in Figure 2a–c show that the flow rate of CO2 gas during fs-laser irradiation
has no appreciable effect on the wettability of the resulting surface. There is no statistically-
significant difference in contact angles measured on those surfaces prepared with no CO2
stream, and those surfaces prepared with increasing volumetric flow rates of CO2. This
lack of effect persists over the 30 days of goniometric measurements following surface
preparation. It is important to highlight that in this data we do not see a negative effect
on wettability of the surface from streaming CO2 during irradiation, as was reported by
Pou et al. [20]. A possible explanation for these results is that the rate of the reaction which
re-forms the surface chemistry on the laser irradiated stainless-steel is far too slow to be
affected by the CO2 surrounding the micromachining step itself. Very little is known about
the kinetics of this chemical reaction, yet it is often reported that water contact angles
continue to increase (and hence the surface chemistry continues to change) for around
30 days following laser irradiation [6,15].
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Figure 2. Average sessile water contact angle measurements taken over the 30 days following laser
micromachining/post-processing on surfaces prepared with: (a) no post-processing step; (b) 48 h
in boiling water; and (c) 48 h in the CO2 reactor. Inset shows nanoparticle agglomerates on periphery
of first sessile drop placed on CO2-reactor surfaces. (d) Comparison of the average: contact angle of
the first sessile drop, contact angle of the second sessile drop, and advancing contact angle at day 0
on CO2-reactor surfaces.

An interesting result that was evident during experimentation was the exceptionally
high sessile contact angles presented by the CO2-reactor surfaces immediately following
their 48-hour residences (Figure 2c). Contrary to the rest of the data collected in the present
work, the flow rate of CO2 during laser irradiation seemed to have a positive effect on the re-
sulting contact angles. However, the first sessile droplets placed on these surfaces clearly
had agglomerated nanoparticles at their periphery, as exemplified by the inset images
of Figure 2c. Evidently, nanoparticles generated during laser micromachining agglomer-
ate and remain, non-sintered, atop the laser-induced periodic surface surface structures.
These agglomerates are hydrophobic following the residence in the CO2 reactor and lead
to the air-trapping characteristic of the Cassie wetting state. The coverage of the LIPSS-
decorated surfaces with nanoparticles and nanoparticle agglomerates is an important
consideration both in the research context, and as laser-irradiated surface technology starts
being transferred to industry. Observations such as the inset image of Figure 2c bring into
question whence the positive characteristics of a laser-irradiated surface arrive. For in effect,
the first sessile droplet placed on the CO2-reactor surfaces is measuring the hydrophobicity
of the compound LIPSS–nanoparticle agglomerate system. As the surface is covered with
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more and more nanoparticle agglomerates, a sessile drop coming into contact with it will
resemble more and more a Janus particle. Surfaces such as these inherently lack robustness,
as rolling droplets of water carry away the nanoparticle agglomerates, leaving behind
the underlying substrate.

To illustrate the lack of anti-wetting robustness, we placed a second sessile droplet at
approximately the same locations on the CO2-reactor surfaces at Day 0, allowing the surface
sufficient time to dry after the first sessile droplet. Figure 2d shows that while these
surfaces present as hydrophobic (even highly-hydrophobic with increased CO2 flow rate
during micromachining) with the first sessile droplet placed on the surface, they present as
hydrophilic with the second sessile droplet. Further, the increased volumetric flow rate of
the CO2 jet has not lead to a statistically-significant increase in the average contact angles
of the second sessile droplet. This is further evidence that the rate of the reaction which re-
forms the surface chemistry of the LIPSS-decorated stainless-steel is too slow to be affected
by the composition of the atmosphere surrounding the micromachining process itself.
Figure 2d also presents the average advancing contact angle measured at approximately
the same locations as the first and second sessile droplets at Day 0. The data from these
measurements are interesting in that they describe surfaces which are hydrophilic, however,
in some cases the advancing contact angle is especially higher than the sessile contact angle
previously measured and in some cases they are statistically-equivalent. The variability
between the average contact angles measured by the second sessile droplets and first
advancing droplets to touch the CO2-reactor surfaces likely stems from the exact location
where these droplets were placed. That is, the wettability of the system depends greatly
on the ratio of hydrophobic nanoparticle agglomerates to hydrophilic LIPSS.

To explore the non-sintered nanoparticle agglomerate phenomenon further, we mi-
cromachined two more LIPSS-decorated surfaces: one fabricated without CO2 streaming
during micromachining and one fabricated with a 10,000 mL·min−1 stream of CO2. After
micromachining, these samples were sputter-coated with 5 nm of platinum to afix any
nanoparticles in place for scanning electron microscopy. The resulting scanning electron
micrographs are presented in Figure 3.

The images in Figure 3 show clearly that nanoparticle agglomerates are formed and
redeposited homogeneously on the surface during the fs-laser micromachining process,
even at the low-fluence conditions necessary for the formation of only LIPSS. Microma-
chining with increased laser fluence—such as for the formation of bumpy self-assembled
structures or inscribed geometric patterns—will only exacerbate this issue of nanopar-
ticle agglomerate redeposition. The inset photographs in the top row of Figure 3 show
the macroscopic results of streaming CO2 during irradiation. With no CO2 stream during
micromachining, much of the perimeter surrounding the irradiated patch tends to become
covered in a layer of non-sintered nanoparticles/agglomerates, giving the pristine stainless
steel a golden brown hue. However, the streaming of CO2 gas during micromachining has
confined the redeposition of nanoparticles and agglomerates to only downstream from
the nozzle. Comparing the left and right columns of Figure 3, it is obvious that the jet of
CO2 gas serves to increase the degree to which the underlying structured surface is covered
with large nanoparticle agglomerates. As the flow rate of gas is increased, the expanding
nanoparticle plume is confined to a greater degree and nanoparticles ejected from the sub-
strate tend to agglomerate. These nanoparticle agglomerates are redirected back down
to the surface where they homogeneously blanket the LIPSS. We theorize that the angle
between the CO2 nozzle and the surface will also affect the degree of nanoparticle plume
confinement. Whereas if the jet of CO2 is directed to the substrate from a higher incident
angle, we would expect to see more coverage of the laser-irradiated patch with nanoparticle
agglomerates, and therefore a positive effect on the initial hydrophobicity of the sample.
The relationship between CO2 stream angle of incidence and initial surface hydrophobicity
could be the topic of interesting future research.
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Figure 3. Scanning electron micrographs of the surfaces produced by fs-laser micromachining with
(right column) and without (left column) a CO2 stream. Inset photographs of the top row demonstrate
the CO2 jet serves to confine the area of nanoparticle (agglomerate) redeposition to downstream from
the nozzle. Middle row shows a comparison between the surfaces after micromachining (upper left)
and after ultrasonication (lower right).

The higher magnification micrographs of Figure 3 show that with increased CO2 flow
rate, the nanoparticle agglomerates transition from spider web–like formations to large cloud–
like flakes. That is, further confinement of the nanoparticle plume with higher stream flow
rates means that more ejected hot nanoparticles come into contact and agglomerate. In ad-
dition to the large agglomerates, the LIPSS are left covered with a blanket of nanoparticles.
The middle row of Figure 3 presents a side-by-side comparison of the surfaces before and after
ultrasonication in acetone for 5 min. Clearly, ultrasonication has removed not only the large
agglomerates from the irradiated patch, but also many of the nanoparticles—suggesting that
they are redeposited without becoming sintered. Inspection of the micrographs from the ultra-
sonicated samples confirms that the stream of CO2—and the nanoparticle plume confinement
which results—does not affect the appearance of LIPSS. In fact, as expected, both the surfaces
prepared with no CO2 stream and a stream of 10,000 mL·min−1 possess the characteristic
nanoripples with no appreciable difference.
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As the volumetric flow rate of the CO2 streamed during the laser micromachining process
was seen to have little effect on the hydrophobicity of the resulting surfaces—save for the initial
hydrophobicity of CO2-reactor surfaces—we plot in Figure 4a the sessile contact angle data
as an average of all surfaces prepared with the same post-processing step, regardless of
stream flow rate. The very small 95% confidence intervals of the contact angle data presented
this way is further evidence that the volumetric flow rate of the CO2 stream has no effect
on the wettability of the resulting LIPSS-decorated surfaces. The variance in the data analyzed
this way can also elucidate the homogeneity of the fabricated surfaces. Figure 4b presents
the variance of each data point graphed in Figure 4a. In general the data of the present work is
of low, consistent, variance with the exception of four outliers as determined by statistical F-tests.
The two datasets with statistically greater variances are not surprisingly those contact angle
measurements taken on the compound hydrophobic nanoparticle agglomerate—hydrophilic
LIPSS systems. The variance in the contact angle measurements of the first sessile drops to
touch the CO2-reactor surfaces is high because of the varying degree of nanoparticle agglomerate
coverage with increasing CO2 stream flow rate. Thus, these surfaces manifest the Cassie
wetting state to varying degrees, with more nanoparticle agglomerates leading to more of
the air-trapping effect. The advancing contact angle data taken on the CO2-reactor surfaces on
Day 0 also has statistically greater variability than those of the other datasets, backing up our
hypothesis that as the footprint of the droplet is increased beyond the contact area of the original
sessile droplets, it is in contact with a compound hydrophillic LIPSS–hydrophobic nanoparticle
agglomerate system. What we find especially interesting in Figure 4b is that the contact angle
data of the second sessile droplets to touch the CO2-reactor surfaces have a variance which
matches well the variances of the bulk of the dataset. This low variability in the measured
contact angles of the second sessile droplets to touch the CO2-reactor surfaces shows that
the underlying micromachined substrate—left behind once the hydrophobic agglomerated
nanoparticles are removed by the first sessile droplet—possesses homogeneous wettability,
like the no-post and boiling-water surfaces.
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Figure 4. (a) Average sessile contact angle measured on the no-post, CO2-reactor, and boiling-water
surfaces regardless of CO2 jet volumetric flow rate during micromachining over the 30 days fol-
lowing surface preparation. (b) Variance in the water contact angle data presented in part (a).
Asterisk denotes a statistically-significant difference in variance compared to the rest of the dataset,
as determined through F-tests.

The final two datasets presented in Figure 4 with statistically different variances
are the measured sessile contact angles on the boiling-water surfaces 20 and 30 days after
their initial preparation. Evidently, the residence in boiling water for 48 h has yielded
surfaces with exceptionally homogeneous wettability. The high level of surface chemistry
homogeneity could be the result of the washing away of any nanoparticle agglomerates
which are on these surfaces after the micromachining step as well as a higher reaction
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rate for the formation of hydrophilic hydroxides in the water bath than for the formation
of hydrophobic oxides in the CO2 chamber or lab air. This point is discussed further
in the next section.

3.2. Effect of Water Contact

The temporal evolution of the studied surfaces’ wettabilities, as presented in Figure 4a,
warrants further discussion. Kietzig et al. (2009), in their seminal work on the surface chem-
istry changes induced when metals are irradiated with ultrashort laser pulses, showed that
hierarchically-rough fs-laser micromachined stainless-steels can be made to remain hydrophilic,
in the Wenzel wetting state, if boiled in water for 2 days following the laser treatment [6]. We see
similar, yet distinct results here for surfaces decorated with LIPSS alone. In Figure 4a, it is shown
that the average sessile water contact angle measured on the boiling-water surfaces increases from
21 ± 5◦ immediately after removal from the boiling water bath to 50 ± 3◦ 30 days later. Whereas
Kietzig et al. (2009) measured no appreciable change in water contact angle on their boiled
surfaces, we see a nearly 30◦ increase. This suggests that the same 2-day residence in the boiling
water bath was not sufficient to allow for the hot water to fully react with the laser irradiated
surface to form a hydrophilic iron oxide layer. Rather, as the boiling-water surface sat exposed
to lab air for 30 days, either some CO2 from the air dissociatively adsorbed to the surface [6] or
airborne hydrocarbons adsorbed to the surface [15], forming some hydrophoboic carbonaceous
compounds. The weakened reactivity of the surfaces in the present study—those decorated
with only LIPSS—compared to the surfaces prepared by Kietzig et al. (2009) stems from the less-
ened fluence used to induce only the formation of the nanoripples. With lowered irradiation
fluence comes a weakened cleaning effect where less of the outermost, more oxidized layers of
the material are removed [15]. Therefore, there are less Fe(metal) and Fe(II) oxide components at
the surface to evolve to more oxidized forms and hence the slower reaction rate [6,15]. Further,
the single-scale roughness of the surfaces decorated with only LIPSS inherently possess less
total reactive surface area than the hierarchically-rough surfaces created by the higher fluences
employed by Kietzig et al.

Figure 4a shows that the wettability transition of the no-post surfaces do not match
the typical exponential growths of those metals reported in the literature to be hierarchically-
roughened by laser micromachining [6,7,9,11–15]. We suspected that these contradictory
findings are the result of repeated contact of the surface with water during the goniometric
measurements. Similar to how the slowed reaction rate of these LIPSS-decorated surfaces al-
lowed for hydrophobic carbonaceous compounds to form on the boiling-water preparations
over the 30 days following treatment. The increased time required to form the hydrophobic
carbonaceous surface chemistry allowed for the water to form some hydrophilic iron oxide
on the surface as contact angles were measured. What is presented instead of an expo-
nential growth is a linear increase in water contact angles over the 30 days following
the post-processing step. Further, while we may not expect the nearly 150◦ sessile water
contact angles reported by others on their hierarchically-roughened laser micromachined
surfaces, we would expect to obtain decidedly hydrophobic surfaces from the no-post
preparations after 30 days.

Further, the results presented in Figure 4a seem to contradict the hypothesis that
the hydrophobic carbonaceous layer is the result of dissociative adsorption of CO2 onto
the irradiated surface. If that were the case, the 48-h residence in the elevated temper-
ature/pressure CO2 reactor should have resulted in CO2-reactor surfaces with higher
hydrophobicity than the no-post surfaces, based on previously reported findings [6,13,17].
From Figure 4a, it would appear that the hypothesis of adsorbed hydrocarbons being
the source of the hydrophobic carbonaceous surface chemistry is the more likely explana-
tion [12,13,15,18,19]. Whereas both the no-post and CO2-reactor surface present with equiva-
lent average contact contact angles after their residences in lab air. However, as mentioned
above, we suspected that these wettability results were being affected by the goniometric
measurements themselves.
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This hypothesis of the water contact angle measurements affecting the final wettability
of the surfaces was tested by preparing four more LIPSS-decorated samples: (i) 0 mL·min−1

no-post; (ii) 0 mL·min−1 CO2-reactor; (iii) 10,000 mL·min−1 no-post; and (iv) 10,000 mL·min−1

CO2-reactor and only taking goniometric measurements on their surfaces after 30 days.
Figure 5a compares the average water contact angle measured at day 30 on these “undis-
turbed” preparations with the day 30 measurement taken on those surfaces prepared
the same way, but repeatedly tested on the goniometer (i.e., every 10 days for 30 days). It is
immediately evident that the average sessile contact angle measured on any of the four
undisturbed surfaces is much greater than the average sessile contact angle measured
on the same preparation which has come into repeated contact with water over the 30 days
of experimentation. In the case of the no-post surfaces fabricated with no CO2 stream during
the micromachining step, the average static contact angle has increased from 71 ± 5◦ to
116 ± 2◦ by avoiding any contact with water for the 30 days following fabrication. The hy-
drophobic sessile contact angle manifested by the undisturbed surface matches well what
is reported in the literature for LIPSS-decorated metals [9,15,23,24].
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Figure 5. (a) Average sessile contact angle measured on no-post and CO2-reactor surfaces left undis-
turbed for 30 days after fabrication before goniometric measurements were taken. (b) Variance
in the sessile water contact angle data presented in part (a).

It is interesting to note that Figure 5a now shows that residence in the warm, elevated
pressure CO2 reactor positively affects the hydrophobicity of the laser micromachined
metal sample. Once the 0 mL·min−1 CO2-reactor sample is left undisturbed for 30 days
following its fabrication, it matches the hypothesis that the dissociative absorption of CO2
is (at least partly) responsible for the hydrophobic carbonaceous surface chemistry found
on laser micromachined metals. Whereas the average contact angle of the first sessile
drop to touch the undisturbed CO2-reactor surface prepared with no CO2 stream during
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irradiation is 137 ± 2◦ compared to 116 ± 2◦ for the no-post preparation (and compared to
67 ± 12◦ for the CO2-reactor surface with repeated water contact). These drastic changes
in the wettability of the surfaces with avoidance of water contact for the 30 days following
their fabrication confirms our hypothesis. What is remarkable is just how affected the hy-
drophobicity of the nascent surface chemistry is by the relatively short contact time with
water during the goniometric measurements at 10-day intervals. Micromachining with low
fluences, such as in the present work, evidently requires added consideration of avoiding
any water contact before the hydrophobic carbonaceous chemical layer forms on the laser
irradiated metal, if one desires a highly hydrophobic surface.

The results presented in Figure 5a are also a good recall to our discussion in Section 3.1.
Similarly to the surfaces prepared with no streaming CO2 during the micromachining step,
avoiding contact with water for the first 30 days after fabrication has yielded much higher
water contact angles for the first sessile drop placed on the surfaces prepared with CO2 flow-
ing at 10,000 mL·min−1. In fact, the CO2-reactor surface, prepared with a 10,000 mL·min−1

gas stream during micromachining and no water contact for the first 30 days after fabri-
cation, presented as so hydrophobic that a droplet could not be placed on the surface at
all. A video showing a water droplet immediately rolling off the surface is included as
Supplementary Materials. Where the behaviours of these undisturbed surfaces diverge is
in their wetting performance against the second sessile droplet placed on them. The two
samples prepared without the flow of CO2 gas during the micromachining steps present
as equally hydrophobic to the second sessile drop as to the first sessile drop to touch
the surface. On the contrary, the two samples created with a high flow rate of CO2 gas
present with a much lower average static contact angle with the second sessile drops to
touch their surfaces. The blanketing of the surface with non-sintered nanoparticles and
agglomerated nanoparticle flakes when micromachining in the presence of the high flow
rate CO2 stream has led to the same result on the undisturbed surfaces as the surfaces
repeatedly tested on the goniometer, as described in Section 3.1. That is, the hydrophobicity
of the non-sintered nanoparticles themselves is what imparts the Cassie state non-wetting
behaviour of the surface against the first sessile droplet. These hydrophobic nanoparti-
cles/agglomerates are removed with the first sessile drop, exposing the LIPSS for contact
with subsequent water.

What is especially interesting to note in Figure 5a is that even after 30 days of aging
in the lab air with no water contact, the LIPSS themselves which decorate the no-post sample
prepared with a high flow rate of CO2 gas during micromachining remain hydrophilic.
In fact, the second sessile water droplet to touch this undisturbed surface—the first to
touch the LIPSS themselves—presents with an average contact angle of 25± 9◦, statistically
equivalent to the average sessile contact angle measured at day 0 on the same surface
preparation (see Figure 2a). Figure 3 shows LIPSS visible underneath the nanoparticle
agglomerates which homogeneously cover the surface when CO2 gas is streamed during
micromachining. However, we hypothesize that the chemical reaction at the surface is
blocked from occuring by a coverage of small non-sintered nanoparticle clusters. Crys-
tallographic techniques could be used in future studies to distinguish the laser-induced
nanoripples, integral to the surface, from non-sintered nanoparticles sitting atop them.
Figure 5a shows that even the elevated pressure, temperature, and carbon dioxide-rich
environment used to prepare the 10,000 mL·min−1 CO2-reactor sample was not sufficient to
completely overcome the blocking of the reactive surface by nanoparticles and nanoparticle
agglomerates. Even though this CO2-reactor sample is more hydrophobic than the no-post
sample prepared with the same 10,000 mL·min−1 CO2 stream during the micromachining
step, both the high flow rate surfaces are much less hydrophobic than the two undisturbed
samples prepared with no gas stream during irradiation.

The two major observations made in this work with regards to fabricating LIPSS-
decorated surfaces with tuned wettability bear repeating. The first is that any non-sintered
nanoparticles and nanoparticle agglomerates should be removed from the surface prior to
any post processing steps to completely expose the reactive surface. However, it should be
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noted that removal of non-sintered nanoparticles is accomplished by ultrasonication, which
exposes the reactive irradiated surface to the solvent itself. This has recently been shown
to also affect the final wettability of laser micromachined metals [25]. Other techniques
such as laser cleaning with photoacoustic monitoring may also prove effective in removing
non-sintered nanoparticle agglomerates from laser-irradiated surfaces [26]. If non-sintered
nanoparticle agglomerates are not removed, then the wettability measured is not that of
the LIPSS themselves, but rather the compound LIPSS-nanoparticle agglomerate system,
which inherently lacks robustness. The second observation is that the reformation of the sur-
face chemistry on a LIPSS-only surface is much slower than hierarchically-roughened laser
irradiated surfaces due to the lowered fluence employed for micromachining. As such, care
must be taken to not disturb the nascent surface chemistry before it has sufficiently reacted
to form either a robust hydrophilic oxide layer or a robust hydrophobic carbonaceous layer.
For the fabrication of a hydrophilic surface, this means that the freshly irradiated substrate
must be kept in a boiling water bath for longer than the two days reported necessary for
metals irradiated with higher fluences [6]; For the fabrication of a hydrophobic surface, this
means that the irradiated substrate must be kept away from even brief contact with water.
The high level of homogeneity that is achieved when both recommendations are followed
is exemplified by the very small variances in the contact angle data measured on the undis-
turbed surfaces. Figure 5b presents the variance in the sessile contact angles measured on
those surfaces prepared with no stream of gas flowing during the micromachining step
(i.e., low amount of non-sintered nanoparticles/agglomerates on the surface) and left undis-
turbed by water contact for the first 30 days following fabrication. The comparison with
the contrary surface preparations is staggering. Both repeated contact with water through
goniometric measurements and failure to remove non-sintered nanoparticles/agglomerates
results in much more heterogeneous surfaces.

4. Conclusions

In this work, we have taken a systematic look at the effect of surface handling in the early
times after irradiation on the final wettability of stainless-steel decorated with laser-induced
periodic surface structures. In doing so we have been able to rigorously demonstrate that
exposure to a CO2-rich environment after micromachining does, in fact, lead to increased
hydrophobicity. This proves what we have empirically known from our lab’s work with
laser irradiated metals: that CO2 as well as airborne hydrocarbons can be the source of
the hydrophobic carbonaceous layer which forms in the weeks following micromachining.

While performing this work, we have made a few interesting observations which we see
as pertinent to metal laser micromachining getting transferred to industrial applications.
The first observation is that the waste product of ultrafast laser micromachining—nanoparticles
and nanoparticle agglomerates—can affect the wettability of the surface. We have shown that
as these non-sintered particles sit on top of the irradiated surface, they become hydrophobic
with residence in a CO2-rich environment (or indeed with aging in lab air), while blocking this
reaction from proceeding on the irradiated surface itself. Hence, contact angle measurements
taken on such a surface will be measuring the wettability of the water-nanoparticle (agglomer-
ate) system, and not the wettability of the actual micromachined metal surface. The substrate
will behave much differently to subsequent contact with water as hydrophobic nanoparticle
(agglomerates) are carried away, exposing the underlying hydrophillic micromachined
surface. The second pertinent observation is that the metal surfaces prepared in the present
study to possess only laser-induced periodic surface structures underwent much slower
surface chemical reactions than those previously reported on metals hierarchically rough-
ened by laser micromachining. This point is important with regards to industrial scale-up
as we have shown that fabrication of a stable hydrophilic LIPSS-decorated stainless-steel re-
quires a longer residence in boiling water after irradiation than a hierarchically-roughened
substrate. Similarly, fabrication of a stable hydrophobic LIPSS-decorated stainless-steel
requires that water contact be avoided at early times while a carbonaceous layer forms
on the surface.
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The observations and recommendations made in the present work can hopefully help
guide the handling procedures for laser irradiated metal substrates in the lab and industry
alike. Taking into account the need to remove non-sintered nanoparticles and nanoparti-
cle agglomerates as well as requisite surface reaction time requirements can greatly aid
in achieving desired wettabilities on laser micromachined metals.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure
S1: Effect of CO2 flow rate on advancing contact angles, Figure S2: Effect of post-processing on
advancing contact angles, Video S1: Droplet_Rolloff.
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Abstract: A laser-irradiated surface is the paradigm of a self-organizing system, as coherent, aligned,
chaotic, and complex patterns emerge at the microscale and even the nanoscale. A spectacular
manifestation of dissipative structures consists of different types of randomly and periodically
distributed nanostructures that arise from a homogeneous metal surface. The noninstantaneous
response of the material reorganizes local surface topography down to tens of nanometers scale
modifying long-range surface morphology on the impact scale. Under ultrafast laser irradiation with
a regulated energy dose, the formation of nanopeaks, nanobumps, nanohumps and nanocavities
patterns with 20–80 nm transverse size unit and up to 100 nm height are reported. We show that the
use of crossed-polarized double laser pulse adds an extra dimension to the nanostructuring process
as laser energy dose and multi-pulse feedback tune the energy gradient distribution, crossing critical
values for surface self-organization regimes. The tiny dimensions of complex patterns are defined
by the competition between the evolution of transient liquid structures generated in a cavitation
process and the rapid resolidification of the surface region. Strongly influencing the light coupling,
we reveal that initial surface roughness and type of roughness both play a crucial role in controlling
the transient emergence of nanostructures during laser irradiation.

Keywords: ultrafast laser nanostructuring; self-organization; nanobumps; femtosecond laser; LIPSS;
nanopatterns

1. Introduction

Femtosecond laser sources allow us to explore the material’s behavior under swift
photoexcitation. This represents a privileged way to bring material surfaces in extreme
states of temperature and pressure far from equilibrium. During the relaxation stage,
out-of-equilibrium systems usually exhibit pattern formation as a result of spontaneous
spatial breaking symmetry of the initial homogeneous state [1]. In particular, ultrashort
laser energy deposition induces local thermal stresses and transient phase changes which
modifies materials microstructures and topography [2,3]. The fast interaction with material
surfaces results in the formation of anisotropic surface morphology, usually recognized
as laser-induced periodic surface structures (LIPSS) or ripples. LIPSS are a special type of
arranged nanopatterns, known for their periodicity varying from near laser wavelength
down to sub-100 nm scale [4,5]. Their formation generally occurs in a multi-pulse irra-
diation regime with a fluence below the ablation threshold. Consequently, the first laser
pulse modifies the surface topography randomly by creating roughness centers that are
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perceived by the next pulses. All the consecutive laser pulses impact on a surface being
constantly modified by the previous pulses and being roughened constantly, from an
initially quasi-flat surface to transiently growing disturbances [6–8]. LIPSS can be gener-
ated with different periodic scales on the irradiated surface by virtue of the radiative and
nonradiative modes of light coupling, which involves polarization effects on the freshly
formed roughness centers [9]. Far beyond the diffraction limit, most of the sub-wavelength
structures were oriented by the laser polarization, commonly spaced between 50–200 nm
in the literature and a priori provoked by local field enhancement on the local rough-
ness [6,10]. They are generally called high spatial frequency LIPSS (HSFL) of type r in the
literature [11]. The light coupling is composed of scattered waves but also of nonradiative
fields that emerge from nanoreliefs and that generate coherent exchanges of optical near
fields [9]. Strong enhancement of the oriented electromagnetic field at surface defects
trigger local heat confinement that can destabilize the thin laser-induced melt layer. During
the sub-surface rarefaction process, periodic nanovoids enclosed under the surface and
nanocavities emerge at the surface by cavitation [12]. During the acceleration of the molten
surface by the rarefaction wave, a Marangoni-convection instability can be triggered by
hydrothermal waves perpendicular to these temperature gradients [13], forming high
spatial frequency periodic surface structures.

Furthermore, it was proven that under multi-pulse feedback regimes, there is a strong
dependence of the generation of surface roughness and finally periodic nanoripples on the
crystallographic surface orientation [2]. More refined nanostructure was obtained on Cr
(100) by single-pulse irradiation and a more pronounced LIPSS after two laser pulses as
compared to (110) surfaces [14]. The competition between the evolution of transient liquid
structures generated in the spallation process and the rapid resolidification of the surface
region were proposed to define the types, sizes and dimensions of the nanoscale surface
features [14]. Thus, the formation of sub-100nm nanopatterns are clearly dependent on
crystallographic orientation and initial surface roughness. Recent works show that it is
possible to emancipate from the polarization-dependency by combining two orthogonal
linear polarization states. The control of the ultrafast laser pulse polarization, inter-pulse
delay and laser fluence leads to the generation of innovative 2D surface morphologies
on different scales. Several works focused on the fabrication of 2D-LIPSS in the near-
submicron length [15–17]. These microstructures can lead to strong modifications on surface
wetting [18], tribological and optical properties [19]. Laser-induced textures enable surface
functionalities, such as hydrophobicity [20], antibacterial properties [21], coloring [22,23]
and wear resistance [24].

Driven by near-field light enhancement, periodic patterns recently approached ul-
timate scales down to tens of nanometers [25]. A self-organization of unusual arrays of
nanocavities of 20 nm diameter with a periodicity down to 60 nm was created on a Nickel
surface oriented in (100) plan. Obtained by overcoming the anisotropic polarization re-
sponse of the surface by a delayed action of cross-polarized laser pulses, this process opens
the route for self-arranged topography at the nanoscale highly demanded in advanced
technology sectors. Analogous structures can be produced by using other advanced tech-
nologies such as electrochemical etching, but they suffer from low throughput and accuracy.
Instead, ultrafast laser–surface interactions reveal sub-100 nm self-arranged hexagonal
arrays with a high throughout and the highest precision. As the resulting morphology
is energy-driven, the purpose of this paper is to explore the formation of unrevealed
nanopatterns under regulated energy dose. Beyond the already reported spatial instability
triggering hexagonal arrays, we discuss the laser irradiation parameters as well as the
material conditions apt to generate a self-organization regime of nanostructuring. We show
that a slight modification of the amount and the timescale of the energy delivery perturbs
the system and a stable self-organization regime shifts towards another one with new
properties. The initial surface roughness features, in particular, the absence of inordinately
high peaks and deep valleys is also shown to be a crucial feature to be checked to con-
trol the self-organization regime. A large variety of nanostructuring regimes are reported
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here with an abrupt transition between them. This is a characteristic feature of dissipative
structures, including random patterns with concentrated nanoreliefs, 1D nanostripes, and
2D hexagonal arrays. Disordered, labyrinthine and bumpy nanopatterns that arise from a
homogeneous metal surface under ultrafast excitation are originally reported.

2. Materials and Methods

2.1. Material Preparation

A mono-crystalline Nickel (Ni) sample oriented in (100) direction was used during
this study. Single crystals are preferred to insure the uniformity of the structuring process.
The Ni (100) bar was grown by directional solidification and cut into 10 × 10 × 10 mm3

cubes by using a wire saw. Two types of polishing were performed during experiments,
the mechanical and electrochemical polishing. The automatic polishing was performed
on “Buehler Automet 250” by using a coarse paper of P180, moving successively to P320,
P600, P1200 and P2400 followed by a diamond 3 μm and 1 μm and vibratory polishing on
“Buehler Vibromet 2” with the colloidal silica 0.05 μm for 17 h, prior to laser irradiations.
Electropolishing was performed after automatic polishing on “Struers LectroPol-5” by
using stainless steel electrolyte at 25 Volts for 60 s. Both polishing procedures assure
mirror-zero scrach samples with an initial arithmetical mean surface roughness (Ra) below
5 nm. The Ra threshold Rath for nanostructures formation was found to be 5 nm on the
Atomic Force Microscopy (AFM), on a scan of 5 × 5 μm. Crystal orientations were checked
by X-ray diffraction prior to laser irradiation to ensure the uniform cutting direction.

2.2. Laser Setup

A Ti: Sapphire laser from Coherent (Legend Elite Series) was used in this setup.
Powered by an integrated Revolution pump laser and seeded by a Vitara-S oscillator, the
ultrafast amplifier delivers pulse durations down to 25 fs, a 1 kHz repletion rate, an output
power up to 7 W and a λ = 800 nm central wavelength. A thin film polarizer at the output
of the laser allows us to separate s and p-polarized components of the beam. A half-wave
plate is devoted to tuning the incoming energy on the double-pulse irradiation setup.

To force an isotropic energy deposition on the surface that fosters self-organization free
from polarization orientation, a cross-polarized irradiation strategy is followed. The double-
pulse irradiation setup consists of a modified Mach–Zehnder interferometer combining
the effect of a crossed-polarization with an inter-pulse delay Δt. The aim of this setup is to
help to control the laser-induced structure formation process. A first beam splitter divides
the incoming laser beam into two beams. These beams take two different optical paths
and then encounter a second beam splitter which recombines the two of them. We call
the “fixed arm” the optical path of the “reference beam” and “mobile arm” the optical
path of the “sample beam”. The length of the mobile arm can be adjusted by the use of
a highly accurate motorized stage. From a distance allowing a path shorter to the fixed
arm to another one a little bit longer, the optical path difference induces a temporal delay.
The “zero delay” Δt = 0 corresponds to a spatial and temporal overlap. Temporal overlap
is obtained when the two optical paths have the same length and spatial overlap needs a
good orientation of the beam splitters. The “zero delay” configuration is obtained when
the pattern of interference is the most contrasted. In each arm, we introduce a polarizer
in order to obtain the cross-polarization configuration after recombination. An half-wave
plate is also introduced in each arm so we get the same energy for the reference and the
sample beam, always checked by a power-meter measurement.

After recombination, the laser beam is then collimated by an optical lens with a focal
length of 250 mm and irradiates the surface of a sample with a normal incidence. The
surface of the sample is set in the focal plane of the lens independently of the thickness
of the sample thanks to the sample holder. The size of the laser spot is always measured
before irradiation by the D2 method [26] and the spot size of the Gaussian profile at (1/e2)
was 2ω0 = 56 μm where ω0 is the beam waist.
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2.3. Characterization

Surface topography was visualized by using scanning electron microscopy (SEM)
of type “Nova NanoSEM” equipped with a field emission gun. The images were taken
at 15 kV with Everhart–Thornley detector (ETD), at different magnitudes. Atomic force
microscopy (AFM) of type “Bruker Dimension ICON” was used for characterization in 2D
and 3D. Images were taken in SCANASYST-AIR imaging mode, by silicon tip on nitride
lever, at different scales and at a resolution of 1024 lines per scan. This microscope has
a local probe allowing to visualize the surface topography of a sample with a resolution
of about 1 nm. Topological investigations and roughness calculation were performed by
using NanoScope Analysis software.

3. Results

3.1. Advanced Surface Topography Control as a Function of Time Delay and Laser Fluence

Femtosecond laser irradiations are performed by controlling several influential pa-
rameters. The two main parameters are the laser peak fluence and the time delay be-
tween the double pulses. Other substantial parameters are the polarization angle between
the two delayed pulses, number of pulses, pulse duration and initial surface roughness.
Based on previous experiments, the chosen number of double-pulse sequences (NDPS) was
25 pulses [25]. A cross-polarized ultrashort double pulses are applied in order to break
the surface isotropy, avoiding the formation of LIPSS. The relative polarization of the two
pulses was fixed by an angle of 90◦. The chosen pulse duration was 150 fs and the initial
arithmetical mean roughness (Ra) was below 5 nm.

Figure 1 presents 2D AFM images of laser-induced nanopatterns formation by con-
trolling the laser peak fluence from 0.18 J/cm2 to 0.24 J/cm2 and the time delay (Δt) from
8 ps to 25 ps. Laser parameters are chosen to be below the LIPSS formation threshold
for a single pulse, which requires a combined action of the double pulses. At low Δt
(8 ps and 10 ps) and at a peak fluence above 0.20 J/cm2, chaotic nanostructures were
observed. They are also observed at (15 ps; 0.24 J/cm2) and they are formed for a small
time-delay between pulses. Energetically, it is somehow acting similarly to a single pulse
process, at a cumulated absorbed fluence higher than the single-pulse absorbed threshold
since the small delay leads to a slight decrease of Ni reflectivity with electronic thermal
excitation before the second pulse [27]. Up to 15% of reflectivity decrease can be expected
for ultrafast photoexcited nickel under electron–phonon nonequilibrium. At 0.18 J/cm2,
three different types of nanopatterns were observed at 8 ps, 10 ps and 15 ps. The tallest
nanostructures were at Δt = 8 ps and have a shape comparable to a karst peak, so they are
named as “nanopeaks”. Nanostructures shape has changed at a larger time delay of 10 ps.
Their diameter has increased and their shape was similar to a bump, so they are named
as “nanobumps”. We note that the formation of microbumps and nanojets on the metal
targets was observed upon single pulse tight focusing ultrashort laser excitation of thin
gold films and attributed to Marangoni effect [28]. Our investigation shows that similar
structures can be obtained also on irradiated bulks. At Δt = 15 ps, nanostructures height
was extensively decreased and they are named as “nanohumps”. Nanostructures were
progressively disappeared while increasing the time delay from 15 ps to 25 ps. In this case,
the cumulated energy was lower and it can be reasonably assumed that the thermal gradi-
ents resulting from local polarization effects were strongly softened by thermal dissipation
before the second pulse arrived. The transverse thermal dissipation time due to gradients
between two structures at a characteristic distance of 100 nm can be roughly estimated

as τL = ρCix2

2ki
where ρ = 7.90 × 103 kg/m3 is the liquid nickel density, Ci = 630 J/kg/K is

the heat capacity, ki = 50 W/m/K is the thermal conductivity. Considering a distance of
x = 50 nm, τL ∼ 10 ps. In these conditions, we can estimate that the local polarization mem-
ory corresponding to transverse temperature gradients can be rapidly erased by thermal
dissipation before the second pulse arrived in the ten of picosecond timescale. At 0.20 and
0.22 J/cm2, we can observe the transition from chaotic structures to stripes, passing by
a transition regime at (0.20 J/cm2; 15 ps and 0.22 J/cm2; 20 ps). This transition region
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has a short-range order, which consists of locally nanobumps and chaotic nanostructures.
However, at Δt = 25 ps , labyrinthine patterns were observed [1], which are disordered
spatial structures that show a short-range order. At 0.24 J/cm2, we can observe the switch
from disordered nanostructures to a pattern of nanocavities when Δt increases, passing a
by transition regime from 15 to 20 ps. The hexagonal array of nanocavities were observed
previously at similar parameters [25].

Figure 1. 2D AFM images of laser-induced nanopatterns formation on Ni(100) as a function of time de-
lay and peak fluence at a fixed NDPS of 25. The different zones of interest are nanopeaks, nanobumps,
nanohumps and nanocavities. They are created progressively at different doses: (0.18 J/cm2; 8 ps),
(0.18 J/cm2; 10 ps), (0.18 J/cm2; 15 ps), (0.24 J/cm2; 25 ps).

3.2. Wide Variety of Nanostructure Regimes

Figure 2a–c present 3D AFM images of the principal nanostructures, which correspond
to the laser parameters of Figure 1 (a(0.18 J/cm2; 8 ps), b(0.18 J/cm2; 10 ps), c(0.18 J/cm2;
15 ps) and d(0.24 J/cm2; 25 ps)). Figure 2e presents the maximum nanostructure height
as a function of time delay and laser fluence. The maximum height was characterized on
AFM for each parameter. It was classified into two different categories. One category of
nanostructures with a maximum height of almost 110 nm presented in (a) and (b), marked
by black and green circles respectively. The other category has a maximum height of almost
20 nm presented in (c) and (d), marked by blue and orange circles respectively. The material
surface exhibits a significant swelling suggesting a frustrated ablation regime [29,30].

It can be observed that (a) and (b) have respectively the shape of nanopeaks and
nanobumps but with different widths, organization and concentrations. However, (c)
and (d) present hexagonal self-organized nanohumps and nanocavities on the surface.
Interestingly, (c) exhibits a state with persistent dynamics with oriented stripes independent
from the local polarization that may correspond to “spiral defect chaos” [31].

The transition regimes between the two different nanostructures categories of (110 nm
and 20 nm) are shown in an almost diagonal way in Figures 1 and 2e. It can be understood
that the lost energy by increasing the time delay was covered by the intensification of
laser fluence to maintain the instability of the critical phase leading to the presence of
these nanostructures. The laser spots images (a, b and c) confirm the occurrence of a
spallation regime that exists above the melting threshold, while remaining below phase
explosion threshold.
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Figure 2. (a–d) The 3D AFM images of the laser spot topography in the spallation regime and the
principal nanostructures types (nanopeaks, nanobumps, nanohumps and nanocavities). (e) Maximum
nanostructures height as a function of time delay and laser fluence. The colored circles in (e) (black,
green, blue and orange) present respectively the regions of (a–d) nanostructures.

3.3. Wide Variety Nanopatterns Morphologies

Figure 3 presents the 3D AFM images of the principal nanopatterns (a–d) at different
scanning scales. (a) presents a nanobump shape comparable to a karst peak. It has a width of
≈20 nm and a height of ≈100 nm and is named a nanopeak. At the same laser peak fluence
of 0.18 J/cm2, and just by increasing the time delay from 8 ps to 10 ps, the nanostructures
have transformed from (a) to (b). In (b), it has a shape of a nanobump but totally different
than in (a). The diameter of the bump is ≈60 nm and the height is ≈100 nm. Moreover, by a
slight increase of the time delay from 10 to 15 ps, the nanobump scale was reduced to reach
a height less than 10 nm in Figure 3c, which are named nanohumps. Those small hexagonal
nanohumps have a periodicity of ≈50 nm. On the other hand, (d) presents self-arranged
hexagonal nanocavities with a periodicity of ≈85 nm and a depth of ≈25 nm.

Figure 3. 3D AFM images of the principal nanopatterns (a–d) at different scales, presenting the laser
spot region. A scan profile was performed for each type of the principal nanostructures presenting
the shape and the periodicity of each type.
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In addition, the laser spot diameter for the nanopatterns (a, b and c) was ≤9 μm.
However, the laser spot diameter for the nanocavities shown in (d) was ≤22 μm. Thus,
laser fluence is a critical factor in determining the self-organized regime of nanostruc-
tures growth.

3.4. Nanopatterns Control by Laser Dose

As presented previously, surface topography and nanopatterns shapes are controlled
by laser parameters. Laser dose has a significant role in creating these different patterns.
Figure 4a emphasizes the essential role of the NDPS in controlling surface topography and
enhancing nanostructures, by fixing the peak fluence to 0.18 J/cm2 and the time delay to
10 ps. Therefore, the surface roughness created by the last pulse is playing an important
role in the appearance of different nanopatterns. However, Figure 4b presents SEM images
at a fixed NDPS of 25 pulses and a peak fluence of 0.24 J/cm2. As presented in Figure 1, we
can observe the transformation from chaotic surface to nanocavities by only inceasing the
time delay between the two cross-polarized pulses, passing by a transition regime between
15 and 25 ps. On the other hand, Figure 4c shows the laser spot at the same laser parameters
of Figure 4a, but at NDPS = 44 pulses. Finally, Figure 4d exhibits the left region of the
gaussian laser spot of Figure 4c, showing how nanopatterns can be simply regulated by
setting a specific laser peak fluence. The presence of different nanostructures on the laser
spot periphery stresses the significant role of the laser peak fluence on creating different
surface morphologies.

Figure 4. (a) 2D scanning electron microscopy (SEM) images presenting the influence of the NDPS

in enhancing nanostructures at a fixed time delay. (b) 2D SEM images of growing nanopatterns by
decreasing the time delay at a fixed peak fluence of 0.24 J/cm2 and NDPS = 25. (c) 2D SEM image of
the gaussian laser spot at a fixed laser parameters (0.18 J/cm2; 10 ps; NDPS = 44). (d) The left region
of the gaussian laser spot, showing the significant role of laser fluence in controlling different types
of nanostructures.

3.5. Initial Roughness Effect on Nanostructures Formation

Initial surface topography plays an essential role in nanostructures formation. Several
polishing procedures were developed in order to obtain different initial surface topogra-
phies, with various initial arithmetic surface roughness (Ra). A Ra > 5 nm, will not permit
the formation of different types of previously reported nanohumps and nanocavities.
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As presented in Figure 5a,c, sample 1 and sample 2 have an initial Ra < Rath. Mechan-
ical polishing was performed for sample 1 by using a coarse paper up to P2400 followed
by a diamond polishing of 3 μm and 1 μm and vibratory polishing with colloidal silica of
0.05 μm for several hours, which guarantee a mirror surface with a very low arithmetic
roughness. Kurtosis (Ku) statistical parameters was used to characterize the type of initial
roughness and sharpness of surface spikes. If Ku > 3 the surface is considered “spiky” and
if Ku < 3 the surface is considered “bumpy”. If Ku = 3, the surface has completely random
surface roughness. For sample 1, the Ku = 7.54 which is considered spiky surface with a
Ra < Rath.

Figure 5. Initial surface topography of two different samples polished by different procedures
(Mechanical polishing in (a) and Electrochemical in (c)). Arithmetic roughness (Ra) and Kurtosis (Ku)
were measured and compared for both samples. (b,d) 2D and 3D SEM images of (a,c) respectively
after laser irradiation. The crucial role of initial type of roughness is observed by comparing the
nanostructures concentration in the SEM.

On the other hand, an electrochemical polishing was performed for sample 2 by using
stainless steel electrolyte at 25 Volts for 60 s. The surface has an arithmetic roughness
Ra = 4.4 nm < Rath and a Ku of 2.84 which is considered bumpy surface.

By comparing the SEM images of Figure 5b,d, the difference in nanobumps concen-
tration is clearly observed. The spiky surface of sample 1 has a higher surface absorbance
compared to the bumpy surface of sample 2, which increased the concentration of nanos-
tructures. The initial type of roughness plays an essential role in controlling surface
absorbance and reflectivity. Moreover, AFM characterizations show the difference in the
scale of the obtained nanostructures in the two different samples. For sample 1, the maxi-
mum nanobumps height was 89 nm and for sample 2 was only 22.3 nm. Thus, the initial
surface type of roughness has a prominent role besides the laser parameters, in controlling
surface topography at the nanoscale.

4. Discussion

Self-organization regimes may result from complex flows conditions depending on
competing destabilization and dissipation forces that occur in the transiently laser-induced
molten surface. At the considered fluence below ablation threshold, the electrons are
excited up to an estimated electronic temperature of 1–2 eV after each laser pulse of the
double-pulse sequence. On the electron–phonon relaxation timescale, a thin liquid layer of
10–20 nm thickness is expected to be formed at the surface a few ps after each pulse. During
this relaxation stage, the confined temperature gradient of femtosecond laser irradiation
induces a pressure wave on the top surface which is followed by a rarefaction wave [12].
Consequently, the melt layer is driven toward the free surface by the rarefaction wave
in the same direction of the temperature gradient. This mechanism is vectorially the
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opposite of the destabilizing effect of the gravitational force acting on a liquid heated
from below [32]. In classical Rayleigh–Bénard instability, the gravitational force is directed
against the density gradient, pushing down the heavier liquid. In the case of ultrashort
laser excitation, the rarefaction below the surface might play a destabilizing role due to the
force that results from different pressures in rarefied or non-rarefied liquid, being directed
towards the surface and pushing colder liquid inside the warmer upper layer.

Guided by surface tension and rarefaction forces, hydrothermal flows develop a
thermoconvective instability at the nanoscale, similar to well-known Rayleigh–Bénard-
Marangoni instabilities [33,34]. This mechanism represents a convincing scenario for gen-
erating hexagonal nanostructures (nanocavities or nanohumps on the surface) [33]. The
Rayleigh–Bénard-like instability occurs since there is a density gradient between the top
and the bottom surface, rarefaction wave acts trying to pull the cooler, denser liquid from
the bottom to the top [35,36]. Therefore, a Bénard–Marangoni convection occurs along the
unstable fluids interface, initiated by small flow perturbations due to recurring surface ten-
sion gradients. This Marangoni flow transports thermal energy, that can be characterized
by the Marangoni number, comparing the rate at which thermal energy is transported by
this flow to the rate at which thermal energy diffuses. Modulated by near field coupling on
local roughness, transverse temperature gradients are built parallel to the surface that turns
to be unstable [25]. The process starts with a roughness-triggered inhomogeneous energy
absorption featured by electromagnetic patterns. They induce a surface thermomechanical
fingerprint persisting after electron–ion thermal equilibrium at t = 10 ps. Later on, at
15 ps < t < 25 ps, the lattice density is strongly influenced by the inhomogeneous shock
and rarefaction waves. The surface starts to melt inhomogeneously and the destabilization
occurs. The liquid flow is then driven by transverse surface tension forces, rearranging
the material from hot spots to colder regions on the surface [13]. Anisotropic temperature
gradients generate hydrothermal waves and convection rolls in a disturbed thin liquid
layer [37,38]. This generates Marangoni forces balanced by thermal diffusion that reorga-
nize the material over the surface. If isotropic conditions are fulfilled, this can be done in
the most compact hexagonal way. Finally, the dimensions of the cell are correlated to the
Marangoni number which is equivalent to the ratio between the destabilizing Marangoni
force and the viscous restrictive force.

The nature and the orientation of the resulting standing waves are defined by the
dimensionless number of Prandtl, which expresses the ratio between the kinematic viscosity
and thermal diffusivity and which is leading to hydrothermal waves perpendicular to
transverse temperature gradients [37,39]. It makes it possible to understand whether the
thermal phenomenon is more or less rapid than the hydrodynamic phenomenon. If the
Prandtl number is small, then it should be understood that the phenomenon of thermal
conduction is so fast that the velocity profile has little or no effect on the temperature profile.
However, for a large Prandtl number, the temperature gradient in the fluid will be strongly
influenced by the local velocity of the fluid. It is demonstrated that there exists a critical
Prandtl number [40] Pc

r = 0.25 such as: For Pr < Pc
r , the production of kinetic energy is

intensified by isoenergetic redistributions of vorticity that lead to a concentration of the
vertical velocity in the vicinity of the center of the cell. Therefore, the convection sets in as
a pattern of hexagonal cells with downward motion in the center (g-hexagons) which are
similar to the obtained nanocavities. On the other hand, for Pc

r < Pr, the intensification of
kinetic energy production by the expansion of the energy-producing temperature gradient
constitutes the reason for the preference of l hexagons in high-Prandtl-number convection.
Therefore, the conventional hexagonal cells with upward motion in the center (l-hexagons)
appear at the onset of instability [41,42], which are similar to the obtained nanohumps.

In our case, the time delay plays a major role in controlling the viscosity of the liquid
layer. For example, when the time delay is higher, the second pulse shock wave reacts with
a surface that already was cooling down, promoting the formation of nanohumps at low
irradiation fluence. The mechanism ends up with resolidification of the liquid fluid, when
the surface lattice is cooling and the Marangoni forces decrease (after t = 100 ps) [13].
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On the other hand, it was observed that the cavitation-induced roughness is likely
to play a key role in triggering the generation of high-frequency LIPSS upon irradiation
by multiple laser pulses. Large-scale molecular dynamics simulation demonstrated that
the competition between the evolution of transient liquid structures generated in the
spallation process and the rapid resolidification of the surface region are defining the
types, sizes and dimensions of the nanoscale surface features [14]. Moreover, associated
to void formation and growth, liquid filaments with a high aspect-ratio perpendicular to
the surface were reported when the spallation process starts in atomistic computations
targeting the nanohydrodynamics phenomena [43]. The observed nanospikes on the
previous study closely resemble the obtained nanopeaks in our study. To go further ahead
in this analysis, complementary microstructural investigations are needed to enlarge the
study of the physical mechanisms leading to the formation of the observed nanopatterns.

5. Conclusions

Various nanopatterns corresponding to distinct self-organization regimes induced by
convection mechanism at the nanoscale were investigated on femtosecond laser-irradiated
nickel surfaces. Forming far from equilibrium, complex patterns of structures are re-
vealed caused by intensive light energy exchange with a dissipative environment. An
hydrothermal mechanism is highlighted by the appearance of two competing nanostruc-
tures, nanohumps and hexagonal nanocavities. The nanorelief is characterized by mounds
and depressions where the unbalance and the respective predominance is shown to be
tunable by the time-delay and the fluence. Observed for (0.18 J/cm2; Δt = 15 ps) and
(0.24 J/cm2; Δt = 25 ps) both kind of nanostructures have 30 nm diameter and tens of
nanometers height. Nanopeaks and nanobumps were observed at (0.18 J/cm2; Δt = 8 ps)
and (0.18 J/cm2; Δt = 10 ps). The nanopeaks have 20 nm width and 110 nm height whereas
the nanobumps exhibit a 65 nm width and 100 nm height. Potentially resulting from
thermo-convective instabilities, they were formed during the competition of the pressure-
gradient (via surface tension and cavitation) forces and the rapid resolidification of the
molten surface region. Successively implying emergence, growth, amplification and regu-
lation of the pattern formation, laser parameters as peak fluence, time delay, and number
of double-pulses sequences play a significant role on modifying surface morphology and
topography. Furthermore, the initial surface roughness and type of roughness is another
essential feature to be controlled to switch from a regime of self-organization to another
one. The involved instabilities being expected in most of ultrafast-laser irradiated materials,
the process reported in this paper is a priori generalizable to any metals in order to design
a predefined surface morphology at the nanoscale. The production of these nanostructures
can enable unique surface functionalizations toward the control of mechanical, biomedical,
optical, or chemical surface properties on a nanometric scale [44].
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Abbreviations

The following abbreviations are used in this manuscript:

LIPSS Laser-Induced Periodic Surface Structures
HSFL High Spatial Frequency LIPSS
SEM Scanning Electron Microscopy
AFM Atomic Force Microscopy
Ra Arithmetic Roughness
Rath Arithmetic Roughness Threshold
Ku Kurtosis
Pr Prandtl Number
Pc

r Critical Prandtl Number
NDPS Number of Double-Pulses Sequences
Δt Time-Delay Between the Double-Pulses
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Abstract: In this work, direct irradiation by a Ti:Sapphire (100 fs) femtosecond laser beam at third
harmonic (266 nm), with a moderate repetition rate (50 and 1000 Hz), was used to create regular
periodic nanostructures upon polystyrene (PS) thin films. Typical Low Spatial Frequency LIPSSs
(LSFLs) were obtained for 50 Hz, as well as for 1 kHz, in cases of one spot zone, and also using a
line scanning irradiation. Laser beam fluence, repetition rate, number of pulses (or irradiation time),
and scan velocity were optimized to lead to the formation of various periodic nanostructures. It was
found that the surface morphology of PS strongly depends on the accumulation of a high number
of pulses (103 to 107 pulses) at low energy (1 to 20 μJ/pulse). Additionally, heating the substrate
from room temperature up to 97 ◦C during the laser irradiation modified the ripples’ morphology,
particularly their amplitude enhancement from 12 nm (RT) to 20 nm. Scanning electron microscopy
and atomic force microscopy were used to image the morphological features of the surface structures.
Laser-beam scanning at a chosen speed allowed for the generation of well-resolved ripples on the
polymer film and homogeneity over a large area.

Keywords: polymer thin films; femtosecond beam; laser texturing; LSFL; 2D LIPSS; substrate
temperature effect; scanning processing

1. Introduction

Periodic structured surfaces at micro- or nanometric scales find applications in a wide
variety of fields, such as microelectronics [1], optics [2], photovoltaics [3], tribology [4],
biological sensors [5], and anti-counterfeiting [6]. The generation of periodic surface struc-
tures can be performed by using different methods, for instance, nanoimprint [7], which
is limited by the necessity to manufacture the micro- or nanostructured molds. The litho-
graphic method requires clean-room facilities and multi-step procedure involving complex
mask fabrication [8]. Laser patterning can be a powerful technique for high-resolution
surface nano-engineering [9–12]. It is a non-contact, mask-less, and flexible/versatile
method with direct generation of micro- and nano-structures called laser-induced periodic
surface structures (LIPSSs) observed on a wide range of materials, such as semiconduc-
tors [13,14], metals and alloys [15–19], metal oxides [20–23], inorganic compounds [24,25],
and polymers [26]. Micro- and nano-structures could also be simultaneously observed in
hierarchical patterns [19,24].

The formation mechanisms of LIPSS are still under investigation and have been de-
scribed by several theories, including interference between the incident and scattered
waves [27], self-organization [25], second-harmonic generation [28], and excitation of sur-
face plasmon polaritons [29]. Redistribution of the energy through a feedback mechanism
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enhances surface structuring [30]. The dimensions of the structures, as well as their mor-
phology, depend on the laser-beam texturing parameters. The periods of the generated
structures are strongly correlated to the wavelength of the laser source [31], and the linear
polarization allows us to form regular ripple structures parallel to the polarization [32].

Some polymers were structured in the bulk state by femtosecond laser, namely
poly(methyl methacrylate) PMMA [33], polystyrene PS [34], polydimethylsiloxane PDMS [35],
polytetrafluoroethylene PTFE [36], and polyether ether ketone PEEK [37]. Potential appli-
cations of structured polymer surfaces are nano-templating, storage media applications [3],
and some specific solutions for biosystems [38]. By direct irradiation of PTFE plate [36],
micro–nano dual-scale composite structures were created. The micro-grooves morphology
of LIPSS was formed thanks to Ti:Sapphire laser on PMMA microchip [33]. Due to the
particular properties of the polymers, such as low glass transition temperature (Tg), the
LIPSS formations on polymer foils are often achieved with low beam fluencies (with a
fluence of 10.5 and 12.5 mJ/cm2 for PET and PS irradiated by nanosecond laser beam at
248 nm) [26].

Only a few polymer thin films, such as polyethylene terephthalate PET, polytrimethy-
lene terephthalate PTT, polyvinylidene fluoride PVDF, and polycarbonate bisphenol A PC,
were irradiated by nanosecond laser in order to create periodic structures with a period (Λ)
similar to the laser wavelength (Λ~λ) and parallel to the laser polarization direction [39].
Moreover, several studies on LIPSS generation in polymer films were conducted by using
solid-state laser-beam sources from the fundamental wavelength, typically 1064 nm with
Nd:YAG sources down to the fourth harmonic at 266 nm [32], and in other works, with
excimer sources from 193 to 308 nm [40].

Considering the laser regime in the literature, femtosecond beams are less employed
for polymer-thin-films processing [41,42], and particularly with UV beams, as investigated
in the present work. The advantage of the femtosecond (fs) regime compared to the
nanosecond one is that the LIPSS could be formed despite the low absorption coefficient of
the polymers [43]. In the fs regime, non-linear absorption and ionization processes mediate
the coupling of laser light with the thin films, as reported in Reference [44].

In this work, we first studied femtosecond multi-pulse laser irradiation at 266 nm on
spin-coated PS thin films within a single spot zone. More specifically, using low energy
values (few μJ/pulse), we studied the influence of laser frequency (50 and 1000 Hz) and
number of laser pulses (from 5 × 103 to 800 × 103 pulses) on the surface morphology and on
the LIPSS main features (period and amplitude). The influence of the substrate temperature
on LIPSS morphology, rarely explored to our knowledge, was also investigated thanks to a
controlled heating Peltier module.

Using a XY-translation stage, we created ripples over large area (few mm length and
width) and optimized the different parameters for this process. The surface morphology of
the irradiated films was systematically analyzed by scanning electron microscopy (SEM)
and atomic force microscopy (AFM).

2. Materials and Methods

The schematic of the procedure leading to LIPSS formation on polymer films is shown
in Figure 1. Firstly, polymer solution was prepared by dissolution of polystyrene in
dichloroethane (30 mg/mL) (PS with a molecular weight of 170 kg·mol−1 was purchased
from Sigma-Aldrich (Merck KGaA, Saint-Louis, MO, USA)). Silicon wafers were cut into
pieces of 1.5 × 1.5 cm2. These substrates were cleaned with water, ethanol and acetone.
Spin-coating of polymer solution was carried out at the speed of 4000 rpm, during 30 s,
on silicon substrates (Figure 1b). The deposited polymer film’s thickness (around 180 nm)
was determined by using a DektakXT Stylus profilometer (Bruker Corporation, Billerica,
MA, USA).
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Figure 1. Schematics of PS laser surface structuring steps: (a) preparation of polymer solution by dissolution of the polymer
in solvent, (b) spin-coating of polymer solution onto silicon substrate to obtain a supported polymer film, (c) irradiation of
polymer film by fs laser, and (d) laser-beam focus using a focal lens.

PS-thin-film irradiations were carried out with femtosecond laser beam at a wave-
length of 266 nm, thanks to the third harmonic generator of a Ti:Sapphire source (800 nm,
100 fs). An estimation of the temporal duration of these UV pulses is about 200 fs, as re-
ported in Reference [45]. The Spectra Physics Mai Tai laser system (Mai Tai Diode-Pumped,
Mode-Locked Ti:Sapphire Laser, Spectra-Physics Inc., Mountain View, CA, USA) used in
our experiment consists of two parts: a CW diode-pumped Nd:YVO4 laser and a mode-
locked Ti:Sapphire pulsed laser. We used linearly polarized laser pulses with a Gaussian
beam spatial profile. The beam spot size and, thus, the fluence were adjusted by the
distance between the focal lens and the sample XY-translation stage, at normal incidence
parallel to the Z-axis (Figure 1d). The working distance (from focusing lens to substrate
surface) was determined to be close to 78.5 mm in the single spot case. The control of the
pulse number (N) for 50 Hz and 1 kHz repetition rates was achieved thanks to an electronic
shutter. The experiments were performed under standard laboratory conditions, ambient
atmosphere, and room temperature (RT).

To study the effect of substrate temperature on the structure morphology, the substrate
was heated during the irradiation, from RT to 40, 60, and 97 ◦C. Then the Peltier module
(RS 490-1525, Adaptive, Russia) was used. In the scanning mode, only the 1 kHz repetition
rate condition was applied. The same focal lens as in single spot processing was used to
focalize the laser beam. The velocity of the XY-translation stage displacement was between
20 and 100 μm/s. The effective number of pulses, Neff, was directly derived from the
overlap of the spots and depends on the spot size and the scanning velocity. The working
distance was determined to be close to 68.5 mm in the scanning mode, leading to the best
process parameters in terms of spot size, laser fluence, and process time.

An Atomic Force Microscope (AFM) Dimension ICON from Bruker with ScanAsyst
in Air mode (Bruker Corporation, Billerica, MA, USA) was used to study the surface mor-
phologies and to compare sample roughness before and after irradiation. The morphology
of the thin film was also observed after irradiation, using a Zeiss SUPRA 40 Scanning
Electron Microscope (SEM) (German Carl Zeiss Company, Oberkochen, Germany).

3. Results

3.1. Single Spot Processing

Figure 2 shows SEM micrographs of PS film before (Figure 2a) and after laser irradi-
ation (Figure 2b–f) for 50 Hz of repetition rate, 8 μJ of pulse energy, and 11.8 mJ/cm2 of
fluence per pulse. The generation of LIPSS structures in PS requires a minimum number
of pulses to start the modification of the surface morphology. Within our experimental
parameters, the first structures started to emerge from 5 × 103 pulses (Figure 2b). These
structures are probably formed around microscopic defects generation (hot points) and
film roughness, as previously suggested [33]. These few-micrometers hot points grow
and merge into larger areas. At N corresponding to 10 × 103 pulses, the micrographs
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reveal the formation of 1D periodic parallel structures (Figure 2c) that can be attributed to
a low spatial-repetition rate LIPSS (LSFL). During the subsequent pulses, probably through
the radiation–structuration feedback mechanisms, LSFL structures emerged as dominant
structures. By further increasing the number of shots up to 15 × 103 shots, we observed
nanodots structures with a 2D periodicity (2D-LIPSS) from Figure 2d. For the number of
pulses between 15 × 103 and 35 × 103, LSFL and 2D-LIPSS were observed simultaneously
within the same irradiation spot. From AFM analyses for the same samples characterized
by SEM, the 2D Fast Fourier Transformation (FFT) was used in order to analyze the period-
icities of LIPSS (Figure 2). From FFT analysis, we found that, for 10 × 103 pulses, LSFL has
a period of Λ~165 nm, while above 15 × 103 pulses, the observed 2D-LIPSS exhibit a 2D
periodicity of Λ1~165 nm and Λ2~230 nm. For 25 × 103 and 35 × 103 pulses (Figure 2e,f),
from 2D-FFT analysis, the same 2D orientation and periodicity are observed.

Figure 2. SEM micrographs of PS film with corresponding FFT images from AFM analysis: (a) before and after laser
irradiation at pulse fluence F = 11.8 mJ/cm2, repetition rate of 50 Hz for pulse number N: (b) 5 × 103, (c) 10 × 103,
(d) 15 × 103, (e) 25 × 103, and (f) 35 × 103.

From classical electromagnetic theory, it is known that the period, Λ, of the ripples
depends on the laser wavelength, λ, effective refractive index, n, and the angle of incidence
of the radiation, θ:

Λ =
λ

n ± sin(θ)
(1)

Thanks to the ellipsometric measurement, we found a refractive index of 1.57 for
PS film at 266 nm, using Cauchy model. PS film was irradiated without tilting, and the
calculated period of LIPSS corresponds to Λ~170 nm, confirming theoretical approach.
This type of structure is induced by interference between incident wave and scattered and
reflected waves that creates a modulation of the intensity of the beam in thin film.

Figure 3a,b presents AFM images of PS film after 35 × 103 pulses of laser irradiation
and the corresponding cross-section profiles. Figure 3c displays a SEM micrograph of the
tilted sample exhibiting ripples in the foreground and 2D-LIPSS in the background.
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Figure 3. AFM height (amplitude) images and cross-section profiles along the corresponding lines (2.5 × 2.5 μm2 size, Z
scale is 50 nm) of PS film irradiated at 266 nm, at a repetition rate of 50 Hz, a fluence of 11.8 mJ/cm2, after 35 × 103 pulses:
(a) area 1, (b) area 2, and (c) SEM image. The polarization direction of the laser beam is indicated by double arrows.

From AFM images on area 1 (Figure 3a), ripples with a typical height of 20 nm can be
observed with some bendings and ramifications. The ramifications are characterized by
the separation of the ripples into two or three separated ripples. These types of structures
are associated with a spatial modulation of absorbed energy by defects on polystyrene
thin film and superposition of the LIPSS wave vectors. The same types of structures were
observed on silicon surface [46] and were explained by combining two-temperature model,
free-carrier dynamics and Sipe’s theory [47].

From Figure 3b, another type of structure is observed on area 2, characterized by the
formation of 2D-LIPSS within the ripples. From the AFM image, 2 periodicities can be
observed with Λ1~340 nm and Λ2~165 nm. 2D LIPSSs with a typical height of 30 nm
are formed inside parallel LSFL structures with a typical height of 13 nm. We suggest
that formation of these nanodots is dominated by hydrodynamic instabilities, resulting in
material redistribution from parallel ripples. We suppose that local instabilities are induced
by surface-tension minimization that results in the ripple breaking into smaller parts. The
viscosity of polymers is decreasing during irradiation, and hydrodynamic phenomenon
starts to play a dominant role. The presence of two types of structures, namely ripples and
nanodots, is the result of viscosity variations and a combination of broken and unbroken
LSFL. Hexagonal lattice types have also been studied by M. Fermigier et al. [48], where
the nonlinear growth of the Rayleigh–Taylor instability leads to the formation of two-
dimensional patterns with hexagonal shape.

In order to produce the periodic structures at higher laser repetition rate and reduce
the duration between pulses down to 1 ms, the irradiations were also carried out with
the repetition rate of 1 kHz. Figure 4 displays AFM height images of 2.5 × 2.5 μm2 area
of PS films irradiated with 50 × 103, 100 × 103, and 800 × 103 pulses for 0.6 mJ/cm2 of
pulse fluence. For the lowest number of pulses (Figure 4a), first morphological changes are
observed with the creation of periodic parallel structures. The period is Λ~170 nm, and
the height of the structures is up to 10 nm. With the increasing of the pulses number up to
100 × 103, nanodots start to appear with the decreasing of the period Λ down to 150 nm.
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The height of these nanodots is around 10 nm. Finally, for an even higher number of pulses
corresponding to 800 × 103 (Figure 4c), the parallel structures start to be distorted with the
irradiated area exhibiting an array of like-groove morphologies. The distance between two
consecutive grooves is around Λ~250 nm, and their depth is around 25 nm.

Figure 4. AFM height images (2.5 × 2.5 μm2 size) and cross-sections profiles along the corresponding white lines of PS films
irradiated at 266 nm, 1 kHz of repetition rate, and at F = 0.6 mJ/cm2, with number of pulses, N, (a) 50 × 103, (b) 100 × 103,
and (c) 800 × 103. The polarization direction of the laser beam is indicated by double arrows.

It was proposed by He and al. [46] that the quasi-periodic pattern of stripes on
silicon is related to a spatial redistribution of the absorbed energy and to the formation
of the regions where the absorbed fluence is not enough to induce effective ablation and
could fuse the surface nanostructures leading to the progressive generation of the groove
stripes covering the underlying ripples. We suppose that the same phenomenon was
observed for PS film and reactions of photolysis are generated and induced the material
loss. These photochemical reactions are characterized by much shorter time scales than
thermal-related processes.

Based on Sipe’s theory [47], wave vectors are possible from LIPSS, depending on
surface parameters (surface roughness and dielectric permittivity) and laser irradiation
parameters. Once the LIPSSs are formed, surface roughness will induce the further enhance-
ment of the ripples’ formation characterized by the redistribution of optical energy from
subsequent laser pulses. In other words, we find the feedback effect, which explains the
increase on the surface of the ripples. It is important to underline that the ripple formation
is extended over a large area, and this is related to repeat scattering during multi-pulse
irradiation, which can propagate the pattern.

Irradiation at 50 Hz can be compared with irradiation at 1 kHz, using the accumulated
dose, which is the fluence per pulse times the number of pulses. The accumulated dose
(60 J/cm2) at 50 Hz for 5 × 103 pulses is the same as the one at 1 kHz for 100 × 103 pulses,
and the accumulated dose (413 J/cm2) at 50 Hz for 35 × 103 pulses is similar as the one
(480 J/cm2) at 1 kHz for 800 × 103 pulses.

3.2. Influence of the Substrate Temperature on the LIPSS Morphology

It is known that the behavior of polymers strongly depends on the temperature [49].
From a microscopic point of view, their behavior is associated with molecular relaxations
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and the elastic modulus decreases above Tg (here measured for PS bulk by DSC at 95 ◦C, in
accordance with the value estimated by Vignaud et al. [50] at 97 ◦C for a PS 135 nm–thick
layer). To investigate the influence of the substrate temperature, the ripples were generated
with number of pulses N = 105, which is optimal for the formation of organized structures
at a fixed fs-laser pulse fluence (F = 0.6 mJ/cm2) and laser repetition rate (1 kHz). This
allowed us to create ripples parallel to the polarization vector. We varied the temperature
of the Peltier module from RT to 97 ◦C, heating the polymer film during the irradiation.
Figure 5 displays the corresponding SEM images. LSFLs are observed with the same period
between ripples Λ~170 nm whatever the temperature of the substrate. However, the width
of the ripples decreases from 80 nm at RT (Figure 5a) to 55 nm for 97 ◦C (Figure 5d). From
AFM images, it could be seen that the height of the ripples was increased from 10 nm for
RT (Figure 4b) to 20 nm for 97 ◦C (Figure 5e). The LIPSSs are formed independently of
PS thickness, indicating that structuration process is significant only in the surface layer,
which absorbs the light of the laser beam.

Figure 5. SEM images of PS film irradiated at λ = 266 nm,1 kHz of repetition rate and pulse fluence F = 0.6 mJ/cm2 with
105 pulses at (a) 23.5 ◦C, (b) 40 ◦C, (c) 60 ◦C, and (d) 97 ◦C. (e) AFM height image (2.5 × 2.5 μm2 size) of PS film irradiated at
266 nm, 1 kHz of repetition rate with number of pulses N = 100 × 103 at 97 ◦C, and cross-section profile along the white line.

At low temperature corresponding to 23.5 ◦C, chains of the polymer are in a glassy
state. Increasing of the temperature causes an increase in the mobility of macromolecular
chains within thin film. The application of the laser energy at a temperature higher than RT
can promote the passage of PS in soften state (Figure 5b) [51]. The softening of the PS makes
hydrodynamic contributions, including thermo-capillary flow to the LSFL mechanisms,
dominant, leading to higher and narrower ripples.

3.3. Scanning Processing

We also proceed to the LIPSS generation in scanning mode in order to create periodic
structures on large area. In order to optimize the scanning time, we approached the
substrate towards the FoF position to z = 68.5 mm from the focusing laser lens. Figure 6a
illustrates the beam overlap during the scanning process. There are two zones in the laser
spot to be consider, as shown in Figure 6b: The first one in the middle of the laser spot,
with a diameter equal to 2r, is the zone where there are many photons interacting with the
PS layer and where soft ablation can take place in relation to the Gaussian beam shape.
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There is also the weak zone of interaction of the laser beam with the layer, with the outer
diameter 2R.

Figure 6. (a) Schematic of the beam overlap during a scanning process. (b) SEM image of laser impact
on PS film irradiated at 266 nm at the repetition rate of 1 kHz at z = 68.5 mm.

For this, the scanning was carried out at different speeds, ν, for a repetition rate, ω,
corresponding to 1 kHz, which then defines a number of effectives pulses, Neff, that applied
during the overlap of two laser spots with their diameters, Ø, corresponding to 241 μm:

Neff = O
ω

ν
(2)

The average number of laser pulses in overlapping area was thus ranged from 2410
to 12,050 by varying the scanning speed of the laser beam from 20 to 100 μm/s at fixed
fluence corresponding to 2.2 mJ/cm2.

Figure 7 presents SEM images of the formed structures. At the microscopic scale, the
periodic parallel structures for 20 μm/s are created with Λ~170 nm (Figure 7a). At low
scanning speed, a soft ablative regime dominates in the center of the spot with the LIPSS
generation around this area. By increasing the speed until 40 μm/s, the polymer is less
affected in central part of laser impact (Figure 7b). For a scanning speed of 60 μm/s, the
quasi-parallel ripples are dominant and cover a large area of scanning line (Figure 7c).
Higher speeds (80 and 100 μm/s) lead to the same result, with observed quasi-periodic
structures with higher period (Figure 7d. This is related to the fact that the effective number
of pulses of the laser beam in the overlap zone is not sufficient to induce the LIPSS.

Figure 7. Cont.
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Figure 7. SEM images of PS film irradiated at λ = 266 nm at frequency of 1 kHz and pulse fluence of
2.2 mJ/cm2 at different scanning speeds: (a) 20, (b) 40, (c) 60, (d) 80, and (e) 100 μm/s.

From AFM images (Figure 8a–c) and corresponding 2D-FFT image analyses, it can be
seen that, at a lower scanning speed corresponding to 20 μm/s (with Neff = 12,050), the
structures are linearly oriented with height H~130 nm but partially destructed. This could
relate to the material loss due to the photochemical reactions initiated by the absorption of
energy of laser beam with the creation of transient excited states and future consequence
of bond breaking and radicalization. For a scanning speed of 60 μm/s, well-defined and
periodic LSFLs are observed. The height of ripples is about 35 nm, which could be related
to the material redistribution with modulated energy deposition but not material loss.
When radiation order couples with the surface structure order, one enhances the other, and
periodic structures grow faster than disordered ones and emerge as a dominant surface
feature. The generation of higher-order harmonics from 2D-FFT analysis highlights the
good quality and homogeneity of the ripples on large areas for this scanning speed with
the period of Λ~170 nm and the height of H~35 nm. A scanning speed of 80 μm/s leads
mostly to an elliptic profile of 2D-FFT, with a higher period corresponding to 400 nm.
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Figure 8. AFM height images (10 × 10 μm2 size) and corresponding 2D-FFT scattering graphs of PS film irradiated at λ of
266 nm with repetition rate of 1 kHz and a pulse fluence of 2.2 mJ/cm2, at scanning speeds (a) 20, (b) 60, and (c) 80 μm/s.

As shown in Figure 9a, the effective number of pulses decreases from 2410 to 12,050
when the scanning speed increases from 20 to 100 μm/s. The conditions for well-defined
and organized LIPSS were optimal for an effective number of pulses of 4000 for a pulse
fluence of 2.2 mJ/cm2. These conditions allowed us to obtain LIPSS without any defect,
except for bending over a large area, as shown in Figure 9b. The size of the area is limited
by the size of the scanning area. The test was performed over 4 × 4 mm2.

Figure 9. (a) Average effective number Neff of pulses at overlapping area as a function of scanning speed (from 20 to 100 μm/s).
(b) SEM image of PS film irradiated at λ 266 nm, with a repetition rate of 1 kHz and a pulse fluence of 2.2 mJ/cm2 at a
60 μm/s scanning speed.

4. Conclusions

We performed PS thin films nanostructuring by UV femtosecond laser beam at 266 nm,
with two repetitions rates corresponding to 50 and 1000 Hz. For 50 Hz of repetition rate and
11.8 mJ/cm2 of fluence per pulse, parallel LSFL structures were observed above 103 pulses
structures with a period Λ smaller than the laser irradiation wavelength λ. Ramifications
and bendings of ripples were also observed, and they are probably associated with the
spatial modulation of the absorbed energy by PS-thin-film defects on polystyrene thin
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film. Two-dimensional LIPSS structures started to appear for pulse numbers greater than
15 × 103. For 1 kHz of repetition rate, 0.6 mJ/cm2 of fluence per pulse and a number of
pulses between 50 × 103 and 800 × 103, we found parallel structures LSFL with the period
close to 170 nm and less than the beam wavelength. For 800 × 103 pulses, the ripples
started to be destroyed with the formation of the groove-like morphology with a spatial
period of 260 nm. Scanning the PS film with the laser beam also generated LIPSS on large
areas, and we found that 60 μm/s was the optimal speed for the creation of well-resolved
ripples for a 2.2 mJ/cm2 of fluence per pulse.

Finally, we demonstrated that heating the PS films from RT up to 97 ◦C upon femtosecond
laser irradiation simultaneously induced the ripples’ width decrease and amplitude increase.
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Abstract: The presence of surface oxides on the formation of laser-induced periodic surface structures
(LIPSS) is regularly advocated to favor or even trigger the formation of high-spatial-frequency
LIPSS (HSFL) during ultrafast laser-induced nano-structuring. This paper reports the effect of
the laser texturing environment on the resulting surface oxides and its consequence for HSFLs
formation. Nanoripples are produced on tungsten samples using a Ti:sapphire femtosecond laser
under atmospheres with varying oxygen contents. Specifically, ambient, 10 mbar pressure of air,
nitrogen and argon, and 10−7 mbar vacuum pressure are used. In addition, removal of any native
oxide layer is achieved using plasma sputtering prior to laser irradiation. The resulting HSFLs have
a sub-100 nm periodicity and sub 20 nm amplitude. The experiments reveal the negligible role
of oxygen during the HSFL formation and clarifies the significant role of ambient pressure in the
resulting HSFLs period.

Keywords: ultrafast laser nanostructuring; femtosecond laser; oxidation; sputtering; laser-induced
periodic surface structures; high-spatial-frequency LIPSS; vacuum; Marangoni flow

1. Introduction

Ultrafast laser machining on material surfaces including metals [1,2], semiconduc-
tors [3–5], and polymers [6,7] to generate laser-induced periodic surface structures (LIPSS)
has a broad spectrum of applications in biomedical surface engineering [8–10], tribol-
ogy [11–14], color marking [15,16], memory devices fabrication [17–19], etc. Surface nanos-
tructure formation can be mainly divided into (i) low-spatial-frequency LIPSS (LSFLs),
with period λ/2 < Λ < λ (where λ is the laser wavelength) and (ii) high-spatial-frequency
LIPSS (HSFLs), with period Λ < λ/2. Since the generation of LIPSS using a ruby laser
by Birnbaum in 1965 [20], controversial theories have emerged over time to explain the
formation of these nanostructures. One of the theories that explains the formation of
LSFLs is the scattered wave model [21], where LSFLs are explained by the interference
between a scattered surface wave or a polariton for metals (electromagnetic modes bound
to and propagating along the surface) and the incoming laser wave. Sipe’s efficacy the-
ory [22] analytically summarizes the generation of LSFLs on surface-roughness-induced
inhomogeneous subsurface energy absorption and was confirmed by numerical simu-
lations involving 3D finite-difference time-domain (3D FDTD) simulations [23]. These
approaches can reproduce LSFLs formation based on an initial roughness layer, where
topography centers induce a coherent superposition between the refracted wave and the
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far field scattered wave or the surface polaritons. Although these theories provide some
insight into the formation of LSFLs, several theories have been proposed to explain all
aspects associated with HSFLs, including second harmonic generation [24,25], changes in
optical properties of the irradiated surface during the pulse [6], nascent plasma theory [26],
surface instabilities leading to self-reorganization of matter upon laser irradiation [27], or
hydrodynamics instabilities driven by electromagnetics [28].

One of the notable attempts in recent years to understand the formation of HSFLs is
recognizing the associated role of oxidation. Öktem et al. [29] proposed a theory based on
a feedback mechanism between oxide and nanostructure formation, where an initially pos-
itive feedback for nanostructure formation occurs by oxygen incorporation into the surface
and is followed by a negative feedback as the thickness of this oxide layer increases, slowly
breaking the nanostructure growth. Dostovalov et al. [30] introduced thermochemical
LIPSS (TLIPSS), which are LIPSS formed due to metal oxidation rather than ablation. These
TLIPSS have unique characteristics, including a rise in relief height, high degree of order,
and an orientation parallel to the incident beam direction. The formation of TLIPSS on Ti,
Ni, and Cr is explained based on a thermodynamic theory called Wagner theory [30,31].
The same group later recognized that HSFLs cannot be explained by Sipe’s theory and pro-
posed an HSFLs formation mechanism based on different modes of propagation associated
with scattered electromagnetic waves (SEWs), which evolve with a different percentage
fraction of oxide [32].

Zuhlke et al. [33] and Peng et al. [34] demonstrated that structures like mounds formed
on Ni and Ti surfaces after femtosecond laser irradiation have an oxide layer thickness
ranging from nanometers to micrometers as confirmed by EDX and TEM characterizations.
Later studies by Kirner et al. [35] showed that on Ti, hundreds of nanometers of oxide
layer were found in association with both LSFLs and HSFLs, confirmed by μ-Raman, AES,
and XPS analyses. Another investigation by Florian et al. [36] on a titanium alloy using
glow discharge optical emission spectroscopy (GD-OES) for depth profiling the oxygen
content in LSFLs showed a 200 nm thick oxide layer. One of the interesting conclusions of
Florian et al. [37], based on FDTD simulations, is the requirement of 100 nm thick rough
oxide layer for the formation of certain types of LSFL (with anomalous orientation) on
CrN. However, the existence of sub 100 nm HSFLs with amplitude as small as a few tens of
nanometers [26,38] may appear contradictory to previously mentioned theories.

Several HSFL formation theories point toward surface oxidation as a key parame-
ter in understanding HSFL formation during ultrafast laser texturing. Oxygen can be
incorporated from either one of the following sources, or both, during laser irradiation: (i)
the native oxide layer, i.e., the adsorbed oxygen layer on the surface of materials with a
thickness as low as 5 nm; (ii) the ambient air, which one might think is a major contributor.

In this work, the effect of laser processing environment on surface morphology was
investigated to better understand HSFLs formation on tungsten. Various environments
were used including high vacuum (10−7 mbar), argon (10 mbar), nitrogen (10 mbar),
air (10 mbar), as well as ambient. Experiments were also carried out where the native
oxide layer was removed by plasma sputtering, directly followed by laser irradiation.
This study provides insight into the effect of oxygen on the formation of HSFLs. To
date, only a very few attempts have been made to link processing environment to LSFLs
or microspikes formation [39–41], conical microstructures [42], and HSFLs [43]. Here,
HSFLs formation on tungsten (W) was investigated, because W is an important industrial
metal (high hardness and high melting point) [44,45] and because it belongs to the same
group as chromium in the periodic table, and thus W might be expected to undergo a
similar oxidation-based HSFLs formation mechanism as discussed above. Furthermore, an
investigation into the incorporation of oxygen during laser mater interaction is relevant
not only to better understand HSFLs formation, but also because surface chemistry can
influence many surface properties, including wettability [46–48], color [15,49,50], catalytic
properties [51,52], and heat transfer potential [53,54], as seen for LSFLs.
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2. Experimental Details

Polycrystalline tungsten samples (Goodfellow SARL, Lille, France) with dimensions
10 × 10 × 1 mm were electrochemically polished, resulting in an average roughness Ra of
~6 nm as measured with an AFM (Burker Dimension ICON, Billerica, MA, USA). Polished
tungsten samples were irradiated with a linearly polarized laser beam (Titanium-Sapphire,
Legend Coherent Inc., Santa Jose, CA, USA) with a central wavelength of 800 nm, pulse
duration of 60 fs, and 1 kHz pulse repetition rate, focused with a converging lens of focal
length 30 cm to a focal spot size diameter of 100 μm into an ultrahigh vacuum chamber
(Turbo pump, VINCI Technologies, Nanterre, France) equipped with a sputtering apparatus
(DC pinnacle plus plasma generator, Denver, CO, USA), which can generate an argon ion
plasma, as shown in Figure 1.

(a) (b) 

Figure 1. Experimental setup with the femtosecond laser beam focused into the vacuum chamber equipped with a plasma
generator. (a) Irradiation of the W target inside a vacuum chamber. (b) Sputtering of the target surface prior to laser
irradiation, in which the inert argon ion plasma created by polarizing the substrate holder using a continuous power supply
provided by the pinnacle plus and the accelerated argon ions spray off the adsorbed oxide layer.

W surfaces were irradiated in different atmospheres including ambient, 10 mbar
pressure of air, nitrogen (Air Products, Paris, France), argon (Air Products, Paris, France),
and under high vacuum (10−7 mbar.). Tungsten peak ablation threshold fluence for a
single pulse was 0.6 J/cm2, as calculated by Liu’s method [55]. The presented laser impacts
were achieved with a peak fluence Fp = 0.35 J/cm2 and a number of pulses N = 25 in all
environmental conditions, and the focal spot diameter of 100 μm was also evaluated near
to these laser parameters by Liu’s method [55]. In order to eliminate the undesired native
oxide layer, which could alter the photon-metal absorption process, argon ion sputtering
was used (current = 0.25 A, frequency = 120 kHz, power = 16 W, voltage = 26 V, argon gas
pressure = 10−2 mbar, and time of exposure to sputtering = 3 min). The process ensured the
sputtering of any native oxide layer before irradiation with the laser and would thus reveal
the role of the native oxide layer on HSFL formation. Sputtering was performed in the
same vacuum chamber as the laser irradiation, thus ensuring no ambient air contamination
of the sample surface. Surface morphology was characterized by SEM (FEI Nova NanoSEM
200, Hillsboro, OR, USA) and AFM.

3. Results and Discussion

High-resolution SEM images of laser-irradiated samples without sputtering, taken
at the center of the laser irradiated spots along with the corresponding FFT transforms
(inset), are shown in Figure 2a.1,b.1,c.1,d.1,e.1,a.2,b.2,c.2,d.2,e.2. In the figure, HSFLs
are observed to form parallel to the horizontally polarized femtosecond laser beam for
all processing atmospheres. FFT analysis provided an HSFL period as small as 100 nm
and AFM data, as presented in Figure 2a.4,b.4,c.4,d.4,e.4, confirmed this periodicity, and

277



Nanomaterials 2021, 11, 1069

revealed the small amplitudes of the HSFL, varying from 10 to 20 nm. The scanning
transmission electron microscope (STEM) annular dark field (ADF) cross-sectional images
(Figure 2e.5,e.6) of the HSFLs formed in vacuum conditions agrees with the sub 20 nm
amplitude obtained by AFM. The HSFL period (Λ) was 81 ± 2 nm, 92 ± 3nm, 109 ± 3 nm,
95 ± 3 nm, and 123 ± 2 nm for ambient, air (10 mbar), N (10 mbar), Ar (10 mbar), and
vacuum (10−7 mbar), respectively.

Figure 2. (i) Top (a.1–e.2) SEM images of HSFLs generated with no sputtering with FFT for (a.1,a.2) ambient, (b.1,b.2)
air (10 mbar), (c.1,c.2) nitrogen (10 mbar), (d.1,d.2) argon (10 mbar), and (e.1,e.2) vacuum (10−7 mbar). (ii) Middle (a.3–
e.3) AFM images (1 × 1 μm area) for (a.3) ambient, (b.3) air (10 mbar), (c.3) nitrogen (10 mbar), (d.3) argon (10 mbar),
and (e.3) vacuum (10−7 mbar). (iii) (a.4–e.4) Line profiles corresponding to the AFM images indicated by the blue line
(a.4,b.4,c.4,d.4,e.4). (iv) Bottom (e.5,e.6) STEM ADF cross-sectional images obtained for HSFLs formed in the vacuum.
The ADF image shows several crests and valleys of HSFLs (e.5). A high-resolution image of Region A (e.6) confirms the
amplitude of the HSFLs being sub 20 nm.
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Figure 3a.1,b.1,c.1,d.1,e.1,a.2,b.2,c.2,d.2,e.2 shows the topography of the HSFLs formed
after sputtering under the same various environments as those used in Figure 2. Here, the
variation in periodicity was 51 ± 4 nm, 72 ± 5nm, 79 ± 3 nm, 88 ± 4 nm to 152 ± 5 nm, for
ambient, 10 mbar air, 10 mbar N, 10 mbar Ar, and vacuum (10−7 mbar), respectively, which
agrees with the periodicity obtained in the AFM profiles reported in Figure 3a.4,b.4,c.4,d.4,e.4.
The amplitude of HSFL varied between 10 and 20 nm.

Figure 3. (i) Top (a.1–e.2) SEM images (row 1 and row 2, different magnifications) of HSFLs generated with sputtering
with FFT for (a.1,a.2) ambient, (b.1,b.2) air (10 mbar), (c.1,c.2) nitrogen (10 mbar), (d.1,d.2) argon (10 mbar), and (e.1,e.2)
vacuum (10−7 mbar). (ii) Middle (a.3–e.3) AFM images (1 × 1 μm area) for (a.3) ambient, (b.3) air (10 mbar), (c.3) nitrogen
(10 mbar), (d.3) argon (10 mbar), and (e.3) vacuum (10−7 mbar). (iii) Bottom (a.4–e.4) Line profiles corresponding to the
AFM images indicated by the blue line (a.4,b.4,c.4,d.4,e.4).

As evident from Figures 2 and 3, the presence of HSFLs in high vacuum conditions and
after sputtering confirms the insignificant role of atmospheric oxygen or any native oxide
layer for the formation of these kind of laser-induced high-frequency structures. Upon
analyzing Figure 4, we can observe that at a fixed pressure of 10 mbar, different processing
atmospheres, whether air or in the presence of a non-reactive gas like argon or a reactive
gas like nitrogen, yield HSFLs with almost the same features, thus again confirming the
negligible contribution of the laser processing environment on the formation of HSFLs.

The variation in the HSFLs periods and amplitudes with different processing atmo-
spheres, with and without sputtering, is shown in Figure 4. The general observed trend,
with and without sputtering, is that the period of the HSFLs increases as the pressure
decreases. As the ambient air was controlled to a pressure of 10 mbar (i.e., the condition
of 10 mbar of air), the period increased compared with that of atmospheric pressure, and
it further continued to increase as the pressure was reduced as low as 10−7 mbar (under
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vacuum). The decrease in ambient pressure can affect the hydrodynamical aspects of laser–
matter interaction by influencing the surface tension of the molten liquid, thus leading to
an increase in the period, as observed experimentally.

 
Figure 4. Variation in the period and amplitude of the HSFLs formed under different processing
environments.

Rather than originating from SEWs in the laser-induced oxide layer, HSFLs are pro-
posed to be established by molten material reorganization, driven by surface-tension-
dependent transverse Marangoni gradient process [56]. The observed periodicity of the
HSFLs (Λ) is related to the Marangoni instability as [28,55] Λ = 2pL√

Ma/8
, where L is the

liquid layer thickness and Ma is a dimensionless quantity called the Marangoni number,
as given by Ma = − dγ

dT
LΔT
μD [28,55], where dγ/dT is the temperature-dependent surface

tension gradient, ΔT is the temperature difference, μ is the viscosity, and D is the thermal
diffusivity. The dependence of the surface tension gradient on pressure (P) is given by
dγ
dT ∝ −P [57]. From these equations, we obtain the HSFL period, Λ ∝ P −1/2. This
equation agrees with our experimental observations where smaller HSFL periods were
observed at higher pressures, and supports a molten material reorganization process. The
small HSFL period of approximately Λ–λ/8 can also be correlated to the confinement of
the light absorption, as Marangoni instability provides Λ ∝ √L , where L is the liquid layer
depth. Assuming that at this low fluence and high electron–phonon coupling strength,
the electron thermal energy diffusion is weak, so the energy confinement can roughly be
estimated by the optical penetration depth for tungsten at 800 nm. This is given by λ/4pk
= 25 nm, where k = 2.9 is the extinction coefficient for photoexcited W [58]. For this small
penetration depth, a small liquid layer, and thus small HSFL period, is expected.

The sputtering prior to laser irradiation tended to induce small changes in the peri-
odicity for structures generated, as shown in Figure 4. This may be due to the change in
roughness on the tungsten target induced by the sputtering process. It is known that the ini-
tial roughness can highly influence laser coupling and hence the resulting topography [59].
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In particular, the concentration and kind of nanoreliefs as bumps and cavities resulting
from the sputtering process affect the final period. It is expected that the introduction of
additional scattering inhomogeneities on the surface with an average distance lower than
the initial roughness would result in a higher concentration of scattering centers. This
favors dipole–dipole coupling for nonradiative fields, reducing the pattern period [58].
Topographical features in the SEM (Figures 1 and 2), for different gaseous atmospheres
are different arising from the polycrystallinity of the samples. Because of the variation
in energy absorption, phase transition, and lattice defects storage for different crystal
orientations, their interaction with the laser beam can be different [60]. Because of the
lower fluence used for the generation of HSFLs, these changes can be more intense.

All observations in this work signal that the formation of HSFLs for a given fluence
and number of pulses under different laser processing atmospheres is mostly independent
of any supply of oxygen. These results strongly suggest that HSFLs are more likely to be
explained by theories based on electromagnetics coupling with hydrodynamical concepts
of laser matter rather than the propagation modes implying oxidation models. More specif-
ically, inhomogeneous subsurface energy absorption arising from the local non-radiative
electromagnetic response can trigger nanoconvective instabilities. These thermoconvec-
tive instabilities mediated by temperature-gradient-dependent flow of capillary waves
and their further solidification producing nanostructures [28,55,61] can explain the HSFL
formation observed in the absence of oxygen and the decrease in HSFLs period with the
ambient pressure.

4. Conclusions

Femtosecond-laser-induced HSFLs with sub 100 nm period and sub 20 nm amplitude
were achieved on tungsten with a given fluence (Fp = 0.35 J/cm2) and number of laser
pulses (N = 25) under different processing atmospheres, namely ambient, air (10 mbar),
nitrogen (10 mbar), argon (10 mbar), and vacuum (10−7 mbar) with and without sputtering.
This points toward neither ambient oxygen nor the native oxide layer playing a significant
role in the formation of HSFLs. The experiment under different atmospheres showed how
HSFLs can be obtained without any external supply of oxygen. They can be achieved in a
chamber almost devoid of any gases with a pressure as low as 10−7 mbar, or in the presence
of a nonreactive gaseous atmosphere like argon, or even on the presence of a reactive gas
like nitrogen. Laser processing experiments immediately after plasma sputtering of the
tungsten surface yielded HSFLs with no native oxide layer. The generation of HSFLs is
mostly dependent upon material properties like surface roughness, grain orientation, and
laser parameters; hence, oxygen as a necessary condition can be neglected. SEM, FFT,
and AFM data provided complementary information regarding the topography of HSFLs.
The decrease in HSFL periodicity with increasing pressure may be understood in terms
of the influence of pressure on the Marangoni flow of the molten liquid. This supports a
hydrodynamic origin of HSFLs formation where the observed period can be tuned by the
pressure dependence of the thermo-capillarity process. This work paves the way toward
the control of 100 nm features by changing the pressure and chemical environment.
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Abstract: Surface nanostructuring by femtosecond laser is an efficient way to manipulate surface
topography, creating advanced functionalities of irradiated materials. Thin-film metallic glasses
obtained by physical vapor deposition exhibit microstructures free from grain boundaries, crystallites
and dislocations but also characterized by a nanometric surface roughness. These singular properties
make them more resilient to other metals to form laser-induced nanopatterns. Here we investigate the
morphological response of Zr65Cu35 alloys under ultrafast irradiation with multipulse feedback. We
experimentally demonstrate that the initial columnar microstructure affects the surface topography
evolution and conditions the required energy dose to reach desired structures in the nanoscale
domain. Double pulses femtosecond laser irradiation is also shown to be an efficient strategy to force
materials to form uniform nanostructures even when their thermomechanical properties have a poor
predisposition to generate them.

Keywords: thin film metallic glasses; femtosecond laser; LIPSS; surface functionalization; nanostructuring

1. Introduction

For several decades, the femtosecond laser has been considered as a universal one-
step procedure allowing the functionalization of solid materials. Benefitting from a high
flexibility, ultrashort laser-induced surface nanostructuring has a panel of applications
in various domains such as biomedical technologies, nanofluidics, renewable energies or
aeronautics, to name a few [1–3]. The preparation and structuring of material surfaces on
the nanometer scale are of prime importance for the advancement of these applications.
The fast and repeated cycles of melting and resolidification upon multiple pulse irradiation
progressively build up unique surface morphologies. Main topography features can be
dictated by tuning the laser wavelength, polarization states, pulse duration or the fluence
conditions, able to statistically promote specific shapes, scales, depths and orientations.
These structures can transform or enhance surface properties such as wettability [4,5],
mechanical and corrosion behavior, optical properties [3] or tribological performances [6],
giving new functionalities to the structured material. More specifically, laser-induced peri-
odic surface structures (LIPSS) with various characteristics can be generated on transparent
materials, semi-conductors or metals [7,8]. For laser–metal interaction, several class of
micro- and nano-structures are classically encountered. Formed near the ablation fluence
regime, low spatial frequency LIPSS (LSFL) exhibit a periodicity marginally lower than
the laser wavelength λ. LSFL are perpendicular to the electric field polarization, and
are triggered by the interference of the incident light with the radiative scattered fields
from laser-induced surface heterogeneities as bumps, holes or nanoparticles. Parallel or
perpendicular to the laser polarization, high spatial frequency LIPSS (HSFL) have a period
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lower than λ/2 and are strongly suspected to be initiated by local field enhancement on
nanoreliefs whereas their growth is sustained by hydrodynamic mechanisms [9]. They are
often categorized according to features depending on their localization and their orien-
tation parallel or perpendicular to the polarization [10]. Parallel to the polarization and
with a periodicity Λ > λ, a groove-like structures can also be generated on metals by high
feedback femtosecond laser irradiation [11]. Finally, nanocavities or nanobumps were
recently disclosed on the nanoscale with original hexagonal symmetries [9,12–14].

Even if high regularity process has been reported [15], typical LSFL generated on
metals used to present many heterogeneities and bifurcations, limiting the process to be
competitive for advanced industrial applications as nanolithography. Contrary to the
crystalline metals, bulk amorphous metals, also named bulk metallic glasses, have the
particularity to form very regular LSFL with few bifurcations [16]. This may be due
to the excellent surface state of these amorphous materials, free from any topographic
inhomogeneities. Indeed, the absence of crystalline defects such as grain boundaries
or dislocations reduces the roughness and the number of surface heterogeneities [15].
However, few works deal with the HSFL creation on amorphous metals, limiting the
main structures to LSFL and rings [16–19]. Although these bulk metallic glasses are
already used in niche markets, they are very expensive to fabricate and, since the 1980s,
thin-film metallic glasses (TFMG) have been elaborated varying the composition systems.
The physical vapour deposition (PVD) method, and in particular magnetron sputtering,
constitutes one of the most popular elaboration techniques, allowing the control of the
composition, the density and the morphological aspect of the films. Zirconium-based
TFMG can considerably increase the mechanical properties and the tribological behaviour
of the covered material. Thereby, a Zr-Cu system constitutes a TFMG thoroughly studied
because of its good properties and also for its good glass forming ability [20].

The aim of this work is to exploit the special structural nature of Zr-Cu thin film
to investigate the susceptibility of this metallic glass to form nanopatterns exhibiting
periods down to 100 nm. To understand the mechanisms underlying their emergence, we
have investigated the effects of different initial morphologies. Two TFMG with the same
composition and different surface aspects were irradiated varying the irradiation conditions.
The difference in terms of feedback was revealed by electron and atomic microscopies.

2. Material Surface Features and Ultrafast Irradiation Process

Two thin films of metallic glass with the composition Zr65Cu35 have been deposited
for the experiments. They were both manufactured by PVD magnetron sputtering from
two targets of zirconium and copper. The thin films were synthesized on a silicon wafer.
The argon working pressure was modified between the two samples, inducing two dif-
ferent kinds of film morphology [20,21]. The first sample, named “Tight Columns” (TC
sample), was manufactured with a working pressure of 1 Pa while the second one, named
“Coarse Columns” (CC sample), was deposited under 0.5 Pa. The substrates were not
intentionally heated during the film deposition and the sample temperature was lower than
80 ◦C. The surface morphologies were observed by scanning electron microscopy (“SEM”,
Nova NanoSEM 200, FEI, Hillsboro, OR, USA) and atomic force microscopy (“AFM”,
Dimension ICON, Bruker, Billerica, MA, USA) in ScanAsyst-Air mode with a silicon ni-
tride probe, coupled with image analysis. These analyses are described in part 3.

To perform periodic structuring of the surface, femtosecond laser irradiations were
carried out using a commercial Ti: sapphire laser system (Legend Elite, Coherent Inc. San
Jose, US), producing pulses centered at λ = 800 nm wavelength with a pulse duration
fixed at 60 fs. The beam was focused on the samples by a 25 cm achromatic lens. Double
pulses with the possibility to adjust the delay between them were produced by splitting
and recombining the beam using a Mach–Zehnder interferometer configuration with a
mobile arm. In each optical path the combination of a half-wave plate and a polarizer
allowed for a perfect control of the pulses polarizations and energies [14]
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Using the D2 technique [22], the theoretical spot size and the damage threshold fluence
for 1 laser pulse were determined for both samples. Figure 1 shows the evolution of the
squared diameter increasing the irradiation energies for both samples for one single shot.
Figure 1 also displays two SEM pictures of the impacts after one pulse obtained after
irradiation for a fluence of 0.25 J/cm2. The diameters of the spots were determined by an
accurate measurement of the observed damage area. The D2 technique yields the damage
threshold fluences for one laser pulse for both samples. The TC sample presents a threshold
fluence of Fth-TC = 0.08 J/cm2 lower than those of the CC sample with Fth-CC = 0.12 J/cm2.

Figure 1. Evolution of the squared diameter versus the neperian logarithm of the energy of irradiation for a single pulse
irradiation. The scanning electron microscope (SEM) images show the impact aspect for both samples for the lowest
irradiation fluence (F1p = 0.25 J/cm2) corresponding to the value displayed by the red line: ln(E/E0) = 2 (with E0 = 1 μJ).

For single pulse experiments, different fluence conditions of irradiation were tested
on both samples and three of them are reported and analyzed in the paper: 0.12, 0.08 and
0.06 J/cm2. Different numbers of laser pulses were investigated from 1 to 50 pulses. For
double pulse experiments, the polarizations of both pulses were horizontal and the lowest
fluence condition (0.06 J/cm2) is shown here. The burst number was fixed to 50 pulses
and the time delay between the two pulses was increased from 0 ps to 70 ps. All of the
irradiations were performed at atmospheric pressure in ambient air.

3. Experimental Results

3.1. Single Pulse Laser-Induced Nanostructuring: Initial Morphology Dependence on the Feedback

As mentioned in part 2, both samples used for the irradiation experiments have
different initial morphologies resulting from different pressure conditions during PVD
elaboration. Figure 2a,d show SEM pictures of the surface of, respectively, the TC and CC
samples. The surface morphology of both samples displays a high density of interstices
between so-called columns, which are classically formed during the PVD process. In an
interesting way, the grain size observed on the surface plane varies with the pressure
conditions. The TC sample presents a “granular” morphology with a size distribution
denser and more regular than the CC sample. An image analysis reveals that the transverse
size of the TC columns vary between ~10 and ~50 nm of diameter. The CC sample exhibits
larger columns on the surface, with a typical width between ~30 and ~140 nm of diameter. If
SEM provides high-quality images of the prepared surfaces, this remains limited to provide
quantitative information of those morphologies and require complementary microscopy to
define precise roughness profiles.

To complete the information visible on the SEM pictures, AFM measurements were
carried out for both samples. Figure 2b,c respectively present an AFM analysis of the
surface of the Tight Columns sample and a height profile of the white line visible on
Figure 2b. The “peak-to-peak” roughness of the TC sample is measured at 10.1 nm, for
an average RMS (root mean square) roughness of 1.44 nm. This profile shows a low
regular distribution and confirms the average column’s size found with the image analysis.
Figure 2e,f display the AFM analysis of the initial morphology surface of the CC sample
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and the height profile of the white line displayed on the AFM picture. The roughness
range is marginally higher than for TC as the measure gives a “peak-to-peak” roughness
of 13.2 nm and a RMS roughness of 1.98 nm for CC. The height profile reveals an average
column size in accordance with the observations done on the SEM picture. Figure 2f also
shows small bumps on the top of many large columns, confirming the heterogeneity of
roughness distribution for this sample. Thereby, both samples exhibit very low roughness,
with optical surfaces of high quality with irregularities of the dimension <λ/100.

 
Figure 2. (a) Scanning electron microscope (SEM) picture and (b) atomic force microscope (AFM) 3D-projection of the surface
of the Tight Columns (TC) sample; (c) height profile of the white line in (b); (d) SEM picture and (e) AFM 3D-projection of
the surface of the Coarse Columns (CC) sample; (f) height profile of the white line in (e).

The first laser experiments were done with a fluence of 0.12 J/cm2 corresponding to
the CC sample’s one pulse damage threshold, which is higher than that of the TC sample.
After the irradiations with an average fluence of 0.12 J/cm2, LSFL are obtained for high
numbers of laser pulses for both samples. Figure 3 presents the SEM pictures corresponding
to the evolution of structures obtained on both samples for different pulse numbers N. The
red arrow shows the electric field polarization. Colored 3D-projections of SEM images
correspond to the white box visible on each large SEM pictures.

Regarding the evolution of structures for the TC sample, it is remarkable that for the
first pulse, frozen liquid bridges are already present on the impact. They are characteristic
of the spallation mechanism. After two pulses, these filaments orientate preferentially in
parallel with the laser polarization direction. They are observable up to 4 pulses and, for
a higher feedback, nascent HSFL are oriented along this preferred direction. However,
HSFL are superposed to underlying LSFL, revealing a crossed structure that mixes both
types on the center of the impact. LSFL are clearly present from 15 to 50 pulses with HSFL
perpendicular to them and mostly visible in the hollows. The irradiation fluence used in
this case (0.12 J/cm2) is 50% more elevated than the damage threshold of the TC sample.
The thin film experienced a photomechanical ablation regime with identifiable specificities
as surface structures revealed on Figure 3. After heating, the amorphous material turns to
a molten state that affects and partially erases the initial columnar morphology. During
this liquid state, spallation induced by generation and coalescence of voids in the liquid
layer generates filaments that remain on the surface after the solidification process [23].
Near-field localized in the cavities between the filaments lead to the apparition of HSFL
parallel to the electric field direction. Resulting from far-field scattering on the roughened
surface, LSFL start to appear at the same time perpendicularly to the HSFL and their
definition increase for high numbers of pulses [7,9,24].
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Figure 3. SEM and 3D-projections of SEM pictures of surface structures obtained after irradiation of the Tight Columns
and the Coarse Columns samples with an average fluence of 0.12 J/cm2 and different numbers of pulses. The evolution of
structures is shown for different numbers of pulses. For the TC sample, successively appear disorganized filaments induced
by spallation (N = 1), orientated filaments (N = 2), high spatial frequency laser-induced periodic surface structures (HSFL)
parallel to the polarization intertwined between low spatial frequency laser-induced periodic surface structures (LSFL)
perpendicular to the polarization (N = 5 and N =15). For the CC sample, successively appear residual cavitation bubbles
(N = 2), LSFL (N = 3), horizontal HSFL and vertical LSFL (N = 4 and N = 15). The red arrow represents the electric field
polarization. The symbols (||) and ( )) respectively mean “parallel” and “perpendicular” to the polarization. 2D-Fourier
transforms shown as insets support the presence of a crossed structure of HSFL and LSFL for the highest pulse numbers.

For the Coarse Columns sample irradiated by one single shot at 0.12 J/cm2 (not
presented on Figure 3), the laser impact is barely visible on the surface and no structure
can be evidenced. However, the initial columnar surface morphology disappears. For
N = 2, structures resulting from exploded cavitation bubbles are visible on the surface. For
N = 3, periodic structures perpendicular to the polarization are already discernible at the
impact centre. They present a period marginally lower than the wavelength of the laser,
and constitute the precursor of low spatial frequency LIPSS. From 4 to 10 pulses, HSFL
formation, parallel to the electric field, emerge between the LSFL structures. Increasing
the number of pulses, LSFL are increasingly defined. The definitive crossed structure with
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mixed HSFL and LSFL is observable on Figure 3 for 15 pulses for the CC sample. This
crossed structure is present up to 50 pulses.

 

Figure 4. SEM and 3D-projections of SEM pictures of surface structures obtained after irradiation of both samples with an
average fluence of 0.08 J/cm2 and different numbers of pulses. The evolution of structures is shown for different numbers
of pulses. For the TC sample, successively appear residual cavitation bubbles (N = 1), disorganized filaments (N = 3), HSFL
parallel to the polarization intertwined between LSFL perpendicular to the polarization (N = 5 and N = 20). For the CC
sample, successively appear a smooth surface (N = 4), spallation effects (N = 20), horizontal HSFL and vertical LSFL (N = 30
and N = 50). The red arrow represents the electric field polarization. The symbols (||) and ( )) respectively mean “parallel”
and “perpendicular” to the polarization. 2D-Fourier transforms shown as insets support the presence of a crossed structure
of HSFL and LSFL for the highest pulse numbers.

Although the final crossed structures mixing HSFL and LSFL are similar for both sam-
ples, the structure evolution differs between the CC sample and the TC sample. The average
roughness for both samples is very low (less than 2 nm), but the different roughness mor-
phology affects considerably the damage threshold fluence leading to a delayed surface
structures apparition and evolution in terms of feedback. For the CC sample, after the
surface melting stage, a cavitation mechanism occurs leading to the apparition of surface
bubbles but spallation filaments are less pronounced than for the TC sample. Large cavita-
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tion bubbles appear with a low density and constitute larger precursors than the filaments
for light scattering compared to the TC sample. These frozen cavitation structures trigger
the apparition of low spatial frequency LIPSS perpendicular to the electric field. For a
higher number of pulses, the LSFL hollows undergo local melt flow that initiates high
spatial frequency LIPSS parallel to the polarization [9]. While they are less regular than for
the TC sample, LSFL contrast increases for higher number of pulses. For N = 15 pulses,
the period of the LSFL on the TC sample is ~630 nm versus ~650 nm for the LSFL of the
CC sample. Comparing LIPSS on this TFMG with that already reported on bulk metallic
glass, the LSFL obtained here present many heterogeneities, bifurcations and redeposited
particles [25,26]. As they are triggered by sharp nanoreliefs in the photomechanical regime
of ablation, the HSFL present also bifurcations and irregularities for both samples [16,17].
Moreover, in both cases, HSFL are superposed with LSFL structures. To favor the HSFL
apparition and prevent the formation of LSFL, the fluence has been reduced to 0.08 J/cm2.

The results of these second irradiations performed at a lower fluence of 0.08 J/cm2

are presented in Figure 4, showing the surface structures obtained on both samples after
different pulse numbers. Similar periodic surfaces structures are visible for the TC sample
in order of appearance: oriented filaments, HSFL and LSFL. However, at this reduced
fluence, spallation effects are not visible for N = 1 and the material surface has undergone a
localized cavitation process with a high concentration. These surface cavities are not leading
to the apparition of LSFL but the smaller scattering centers have stimulated localized field
enhancement that orientates filaments along the electric field direction. For the CC thin film,
no surface structure is visible for N < 10 pulses as the fluence was lower than the damage
threshold of the sample. At 10 pulses, structures parallel to the polarization with a period
similar as LSFL are present with a very low contrast. On the top of these structures, some
cracks seem to be the precursors of spallation effects, visible for N > 20. These cracks may
appear in response of the particular deformation modes of metallic glasses that generate
high stresses [20,27]. After spallation mechanisms (N = 20), HSFL mixed with LSFL appear
for N = 30 pulses. Finally, for higher numbers of pulses, LSFL are observable on the CC
sample with a better contrast and more regularly than for the higher fluence.

For both fluences (0.12 J/cm2 and 0.08 J/cm2), HSFL are obtained concurrently with
LSFL. These two types of structure are always superposed with a better definition of either
one or the other depending on the pulse number. The HSFL formed are always less regular
than those reported on crystalline metals [28,29]. In order to create homogeneous and
regular high spatial frequency LIPSS, irradiations in a sub-ablation regime were performed
with a fluence lower, at 0.06 J/cm2, and increasing the feedback.

3.2. High Feedback with Single and Double Pulses Strategy to Foster High Spatial Frequency
Laser-Induced Periodic Surface Structures (HSFL)

Using a low fluence of 0.06 J/cm2 with single pulses experiments, the samples are
submitted to a sub-ablation regime promoting solid–liquid phase transition that may
involve hydrodynamic instabilities due to a capillary process [9]. These instabilities are
correlated to time-dependent liquid properties that can be extended using a collinear
double pulses approach [9]. Therefore, a second set of irradiations were done at the same
fluence of 0.06 J/cm2 in a double pulse configuration, with an equally distributed fluence
in each arm, with an elevated number of pulses in order to enhance the feedback. Figure 5
shows comparatively the results obtained for both 50 single-pulse and 50 double-pulse
sequences. For single pulses (Figure 5a), the TC sample exhibits a reduced zone where
low spatial frequency LIPSS are formed at the center of the irradiation area. Two zooms
at remote locations surrounding the LSFL are presented in the Figure 5a (left and right)
with their respective 2D-Fourier transform (2D-FT) as insets. On the border of the observed
laser impact area, weakly contrasted nanostructures are present. They consist of periodic
arrangement of material, parallel to the polarization, with a period approximately equal to
100 nm. These periodic structures are only observed at the outside region of the Gaussian
energy distribution and their contrast is similar to structures associated to annealing
mechanisms [13,30]. In addition, in the intermediate region between these structures and
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the impact center, highly-concentrated dark contrasted points are visible at the interstices
of the initial columnar morphology. These dark points indicate the presence of cavitation-
induced gaps between the columns. Low contrasted wavy patterns, confirmed by vertical
bright dots in the 2D-Fourier transform, reveal the starting of HSFL generation that preserve
the microstructural morphology.

Figure 5. (a) SEM pictures of irradiated area of the Tight Columns sample after 50 single pulses of laser irradiation with 0.06
J/cm2 with 2D-Fourier transform as insets; (b) SEM pictures of irradiated area after 50 double pulses of laser irradiation
separated by 16 ps with a total fluence of 0.06 J/cm2 with 2D-Fourier transform as insets. The red arrows represent the
electric field polarizations.

Figure 5b displays the results obtained in a similar energy dose but with a different
fluence feedthrough brought by two consecutive pulses, delayed by a time Δt = 16 ps. This
corresponds to the optimal time separation between both horizontally polarized pulses to
form HSFL. These nanostructures are, however, observed in the range Δt = 2 − 30 ps, with
a maximum contrast at Δt = 16 ps. For this delay condition, the impact is homogeneously
covered by this original kind of HSFL and two different magnitude of zooms are presented
at the border of the impact in Figure 5b with the associated 2D-FT as insets. The distributed
HSFL are noticeably regular and present a period Λ~100 nm at the center and also at the
border of the laser impact. They present an amplitude between 15 and 20 nm. Once again,
the persistence of grains is remarkable and questions on the thermodynamic conditions
underlying this phenomenon.

The same irradiations at 50 single- and double-pulse sequences were applied to the
CC sample at 0.06 J/cm2. These results are shown on Figure 6. As previously noted for
the TC sample, for single pulse irradiation shown in the middle of Figure 6a, the border of
the irradiated zone of the CC sample presents horizontally periodic surface structures that
may be generated by an annealing process. However, these formed structures are larger
than those observed on the TC sample, that may be due to the larger size of coarse columns
or to a different thickness of heated/liquid layer. On the center of the impact, LSFL are not
observed as for the TC sample, indicating that the energetic dose condition is not sufficient
to initiate them. Instead, some big cracks are present at the center of the Gaussian fluence
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distribution, probably resulting from intense tensile stresses at the surface of the thin-film
metallic glass. Around these cracks, a SEM zoomed picture reveals that the initial columnar
morphology of the TFMG has disappeared. The interstices are less contrasted than before
irradiation and the roughness is likely to be lower. The 2D-Fourier analysis performed in
this irradiated region confirms the absence of order.

 
Figure 6. (a) SEM pictures of irradiated area of the Coarse Columns sample after 50 single pulses of laser irradiation with
0.06 J/cm2 with 2D-Fourier transform as insets; (b) SEM pictures of irradiated area after 50 double pulses of laser irradiation
separated by 16 ps with a total fluence of 0.06 J/cm2 with 2D-Fourier transform as insets. The red arrows represent the
electric field polarizations.

For the double pulse experiments presented in Figure 6b (middle), the material re-
sponse is not as homogeneous as that observed for the TC sample and a bright corona with
a 10 μm radius is visible at the inner edge of the laser impact. A zoomed picture of this
zone (Figure 6b right) reveals the presence of high spatial frequency LIPSS, parallel to the
polarizations. The impacts are similar for time delays Δt = 2 − 30 ps with more contrasted
HSFL at Δt =16 ps, as observed for the TC sample. The HSFL have a period Λ~150 nm,
slightly smaller than the periodic structures created on the border of the single-pulse impact
visible on Figure 6a. Furthermore, they are more contrasted, as evidenced on the SEM
picture, that is confirmed by the 2D-FT. The center zone does not exhibit HSFL and the
“columnar” morphology of the film has disappeared as well as for single pulse experiments;
2D-FT analysis validates the absence of periodic structures near the center (Figure 6b left).

As a resume, a double-pulse sequence enhances the regularity and contrast of HSFL
formation. This has been optimized by a specific time delay between the two collinear
pulses that could correspond to the thermomechanical characteristic time of the ultrafast
irradiated surface. They emerge as the material is heated near the melting threshold,
enabling the preservation of the initial columnar morphology for the TC sample, but
counter-intuitively, the initial columns for the CC sample disappear. Even if the one-pulse
damage threshold is lower for TC, this may not the case for a higher number of shots for
which the CC sample damage threshold could be lower. Thereby, this confirms that the
feedback dynamics is strongly morphology-dependent.
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4. Discussion

Ultrashort-laser irradiation of Zr65Cu35 thin film metallic glass shows that standard
LIPSS formation can be achieved with a fluence adjusted to the initial morphology. In
particular HSFL and LSFL with polarization-driven orientations propose features similar
to what is usually observed in crystalline metals [8,31,32]. It is important to point out
that behind the generic term of HSFL, nanostructures show two kinds of very distinct
morphologies for situations where spallation process occur on the surface, as shown on
conditions of Figures 3 and 4, and when the surface seems to conserve its general integrity,
in particular conserving columnar growth patterns as observed for Figures 5 and 6.

Both kinds of PVD prepared thin film, with distinct roughness shown in Figure 2,
allow progressively the establishment of LSFL when the number of laser shots increases as
topography-driven feedback offers all the requirements for surface waves scattering [33].
This is expected in the classic scenario stipulating an interference process between the
incident pulse with the surface scattered waves [34]. SEM images of the impact after tens of
impacts, presented in Figures 3 and 4 for two different fluences, confirm that the conditions
required to form LSFL are poorly correlated to the initial roughness even though we need to
adjust energetic dose conditions. This observation was anticipated as the coherent far-field
scattering is weakly dependent on the topography morphologies, supporting the “surface-
scattered wave” as a robust concept not very demanding on the initial conditions [34,35].
More interestingly, the transient evolution of both surfaces is slightly different and the
CC sample exhibits delayed dynamics in terms of feedback or requires a higher fluence
to achieve LSFL, in accordance with the threshold of material response. We can note that
this different response between both initial morphologies subsides as the number of pulses
increase, i.e., that the cumulative dynamics differ.

At 0.12 J/cm2 and 0.08 J/cm2 fluences, the photomechanical regime of ablation is
gradually set up. This induces a spallation process with coalescence of sub-surface voids
associated with breakup and fast freezing of the transient liquid structures remaining
on the surface [23]. The retraction dynamics of liquid droplets, driven by capillary and
viscosity forces, play a key role for the formation of further reliefs at the nanoscale. Pulse
after pulse, the progressively formed roughness centers experience non-radiative light
coupling that will trigger orientation of energy deposition and transverse thermal gradients.
The polarization-oriented structures around asperities are clearly visible on Figure 3.
A high concentration can favor multiple scattering whereas the size and shape of a relief
unit determines the strength of the local field enhancement. This complexity and diversity
of nanoreliefs prevent or limit the effective control of this kind of HSFL. Moreover, initiating
and associating with an ablation regime, these structures are superposed to more resilient
LSFL, which lessen the potential properties of this kind of HSFL. In our irradiating strategy,
a particular emphasis was thereby placed on the apparition of uniform nanostructures well
below the wavelength, parallel to the laser polarization, and not superposed to LSFL. This
requires the fluence to decrease from 0.12 J/cm2 to 0.06 J/cm2 whereas the number of pulses
has to increase as revealed by SEM images shown in Figures 3, 5 and 6. In absolute terms, as
previously reported on other materials, a high feedback regime for fluence conditions close
to melting threshold fosters the emergence of wavy structures with structural modifications
combined with a periodic topography while limiting the flatness alteration of the thin
film [13,36]. This point is crucial for targeted mechanical and tribological applications.

Finally, in a sub-ablation regime, hydrothermal waves driving the hotter melt flow
above the initial surface level were shown to be at the origin of HSFL growth for metals and
semi-conductors [9,13]. Regular nanopatterns inherit the light polarization response on
the local roughness with a formation resulting from the competition between destabilizing
gradients as surface tension and a rarefaction wave and thermal dissipation on the surface.
In this Bénard–Rayleigh–Marangoni-like hydrodynamic instability resides the lifetime
of the molten layer as well as an efficient displacement of the liquid interface [9]. This
suggests that the viscous flow is facilitated by the non-equilibrium properties of the system.
In particular, the related characteristic time for Marangoni flow against the viscous forces
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is estimated as τM = μL2

4hγΔT where μ is the material viscosity, L the expected distance,
h the liquid thickness and γΔT the surface tension dependence. At the melting temperature
estimated to Tm = 1300 K, the viscosity is around 50 mPa s which is one order of magnitude
higher than the values reported for most crystalline metals [37]. However, at higher liquid
temperatures in the range T = 2000–2500 K, μ decreases to values similar to pure metals and
reaches 2–6 mPa s, enabling a strongly more pronounced capillary-driven melted flow [37].
Reducing this Marangoni timescale, the liquid-displacement from hot to cold regions can
modulate surface topography before thermal dissipation and solidification. To exploit this
high-T dependence of viscosity for amorphous metals, a collinear double pulse irradiation
strategy has been followed varying the pulse delay. This way, the material is brought to a
higher temperature as long as possible with the opportunity to control cavitation formation
by the time separation between two pulses. Figures 5 and 6 clearly show that the double-
pulse sequence promotes HSFL formation preventing LSFL apparition at the low fluence
regime. Double-pulse irradiation provides this way an additional degree for controlling
the desired material properties far from equilibrium. This easily implementable beam
engineering opens the route to functionalize materials, as thin film amorphous metallic
alloys, unwilling to form uniform HSFL.

5. Conclusions

Since Sipe’s theory, it has been clearly established that the roughness layer has a
central role in the formation of LIPSS, in particular for LSFL development. Thin film
deposition by PVD offers a remarkable way to change the initial morphologies conserving
other alloy properties. In particular, high-quality surface metallic glass exhibits granular
columns that can affect the transient ultrafast light coupling under multipulse feedback
irradiation. Although the initial average roughness of the film is very low, the columnar
morphology constitutes roughness heterogeneities inducing more bifurcations than for
polished bulk amorphous metals in laser-induced surface structures. These heterogeneities
can be comparable to crystalline defects as grain boundaries or dislocations and represent
privileged precursors for local light absorption and scattering. This is a valuable asset to
favor non-radiative field structures and subsequent HSFL creation despite the resilience of
metallic glass to form such nanopatterns. We show that the high viscosity of an amorphous
alloy can be bypassed by double-pulse irradiation sequences that bring the material into a
higher temperature and a presumed lower viscosity state more favorable to undergo re-
quired capillary flows. This temporal optimization of the energy feedthrough promotes the
development of homogeneous high spatial frequency LIPSS with a high regularity and pre-
serving the surface integrity. Therefore, ultrashort laser pulses can functionalize thin-film
metallic glasses generating patterns with various periodicities, down to 100 nanometers.
These results pave the way for the use of a femtosecond laser process for nanostructuring
and further functionalization of metallic glass thin film, with dimensions and accuracies
relevant for mechanical, tribological and biomedical applications.
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Abstract: Laser-based methods have demonstrated to be effective in the fabrication of surface
micro- and nanostructures, which have a wide range of applications, such as cell culture, sensors or
controlled wettability. One laser-based technique used for micro- and nanostructuring of surfaces is
the formation of laser-induced periodic surface structures (LIPSS). LIPSS are formed upon repetitive
irradiation at fluences well below the ablation threshold and in particular, linear structures are
formed in the case of irradiation with linearly polarized laser beams. In this work, we report on
the simple fabrication of a library of ordered nanostructures in a polymer surface by repeated
irradiation using a nanosecond pulsed laser operating in the UV and visible region in order to
obtain nanoscale-controlled functionality. By using a combination of pulses at different wavelengths
and sequential irradiation with different polarization orientations, it is possible to obtain different
geometries of nanostructures, in particular linear gratings, grids and arrays of nanodots. We use this
experimental approach to nanostructure the semiconductor polymer poly(3-hexylthiophene) (P3HT)
and the ferroelectric copolymer poly[(vinylidenefluoride-co-trifluoroethylene] (P(VDF-TrFE)) since
nanogratings in semiconductor polymers, such as P3HT and nanodots, in ferroelectric systems are
viewed as systems with potential applications in organic photovoltaics or non-volatile memories.

Keywords: laser-induced periodic surface structures; polymer nanostructures; ordered nanostruc-
tures; linear gratings; nanodots arrays; semiconductor polymer; ferroelectric polymer

1. Introduction

More and more effort is being made to fabricate functional surfaces with an increased
number of applications. In particular, the fabrication of structures in the micro- and
nanoscale allows the design of materials with advanced surface properties. Examples of
complex structures possessing specific functions and properties can be found in nature [1].
For instance, the control of wettability by the presence of hierarchical surface structures,
ranging from micro- to the nanometer scale, may provide self-cleaning properties similar
to the lotus leaf in nature [2,3]. Changing and controlling the wetting properties of a
material by nanostructuring may allow new applications in the fields of microfluidics,
nanofluidics, optofluidics, biomedicine, environmental science and self-cleaning, among
others [4,5]. Fabrication of superhydrophobic surfaces by laser irradiation has been reported
for different materials [6,7] by the chemical modification of the surface or micro-structuring.
Hierarchical structures also play a role in the excellent adhesion of gecko feet [8], and the
presence of anisotropic micro- and nanostructures in snake skin affect friction [9].

In order to obtain complex structures, different strategies have been developed
based on chemical etching [10,11], lithographic techniques [12,13] or template-based meth-
ods [14,15]. Laser-based methods have demonstrated to be effective in the fabrication of
surface micro- and nanostructures, which have found a wide range of applications [16]. For
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example, cell orientation, proliferation and differentiation can be stimulated on biomateri-
als [17–19], bacterial adhesion can be reduced [20,21], wettability may be controlled [22–24]
and tribological performance [25,26] and superconducting properties may be modified [27].
Some laser-based techniques used for micro- and nanostructuring of surfaces are Direct
Laser Interference Patterning (DLIP) [22,28,29] and the formation of laser-induced periodic
surface structures (LIPSS) [30–32]. LIPSS are formed upon repetitive irradiation at fluences
well below the ablation threshold and, in particular, linear structures are formed in the
case of irradiation with linearly polarized laser beams, while irradiation with circularly
polarized lasers gives rise to the formation of circular nanostructures [30]. The period of
the obtained structures is related to the laser wavelength and close to it when irradiation
is carried out at normal incidence. During the last 50 years, LIPSS formation has gained
attention due to its simplicity and robustness, since it is a single process step which can
be carried out in ambient air and is fully compatible with industrial demands in terms of
costs, reliability and productivity. Comparing LIPSS with the DLIP set up is simpler, since
only one laser beam is employed, and smaller periods may be obtained when high spatial
frequency LIPSS (HSFL) are formed [31,33].

Recent research has focused on the functionalization of different materials with struc-
tures ranging between a few tens of nanometers up to several micrometers [31,34–36].
Substrates nanostructured with LIPSS are proposed to be interesting for applications in
different fields, such as optics, electronics, fluidics, sensing, mechanical engineering and
biomedicine [16,25,31,37–39]. In the case of polymers, most of the research has been focused
on the use of nanosecond laser pulses [30], although more recent studies have reported
LIPSS formation upon irradiation with picosecond and femtosecond laser pulses [40–42].
Some of the applications proposed for the polymer substrates nanostructured in this
way are sensors, photovoltaics, non-volatile memories, cell culture and antibacterial sub-
strates [19,21,30,43–48].

Additionally, the combination of different laser techniques, such as direct laser writing
and DLIP [49] or DLIP with mask imaging [50], may induce the formation of more com-
plex structures, and also multi-pulse DLIP [51], laser micropatterning followed by LIPSS
formation [52] or LIPSS simultaneously with diffraction patterns have been reported [53].

In this work, we show how to fabricate a library of ordered nanostructures in a
polymer surface by repeated irradiation with a nanosecond laser beam. In particular,
we prepared structures on two functional polymers: poly(3-hexylthiophene) (P3HT) and
poly(vinylidenefluoride-co-trifluoroethylene) (P(VDF-TrFE)). Nanogratings in semiconduc-
tor polymers as P3HT and nanodots in ferroelectric systems are viewed as systems with
potential applications in organic photovoltaics [44,54,55] or non-volatile memories [56–58].
In the same way that the formation of conventional LIPSS may be induced both in thin poly-
mer films supported on different substrates [59] and in free-standing polymer films [26], the
library or ordered structures reported here may be extended to this variety of substrates.

2. Materials and Methods

Poly(3-hexylthiophene) (P3HT) thin films were prepared using the spin processor Laurell
WS-650 Series. P3HT (purchased from Ossila, Sheffield, UK, batch M102, Mw = 65,200 g/mol,
regioregularity 95.7%) powder was dissolved in chloroform (99.98 purity, QUIMIPUR-
Spain) with a concentration of 16 g/L. Conductive silicon wafers n-silicon (100, Arsenic
dopant, ACM (Lannion, France)) were cut into pieces of 2 cm × 2 cm, cleaned by acetone
and 2-propanol, and then dried under nitrogen flow. A fixed volume of 0.2 mL solution
was spun coated on silicon wafer at 2400 rpm. Thickness of the polymer films, determined
by AFM, was ca. 130 nm.

Additionally, bilayers of P3HT and poly(vinylidene fluoride-trifluoroethylene) P(VDF-
TrFE) were prepared. P(VDF-TrFE), purchased from Piezotech S.A.S. (Pierre-Benite, France),
with a molar concentration of the random copolymer 76:24 (VDF:TrFE content),
Mw = 367,000 g/mol, Mw/Mn = 1.72, was dissolved in methylethylketone (Merck, Darm-
stadt, Germany) with a concentration of 5 g/L, stirring for 3 h at 70 ◦C. A fixed volume
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of 0.2 mL of the P(VDF-TrFE) solution was spun coated on top of the P3HT films. It was
previously reported that P3HT is not soluble in methylethylketone [45]. Thickness of the
P(VDF-TrFE) film, as determined by AFM, was around 20 nm.

Laser irradiation was carried out in ambient air under normal incidence, with the
linearly polarized laser beam of a Q-switched Nd:YAG laser (Lotis TII LS-2131M (Minsk,
Belarus), pulse duration 8 ns full width half-maximum) at a repetition rate of 10 Hz. Both
the second (532 nm) and the fourth (266 nm) harmonics were used for irradiation. Laser
fluence was determined by measuring the laser energy in front of the sample and consider-
ing an irradiated area of 5 mm. The total number of pulses and the laser fluence values
were chosen on the basis of previous experiments in order to obtain optimal LIPSS [44,60].
Sequential irradiation by changing the laser beam polarization was carried out using a
half-wave plate. Large areas were nanostructured by using a sample scanning process. The
scanning speed, and consequently, the spatial overlap of successive pulses, was chosen to
ensure the delivery of optimal number of pulses for LIPSS formation.

The morphology of the samples was inspected under ambient conditions using a
Multimode 8 AFM (Bruker, Karlsruhe, Germany) with a Nanoscope V controller (Bruker,
Karlsruhe, Germany). Images were collected in tapping mode using Tap300GHB-G probes
(BudgetSensors, Sofia, Bulgaria) and an analysis was carried out using the Nanoscope
Analysis software 1.50 (Bruker, Karlsruhe, Germany). Furthermore, in the case of bilayers,
piezoresponse force microscopy (PFM) measurements were carried out using the same
equipment in the piezoresponse mode. For this, conductive SCM-PIT (Bruker, Karlsruhe,
Germany) tips were used. The PFM out-of-plane and in-plane signal was taken applying
an AC voltage of 2 V.

Water contact angle (CA) measurements were carried out on the nanostructured films
using a pocket goniometer PG2 (FIBRO system, Stockholm, Sweden). The static wetting
CA was determined at room temperature and ambient humidity using deionized water.

Grazing incidence small- and wide-angle X-ray scattering (GISAXS and GIWAXS, re-
spectively) were performed by using synchrotron radiation at BL11-NCD-SWEET beamline
in ALBA (Cerdanyola del Vallès, Spain). The sample was placed with its surface horizontal
and parallel to the X-ray beam and at a height which intercepted half of the beam intensity.
Then, the sample was tilted in order to reach an incidence angle of 0.15◦ between the
sample surface and the beam. GISAXS patterns were taken using a PILATUS 1M detector
(Dectris, Baden-Daettwil, Switzerland) at 6.612 m from the sample, with exposure times of
5 s. GIWAXS patterns were taken using a LX255-HS detector from Rayonix (Evanston, IL,
USA) located at 0.109 m, with exposure times of 10 s.

3. Results and Discussion

Several experimental parameters have been used to obtain different patterns by laser
irradiation at the surface of P3HT films. In particular, number of laser irradiation steps,
number of pulses, polarization orientation and laser wavelength have been varied to
fabricate different kinds of nanostructures. For example, by performing two consecutive
laser irradiations using the same wavelength and rotating the polarization vector 90◦, a
square-like pattern may be obtained (Figure 1a,b), while if the laser wavelength is changed
in the second irradiation step, a rectangle-like pattern will be obtained (Figure 1c).
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Figure 1. AFM images of combined LIPSS structures formed by sequential irradiation in P3HT. Each AFM image is
complemented with its corresponding Fast Fourier Transform (FFT) pattern. (a) Sequential irradiation process at λ= 532 nm,
3500 pulses and λ = 532 nm, 100 pulses with the polarization rotated 90◦, (b) λ = 266 nm, 3300 pulses and λ = 266 nm 300
pulses with the polarization rotated 90◦ and (c) 532 nm, 3600 pulses and λ = 266 nm 300 pulses with the polarization rotated
90◦. Arrows indicate the direction of the laser polarization during each irradiation step.

During a typical process for the generation of gratings obtained by repeated nanosec-
ond pulsed laser irradiation, the polarization direction of the laser is kept constant and
the fluence and number of pulses are optimized for each material [30,53,61]. However, in
our approach, a selected set of pulses is applied with a different polarization state using
a half-wave plate, imposing a new geometry to the pre-existing grating-like one. Since
our aim is avoiding ablation of the polymer, the fluence and number of pulses must be
similar to the one for which optimum LIPSS gratings were obtained. Thus, we use for both
sequential irradiations the laser fluence which gives rise to the formation of well-ordered
LIPSS (fluence = 26 mJ·cm−2 for irradiations at λ = 532 nm and fluence = 13.4 mJ·cm−2

for irradiations at λ = 266 nm) and the total number of pulses is the one that induces the
formation of LIPSS upon single irradiation [60].

Figure 1 features atomic force microscopy images of surface nanostructures, forming
squares of around 500 nm size (Figure 1a) and of around 200 nm size (Figure 1b), and
500 nm × 200 nm rectangles (Figure 1c). In particular, the image shown in Figure 1a
corresponds to a P3HT sample irradiated at 532 nm with 3500 pulses in the first irradiation
and 100 pulses in the second irradiation with the polarization shifted 90◦ with respect to
that of the first irradiation. Figure 1b displays the AFM pattern of the surface structures
obtained by irradiating a P3HT sample at 266 nm with 3300 pulses in the first irradiation
and 300 pulses with 90◦ shift in the laser polarization in the second. Finally, more complex
patterns can be obtained by combining different polarization and different wavelengths. In
Figure 1c, a rectangular pattern is formed by a first irradiation at a wavelength of 532 nm
and 3600 pulses and afterwards at 266 nm with 300 pulses with a shifted 90◦ polarization.
Besides the real space inspection of the order, possible by the AFM images, the degree of
order in the nanostructures can be inferred from the Fourier transformed (FFT) images
shown in Figure 1. It can be seen that the FFT image from the sample irradiated at 532 nm
at both directions (Figure 1a) shows the intensity maxima along the vertical and horizontal
directions. P3HT thin film, irradiated at 266 nm in both directions (Figure 1b), shows a
lower order of the LIPSS. Its FFT image depicts two intensity maxima in the horizontal
direction and one intensity maximum in the vertical direction. On the other hand, the AFM
image from P3HT irradiated with both wavelengths (Figure 1c) shows a clear rectangular
structure, corroborated by its FFT image, which shows the intensity maxima along the
vertical direction more separated from the origin than the intensity maxima along the
horizontal direction.
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The quality of the ordered structures can be assessed by GISAXS by placing the
sample with the X-ray beam parallel to the polarization of the first irradiation or parallel
to the second irradiation. The results are shown also in Figure 2. The GISAXS patterns
taken in both orientations are the characteristic ones for one-dimensional paracrystalline
structures typical of LIPSS [44,62,63], exhibiting vertical diffraction maxima out of the
meridian (ω �= 0). In the GISAXS cuts, it is observed that, in the case of squares of ~500 nm
(Figure 2a), the array is more ordered along the direction of first irradiation, as revealed by
the larger amount of diffraction maxima. The sample with squares of ~200 nm (Figure 2b)
shows only one clear diffraction maximum in both directions. The low order in P3HT LIPSS
at λ = 266 nm is clearly seen by AFM (Figure 1b), which has already been reported [60].
The sample with rectangles shows a high level of order in both directions (Figure 2c).

Other structures were obtained by using different irradiation conditions. Figure 3
shows AFM images of patterns produced by fixing the wavelength (λ = 532 nm) and
polarization shift (90◦) and varying the number of pulses, in a way that the total number of
pulses is the optimal number to fabricate a conventional P3HT LIPSS (3600 pulses).

It can be seen in Figure 3 that with an equal number of pulses in both irradiation steps,
the second polarization direction determines the main direction of the LIPSS. Even with a
shorter number of pulses during the second irradiation step (Figure 3c–d), LIPSS are clearly
better formed in the direction of the second polarization vector, although FFT patterns
indicate that some ordering due to the first irradiation is still present, buried by more
perfect LIPSS that appear parallel to the polarization of the second irradiation. Irradiating
with 3300 pulses in the vertical direction followed by 300 pulses in the horizontal direction,
LIPSS show good order in both directions (Figure 3d), as can be seen in the FFT image,
which shows the intensity maxima along both orthogonal directions.

Moreover, more complex structures are fabricated by varying the polarization shifts,
number of pulses and adding more irradiation steps. Figure 4 shows the AFM images of
these patterns.

 

Figure 2. GISAXS patterns from P3HT irradiated samples with (a) squares of ~500 nm, (b) squares
of ~200 nm and (c) rectangles of ~500 nm × ~200 nm. Left column: GISAXS patterns taken with
the X-ray beam parallel to the first irradiation direction. Center column: GISAXS patterns taken
with the X-ray beam parallel to the second irradiation direction. Right column: horizontal cuts from
their corresponding GISAXS patterns in the same row, left column (black curves) and center column
(red curves). Black arrows indicate the direction of the first irradiation step and red arrows the
direction of the second irradiation step. GISAXS patterns taken at incident angle α = 0.4◦. Intensity
in logarithmic scale.
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Figure 3. AFM images of combined LIPSS formed by sequential irradiation in P3HT at λ = 532 nm by varying the number
of pulses of each irradiation: (a) 1800 + 1800 pulses, (b) 2400 +1200 pulses, (c) 3000 + 600 pulses and (d) 3300 + 300 pulses.
In the right column, the Fourier Transform of each image is shown. Arrows indicate the direction of the laser polarization
during each irradiation step.

Figure 4a shows the AFM image of a P3HT thin film irradiated first with 3600 pulses
followed by 100 pulses polarized in the orthogonal direction and 100 pulses polarized 45◦
with respect to the initial polarization. It can be seen that LIPSS are formed preferentially in
the original polarization direction with lower order at 45◦, as revealed by several intensity
maxima in FFT along the horizontal direction and one maximum along the direction of
the polarization used in the third irradiation step. On the other hand, Figure 4b shows an
AFM image of the sample irradiated with the same polarization shifts but with 3600 pulses,
initially followed by 1800 pulses and then another 1800 pulses. The total number of pulses
exceeds the optimum value, so LIPSS hardly preserved a preferential orientation and the
corresponding FFT indicates a loss of order compared with Figure 4a. This shows that the
polarization used during the last irradiation step will be a determinant to the final order of
the sample using a number of pulses about an order of magnitude lower than the number
of pulses used during the first irradiation step.

Figure 4. AFM images of combined LIPSS formed by sequential irradiation in P3HT at λ = 532 nm by
varying the polarization vector of the laser: (a) 3600 + 100 + 100 pulses; (b) 3600 + 1800 + 1800 pulses.
Next to each AFM figure, its corresponding FFT is shown.
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Additionally, GIWAXS measurements were carried out to see changes in the inner
crystalline structure of LIPSS, in particular whether the crystallinity degree and orien-
tation is affected. Samples with squares of ~500 nm and ~200 nm and rectangles of
~500 nm × ~200 nm were selected and the corresponding GIWAXS patterns are presented
in Figure 5.

Figure 5. GIWAXS patterns of (a) P3HT thin film non-irradiated, and irradiated: (b) squares ~500 nm, (c) squares ~200 nm,
(d) rectangles. (e) Azimuthal integrated intensity profiles of the GIWAXS pattern: non-irradiated thin film of P3HT (black
curve), squares ~500 nm (red curve), squares ~200 nm (blue curve) and rectangles (green curve). GIWAXS of irradiated
samples taken with X-ray beam parallel to first irradiation. Inset shows a magnification of the q-range region where the
020/002 reflection and amorphous halo of P3HT appear. Main reflections of crystalline P3HT labeled. Intensity of GIWAXS
patterns in logarithmic scale.

GIWAXS patterns from Figure 5 show typical P3HT diffraction pattern with preferen-
tial “edge-on” orientation, with {h00} reflections oriented along the qz axis. The 020/002
reflection and the halo from the amorphous domains are located around q = 17 nm−1. It
can be seen that GIWAXS patterns from irradiated samples (Figure 5b–d) present a broad
amorphous halo, compared with the pattern from non-irradiated P3HT (Figure 5a).

Azimuthal integrations from GIWAXS patterns were done and are represented in
Figure 6. It can be observed from the azimuthal integrations (Figure 5f) that the amorphous
halo of P3HT increases in the irradiated samples in comparison to the non-irradiated one.
Therefore, laser irradiation induces a reduction of the crystallinity degree, as previously
reported, as a consequence of rapid heating and cooling processes involved during LIPSS
formation [60]. Interestingly enough, the amorphous halo is more prominent in the profiles
from samples which have been irradiated at 266 nm in at least one of the irradiation steps:
the sample with squares ~200 nm (Figure 5e, blue curve) and the sample with rectangles
(Figure 5e, green curve).

Wettability of the nanostructures surfaces was inspected by measuring the water
contact angle and the obtained values are cited in Table 1. Initial surface of P3HT is
hydrophobic, in agreement with previous results reported in literature [64]. It has been
previously reported that laser micro/nanostructuring and in particular LIPSS formation
may provoke changes in the wettability of materials due to the morphological changes,
to the chemical changes induced upon irradiation or to a combination of both factors. In
the present case, after irradiation, differences are not significant, although it seems that
CA slightly increases after irradiation at 532 nm and slightly decreases after irradiation
at 266 nm. According to the homogeneous wetting model for water, Wenzel’s model [65],
the contact between water and the surface of the sample is not altered by the presence
of air, and it may explain the variation of the contact angle as a function of ‘r,’ which is
given by the relation between the total surface of solid in the solid-liquid interface, and
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the projection of the total surface of solid in the interface: r = (total surface)/(projected
surface), in such a way that the CA of the nanostructured sample is related to the original
CA by: cos(CA*) = r·cos(CA). Since LIPSS formation increases ‘r,’ if the original sample is
hydrophilic, it will become more hydrophilic, and if hydrophobic, as is the present case,
it will become more hydrophobic. Changes in the observed CA may then be explained
considering only the morphological changes induced by laser irradiation in the case of
532 nm. As previously reported by some of us [60], an analysis of irradiated P3HT by
Near Edge X-ray Absorption Fine Structure (NEXAFS) and Raman spectroscopies revealed
good chemical stability after LIPSS formation under laser irradiation conditions similar
to the ones used here (same fluence and higher number of pulses). However, in the case
of irradiation at 266 nm, we have previously reported that additional modifications are
induced upon irradiation, in particular, some photooxidation [66], which could explain the
slight decrease of the CA.

Table 1. Water contact angle of nanostructured P3HT.

1st Irradiation 2nd Irradiation 3rd Irradiation Water Contact Angle (◦)

Non-irradiated - - 96 ± 2
532 nm, 3600 p - - 100 ± 3
532 nm, 3500 p 532 nm, 100 p - 96 ± 1
532 nm, 3300 p 532 nm, 300 p - 96 ± 3
532 nm, 3000 p 532 nm, 600 p - 101 ± 4
532 nm, 2400 p 532 nm, 1200 p - 98 ± 3
532 nm, 1800 p 532 nm, 1800 p - 98 ± 8
532 nm, 3600 p 532 nm, 100 p 532 nm, 100 p 101 ± 2
266 nm, 3600 p - - 86 ± 4
266 nm, 3300 p 266 nm, 300 p - 72 ± 5
532 nm, 3600 p 266 nm, 300 p - 89 ± 3

The process of obtaining large patterned areas consists of mounting the sample in
a translation stage. In this way, areas of several centimeters can be patterned within a
few minutes by scanning the sample with the laser beam. For this purpose, the scanning
speed, and consequently, the spatial overlap of successive pulses, was chosen to ensure
the delivery of optimal number of pulses for LIPSS formation, previously determined by
normal single spot irradiation. Nanostructuring in large areas conferred iridescence to the
polymer surface. Figure 6 shows a 1 cm × 1 cm piece of P3HT structured with 532 nm
squares on a silicon wafer. Pictures are taken by illuminating it with white light at different
incident angles and changes in the structural color can be observed. Supplementary Movie
1, recorded with a cellphone, shows the different colors observed as a function of the
illumination angle.

 
Figure 6. Optical images, obtained under different angles of white light illumination, of 1 × 1 cm2 nanostructured samples
obtained by using the sequential nanosecond pulsed laser irradiation.

This kind of gratings fabricated on functional polymer materials allows nanoscale-
controlled functionality. A square pattern was obtained by sequential irradiation at 532 nm
(3500 pulses plus 100 pulses after a 90◦ polarization shift) in a functional polymer bilayer
P3HT (bottom)/P(VDF-TrFE) (up). It has been proven in the past that this configuration is
suitable in order to obtain nanostructures by laser irradiation on ferroelectric polymers,
besides the fact that they are non-absorbers at the used laser wavelength [45]. Figure 7
shows the morphology of the structured bilayer and its piezoelectric nature as revealed
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by PFM. These results demonstrate that it is possible to obtain an ordered square array of
ferroelectric dots. The preserved ferroelectricity in the nanostructured polymer surface
is demonstrated by the existence of hysteresis in the out of plane phase signal obtained
by piezoresponse force microscopy, although GIWAXS results show an almost completely
disappearance of the P(VDF-TrFE) Bragg peak when irradiated (Figure 8).

Figure 7. AFM height (a) and PFM results (b–d) of a patterned functional polymer surface exhibiting ferroelectricity. (b)
Hysteresis of the out-of-plane PFM phase as a function of a DC bias applied to the conducting AFM tip. (c) Out-of-plane
amplitude mapping of the patterned surface. (d) In-plane amplitude mapping of the patterned surface.

Figure 8a shows the reflection associated with the (110/200) planes of the ferroelectric
phase of P(VDF-TrFE) highly oriented in the qz axis, whereas the GIWAXS pattern from the
irradiated bilayer does not show this orientation (Figure 8b). In Figure 8c, it can be seen
that the (110/200) reflections from P(VDF-TrFE) along the qz axis is clearly detected in the
profile from non-irradiated bilayer (black curve) and it is slightly detected in the profile
from the irradiated bilayer (red curve). Looking at Figure 8d, the peak from P(VDF-TrFE) is
highly reduced between the profile from the non-irradiated (black curve) and the irradiated
bilayer (red curve). Therefore, there is a clear loss of crystallinity in P(VDF-TrFE) when
it is irradiated, as well as in irradiated P3HT (Figure 5). However, since PFM results
(Figure 7) show piezoelectric behavior, it is supposed that the irradiated P(VDF-TrFE) in
the bilayer keeps some degree of crystallinity. Radial integration in the q-range of the
(110/002) reflection of P(VDF-TrFE) (Figure 8e) reveals indeed a complete disorientation of a
crystalline order that was originally highly oriented in the out-of-plane axis, corresponding
with the azimuthal angle χ = 90◦, as can be seen in Figure 8a. Therefore, the crystallinity of
irradiated P(VDF-TrFE) is not completely removed, but it loses the original preferential
orientation that it presents in the non-irradiated bilayer.
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Figure 8. GIWAXS patterns of (a) a bilayer of P3HT and P(VDF-TrFE) non-irradiated, and (b) bilayer irradiated with two
orthogonal polarizations at 532 nm (3500 + 100 pulses). In the right half of (a), reflections from P3HT are labeled, and in
the left half, the P(VDF-TrFE) reflection is labeled. (c) Integration along the qz axis of the non-irradiated bilayer (black
curve) and irradiated bilayer (red curve). (d) Integration along the whole azimuthal range of the non-irradiated bilayer
(black curve) and irradiated bilayer (red curve). Insets in (c,d) are magnifications of the q-range, where the reflection
from P(VDF-TrFE) appears. Reflections from P3HT and P(VDF-TrFE) (ferro.) are labeled in black and orange, respectively.
Intensity of GIWAXS patterns in logarithmic scale. (e) Radial integration of GIWAXS patterns in the q-range to delimit the
110/200 reflection of P(VDF-TrFE).

4. Conclusions

In summary, we reported on the simple fabrication of a library of ordered nanostruc-
tures by repeated irradiation using a nanosecond pulsed laser operating in the UV and
visible region in order to obtain nanoscale-controlled functionality. As an example, we use
this experimental approach to nanostructure a ferroelectric polymer so that an ordered
square array of ferroelectric dots is obtained.
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doped with acetylsalicylic acid and its antibacterial properties. Materials 2020, 13, 3609. [CrossRef]

22. Alamri, S.; Aguilar-Morales, A.I.; Lasagni, A.F. Controlling the wettability of polycarbonate substrates by producing hierarchical
structures using Direct Laser Interference Patterning. Eur. Polym. J. 2018, 99, 27–37. [CrossRef]

23. Liu, M.; Li, M.-T.; Xu, S.; Yang, H.; Sun, H.-B. Bioinspired Superhydrophobic Surfaces via Laser-Structuring. Front. Chem. 2020, 8.
[CrossRef]

24. Allahyari, E.; Nivas, J.J.; Oscurato, S.L.; Salvatore, M.; Ausanio, G.; Vecchione, A.; Fittipaldi, R.; Maddalena, P.; Bruzzese, R.;
Amoruso, S. Laser surface texturing of copper and variation of the wetting response with the laser pulse fluence. Appl. Surf. Sci.
2019, 470, 817–824. [CrossRef]

25. Kirner, S.V.; Slachciak, N.; Elert, A.M.; Griepentrog, M.; Fischer, D.; Hertwig, A.; Sahre, M.; Dörfel, I.; Sturm, H.; Pentzien, S.; et al.
Tribological performance of titanium samples oxidized by fs-laser radiation, thermal heating, or electrochemical anodization.
Appl. Phys. A Mater. Sci. Process. 2018, 124. [CrossRef]

309



Nanomaterials 2021, 11, 1123

26. Rodríguez-Beltrán, R.I.; Martínez-Tong, D.E.; Reyes-Contreras, A.; Paszkiewicz, S.; Szymczyk, A.; Ezquerra, T.A.; Moreno, P.;
Rebollar, E. Laterally-resolved mechanical and tribological properties of laser-structured polymer nanocomposites. Polymer
2019, 168. [CrossRef]

27. Cubero, A.; Martínez, E.; Angurel, L.A.; de la Fuente, G.F.; Navarro, R.; Legall, H.; Krüger, J.; Bonse, J. Effects of laser-induced
periodic surface structures on the superconducting properties of Niobium. Appl. Surf. Sci. 2020, 508. [CrossRef]

28. Roessler, F.; Lasagni, A.F. Protecting Sub-Micrometer Surface Features in Polymers from Mechanical Damage Using Hierarchical
Patterns. J. Laser Micro/Nanoeng. 2018, 13. [CrossRef]

29. Fraggelakis, F.; Tsibidis, G.D.; Stratakis, E. Tailoring submicrometer periodic surface structures via ultrashort pulsed direct laser
interference patterning. Phys. Rev. B 2021, 103. [CrossRef]

30. Rebollar, E.; Castillejo, M.; Ezquerra, T.A. Laser induced periodic surface structures on polymer films: From fundamentals to
applications. Eur. Polym. J. 2015, 73, 162–174. [CrossRef]

31. Bonse, J. Quo vadis LIPSS?—Recent and future trends on laser-induced periodic surface structures. Nanomaterials 2020, 10, 1950.
[CrossRef] [PubMed]

32. Bonse, J.; Gräf, S. Maxwell Meets Marangoni—A Review of Theories on Laser-Induced Periodic Surface Structures. Laser Photon.
Rev. 2020, 14, 2000215. [CrossRef]

33. Soldera, M.; Fortuna, F.; Teutoburg-Weiss, S.; Milles, S.; Taretto, K.; Fabián Lasagni, A. Comparison of Structural Colors Achieved
by Laser-Induced Periodic Surface Structures and Direct Laser Interference Patterning. J. Laser Micro/Nanoeng. 2020, 15, 97–103.

34. Bonse, J.; Kirner, S.V.; Krüger, J. Laser-Induced Periodic Surface Structures (LIPSS). In Handbook of Laser Micro- and Nano-
Engineering; Sugioka, K., Ed.; Springer International Publishing: Cham, Switzerland, 2020; pp. 1–59. ISBN 978-3-319-69537-2.

35. Gräf, S. Formation of laser-induced periodic surface structures on different materials: Fundamentals, properties and applications.
Adv. Opt. Technol. 2020, 9, 11–39. [CrossRef]

36. Florian, C.; Kirner, S.V.; Krüger, J.; Bonse, J. Surface functionalization by laser-induced periodic surface structures. J. Laser Appl.
2020, 32, 22063. [CrossRef]

37. Stratakis, E.; Bonse, J.; Heitz, J.; Siegel, J.; Tsibidis, G.D.; Skoulas, E.; Papadopoulos, A.; Mimidis, A.; Joel, A.-C.; Comanns, P.; et al.
Laser engineering of biomimetic surfaces. Mater. Sci. Eng. R Rep. 2020, 141, 100562. [CrossRef]

38. Vercillo, V.; Tonnicchia, S.; Romano, J.-M.; García-Girón, A.; Aguilar-Morales, A.I.; Alamri, S.; Dimov, S.S.; Kunze, T.; Lasagni,
A.F.; Bonaccurso, E. Design Rules for Laser-Treated Icephobic Metallic Surfaces for Aeronautic Applications. Adv. Funct. Mater.
2020, 30, 1910268. [CrossRef]

39. Cunha, A.; Elie, A.-M.; Plawinski, L.; Serro, A.P.; do Rego, A.M.B.; Almeida, A.; Urdaci, M.C.; Durrieu, M.-C.; Vilar, R.
Femtosecond laser surface texturing of titanium as a method to reduce the adhesion of Staphylococcus aureus and biofilm
formation. Appl. Surf. Sci. 2016, 360, 485–493. [CrossRef]

40. Mezera, M.; Bonse, J.; Römer, G.R.B.E. Influence of Bulk Temperature on Laser-Induced Periodic Surface Structures on Polycar-
bonate. Polymers 2019, 11, 1947. [CrossRef] [PubMed]

41. Mezera, M.; van Drongelen, M.; Römer, G.R.B.E. Laser-Induced Periodic Surface Structures (LIPSS) on Polymers Processed with
Picosecond Laser Pulses. J. Laser Micro/Nanoeng. 2018, 13, 105–116. [CrossRef]

42. Prada-Rodrigo, J.; Rodríguez-Beltrán, R.I.; Paszkiewicz, S.; Szymczyk, A.; Ezquerra, T.A.; Moreno, P.; Rebollar, E. Laser-Induced
Periodic Surface Structuring of Poly(trimethylene terephthalate) Films Containing Tungsten Disulfide Nanotubes. Polymers 2020,
12, 1090. [CrossRef]

43. Sánchez, E.H.; Normile, P.S.; De Toro, J.A.; Caballero, R.; Canales-Vázquez, J.; Rebollar, E.; Castillejo, M.; Colino, J.M. Flexible,
multifunctional nanoribbon arrays of palladium nanoparticles for transparent conduction and hydrogen detection. Appl. Surf.
Sci. 2019, 470. [CrossRef]

44. Cui, J.; Rodríguez-Rodríguez, A.; Hernández, M.; García-Gutiérrez, M.-C.; Nogales, A.; Castillejo, M.; Moseguí González, D.;
Müller-Buschbaum, P.; Ezquerra, T.A.; Rebollar, E. Laser-induced periodic surface structures on P3HT and on its photovoltaic
blend with PC71BM. ACS Appl. Mater. Interfaces 2016, 8. [CrossRef]

45. Martínez-Tong, D.E.; Rodríguez-Rodríguez, Á.; Nogales, A.; García-Gutiérrez, M.-C.; Pérez-Murano, F.; Llobet, J.; Ezquerra, T.A.;
Rebollar, E. Laser Fabrication of Polymer Ferroelectric Nanostructures for Nonvolatile Organic Memory Devices. ACS Appl.
Mater. Interfaces 2015, 7. [CrossRef]

46. Rebollar, E.; Sanz, M.; Pérez, S.; Hernández, M.; Martín-Fabiani, I.; Rueda, D.R.; Ezquerra, T.A.; Domingo, C.; Castillejo, M. Gold
coatings on polymer laser induced periodic surface structures: Assessment as substrates for surface-enhanced Raman scattering.
Phys. Chem. Chem. Phys. 2012, 14. [CrossRef] [PubMed]

47. Svorcik, V.; Nedela, O.; Slepicka, P.; Lyutakov, O.; Slepickova Kasalkova, N.; Kolska, Z. Construction and Properties of Ripples on
Polymers for Sensor Applications. Manuf. Technol. J. 2018, 18, 851–855. [CrossRef]
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Abstract: Mid-infrared (MIR) wavelengths (2–10 μm) open up a new paradigm for femtosecond
laser–solid interactions. On a fundamental level, compared to the ubiquitous near-IR (NIR) or visible
(VIS) laser interactions, MIR photon energies render semiconductors to behave like high bandgap
materials, while driving conduction band electrons harder due to the λ2 scaling of the ponderomotive
energy. From an applications perspective, many VIS/NIR opaque materials are transparent for
MIR. This allows sub-surface modifications for waveguide writing while simultaneously extending
interactions to higher order processes. Here, we present the formation of an extreme sub-wavelength
structure formation (∼λ/100) on a single crystal silicon surface by a 3600 nm MIR femtosecond laser
with a pulse duration of 200 fs. The 50–100 nm linear structures were aligned parallel to the laser
polarization direction with a quasi-periodicity of 700 nm. The dependence of the structure on the
native oxide, laser pulse number, and polarization were studied. The properties of the structures were
studied using scanning electron microscopy (SEM), atomic force microscopy (AFM), cross-sectional
transmission electron-microscopy (CS-TEM), electron diffraction (ED), and energy-dispersive X-ray
spectroscopy (EDX). As traditional models for the formation of laser induced periodic surface
structure do not explain this structure formation, new theoretical efforts are needed.

Keywords: laser induced periodic surface structure (LIPSS); mid-IR; femtosecond laser; surface struc-
turing; nano-structure; ultrafast melting; laser induced damage; ATG instability; surface engineering

1. Introduction

Strong field interaction with solids in the mid-infrared (MIR) regime of light pro-
vides an exciting platform in contrast with that of visible (VIS) and near-infrared (NIR)
regimes [1,2]: first, the reduction of photon energy allows the interaction to be more field
dominated than photon dominated, where the material valence band to conduction band
electronic transition leaning away from multiphoton processes towards tunneling process;
second, traditional semiconductors and other ’small bandgap’ materials, which are highly
absorptive in the VIS-NIR regime, become transparent in the MIR, potentially changing
ultrafast absorption dynamics; third, cycle averaged energy (a.k.a. ponderomotive energy,
Up = e2E2

0λ2/4mcb, where λ is the laser wavelength, E0 is the peak laser electric field
strength, and mcb is the effective mass in the conduction band) of the free carriers increases
significantly with longer wavelength, changing free carrier absorption and collisional
ionization; fourthly, with decreasing plasma critical density as wavelength increases, semi-
conductors may become ideal plasmonic platforms, creating exotic metamaterials and
surfaces [3]. With the vast array of important applications available with controlled laser
induced structure formation demonstrated with shorter wavelengths, e.g., solar cells [4],
black silicon [5], waveguide fabrication [6], surface-enhanced Raman scattering [7], col-
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orization [8], fabrication of hydrophobic surfaces [9], and many others, there is a lack of
both experimental studies and theoretical considerations on this topic in the MIR regime.

With transparency extending to λ = 5 μm, silicon is an important MIR material with,
by far, the widest industrial platform to date. It has also been used as a fundamental
platform for the study of laser induced periodic structure (LIPSS) formation [10] and its
many applications [11]. Multipulse LID effects have been studied extensively on silicon
with NIR wavelengths [12]. One of the first extensive femtosecond LIPSS studies on Si
revealed fine ripples, also known as high-spatial frequency (HSFL) LIPSS (period λ/4),
along with coarse ripples, or low spatial frequency LIPSS (LSFL) (period 0.8λ) in the NIR
regime (λ = 800 nm, pulse duration = 100 fs, and 0◦ incidence, AOI) on p-doped (100)
silicon [13], under vacuum with oxide layer etched. HSFL was observed to be aligned to
the electric field polarization, indicating a surface scattered wave (SSW) mechanism [14],
while LSFL was perpendicular to the electric field polarization, pointing towards a surface
plasmon polariton (SPP) mechanism [15]. Under circular polarization, straight ripple
patterns can still form but require a larger number of pulses [16].

LSFL has also been observed in various works on Si in the NIR regime (e.g., [17–19],
without any evidence for HSFL formation. It has also been shown that LIPSS formation
happens on the same timescale as material removal, suggesting that material is ejected [19].
An earlier study in the short wave IR (SWIR) regime (1300–2100 nm) showed that, beyond
NIR, multi-pulse femtosecond interaction with Si produces not only traditional LSFL in the
central region of the damage spot, but also a different type of HSFL feature with a period as
small as λ/6 [20]. LIPSS formation on silicon has also been studied using ultraviolet (UV)
wavelengths. A recent paper reports nano-island and HSFL formation on lightly doped
n-type Si (100) at 0◦ AOI with 390 nm wavelength, and 150 fs pulse duration under rough
vacuum. The authors observe within a single shot: nano-islands, bifurcated islands, HSFL,
and LSFL, with increasing local fluence, respectively. This indicates a universal origin for
HSFL and LSFL [21].

Determinations of the multi-shot laser-induced damage threshold (LIDT) of silicon
with NIR wavelengths have also been well studied. Experiments have considered variations
in the pulse duration [22,23], as well as number of pulses [24,25].

While studies of this sort using MIR wavelengths on silicon are generally lacking,
LIPSS formation has been studied on other materials with MIR wavelengths. For exam-
ple, studies in the picosecond regime on GaP and CaF2 have observed damage initiated
from surface defects, including LSFL [26], with λ = 4.7μm laser wavelength and an
LIPSS period of 2.5 μm. Several studies have been performed on Germanium with MIR
wavelengths [27–29]. One such study observed HSFL both within a central damage spot
and within a peripheral ring [29], where both types of HSFL were parallel to the laser polar-
ization and the peripheral HSFL had double the spatial frequency as compared to central
HSFL. The central frequency HSFL was about 0.27 times the wavelength for λ = 3.6μm.
Under cross-sectional transmission electron microscope (TEM), a thin 50 nm amorphous
layer was found throughout a cross section of the HSFL. A very recent study of LIPSS
formation on Si with MIR wavelength [30] (range λ = 2.5–4.5μm) reveals HSFL (λ/4)
parallel and near-subwavelength LSFL perpendicular to MIR laser polarization, consistent
with observation from past NIR experimental observations. In our present study, we
present a systematic study of femtosecond laser surface structuring at a MIR wavelength,
and show formation of completely new classes of surface structure formation, one extreme
sub-wavelength (using linearly polarized pulses), and another one chiral (using circularly
polarized pulses).

2. Materials and Methods

A home-built Ti:Sapphire ultrashort pulse laser [31] is converted to MIR wavelengths
via the Extreme Mid-InfraRed (EMIR) optical parametric amplifier (OPA) [3,32] with central
wavelength λ = 3.6 μm, pulsed repetition frequency (PRF) of 500 Hz, and pulse duration
of τ ≈ 200 fs full-width at half-maximum (FWHM).
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Using our previously-described laser-induced damage (LID) setup [1], high purity
(>1000 Ω-cm) FZ mono-crystalline silicon (111) and (100) wafers were exposed to a maxi-
mum of 10,000 pulses per site with a maximum average peak fluence of 1.6 J/cm2, a focal
diameter of 24 μm FWHM, at an angle of incidence (AOI) of 45 degrees (p-polarization).
Details of the focal spot characterization method and positioning of the sample surface with
respect to the focal plane are described in detail in reference [1]. The (111) wafer is oriented
such that the laser pulse electric field polarization was parallel to the (100) direction. In this
work, the reflex objective used for sample irradiation with MWIR pulses in reference [1]
was replaced with an f = 200 mm CaF2 lens. Each site was exposed to a predetermined
number of pulses via a combination of the GRAY laser’s external Pockels Cell pulse-picker
and a synchronized mechanical shutter. The average fluence of these pulses was controlled
by a variable attenuator [1]. For some tests, a quarter waveplate (QWP) was inserted to
study the effect of circular polarization.

All experiments were performed in air with air-exposed samples; a few nm thick
native-oxide layers were expected to be present on the wafer surface. To determine the
importance of the native oxide layer, some of the silicon (111) wafers were etched by a 10%
hydrofluoric acid (HF) buffer solution. We estimate a maximum oxide-layer growth of <1
atomic layer based on a timed 8 min transfer from etching to irradiation and the average
rate of oxide layer growth on silicon at room temperature (≤0.02 Å/min) [33].

Post-exposure examination of the samples was performed ex-situ via scanning elec-
tron microscopy (SEM), atomic force microscopy (AFM), cross-sectional transmission
electron-microscopy (CS-TEM) [1], electron diffraction (ED), and energy-dispersive X-ray
spectroscopy (EDX). CS-TEM, ED, and EDX were all performed on a single representative
site in a representative region of the sample (500 pulses, 547 mJ/cm2 average peak fluence,
(111) wafer, etched oxide layer).

3. Results and Discussion

LIDT fluence was determined for varying number of pulses. Here, we define damage
as a permanent change induced by the laser as detectable by SEM.

Figure 1. LIDT of silicon (111) vs. number of shots. (a) LIDT fluence vs. number of shots for Si;
(b) example of damage threshold determination method for 10,000 shots. The LIDT here is considered
to be the average of the highest fluence with zero damage probability and the lowest fluence with
100% damage probability.

The results of the LIDT study are shown in Figure 1. The S-on-1 multi-shot damage
thresholds between 1000–10,000 shots were found to be shot number independent at
around 350 mJ/cm2. This is consistent with a well-known phenomenon, where the material
LIDT steadily exhibits reduction with increasing number of pulses so that F(infinity)/F(1)
approaches an asymptotic value around F(1000) i.e., the 1000-on-1 damage threshold
fluence [34]. The LIDT were determined by damage probability as described in Figure 1b.
The LIDT error bar is considered to be within the range of possible fluence values for the
highest fluence without damage and lowest fluence with 100% damage.
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Figure 2 shows SEM for a fixed fluence with 10,000, 5000, and 1000 shots. With
10,000 shots, central LSFL and peripheral HSFL are observed. In both cases, the structures
are elongated in a direction perpendicular to the electric field polarization.

Figure 2. SEM micrographs of multi-pulse LID in silicon (111) with a high number of shots.
From parts (a–c), the number of shots is decreasing while the fluence is mainly constant (up to
fluctuations in the average pulse energy). Number of shots and fluence are located in the bottom left
of the figure. In each figure, the input direction of the laser and polarization direction are indicated
(as projected onto the sample surface).

Decreasing the number of shots to 5000; the LIPSS structures tend to disappear,
resulting in chaotic damage features. Looking at 1000 shot damage sites, a new kind
of structure begins to form in the peripheral region, predominantly on the side of the
sample opposite to the laser input direction (i.e., on the right side of Figure 2c. These
nano-structures will be the topic of focus for this study.

We found that the nanostructure formation works best with 500 pulse accumulated
damage sites (see Figure 3). Two different types of nanostructures are observed. First, very
narrow (<50 nm) regularly spaced (500 nm) nano-trenches extend out to the peripheral.
The trenches are very straight and are parallel to the electric field polarization orientation.
There appears to be a “rim” on either side of the trenches. Outside of the rim, there is a
zone which has a contrast difference on the SEM. Drawing from the results of Ref. [1], this
contrast change could be due to either subsurface melting or a weak ablation. Moving
towards the center, the trenches bifurcate and become wider. Eventually they overlap and
combine, resulting in apparent chaotic damage without a discernible structure. Debris can
be seen around this area which may have come from the trenches.

The second type of observed nanostructure is a series of nanoscale outgrowths or
clusters of “nano-spheroids”, as shown in Figure 3b,e,f. They are always found aligned to
the trenches, consisting of multiple spheroids, and appear to be molten material that has
erupted from the trenches. They are not as regularly spaced as the trenches, but they occur
roughly every μm. The exact shape of the nano-spheroid clusters (NSC) vary, but they
are found to be generally round, form in clusters which are around 200 nm long, with the
width of an individual spheroid about 50 nm. Since these observations were from Si sample
surface with native oxide layers present, an obvious question emerged: what is the role of
the native oxide layer in the formation of these two types of nanostructures?

To test the effect of the absence of a native oxide layer, we used an etched silicon (111)
sample (see the Methods section). The results are presented in Figure 4. The morphology
in this case appears qualitatively different from those in Figure 3. Focus first on the trench
structures, and it is observed that the width is 20–40 nm near an NSC and less than 10 nm
away from them. The nanotrench width still increases towards the center of the damage
spot, eventually merging with one another. The trenches in this case remain extremely
straight “distinct” single lines over a much longer distance (nearly 10 μm) before bifurcating
and merging into chaotic damage. The spacing between trenches is still about 500 nm at
the peripheral. An AFM depth profile taken along the trenches show that the trenches may
grow up to 40 nm deeper toward the center of the damage spot.

316



Nanomaterials 2021, 11, 1192

Figure 3. SEM images of multi-shot LID on silicon (111) with 500 shots. (a) shows an overall
SEM image of the LID site. The fluence is indicated in the figure, as well as the direction of laser
propagation and polarization, both projected onto the sample surface; (b,d) are zoom-ins of the
red boxed areas in (a), as indicated by the red arrows; (c) is a zoom-in of a red boxed area in (b) as
indicated by the red arrow; (e) is a zoom in of the larger red boxed area of (b), and an even larger
magnification of (e) is shown in (f).

Figure 4. SEM and AFM images of multi-shot LID on silicon (111) with 500 shots, with oxide layer
etched 8 min prior to exposure. (a) indicates the fluence used and the direction of laser input with
polarization both projected onto the sample surface; (b) shows an AFM depth profile of the same
sample area as in (d), but rotate by approx. 135 degrees clockwise. Samples with structures that may
mimic AFM artifacts are purposely rotated to avoid scanning along or perpendicular to nanocracks;
(c) lineout along the blue dotted line in (b); (d) shows a zoom-in of the boxed area in (a); (e,f) show
further zoom-ins of this area indicated by the red boxes and arrows.

The nano-outgrowths also exhibit differences in the absence of the native oxide layer.
While they are still spaced about 1 μm apart, their spacing is now more well defined
and regular spacing occurs over the entire distance for which the trenches remain single
lines. The shape of the nano-outgrowths is also different. Rather than distinct roughly
sphere shaped clusters, we now see a single chaotic eruption of material without a well-
defined shape. Furthermore, a closer look at Figure 4f shows that the debris in the area are
also shaped differently. Instead of very round balls of debris, we see what appear to be
disorderly clumps without definitive shapes.
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Under the same conditions (oxide layer etched, Si (111)), but with a lower fluence,
the morphology changes (see Figure 5). In this case, the entire damage site looks more like
the peripheral regions from the previous two figures. The trenches are still strongly aligned
to the laser polarization and become wider towards the center. In addition, Figure 5c shows
that the end of the trenches are raised relative to the original surface.

Figure 5. SEM and AFM images of multi-shot LID on silicon (111) with 500 shots, with oxide layer
etched 8 min prior to exposure at a low fluence. (a) SEM image, indicates the fluence, laser input
direction, and polarization projected onto the sample surface; (b) AFM depth profile, blue, green,
and red dotted lines indicate lineouts in (c).

Figure 6 shows the effect of switching to a (100) sample under similar laser conditions.
Note that this sample was not etched to remove the oxide layer. Here, perhaps, there is
some sign of a diagonal ordering of the NSCs across distinct nano-trenches. The sample
was oriented such that the vertical and horizontal edges in Figure 6 are aligned to the
(110) direction such that the diagonal ordering (white dotted line) was aligned to the (100)
direction. The trenches seemed to bifurcate more readily along this diagonal direction.
The trenches also seemed to have lost a well-defined ridge. The spacing between NSC
eruptions had decreased to about 500 nm. These clusters of nano-spheroid outgrowths are
less consistent. They showed a larger number of spheroids per clump.

Figure 6. SEM images of multi-shot LID on silicon (100) with 500 shots. The laser input direction and
polarization direction are indicated as projected onto the sample plane. The fluence is indicated on
the bottom left for figures (a–c) and for figures (d–f); (a–c) show a damage site with progressively
increasing magnification. The white dotted lines in (a) overlay ordering along a diagonal; (d–f) show
a higher fluence damage site; (d,f) show increased magnification of the peripheral nano-trenches
in (d).
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Above a certain fluence (see Figure 6d–f), we found that the formation of the NSCs
on the peripheral was suppressed while the trenches remain. Furthermore, at this higher
fluence, the trenches have regained their ridges.

In order to obtain some insights into how the nanostructures formed, we looked at a
higher fluence and varied the number of shots. A higher fluence was chosen so that the
lower shot number exposures would still exhibit damage. Due to the Gaussian nature
of the focal fluence profile on the surface, this allows us to explore features’ formation at
several different fluences within the same site based on distances from the center of the site.

The results of the shot number study are shown in Figure 7. At the site with 8 shot ac-
cumulation, we observe a damage area reminiscent of ultrafast melting/amorphization [24].
After 20 shots, one can observe what would eventually become the trenches, beginning
to grow from the bottom rim of the site. The length of the trenches continues to grow
until about 100 shots. At 100 shot accumulation and beyond, one observes a ’breaking’
of a top layer, revealing the wavelength scale LSFL growing underneath. Similar LSFL
periods have been recently observed in Ref. [30]. 2D Fourier analysis of the sites from
the last row (N = 200, 250, and 500 shots) do not reveal sharp periodicity. However, few
distinct diffuse period peaks appear, and the strongest is a peak representing an average
LSFL period of 1.4 μm, with a range from 0.6–2 μm. A weaker peak oriented the same
way (perpendicular to the laser polarization direction) shows a smaller period of 0.37 μm.
These smaller features could arise in two steps, first bifurcation of largest LSFLs resulting
in 0.7 μm periods, and then a second bifurcation of these to obtain the smallest periodicities.
The bifurcation mechanism may be similar to that observed in another semiconductor [35].
The nano-trenches forming in the peripheral region result in a periodicity of 0.5μm, as ob-
served in previous figures. From sites with 125 to 500 shots, NSCs on nano-trenches begin
to form in an increasing number corresponding to an increasing number of pulses per site.

Based on our observations so far, several characteristics begin to emerge pertaining
to the formation of nano-trenches: first, they form via multi-pulse irradiation; second,
their formation fluence is lower than multipulse ablation threshold, and the formation
fluence range is relatively narrow; third, they do not form due to SPP driven mechanisms;
fourth, it is unlikely that the surface scattered wave model applies to their formation
mechanism, as their features appear qualitatively different from SSW HSFLs, which are
also parallel to the laser polarization direction; fifth, the formation mechanism, albeit not
needing the existence of native oxide, is nevertheless affected by the presence of native
oxide on the surface, and perhaps the crystal orientation. We also note that some of the
nano-structures presented here seem to resemble some of those presented in ref. [20],
especially Figures 3 and 5 there (generated by λ = 2100 nm) in comparison to our Figure 5.
In both theirs and our cases, the photon energies were below the Si bandgap, theirs
within two photon absorption regime, where ours were beyond three photon absorption
regime. They used unetched (native oxide present on surface) doped n- and p-type Si
samples, with dopant concentrations of ∼1015 cm−3 , whereas, in our case, impurity
concentrations were ∼1012 cm−3. Laser illumination was at normal incidence in their case,
where we used 45 degree AOI at p-polarization, lowering Fresnel reflection in our case.
Still, a comparison can be drawn between their “bump” period along a “line” of ∼1.1 μm
(Figure 4 bottom panel), and ours from Figure 5c showing a period of ∼1 μm, which do
not preserve wavelength scaling. On the other hand, for the “periods” of lines parallel to
laser polarization direction, they showed two types, the first one presented in the Figure 4
top panel, with a period of of ∼900 nm, or λ/2.3 (“lines with bumps”), and the second
ones at Figure 5 with spatial period of ∼370 nm (“lines without bumps”), or λ/5.7. In our
case, lines (“nanocracks”) with or without bumps, parallel to laser polarization directions
exhibit periods between 400–600 nm, i.e., between λ/9–λ/6.
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Figure 7. SEM images of multi-shot LID on silicon (111) with a fixed fluence and varying number of
shots. The fluence used ranged from 0.8–0.9 J/cm2 . The laser input and polarization directions are
indicated as projected onto the sample surface. A universal length scale bar is indicated towards the
middle of the figure. Each damage spot has the number of shots (N) indicated in the top left corner.
The red circle in the bottom-right N = 500 shots image shows the location where the nanostructures
most strongly form with 500 shots.

Next, focused circularly polarized MIR laser pulses were incident on (111) silicon by
inserting a MIR quarter wave plate in the beamline before the focusing element. The results
were quite surprising, with features qualitatively different than that from linear polarization
case. SEM images of the damage sites generated by circularly polarized pulses is shown
in Figure 8. Here, a higher fluence was used, since the damage threshold for circular
polarization case was found to be generally higher.

A wavy, chiral pattern is observed in the damage sites. These waves appear to exhibit
a contrast change in the SEM consistent with ultrafast melting and amorphization near
the peripheral regions. The features narrow on the peripheral region. Trench like features
can be seen towards the central region of damage, which exhibits multi-zone damage.
The trenches seem to be aligned to the peripheral melting structures. A central region
of damage seems to be surrounded by a ring of chaotic damage with no discernable
structure aligned to the trenches. Lower fluence shots exhibit a similar wavy structure
but without the trenches. The chiral nature of these surface features seem to imprint the
handedness of polarization state (rotating clockwise) on these bright surface peripheral
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features, and may point towards an effect of strongly driven free carriers near the surface
by the MIR electric field.

Figure 8. SEM images of multi-shot LID on silicon (111) with 500 shots and circular polarization.
The fluence for each shot is indicated in the top right corner and the laser input direction is indicated
in (a).

Cross-sectional transmission electron microscopy (TEM) was used to investigate one of
the etched sample damage areas on silicon (111) with 500 shots and a fluence of 547 mJ/cm2.
The results are shown in Figure 9. This figure is meant to familiarize the reader with the
sample under low magnification. Uppercase letters mark certain locations of interest.
Before moving forward, it is important to understand that this figure shows a cross section
of the LID spot near the peripheral, along several holes and trenches. The largest features in
the figure are the protective layers (Pt and Au) which appear as very dark, and the sample
bulk, which has characteristic bend contours. Only a very thin region at the interface
between the bulk and the protective layers has been modified due to the laser, barely visible
in this image. This is why we present higher magnification TEM images next. Our objective
is to investigate the structure of the sample underneath the surface: determine which parts
are crystalline and amorphous.

Figure 9. Cross-sectional TEM of a single, multi-shot LID site on silicon (111) with 500 shots,
p-polarization. The sample oxide layer was etched 8 min prior to being shot by a train of pulses with
an average fluence of 547 mJ/cm2. The large blue arrow points from the peripheral of the LID spot
towards the center. This sample has undergone FIB processing as described in the Methods section.
The letters indicate various points of interest. The different layers involved in the cross section are
labeled in the figure. Additionally, a capital letter labels several areas of interest. They include raised
features (NSCs or nano-spheroidal clusters) A–F,I,X,Y,Z and a few trenches G,H.
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Figure 10 shows a couple of the NSCs in higher magnification. The bright white
areas correspond to amorphous material and gray corresponds to crystalline material,
as evidenced by the ED scans in parts b and c. The TEM analysis shows that, away from
NSCs, the laser modified surface amorphization is approximately 40 nm deep. Sometimes,
black areas can be seen within the sample, attributed to voids or absence of material.

Figure 10. Electron diffraction and cross-sectional TEM measurements of multi-pulse LID on silicon.
The different layers in the image are labeled in (a); (b) shows the result of electron diffractometry
performed in areas like the blue dotted circle, i.e., on a nano-outgrowth; (c) shows the result of
electron diffractometry performed in areas like the solid blue circle. It shows a strong crystalline
ordering. In contrast, a strong amorphous signal is observed in (b). This means that, in the sample,
the brighter white areas correspond to amorphized material while the gray/dark areas in the bulk
correspond to monocrystalline silicon material.

Figure 11 summarizes the results of the TEM study. At locations A and B, a bisection of
a single NSC is captured. Clearly, the spheroids are amorphous and they sometimes have a
void beneath them. At location C, a partially detached NSC can be seen. At location D, it
seems an NSC has completely been detached, leaving behind a ridge-like feature. Locations
A,B,C,D all have an NSC and an increase in the amorphization thickness underneath
the nano-outgrowth or NSC. Location G and H show 20–50 nm trenches. Clearly, the
amorphous layer is thicker beneath the trenches, but rather than an NSC, there is an
absence of material (which points towards crack formation). Location I shows another
NSC. A slight contrast change can be seen beneath the NSC, which could indicate that
the material there is at a lower density, i.e., the NSC may have been starting to detach as
it cooled.

Next, we will explore the elemental make-up of the NSCs and surrounding material.
In order to investigate this, we performed EDX analysis on the NSC at location Y.
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Figure 11. High resolution cross-sectional TEM measurements of multi-pulse nanostructure forma-
tion on silicon. (a) TEM images of a wide area have been stitched together. Areas of interest are
marked by an upper-case letter. Area A is near the end of the sample (see Figures 5 and 6); (b) several
of the features from (a) are shown magnified. They are labeled by the corresponding capitol letter
locator in the top left corner; (c) the sample location for each feature is labeled in an overhead SEM of
the site taken prior to any FIB/TEM processing.

The results of the EDX study are shown in Figure 12. The peak value of four different
elements is displayed for each location by the intensity of the pixel at that location. The gold
from the protective layer, which clusters together, can be seen clearly above the surface.
Pt clearly has been deposited above the sample everywhere besides where there is gold.
The silicon signal is strongly distinguishable, although near the top of the NSC, it seems
some gold has penetrated. Finally, significant oxygen is only seen near the undercut of
the NSC.
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Figure 12. Spatially resolved Energy-dispersive X-ray spectroscopy (EDX) of an NSC outgrowth.
The EDX is taken at location Y of the cross-sectional TEM sample. The peak signal count value is
plotted for Au (a), Pt (b), Si (c), and O (d).

A proprietary algorithm used by the EDX software is able to plot spatially resolved
EDX of several elements simultaneously while allowing for the colors to be mixed if both
elements are present at the same location. This is shown in Figure 13.
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Figure 13. Spatially resolved Energy-dispersive X-ray spectroscopy (EDX) of an NSC outgrowth
combining elemental signals. (a) silicon and oxygen peaks plotted; (b) Silicon, Copper, Gallium,
Platinum, Gold, Carbon, and Oxygen are all plotted together, as color coded by the words used to
describe them here; (c) cross-sectional TEM of the area which has undergone EDX in (a,b).

Figure 13 clearly indicates that the NSC outgrowth is not made of a silicon-oxide.
Instead, it is made of pure silicon. Furthermore, the top part of the NSC was contaminated
by gold during FIB preparation. Near the undercut of the NSC, higher levels of oxygen
are indeed present. The very thin, brighter white area in Figure 13c is characteristic of an
oxide layer. Carbon is expected to be present on the sample since it was exposed to air.
Gallium is present from the gallium FIB. The Cu signal is from scattering off of the copper
sample mount.

Based on our analysis of these unique extreme sub-wavelength surface structures
(smallest nano-trench size 20 nm = λ/180 ) in single crystal Si generated from multi-pulse
femtosecond MIR pulses, it is clear that the formation mechanism of these nanotrenches do
not correspond to traditional LIPSS forming mechanisms. As it is clear from Figures 3–5 that
these straight-line like structures are formed by cracks on the surface, one may consider a
very well known ATG instability theory, named after pioneering works of Asaro, Tiller [36],
and Grinfeld [37]. The ATG model has been successfully used to explain many different
types of periodic surface structure generation caused by induced stress in the surface
layer [38–40]. The basic mechanism of such a stress induced periodic surface structure
formation (SIPSS) in creating self organized nano-islands [41] and nano-ripples [42] is
explained briefly thus: a flat surface under stress can relax its strain energy by undulating
the surface via surface diffusion, which may also result in crack formation. For SIPSS,
the stress is introduced by lattice mismatch between the surface solid solution layer and
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the substrate, whereas, in the case of the nano-trenches in discussion here, the stress is
essentially localized ’thermal stress’ on the surface layer introduced by the laser. The strain
energy is then relaxed via a process similar to the ATG instability, thus creating periodic
trench/crack structures on the surface. There are two previous observations that support
the above-mentioned hypothesis. First, these structures can only be generated after multiple
laser shots. This can be explained by the fact that multiple laser shots induce more defect
states, and disorder into the material, thereby increasing the strain energy. The sign of
laser energy deposition and extreme disordering at the surface is also apparent due to the
formation of the ∼40 nm deep amorphous Si (a-Si) layer at the top (see Figure 13c), which
contains all the nano-cracks and NSCs. On top of that, a-Si is in a metastable state, and thus
always subject to local structural rearrangements when perturbed by external energy input,
in an effort to minimize free energy. With a lower melting point of ∼1200 ◦C, a-Si also
exhibits a significantly larger increase in absorption co-efficient in comparison to crystalline
Si [43]. The heat generated by the laser (via free carrier absorption on the surface by the
laser E-field parallel to the surface) can also enhance mass transfer via surface diffusion
in the top layer. Mass transfer and diffusion towards the surface are also corroborated
by the nano-spheroid clusters of pure a-Si (see Figure 12) appearing to be ’bursting’ out
of the trenches/cracks in near-periodic fashion. The amorphous nature of Si NSCs also
points towards ultrafast melting to locally reach temperatures above the Si melting point of
1410 ◦C, followed by rapid cooling to prevent recrystallization. Meanwhile, a recent work
on bifurcation of LIPSS on GaAs [35] shows that LIPSS bifurcation crack formation due to
stress on the surface created by diffusion of defects towards surface do not occur until hours
after the laser treatment, whereas the plasmon should immediately die away upon laser
cut-off. This time-dependent phenomenon may be explained by slow kinetics of surface
diffusion at low temperatures, which may take seconds to hours for the strain energy to
relax. We plan to study the formation time scale of such structures in a future effort.

4. Conclusions

In summary, we have observed a new kind of ’LIPSS’ generated by strong MIR field
interaction with single crystal Si with several distinctive features compared to traditional
HSFL and LSFL. These ’straight-line’ Nano-cracks/trenches were aligned to the laser
polarization forming a near-periodic structure on the peripheral of the damage spot, with a
spatial period similar to HSFL formed on germanium with MIR wavelengths [29]. However,
unlike the case for common HSFL, the size/width of the individual features which make up
the periodic surface structure is much smaller than both the spatial periodicity of the lines
and the laser wavelength (as small as λ/180), and this size depends strongly on distance
from the central damage site. Furthermore, nano-spheroidal cluster outgrowths of molten
silicon have been captured re-solidified in their final amorphous state; in some cases, these
nano-spheroidal clusters or NSCs, were in the middle of escaping the material. To the best
of our knowledge, nothing like this has been previously reported. This phenomenon occurs
regardless of the presence of a native oxide layer, although the morphology is slightly
different. The morphology of the structures also was found to be affected by the crystal
orientation of the sample. Silicon oxide was not detectable within the nano-cracks or NSCs,
although an increased presence of oxygen was found in the undercut of the NSCs. Further
theoretical models will be needed to understand how these structures form. With more
study, better control over the formation of these structures could lead to extremely straight,
nanometer sized extreme-sub-wavelength (ESW) nanostructure device formation.
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