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ARTICLE INFO ABSTRACT

Keywords: Despite ultrafast laser-induced topography modification becoming a recognized surface texturing technique in

HSFLs the recent years, comparatively little work has focused on the accompanying chemical alterations. This study

Vacuum . aims to fill that gap by investigating the oxidation induced by ultrafast laser irradiation of metals, with a specific

E;ri?:go?emmry focus on tungsten, in different environments: ambient and high vacuum (10”7 mbar). Laser irradiating conditions

Femtosecond laser were chosen to generate so-called High Spatial Frequency Laser Induced Periodic Surface Structures with a sub-
100 nm period and sub-20 nm amplitude, as they are supposed to arise in a non-ablative regime. Contact angle
measurements, Scanning Transmission electron microscopy cross-sectional images, and x-ray photoelectron
spectroscopy analyses were used to investigate the surface chemistry of these structures and reveal significant
structural differences between the laser-generated oxides and those accumulated over time from ambient
exposure. To establish an oxidation mechanism during laser interaction with tungsten, Two Temperature Model
and Molecular Dynamics simulations (TTM-MD) were conducted to determine the temperature evolution over
time. The simulation results, complemented by oxygen diffusion data, provide a predictive insight into the
development of a thin oxide layer induced by laser irradiation, a conclusion substantiated by the STEM images.
These findings suggest that oxidation can occur mostly by solid-state diffusion while the surface is still in the
process of cooling down to room temperature following ultrafast photoexcitation.

1. Introduction

Ultrashort pulsed-laser irradiation can lead to both surface topo-
graphical and chemical modifications. For most metals, oxidation is
generally the first chemical alteration ensuing or accompanying the
generation of Laser Induced Periodic Surface Structures (LIPSS) or nano/
micro-roughness [1-4].

Some studies have suggested that oxidation of metals is required for
the formation of so-called High Spatial Frequency LIPSS (HSFL), that is
to say structures which periodicity is much lower than the laser wave-
length [5-8]. However, it has been recently shown that HSFLs genera-
tion on tungsten does not require oxidation [9]. In any case, it remains
undebatable that the final physico-chemical properties of laser irradi-
ated surfaces are influenced by laser generated oxides. This influence of
laser induced oxides are observed in the heat transfer performance of
laser generated micro/nano structures on Cu [10], tribological perfor-
mance of laser induced periodic structures on Ti [11,12], or metal color
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marking on Ti [13].

There have been attempts to explain the formation of oxide layers
based on oxygen diffusion into the laser generated melt pool for
continuous wave lasers, millisecond pulses as well as for nanosecond
pulses [14-18]. For CW laser irradiations on Cu and Ti the oxide growth
rate predicted by classical diffusion is in agreement with the observed
laser induced oxide layer thickness ranging from several nanometers to
micrometers [15,16]. This is also found to be true for millisecond and
nanosecond pulsed laser irradiations on Ti substrates [17,18].

However, the case of picosecond and sub-picosecond lasers is
different, as the pulse duration is on the scale of the electron-phonon
relaxation time and the energy is deposited before significant material
expansion can occur [18]. The deposition of a large amount of energy in
a small region thus leads to temperature variations taking place over
periods of time potentially too short for significant chemical reactions to
occur, typically oxidation [19,20]. Femtosecond laser induced oxidation
based on oxygen ion migration have been suggested by Kotsedi et al.
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[21] on Cr purely based on experimental evidence.

In this paper, oxide formation on Tungsten surfaces upon femto-
second laser irradiation is investigated in the case of HSFL generation
both in ambient and high vacuum conditions. These structures were
selected as they are supposed to come from melt flow without material
removal, allowing to precisely study how irradiated surface get oxidized
during laser processing. In addition, tungsten is chosen for this study
because of its capability to form various oxides differing in stoichiom-
etry and crystalline structure for various temperature and pressure
combinations [22]. This aspect is promising considering the potential
catalytic and wettability applications associated with various types of
tungsten oxides [23,24].

The novelty of this work lies in the establishment of an oxidation
mechanism for femtosecond laser-assisted oxidation on tungsten
accompanying the formation of HSFLs, combining analytical charac-
terization techniques and TTM-MD simulation.

2. Methods
2.1. Laser and characterization techniques

All irradiation experiments were performed on polycrystalline
tungsten samples electrochemically polished down to an average
roughness Ra ~ 6 nm measured with an Atomic Force Microscope
(AFM). A linearly polarized Yb:KGW laser (PHAROS from Light Con-
version, Inc) with a center wavelength of 1030 nm, pulse duration of
300 fs and repetition rate of 1 kHz is focused onto the tungsten sample
placed below a galvanometric scanner (AEROTECH AGV-10HPO)
mounted on a nano-positioning lift stage.

A 5mm x 5 mm area was irradiated by raster scanning the laser
beam with a scanning velocity of 4 mm/s and line spacing of 4 ym. The
laser gaussian beam is focused down to a diameter of 20 um using a
telecentric lens with an effective focal length of 48 mm. The peak laser
fluence used for the experiments is 0.32 J/cm?. The effective number of
pulses corresponding to the laser spot area [25] in a 2D scanned area is
here fixed at 20 pulses. Laser irradiations were carried out in two pro-
cessing environments, ambient air and high vacuum condition (107
mbar).

To avoid any change in the fluence delivered by the laser, both ir-
radiations were performed by keeping the sample inside the vacuum
chamber and the samples were not cleaned after the laser irradiation, as
it might affect the laser induced surface chemistry. Since the goal is to
analyze the effect of atmospheric conditions on the laser generated
surface chemistry for ambient and vacuum HSFLs, all the samples were
exposed to the same laboratory atmosphere after laser irradiation.

Topography analyses were performed with a Scanning Electron Mi-
croscope (SEM) (Zeiss Gemini SEM 500 field emission microscope) and
an AFM (Burker ICON) apparatus. Secondary electrons from the sample
were detected in the SEM using the EHT (Everhart-Thornley detector),
with an acceleration voltage of 3 kV. For the AFM, tapping mode was
used for the analysis. Silicon nitride tips of triangular geometry with
radius of 2 nm are used to analyze the topography.

The static contact angle was measured using a sessile drop technique
after depositing 1 pl of deionized water from a computer controlled
micro-syringe on the sample surface. The Water Contact Angle (WCA),
(measured 60 s after the droplet makes full contact with the surface to
ensure droplet stability), is usually used as a good indicator for changes
in surface chemistry of laser fabricated surfaces. The WCA was extracted
with the ‘contact angle’ plugin in the ImageJ software.

To extract chemical information from the first few nanometers of the
sample surface, X-Ray Photoelectron Spectroscopy (XPS) measurements
were performed using a Kratos Axis Nova spectrometer equipped with
an Al x-ray source (1486.69 eV), further analyzed using the Casa XPS
software. XPS peak calibration was done for C 1 s peak position 284.8
eV. The background subtraction is performed with a Shirley fit. The line
shapes used are asymmetric Lorentzian (LA) for W 4f and O 1 s spectra
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and Gaussian Lorentzian (GL) for C 1 s spectra.

To analyze the ageing of the samples, eight sets of XPS measurements
along with WCA measurements were performed at different point of
times (1 h, 2h, 3 h, 4 h, 1 day, 9 days, 28 days and 84 days) after laser
irradiation. For XPS measurements, the first five measurements (1 h, 2 h,
3 h, 4 h and 1 day after laser irradiation) were done on different laser
irradiated areas and the remaining three measurements (9 days, 28 days
and 84 days after laser irradiation) measurements were done for the
same laser irradiated area (separate samples for ambient and vacuum
HSFLs).

For WCA measurements same samples (separate for ambient and
vacuum HSFLs) were used for all the eight measurements. Air blowing
was used to make sure there was no residual water content on the laser
irradiated surface before making these WCA measurements. Consecutive
WCA measurements (separated by hours), were done in different parts of
the laser irradiated area to ensure minimum influence by the residual
water from previous measurements.

Scanning Transmission Electron Microscopy (STEM) (JEOL NEO-
ARM, 200 kV) combined with Energy Dispersive X-Ray Analysis (EDX)
mapping was also used to obtain chemical information from the sam-
ples. Electron transparent lamellae with thickness lower than 100 nm
were obtained by Focused Ion Beam (FIB) milling after deposition of a Pt
capping layer using Electron Beam Induced Deposition (EBID) and a
carbon layer using Ion Beam Induced deposition (IBID). High Resolution
Annular Dark Field Images (HR ADF) were also acquired in STEM to
obtain crystallographic information. Crystal indexing of the High Res-
olution STEM images obtained along the zone axis was obtained using
the Dif-Wshp21 software [26].

2.2. Hybrid computational model

A hybrid method combining Two Temper-ature Model (TTM) and
Molecular Dyna-mics (MD) is performed to simulate ultra-fast light in-
teractions with tungsten (W) using LAMMPS package [27,28].

The initial domain of the simulation box is defined by the dimensions
Ly x Ly x L; = 1000 ag x 30 ap x 30 ao (with ag = 3.16 A). The tungsten
atoms structure is defined as a Body-Centered Cubic (BCC) crystal
supercell block that fill the region [500 ag, 900 ay] along the x-direction,
equivalent to 900,900 atoms. A non-periodic boundary condition is set
at the rear part of the system as described by Schéfer et al [29].

The initial simulation domain is divided into two distinct regions
(Fig. 1). In the TTM-MD part, both classical Newton’s equation of mo-
tion and the electronic part of the TTM equation are solved [30] in a grid
of 100 x 3 x 3 equivalent to 3.16 x 9.48 x 9.48 nm®. The TTM part
(bulk) has a thickness of 4.5 ym and a mesh of 450 x 1 x 1 built to
ensure both heat dissipation and pressure wave absorption. The TTM-
MD and TTM regions are separated by a Non-Reflecting Boundary
Condition (NRBC) as described by Schafer et al [29]. The initial thick-
ness of the NRBC region ~ 8 Ais slightly larger than the cutoff radius
value of ~ 7.5 A provided by the interatomic potential.

TTM-MD model integrates nonequilibrium coefficients as electronic
specific heat Cq(Te), electron-phonon coupling factor (Ge(T.)) and
electron thermal conductivity (ke(Te)). The Ce(Te) used in this work is
computed by first-principles calculations as described in the study of
Bevillon et al [31]. The k¢(Te) is computed using Anisimov approxima-
tion [32] as, ke (Te) = kg X(Te/Ty), where kg = 170 Wwm 'K ! at To =
300 K (initial temperature of the system) as reported in the work of
Stojanovic et al [33] and T; is the ionic temperature. G¢(Te) is also a
function of electronic temperature (T.) where the values estimated by
Lin et al are used [34]. The source term S of the laser has a gaussian
temporal shape and an exponentially decreasing amplitude in depth x
following a Beer-Lambert law:

4in(2) 0?
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Fig. 1. Initial setup geometry of the W sample used to model ultrafast laser
interaction. The extreme upper and bottom parts represent the surface vacuum
part. TTM-MD and TTM schemes are solved in the red-blue and gray colored
regions respectively. Tungsten atoms in the solid BCC and melted phase are
colored in blue and red, respectively. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article.)

where t;, is the pulse duration, and to corresponds to the time of the laser
pulse maximum. F is the absorbed fluence defined by:

F = Fy(1 — R(T,)) ()

with R(T.) the reflectivity and 1,(T.) the laser penetration depth
computed at the wavelength 4 = 1030 nm. Both R(T.) and 1,(T.) are
temperature-dependent as provided by ab initio calculations reported by
Bevillon et al [35]. The initial atomic configuration is heated up to 300 K
using a micro-canonical ensemble (NVE) for 50 ps. Additionally, the
electronic temperature in the TTM continuum part is set to an initial
temperature of 300 K. Laser operating conditions similar to the experi-
mental conditions with , = 300 fs and Fo = 0.32 J/em? for pulse
duration and incident fluence are considered respectively After the laser
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energy deposition, the thermodynamics of the system was tracked dur-
ing 9 ns. We employed a timestep 6t =1 fs and EAM-type potential
developed by Marinica et al [36]. The local atomic structures are
investigated using the Common Neighbor Analysis algorithm (CNA)
[37,38] as implemented within the OVITO software [39].

3. Results and discussions
3.1. Topography analysis

HSFLs were obtained for ambient and high vacuum processing con-
ditions (10”7 mbar) for a peak fluence F, = 0.32 J/cm? and effective
number of pulses (N) of 20. The resulting HSFLs have a period, deter-
mined by Fast-Fourier transformation, of 42 nm + 8 nm and 80 nm =+ 10
nm for ambient and vacuum conditions respectively as shown in the
SEM images presented in Fig. 2 (a, b, d & e). The amplitude of the HSFLs
is in sub-20 nm range as shown by AFM in Fig. 2 (c) & (f).

3.2. Laser generated oxides on HSFLs

Water Contact Angle (WCA) measurements and XPS analyses were
performed on non-irradiated W and HSFLs generated on W surfaces in
ambient and high vacuum conditions. These investigations were aimed
to establish correlations with and analyze the surface chemistry,
respectively.

A few minutes after laser texturing under ambient conditions HSFLs
have a WCA of ~ 0° (super hydrophilic) (Fig. 3 (a)), while HSFL
generated in high vacuum have a WCA of ~ 58° (hydrophilic) (Fig. 3
(b)). XPS results presented in Fig. 3 (c) & (d) show W 4f high resolution
(HR) peaks one hour after laser irradiation. For ambient HSFLs (Fig. 3
(c)) the doublet at 31.3 eV and 33.43 eV corresponds to bulk W metal
(WP oxidation state) and the doublet at 35.9 eV and 38 eV corresponds to
WO oxidation state indicating that the oxide formed is WO3 [40-42],

For vacuum HSFLs (Fig. 3 (d)) the doublet corresponding to WO is
much weaker. In the literature, WCA of samples fabricated in vacuum or
inert gas atmosphere compared to samples in ambient air, is well
explored [43,44]. It is usually attributed to non-polar functional groups
being attached on the surface coming from the contaminations inside
the vacuum chamber and the absence of laser generated oxides which
are usually polar.

For laser generated surfaces in ambient conditions the presence of
oxides, being polar in nature is given as a reason for the initial super-
hydrophilicity [43-45]. This may be true here considering laser gener-
ated WO3 makes ambient HSFLs initially super hydrophilic and the
absence of this oxide increases the WCA for vacuum HSFLs. Ambient
HSFLs therefore react with atmospheric oxygen giving rise to a WO3 film
that doesn’t appear for vacuum HSFLs at this stage (i.e. 1 h after laser

Fig. 2. (a, b, d & e): SEM images of W sample irradiated by fs laser with F, = 0.32 J/em? and N = 20 for ambient HSFLs (a & b) and vacuum HSFLs (d & e). (¢ & f):

AFM images (1 um x 1 pm) of ambient (b) and vacuum (e) conditions.
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Fig. 3. (a & b) Camera images of contact angles measured after 10 min of fabrication for (a) ambient HSFLs (b) and vacuum HSFLs generated by fs laser with F, =
0.32 J/cm? and N = 20. (c & d) HR XPS peaks for W 4f spectra one hour after fs-laser irradiation. (c) Ambient HSFLs show the doublet peaks corresponding to W ¢+
oxidation state. (d) Vacuum HSFLs has no doublet peaks corresponding to any oxidation states of W other than those corresponding to the bulk.

texturing). The oxide layer generated under ambient environment is
most likely a laser generated oxide layer formed by the interaction of
atmospheric oxygen with the hot metal produced by ultrafast laser
heating.

3.3. Nature of the oxidation process

The WCA of both ambient and vacuum HSFLs increases with time
(Fig. 4 (a)), while still remaining in a hydrophilic state (i.e. WCA < 90°).
This is already reported in the literature for nanosecond laser generated
microstructures on W [45]. Generally, the reason for this WCA increase
is the accumulation of C-C/C-H hydrophobic functional group on the
surface over time as seen in the XPS quantification derived from C 1 s
spectra for ambient HSFLs in Fig. 4 (d). The evolution of WCA for
ambient HSFLs is consistent with the carbon contaminations from the
atmosphere, but not for vacuum HSFLs as shown in Fig. 4 (c).

Based on literature, such an increase in WOs3 content should
contribute to a decrease in WCA. Fig. 4 (a) clearly indicates an increase
in WCA over time for vacuum HSFLs. This discrepancy may be due to
major differences between the laser generated oxides forming over short
timescales (ns) and oxides accumulated over larger time scales (days), in
ambient and vacuum conditions respectively. In order to further inves-
tigate the different types of oxides involved in this study, high resolution
STEM cross sectional images are obtained for ambient HSFLs, vacuum
HSFLs and non-irradiated W lamellae as shown in Fig. 5 (a), (e) and (h)
respectively. These images were taken two months after the elaboration
process. From Fig. 5 (a) and (b) the first few nanometers (approximately
2 nm) of the ambient HSFL are crystalline, shown by the yellow arrows
in Fig. 5 (b), a conclusion supported by the diffraction pattern obtained
in Fig. 5 (¢) and corresponding indexing in Fig. 5 (d) HR STEM images of
vacuum HSFLs (Fig. 5 (e) & (f)) show an amorphous-like layer at the tip
of the HSFL, as confirmed by the FFT in Fig. 5 (g).

A native WO3 oxide layer, which forms on the tungsten surface when
it comes into contact with ambient conditions, is also evident on the
non-irradiated tungsten surface. This presence has been substantiated

through STEM-EDX and XPS data, as depicted in Fig. 5 (j) and (k),
respectively. Edges of non-irradiated W in Fig. 5 (h) seems to have a 3
nm thin amorphous layer (FFT in Fig. 5 (i)). The literature also cor-
roborates our results where the most common oxide of W at room
temperature is amorphous WO3 [46-48].

For ambient HSFLs, the interplanar distance calculated from Fig. 5
(a) is d130 = 0.23 nm. This measurement closely aligns with the inter-
planar distance of the (130) plane in monoclinic WO3 [49] where d;39
= 0.22 nm. Further support for our hypothesis that the laser-generated
WOj3 may indeed possess a crystalline structure, specifically monoclinic,
is drawn from the FFT analysis of the inset in Fig. 5 (c). The indexing
process was carried out using the Dif-Wshp21 software [26]. We
employed the CIF data for monoclinic WO3, which was downloaded
from the Crystallography Open Database (COD ID: 1528915), and found
it to be in agreement with our experimental FFT data, where d;39 = 0.23
nm. Haase et al [50] have also reported similar observations on femto-
second laser irradiation of W giving rise to monoclinic WOs3
nanoparticles.

Structure and wettability are known to be closely related in the case
of WOs. C. V. Ramana et al [24] observed a change in WCA from ~ 75
degree to ~ 5 degree as the structure changes from amorphous WOj3 to
crystalline WO3 (amorphous WO3 exhibits higher WCA than crystalline
WO3). This is due to a change in surface energy, where a decrease in
WCA is observed with increasing surface energy [51]. Crystalline WO3
has a higher surface energy compared to amorphous WO3 due to its
larger surface active area, contributing to the observed change in WCA
[52,53]. This is in perfect agreement with our results showing the
amorphous native WOj3 layer on vacuum HSFLs less hydrophilic than the
crystalline WO3 formed on ambient HSFLs.

3.4. Mechanism of oxidation

In the subsequent section, our aim is to determine the mechanisms by
which oxygen is incorporated into tungsten through laser irradiation,
leading to the formation of a crystalline oxide. Given that temperature at
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Fig. 4. (a) WCA evolution with time over a period of 84 days after fabrication for vacuum (red) and ambient (black) HSFLs produced on W by fs laser irradiation
with F, = 0.32J /cm? and N = 20. The blue line indicates WCA of the non-irradiated W surface. (b): High resolution W 4f XPS spectra obtained for different time
frames after fabrication for vacuum showing that the oxide accumulation does not change the peak position with 6 + oxidation state resulting in WOj3 stoichiometry.
(c & d): The plot of relative concentrations (at. %) of all the functional groups associated with carbon (C-C/C-H, C-O, C = O, O-C = O) from the C1s XPS spectra for
vacuum (c) and ambient (d). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the W surface plays a major factor affecting oxidation mechanism, and
considering the very fast change in surface temperature during ultrafast
laser irradiation, it appears necessary to take into account the collision
and dissociation rates of oxygen molecules on the W surface to form
oxygen atoms that can diffuse into tungsten.

The temperature range most likely associated with the formation of
monoclinic WO3 during the cooling process is suggested to be between
1273 K and 600 K. Above 1273 K, WO3 undergoes sublimation [54,55].
W needs to reach temperatures above 600 K to form monoclinic WO3
upon cooling [56,57].

While the sample will go through the temperature range required for
monoclinic WO3 upon cooling, the time spent in that temperature range
is as important for forming WO3 by conventional temperature depen-
dent oxidation [58], and can be extracted from TTM-MD simulations.

3.4.1. Temperature gradient and diffusion of oxygen

Using the experimental laser parameters in the TTM-MD simulations,
a maximum temperature of ~ 6600 K is obtained at the W surface, as
reported in Fig. 6 (a). The TTM-MD (Fig. 6 (b)) surface temperature
evolution with time after laser irradiation on

W provides a duration of 7.2 ns for the sample surface temperature to
decrease from 1273 K to 600 K, the temperature window favorable for
monoclinic WO3 formation.

The diffusion length X of oxygen during these 7.2 ns can be calculated
knowing the diffusion coefficient (D) and the diffusion time t using the

equation [59],
A= (rxD)" (3)

The temperature rapidly decreases from 1273K to 1000K within a short
duration of 0.82 ns, a range for which the diffusion coefficient value for
oxygen is around D = 10~8m? /s [60]. The temperature transition from
1000 K to 600 K takes a longer time span of 6.38 ns, but the diffusion
coefficient is lower in this range is D = 10~ °m? /s [60]. According to
Equation (3), the diffusion lengths for the temperature ranges of 1273K
to 1000K and 1000K to 600K are determined to be 2.8 nm and 2.5 nm,
respectively. The experimental results demonstrate the existence of an
extremely thin oxide layer, measuring approximately 2 nm, as evi-
denced in the STEM ADF images (Fig. 5 (a) & (b)). This phenomenon can
be attributed to a significant factor: as a few monolayers of WO3 form,
the restricted time window during this brief interval poses a growing
challenge for oxygen atoms to effectively penetrate and diffuse through
these oxide monolayers. The diffusion length of oxygen atoms through
WOj3 is much smaller in the given temperature range (the diffusion
constant is 5.55 x 10712571 at 1073K) [61]. The kinetic theory of gases
can provide the number of oxygen molecules n impacting a W surface at
a particular pressure and temperature [62,63]. Under oxygen partial
pressure in ambient conditions, the collision rate of an oxygen molecule
on a tungsten surface is n = 5.72 x 1022m~2.s~! and the planar density
of a (130) tungsten plane is 6.3 x 10*cm~2 [62]. Using the 7.2 ns
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Fig. 5. High resolution STEM probing of W irradiated by fs laser with F, = 0.32 J /em? and N = 20: (a & b) HR-STEM images of FIB-extracted lamellae with FFT
reported in (c) and crystal indexing in (d) for HSFLs produced under ambient conditions. (e & f) HR STEM image of FIB-extracted with FFT reported in (g) for
HSFLs produced under vacuum conditions. (h) HR-STEM image of tungsten surface without any laser irradiation with its FFT reported in (i). (j & k) STEM-EDX
mapping of non-irradiated W with (j) showing a fine layer of oxide (represented by green color) on W (orange) protected with Pt layer (blue) for lamellae
preparation. (k) HR XPS W4f peaks corresponding to non-irradiated W. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 6. (a) Temperature depth profile in W irradiated by femtosecond laser with F, = 0.32 J/em? and N = 20 at different snapshots of time obtained from TTM-MD
simulations. (b) Temperature evolution versus time at the surface of the W sample.

window computed through TTM-MD for a single pulse for oxidation to
take place, we can estimate that 20 pulses would lead to the formation of
approximately 9 monolayers of WO3 oxide which corresponds to 2 nm
thickness of the oxide layer in the STEM images (di3p = 0.22 nm for
monoclinic WO3). This observation is further supported by the presence
of 9 atomic planes visible in Fig. 5 (b) as mentioned.

The reason behind considering the potential for a pulse-by-pulse
accumulation of the oxide layer stems from the apparent absence of
material ablation, also evidenced by TTM-MD simulations. These cal-
culations were performed on tungsten alone, whose evaporation point is
comparatively high compared to that of WO3 which sublimates above
1273 K. However, the simulations predict the sample remains at such
temperature less than 0.5 ns per pulse. Considering a reported subli-
mation rate for WO3 of 1.5 x 10716g.cm~2.s~! at 1643K [64], this would
lead at worse to the evaporation of less than 3 oxygen atoms per cm?,
which is negligible in any case.

Another crucial parameter to consider is the dissociation time of
oxygen molecules: Literature suggests that dissociative chemisorption of
oxygen molecule can take place within 10"'% s on W surface at high
temperatures [65]. Dissociation of oxygen molecules can therefore
happen within the nanosecond time scale (7.2 ns) obtained from TTM-
MD simulations.

These calculations substantiate the formation of monoclinic WO3 by
oxygen diffusion between 1273 K and 600 K with pulse by pulse accu-
mulation of oxides. Moreover, WO3 is known to exist at GPa pressures
[66], hence making it stable at the laser induced high pressure regime
[67].

4. Conclusions & perspectives

Under both ambient and vacuum conditions of femtosecond laser
irradiation, HSFLs with amplitudes of less than 20 nm and a periodicity
of less than 100 nm are created on the surface of W. Through STEM-ADF
imaging and XPS, it is confirmed that in ambient conditions, a 2 nm
thick layer of monoclinic WOj5 is present. On the other hand, in vacuum
conditions, there is initially no observable oxide layer, but over time, an
amorphous tungsten oxide forms on the surface, similar to what is found
on non-irradiated tungsten. TTM-MD simulations have allowed us to
determine the time scale for temperature variation, which is suitable for
the formation of tungsten oxide under laser irradiation. By employing fs
laser pulses with F, = 0.32 J/em? and N = 20, our investigation has
established that a time frame of approximately 7.2 ns is notably
conducive to the oxidation of tungsten, ultimately leading to the

formation of monoclinic WO3. During this time frame, the conventional
oxidation mechanism based on diffusion is found possible. Furthermore,
we have explored the potential for controlling wettability, a property
contingent on the structure of the oxide formed during the oxidation
process.

This contribution puts forwards a new approach in establishing a
mechanism for femtosecond laser induced oxidation of metals. The
consistency in classical oxidation approaches for metals, such as colli-
sion rate, dissociative chemisorption, and oxygen diffusion length,
applied to tungsten here, facilitates the potential transfer of this oxida-
tion mechanism to other metals in principle. It also paves the way for
combining the laser parameters and processing environments to tune the
final physico-chemical response of the metallic surfaces.
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