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ARTICLE INFO ABSTRACT

Keywords: Manufacturing multifunctional nanocomposite materials and engineered surface nanopatterns involves a strategic
Ultrafast lasef blend of topography, crystal structures, and chemistry. Here, we report the controllable formation of crystalline
Nar;‘;mucmrmg nanoparticles and intermetallic compounds on thin films of metallic glasses (Zrs,Cus,, TisoCusy, and Zrg;Ags3)
]l:/iZtallic lass thin films irradiated by ultrafast laser beams. Mapping the structural modification of the photoexcited and subsequently
Crystallizgation heated alloys reveals previously neglected chemical reactions with air, offering a direct solution for incorporating
Nanoparticles nanoparticles into an amorphous oxide matrix and broadening the range of laser-induced surface self-organization

features. Our findings are attributed to the occurrence and enrichment of oxygen surface contamination that
reacts with selected elements of the metallic glasses. Additionally, the growth of the crystalline phase from
undercooled liquid may originate from the dissolution of oxides. Finally, our results establish that the combination
of crystalline nanoparticles on amorphous periodic patterns can be universally obtained in a wide range of binary

systems of irradiated metallic glasses.

1. Introduction

A survey of biological surface behavior highlights the significant role
played by the combination of topography and chemistry in achieving
exceptional functional properties [1,2]. In the quest for desired perfor-
mances, nature demonstrates intriguing physical phenomena that rely
on precise topochemistry control. This is evident in the hydro-hygro-
oleo-phobic properties that enable self-cleaning effects on lotus leaves
and cicada wings [3], the unique adhesive abilities of gecko feet [4], or
the drag reduction capabilities of shark skin [5]. Despite the remarkable
success of biomimetic strategies developed for organic solids, polymers,
semiconductors, and, more recently, 2D materials, surface engineer-
ing through the interconnected manipulation of structural arrangement,
chemistry, and topography remains less explored and challenging in
metallic materials [6,7]. The illumination of surface by ultrafast laser
light has garnered considerable interest in recent years, with advance-
ments in nanostructuring processes enabling energy localization on the
nanoscale. This localization triggers original and exciting properties of
nano-patterned surfaces [8,9]. Light-driven material arrangement and
structural modifications hinge on the extreme local field enhancement,
which orchestrates the interplay between inhomogeneous light cou-
pling and polarization-oriented material response, in conjunction with
the reaction with the surrounding gas environment [10]. The design of
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metallic nanostructures using ultrafast lasers, especially the formation
of periodic ordered nanostructures through a regulated feedback mech-
anism known as laser-induced periodic surface structures (LIPSS) [11],
aims to concentrate local light field energy into closely coupled regions.
This concentration leads to intense photoexcitation, isochoric heating,
and phase transitions. To manipulate physico-chemical surface proper-
ties, atomic and crystal rearrangements that occurs may be rationalized
as a function of the irradiated material [12,13]. Consequently, a careful
investigation of the light-induced surface response is required to enable
the emerging of mesoscopic features from nanometric manipulations for
complex materials as amorphous metals. In this work, detailed map-
ping of laser-induced changes reveals previously overlooked air-driven
chemical reactions. These reactions create an amorphous oxide matrix
with embedded nanoparticles. By revealing the crucial role of air-driven
chemical reactions in laser-induced self-organization of metallic glasses,
this study opens a new avenue for manipulating surfaces and designing
advanced properties. Our finding underscores the importance of under-
standing and potentially mitigating the influence of oxygen during laser
processing of metallic alloys. While achieving precise oxygen incorpo-
ration remains a challenge, this knowledge suggests a valuable guide
for both minimizing adverse effects and harnessing potential benefits of
oxygen for tailoring surface functionalities in these materials.
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Metallic glasses, often referred to as amorphous metal alloys, have
been a subject of intensive research since the 1960s, primarily due to
their unique amorphous structure. Their inherent uniformity and the
absence of grain boundaries endow them with a remarkable combina-
tion of properties compared to conventional polycrystalline materials.
These properties include exceptional elastic strain (~ %2), which is sig-
nificantly higher than that of most common crystalline metallic alloys
(typically less than (< 1%), as well as corrosion resistance and high
mechanical strength [14]. This strength results from the absence of
microstructural features such as grains, grain boundaries, and disloca-
tions, making them highly valuable for mechanical applications [15].
To address the limited ductility and plasticity of metallic glasses, re-
searchers have recently developed heterogeneous microstructures in
various systems by combining a glassy matrix with ductile crystalline
phases [16-18]. It has been reported that composite microstructures
containing crystalline phases exhibit improved toughness and plasticity
under mechanical stress compared to monolithic glasses [16,19]. The
ex situ composites can be prepared by directly introducing crystalline
second phase as reinforcements into the glass-forming melt during pro-
cessing. In order to substitute complex existing solutions based on crys-
talline phase introduction in glass-forming melt during processing, we
propose to combine thin film metallic glass (TFMG) coating technology
with ultrafast laser nanostructuring. Thin films produced through physi-
cal vapor deposition (PVD) exhibit enhanced ductility compared to bulk
materials, and their micron-scale thickness is well-suited for precise ul-
trashort laser energy deposition, with affected depths often measured in
hundreds or even tens of nanometers.

Ultrafast laser irradiation with pulse fluences in sub-threshold ab-
lation regime opens up significant possibilities for precise and efficient
fabrication of nano/microstructures on the surface of metals. Periodic
features have been shown to offer various applications for example
based on plasmonic, anti-reflective, antibacterial, and wettability prop-
erties via single pulse and multipulse irradiation [20-25]. In this laser
fluence regime, the dynamic coupling between incoming light and the
formed nanoroughness influences the local energy deposition and tem-
perature gradients from pulse to pulse giving a positive feedback for
periodic nanostructure ordering [26-29]. The periodic behavior of the
topography is assigned to different mechanisms such as the coherent
superposition of incident with scattered waves, the surface plasmon
wave excitation, the near-field enhancement, and the corrugation-
mediated feedback effects [30,31,28,10]. In addition to topography,
ultrashort pulses were recognized to strongly disturb the structural ar-
rangement of the material, with the opportunity to create exotic phases
[32-34,12,35].

In this work, we explore the surface patterning of metallic glasses,
notably Zrs,Cus,, generating self-organized patterns at length scales
comparable to the wavelength of light. Within this regime, local field
enhancement is mediated by evolving surface topography, and the pat-
terns growth is regulated through a strong feedback mechanism. Our
investigation delves into the intricate interplay between incident light
and laser-induced material modifications, emphasizing the interdepen-
dence of selective oxidation and the formation of nanocrystallites on the
surface. To elucidate the coupling between incoming light and material
alterations, we reveal the involvement of selective oxidation and the pe-
riodic emergence of face-centered cubic crystal structures of Cu on the
amorphous surface. We achieve this by correlating topographical ob-
servations from cross-sectional transmission electron microscopy (TEM)
analysis with energy-dispersive X-ray spectroscopy (EDS). Notably, the
temperature-induced local oxidation of Zr centers appears to play a sig-
nificant role in this complex process of topochemistry transformation.

2. Materials and methods
To achieve surface structuring of thin film metallic glasses, we em-

ployed ultrafast laser irradiation that leverages topography-induced
feedback from successive pulses in an air environment to induce chem-
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ical modifications. Multipulse ultrafast laser irradiation involves a com-
plex interplay of photo-thermal mechanisms, where absorbed energy
and heat confinement interact with hydrodynamic processes, leading to
phase transitions, melt flow, and material removal. Multiple laser pulses
are essential for developing a stable laser-induced periodic surface struc-
ture pattern within an ultrashort laser spot, as previously reported for
Zr-based metallic glasses, which uniquely form without bifurcations in
bulk MG [36]. However, in TFMGs, the columnar morphology intro-
duces roughness heterogeneities, impacting the uniformity of feedback
effects and promoting the emergence of bifurcations [37].

2.1. Sample preparation

TFMGs were obtained by DC magnetron co-sputtering of metallic
targets (Zr + Cu, Ti + Cu, or Zr + Ag) in an argon atmosphere. The
films were deposited on (100)-oriented silicon single crystal substrates
of 1.5x1.5 cm?. The target-to-substrate distance was fixed at 9 cm
for all types of TFMG. The depositions were performed using a rotat-
ing substrate holder to ensure chemical homogeneity of the films. The
sputtering chamber was pumped down using a mechanical and a turbo-
molecular pump, achieving a base vacuum of 10~ Pa. The deposition
pressure was maintained at 1 Pa. The current applied to the sputter-
ing targets was adjusted to achieve the desired compositions (Zrs,Cusy,
TisoCusy, and Zrg;Agss). The films were deposited without external
heating or substrate bias. The self-established temperature at the sub-
strate, measured using a thermocouple, did not exceed 45°C C during
growth. The resulting film thickness was optimized at 1.5 um to bal-
ance PVD constraints with optical and thermomechanical management
considerations. This thickness was chosen to be larger than the heat con-
finement length due to thermal electronic conduction, ensuring that the
laser-induced effects are confined within the material. Additionally, this
thickness helps to prevent delamination of the film by mitigating the re-
flection of the laser-generated pressure wave at the impedance change.

2.2. Ultrafast laser irradiation

For the ultrafast laser irradiation process, the laser pulses were de-
livered to the surface of TFMGs to form LSFL using a Ti:Sapphire fem-
tosecond laser system (Legend Coherent Inc.). The laser has a central
wavelength of 4 =800 nm, with a pulse duration of = = 60 fs at a rep-
etition rate of R =1 kHz (as shown in Fig. 1a). The linearly polarized
laser pulses were attenuated and focused through a 250 mm achromatic
lens at normal incidence. The focused laser spot exhibited a Gaussian
profile with a spot size (at 1/e?) measuring 2w, = 56 um. The laser
fluence quoted in this paper is the peak fluence F =2E/ nwé, with E
being the laser pulse energy. The single-shot damage threshold fluence
of 0.08 J/cm? was determined using the D? method [38]. The fluence
dependence of the observed topography was explored by performing
additional experiments at different doses, varying both the laser flu-
ence and the number of pulses, as well as the overlapping rates. Here,
we focus on the most regular LSFL obtained after femtosecond laser
irradiation with a peak fluence of 0.2 J/cm?. Operating in a LIPSS gen-
eration regime offers the advantage of a structuring method that can be
generalized to any composition or material. Regarding nanostructure
spatial coherence over large areas, LIPSS offer an additional advantage
for achieving high uniformity due to the seeding effect from the pre-
viously formed LIPSS pattern. This method is also easily reproducible,
ensuring well-defined thermomechanical conditions just above the melt-
ing point and near the ablation threshold. The irradiated zone of interest
forms a continuous and uniform line achieved through a static irradi-
ation method by moving the sample holder. The latter moved in the
electric field direction at a velocity of 2.8 mm/s, with 5 pulses deliv-
ered every 5 um, resulting in a 96% overlap [39].
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Fig. 1. (a) Experimental set-up for LIPSS irradiation along a line. The irradiated
zone forms a continuous and uniform line achieved through a static irradiation
method by moving the XY stage in 5 pm increments at a velocity of 2.8 mm/s.
L: lens; P: polarizer; M: mirror; A/2: half-wave plate. (b) SEM image of the irra-
diated line performed by scanned ultrafast laser irradiation on Zrs,Cus, TFMG.
Five laser shots were delivered every 5 pm with a fluence F, =0.2 J/em?. (c)
Zoomed SEM image of the formed LSFL corresponding to the blue rectangle in
(b) (left). The white rectangles indicate the FIB lamella extraction zones depicted
in Fig. 2 and Fig. 3. 3D-projection of the zoomed SEM image corresponding to
the location surrounded by the red rectangle (right).

2.3. TEM characterizations

Transmission electron microscopy (TEM) analysis was conducted us-
ing a JEOL-ARM 200 Cold FEG TEM/STEM operating at 200 kV and
equipped with two spherical aberration (Cs) probe correctors (point res-
olution 0.12 nm in TEM mode and 0.078 nm in STEM mode). For this
analysis, cross-section TEM samples of the films were prepared using a
focused ion beam (FIB)-scanning electron microscope dual-beam system
(FEI Helios NanoLab 600i).

2.4. Nanostructures generation and observation

In this paper, we irradiated a Zrs,Cusy TFMG by scanning an ultra-
short laser irradiation on the surface. The irradiated line was observed
with scanning electron microscopy (SEM) and shown on Fig. 1b). The
selected peak fluence (F =0.2 J/cm?) was more than twice the dam-
age threshold of the material, suggesting that the growth of LSFL is
presumably associated with a photomechanical ablation regime [40].
These LSFL are formed at the center of the irradiated line with a width
of ~ 30 pm in accordance with the theoretical spot diameter. The initial
thin film surface aspect is unaltered, except around the irradiated zone
where some redeposited particles are visible. Zooming on the irradiation
area on Fig. 1c), topographical patterns are visible and are comparable
to the LSFL obtained on crystalline metals. They present a typical pe-
riod of ~640 nm, marginally lower than the laser wavelength A = 800
nm used for the irradiations. Formed by the interference between the in-
cident light and the scattered waves that may involve surface-plasmons
[11,40,28], the generated LSFL are perpendicular to the electric field
and the crests exhibit approximately 300 nm of width. Although the
periodic structures present some bifurcations, they do not show discon-
tinuities along the irradiated line. The right part of Fig. 1c) corresponds
to a 3D-projection of a zoomed SEM picture of the LSFL. Some con-
trasted particles are visible on the Low Spatial Frequency LIPSS. They
are more present on the top of the ripples than on the bottom and they
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Fig. 2. a) STEM image acquired in BF mode of the FIB lamella extracted parallel
to the LSFL created by laser irradiation of the Zrs,Cus, TFMG. b) colored EDS
mapping showing the superposition of the elements Cu, Zr, and O. ¢) EDS maps
depicting the distribution of each element.

have a fairly regular size distribution. Remarkably, the 3D-projection of
the SEM picture reveals the presence of agglomerates or aggregates of
particles dispersed above and inside the rippled structure.

3. Results and discussion

Two zones were selected and shown by white rectangles on the
Fig. 1b), corresponding to the locations where we have extracted two
FIB lamellas, one parallel and one perpendicular to the periodic surface
structures to gather the maximum amount of information. The lamella
were characterized by TEM coupled with both chemical analysis through
EDS and diffraction analysis of STEM images. Fig. 2 presents the results
of these analyses for the lamella taken in the same direction as the LSFL
created.

In Fig. 2a), the STEM image depicts a longitudinal cross-section of
the LSFL. Notably, bumps and cavities are observable in the upper part
of the structures, confirming the presence of particles and/or agglom-
erates, consistent with observations in Fig. 1c). In the thin film’s depth,
the material demonstrates chemical homogeneity, displaying a regular
dark contrast along the entire length of the FIB lamella. The film’s sur-
face, approximately 200 nm thick, presents another contrast, suggesting
that laser irradiation affects the top surface of the thin films. Figs. 2b)
and 2c) reveal that this 200 nm thick surface layer is not chemically ho-
mogeneous. It consists of a 60 nm thick top layer primarily composed
of pure copper, while both zirconium and oxygen are detected in the
140 nm thick layer beneath the surface. A meticulous examination of
the Cu EDS mapping clearly indicates that this layer is not continuous,
implying the formation of copper nanoparticles on the top surface of
the laser-irradiated TFMG. These copper nanoparticles are formed on a
zirconium oxide layer. Consequently, the laser irradiation of Zrs,Cus,
TFMG induces the segregation of copper and zirconium elements in a
200 nm top layer, while the remaining TFMG remains unaffected by the
irradiation.

Similar imaging and mapping analyses were performed on the FIB
lamella extracted perpendicularly to the LSFL. The results of these analy-
ses are presented in Fig. 3. The depth contrast between crests and valleys
is approximatively 300 nm along the FIB lamella, that corresponds to
high contrast already observed for metals with high electron-phonon
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Fig. 3. a) STEM image acquired in BF mode of the FIB lamella extracted perpen-
dicular to the LSFL created by laser irradiation of the Zrs,Cus, TFMG. b) EDS
mapping showing the superposition of the elements Cu, Zr, and O. ¢) EDS maps
depicting the distribution of each element.

coupling strength [41]. That amplitude corresponds also to already re-
ported values after ultrashort laser pulses irradiations of amorphous
metals [42]. As with the FIB lamella extracted in parallel, the deep-
est layer of the thin film appears dark and seems to be homogeneous.
Above this area, a much lighter layer appears periodically distributed
with greater thicknesses under the bumps of the LSFL and much smaller
thicknesses near the cavities.

Figs. 3b) and 3c) present EDS maps, illustrating a colored recon-
struction that represents the distribution of elements within the lamella.
In the depth of the film, the distribution of copper and zirconium is
homogeneous as before, confirming the maintenance of the initial sto-
ichiometry of Zrs,Cus,. The lighter-contrast layer dominating the film
on the STEM image is copper-depleted and enriched in oxygen. The in-
tensity corresponding to the presence of zirconium appears unchanged
compared to what was observed in the depth. In agreement with the re-
sults obtained in Fig. 2, the upper area containing dark and contrasting
particles is rich in copper and does not contain zirconium and oxygen.

STEM BF images coupled with EDS spectroscopy analyses revealed
that contrast modifications appear in the FIB lamella extracted from
the TFMG irradiated in ablation regime. These modifications may corre-
spond to changes in chemical composition and structural modifications.
In our case, the two layers situated on the laser-irradiated Zrs,Cus, sur-
face, exhibiting distinct contrast compared to it, display an elemental
distribution that differs from that of the thin film core. An elemental
modification could thus be the cause of the contrast modification ob-
served in the STEM BF images in Fig. 2a) and Fig. 3a). However, this may
not be the exclusive cause of these contrast disparities. Hence, further
examination involved high-resolution (HR) STEM images and diffraction
analysis to identify any elements that could unveil specific structures.

To understand the potential structural modifications generated by
femtosecond laser irradiation in the Zrs,Cus thin film, diffraction anal-
yses were conducted at various strategic locations. Fig. 4 presents a
STEM image in bright field mode of the LSFL in cross-section, along
with two diffraction patterns taken at the two highlighted locations. The
blue zone, deeper into the film, remains amorphous after irradiation. Ac-
cording to EDS spectroscopy analyses, the stoichiometry of the Zrs5,Cus
film, originally containing 50% at. copper and 50% at. zirconium, is pre-
served, as is its amorphous structure. However, the red-highlighted zone
on the STEM image, corresponding to the bright area on the surface,
does not exhibit an amorphous structure. Diffraction spots are visible
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Amorphous

Fig. 4. STEM image of the FIB lamella displaying a cross-sectional view of the
LSFL generated by laser irradiation of the Zrs,Cus, TFMG. Diffraction patterns
obtained from the areas highlighted in the STEM BF image.

in the diffraction pattern, indicative of the presence of crystalline struc-
tures in this specific area of the sample. Fig. 5 provides a close-up of an
LSFL bump. It is possible to observe that under this bump, three layers
are apparent. (1) The metallic glass preserved in the depth that retains
its amorphous structure. (2) A crystalline layer of approximately 130 nm
in thickness containing zirconium and enriched in oxygen. (3) A surface
layer of approximately 60 nm in thickness containing crystalline copper
particles and/or agglomerates. The copper particles on the surface do
not appear to be merely redeposited on the surface; they are sometimes
included in the overall topography, as shown by the diamond-shaped
particle on the right in the mapping in Fig. 5. This particle measures
approximately 50 nm.

A closer look was taken at the diamond-shaped particle circled by a
black square in the STEM image of Fig. 5a). Fig. 5¢) provides a zoomed-
in view, and even at this magnification level, characteristic elements of
a crystalline structure can be observed. Two high-resolution STEM im-
ages are also presented in Fig. 5d), taken in the green and red boxes,
corresponding to the area containing zirconium and enriched in oxy-
gen, and to the copper particle. The HR-STEM images reveal rows of
organized atoms for both areas of study. By observing the HR-STEM im-
age of the green area, several crystalline orientations are visible, which
is confirmed by the diffraction pattern. This reveals a structure corre-
sponding to monoclinic zirconia (m-ZrO,) with the presence of the (111)
and (111) planes. The diffraction image associated with the red area on
the copper particle also reveals the presence of several crystalline planes,
characteristic of a face-centered cubic structure.

Laser irradiation of the Zr5,Cus, sample in ablation mode resulted in
the appearance of typical LSFL accompanied by chemical and structural
modifications in the material. A layer of monoclinic zirconia is visi-
ble beneath the surface, overlaid by nanoscale copper particles. Thus,
multiple phenomena were at play here, including preferential oxidation
of zirconium to form ZrO, and chemical segregation of copper. These
phenomena have already been observed in metallic glasses based on
zirconium and/or copper [43,44]. While they were not observed at tem-
peratures similar to those during ultra-short irradiations, an analogy can
be drawn. Tam et al. [45,46] showed that bulk metallic glasses based on
copper, zirconium, and titanium formed either copper oxides or metallic
copper beneath the surface, depending on the temperature kinetics. By
performing vacuum annealing, they found that oxygen played a critical
role in the surface segregation of copper, preferentially forming a zirco-
nium oxide. Thus, the preferential oxidation of zirconium would induce
copper segregation. Other authors [47-49] proposed that the oxidation
of massive metallic glasses based on zirconium was due to diffusion phe-
nomena, both of oxygen into the depth of the layer and of copper toward
the material’s surface. However, it may not be clear whether the prefer-
ential oxidation of zirconium leads to copper segregation, or vice versa.
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EDS Mapping

Zone axis [110]

Fig. 5. a) STEM BF image of the LSFL bump of Zrs,Cus, TFMG irradiated by ultrafast laser. The black square indicates the selected area shown in c). b) Colored EDS
mapping showing the overlap of copper, zirconium, and oxygen elements beneath an LSFL bump. ¢) STEM BF image capturing an area containing a copper particle.
Green and red circled area are analysed in d). d) HR-STEM images and their diffraction patterns reveal atom columns representative of monoclinic zirconia (top)

and face-centered cubic copper structures (bottom).

While only a limited number of studies have delved into phase separa-
tion in Zr-Cu binary systems, those that have - whether through prefer-
ential sputtering experiments or thermal quenching - largely unveiled
the diffusion of species and the formation of intermetallic compounds
[50-52].

In the molten state, zirconium atoms preferentially react with oxy-
gen atoms, resulting in the formation of ZrO,. Meanwhile, copper atoms
remain mobile within the mixture and are expelled upon cooling. De-
spite the slight variation in surface tension coefficients between Cu
and Zr melts [53,54], the decisive factor influencing atomic segrega-
tion in binary mixtures is likely the thermophoresis or the Soret effect
[55]. This phenomenon arises due to a temperature gradient, where the
motion of fluid molecules in the hot zone and the elevated energy lev-
els in this region drive the displacement of nanoparticles toward the
colder region. Thermodiffusion forces, which include interface stresses
and thermophoretic volume forces, are considered to elucidate why Zr
atoms predominantly undergo crystallization into ZrO,, while copper
atoms aggregate in the liquid phase, solidifying within a timeframe of
hundreds of picoseconds.

4. Consistency across different binary metallic alloys

Finally, to assess the generalizability of these findings, we irradi-
ated additional compositions of binary metallic alloys to compare the
stacking of composition layers with those obtained for the Zr-Cu sys-
tem. The two alternative compositions were selected to replace one or
both elements, introducing either a metal element with a strong affin-
ity for oxidation, such as titanium (Ti), to substitute for the Zr element,
or substituting the copper element with another noble transition metal,
namely silver (Ag), known for its potential antibacterial properties. The
TisoCus, sample displayed a relatively smooth surface before irradia-
tion, exhibiting a columnar morphology similar to the Zr-Cu sample.
However, shallow cracks were also observed on the surface. Through
X-ray diffraction analysis and the presence of an amorphous dome in
the diffraction pattern (not depicted here), it was confirmed that the
thin film possesses an amorphous structure. Conversely, the Zrg;Agss3
metallic alloy system exhibited a rougher surface and presented a pre-
existing amorphous structure with embedded metallic nanocrystals be-
fore laser irradiation. The diffraction pattern revealed characteristic
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Fig. 6. a) STEM BF and b) DF images of the laser-structured zone seen in cross-section of Tis,Cus, (A) and Zr;Ags; (B). c-d) EDS mapping reveals the distributions
of copper, titanium (A), zirconium, and silver (B). These elements have overlapped with oxygen at the air-metal interface, in particular for Zr-based alloy (B). e)
HR-STEM images and their diffraction patterns illustrate the formation of crystalline structures within the pristine amorphous alloy at the extreme surface.

peaks of tetragonal zirconia and hexagonal close-packed (hcp) zirco-
nium. Both samples were irradiated using the same protocol as the Zr-Cu
sample, involving point-by-point laser irradiation with sample displace-
ment. The irradiation peak fluence was 0.2 J/cm?, and the coverage
rate was 96.6%. In both irradiations, in-depth analysis revealed that
preferential oxidation and species diffusion occurred in these alterna-
tive systems, thus generalizing the results obtained in the Zr-Cu system.

An STEM image of the mapped zone is presented in Fig. 6Aa), and
energy-dispersive X-ray spectroscopy maps are shown in Figs. 6Aa-d).
STEM images confirm the uneven height distribution of LSFL. For TiCu
system, three main zones are distinguished in terms of contrast varia-
tions. A first dark layer in depth, likely corresponding to the unaltered
TisoCus, metallic glass, is observable. Above this layer, a lighter zone
with a thickness of just under 500 nm appears. Finally, beneath the LSFL,
clear particles are visible and are embedded in the material. The diffrac-
tion pattern taken at the clear particle region (red zone) shows a region
composed of amorphous and crystalline structures. Deeper into the blue
zone at the interface between the two clear and dark layers, the diffrac-
tion pattern reveals an amorphous structure. The elemental distribution
seems somewhat different from that observed in the irradiated Zr-Cu
film. The layer appearing differently contrasted between the particles
and the layer below does not seem to reveal any chemical differentiation
compared to the deeper zone of the film. However, the first few nanome-
ters on the surface of the LSFL show slight copper over-concentrations
and a layer containing titanium and enriched in oxygen. This could cor-
respond to copper particles and/or agglomerates and a layer of titanium
oxide, indicative of the same phenomena of preferential Ti oxidation and
copper segregation as previously described for Zrs,Cusy, TFMG. To con-
firm the presence of potential titanium oxide and copper particles on the
surface, diffraction patterns could be obtained from HR-STEM images
acquired in the subsurface zone (Figs. 6Ae). However, they are difficult
to analyze here, especially since the copper particles are smaller than
those observed previously on Zrs,Cusy, and it is challenging to align
with the zone axis to obtain a suitable diffraction pattern. Moreover,
these particles seem to be below the titanium oxide layer and some-
times blend with it. Finally, nanocavities are observable beneath the
bumps of some LSFL.

A FIB lamella was also extracted perpendicular to the structures cre-
ated on Zr-Ag. An STEM image of this lamella, along with two diffraction
patterns acquired in two areas of interest, is presented in Fig. 6B. The
cross-sectional view of the irradiated sample reveals that Laser-Induced
Periodic Surface Structures (LIPSS) are twice as shallow as the LSFL ob-
tained on other samples. Furthermore, they are much less regular, and
the bumps of the LSFL appear less rounded than for other alloys. Several

layers are distinguishable in the FIB lamella: a deep dark zone of about
300 nm close to the silicon substrate, a brighter layer overlying it, and
finally, a zone consisting of particles and/or agglomerates. By observ-
ing the diffraction patterns, only the very deep 300 nm layer seems to
maintain an amorphous structure, although bright spots on the pattern
also reveal the presence of nanocrystallites in this layer. The rest of the
lamella presents a crystalline signature.

Fig. 6Bb) shows an STEM image acquired in dark field (DF) mode ex-
posing the analyzed zone on this FIB lamella. The results of EDS analysis
are presented in Figs. 6Bc-d), exposing the overlay of elements (silver,
zirconium, and oxygen) and the distribution of each of these elements
in the lamella. In the depth of the film, the distribution of silver and
zirconium is homogeneous. At the surface, the zirconium distribution
seems unchanged. However, the surface layer of the irradiated film is
enriched in oxygen, and silver is irregularly distributed, forming small
agglomerates. The outermost layer would certainly contain tetragonal
zirconia (t-ZrO,) already observed before irradiation through the ini-
tial XRD analysis. Traces of zirconium in hcp structure had also been
detected, most likely corresponding to zirconium nanocrystallites em-
bedded in the deepest amorphous structure, as visible in Fig. 6Be). No
signature of silver particles had been observed before irradiation in the
diffraction pattern. Other studies have shown that silver particles can
grow over time or under thermal stress in films based on zirconium,
copper, and silver [56,57]. Laser irradiation could have accelerated the
growth process of silver particles on the surface of the irradiated sam-
ple. This appears promising, considering the antibacterial potential of
silver.

The various compositions exhibit unique topographies and contrast-
ing features, likely resulting from the laser absorption and nonequi-
librium relaxation stages. Comparing the effects of electron-phonon
nonequilibrium lifetimes for different metals under similar irradiation
conditions revealed that the electron-phonon coupling strength signifi-
cantly influences electronic thermal diffusion, the solid-to-liquid trans-
formation velocity, and ultimately the LIPSS contrast [41]. Metals with
a stronger electron-phonon coupling are expected to exhibit higher
LSFL contrast. Anticipating the final LIPSS profile is challenging due
to the complex interplay of optical properties and thermomechanical
processes, involving both positive and negative feedbacks, especially
in a multi-shot regime. However, it is possible to roughly estimate the
level of energy confinement below the surface based on electron-phonon
nonequilibrium lifetimes, as stronger confinement leads to steeper longi-
tudinal energy gradients, which in turn promote the formation of higher
contrast. By comparing electron-phonon coupling values for pure metal-
lic components, we can gain insights into the observed topographical
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contrasts of corresponding alloys. To achieve the molten phase with
each pulse, we estimate the typical value of y from Ref. [58] for an
electronic temperature T, = 10* K. The estimated values are as follows:
Titanium (y7; ~ 7% 107 W/m3/K), zirconium (y ;, ~ 3x 10'7 W/m3/K),
copper (7¢, =~ 2% 107 W/m?3/K), and silver (Yag = 0.5% 1017 W/m3/K).
These values suggest that Zrg; Ag;; has a lower ability to form LIPSS with
significant contrast compared to Tis,Cus, and Zrs,Cus, as observed by
comparing Figs. 6 and 3. Under the specific laser irradiation conditions
identical for each metallic alloy, it is worth noting that the dose is likely
too high for Tis5)Cus as the low spatial frequency LIPSS profile is locally
reduced by ablation [40] with a void resulting from frozen cavitation
observed inside a bump in Fig. 6Ab).

From the findings across the three variants of metallic glasses, sig-
nificant insights emerge. Laser treatment of these metallic glasses leads
to the formation of nanoparticles made of the nobler metal (Cu or Ag).
Meanwhile, the more reactive metals are oxidized to their highest va-
lence states (+4 for Ti and Zr). Most of these nanoparticles are located
on the surface of the thin film, and their volume is smaller than that of
the oxide layer, indicating a potential loss of Cu or Ag during the laser ir-
radiation process, possibly due to the relatively low boiling points of Cu
and Ag. The formation of metal nanoparticles on the surface could re-
sult from a segregation phenomenon occurring during laser irradiation
[44]. The interface between the oxidized zone and the metallic glass is
abrupt, exhibiting a low oxygen concentration gradient, which confines
the chemical segregation phenomenon to the thickness directly affected
by the laser beam.

5. Conclusion

This novel approach has the potential to unlock new avenues for
tailoring the functionalities of complex materials. It demonstrates the
possibility to grow crystalline phases on top of amorphous thin films
across various metallic glass systems. This could lead to significant ad-
vancements in areas like metal reactivity, plasmonics, catalysis, and
even antibacterial applications for combating pathogens.

Generating nanoparticles of a few tens of nanometers on the surface
of a substrate made of a base material imparts advanced functionali-
ties to the surface material. This is mainly attributed to the increased
specific surface area compared to the material before treatment and the
heightened reactivity of the nanoparticles due to their small size and the
presence of low-coordination atoms. This modification enables the con-
trolled creation of hydrophilic or hydrophobic surfaces, which is advan-
tageous, particularly for antibacterial or virucidal applications. Surface
exposure of metals such as copper or silver in the form of nanoparti-
cles also enhances the surface’s reactivity toward microbial degradation,
thereby reducing contamination in environments with a high pathogen
concentration. Furthermore, the emergence of catalytic surfaces via sur-
face functionalization shows potential for advancing sustainable and
green chemistry practices. Controlling nanoparticle generation on al-
loy surfaces allows for the development of tailored catalytic surfaces,
with significant implications across various domains, notably in envi-
ronmental catalysis and fine chemistry. This involves creating surface
nanoparticles of catalytic elements, including noble or transition met-
als recognized for their catalytic properties in specific reactions. By
facilitating more efficient and selective catalytic processes, these sur-
faces contribute to reducing the environmental footprint associated with
chemical synthesis. Finally, the creation of nanoparticles of noble met-
als such as Cu or Ag holds significant interest in the field of plasmonics,
with diverse applications ranging from detecting molecules in biology
and medicine to catalysis, exploiting the surface plasmon resonance of
these nanostructures. This plasmonic behavior enhances sensitivity in
molecular detection and increases the efficiency of catalytic reactions,
providing a powerful tool for both scientific research and industrial ap-
plications.

In conclusion, this study pioneers the manipulation of structural
and chemical properties on the nanoscale. It highlights the unique
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topochemistry features resulting from ultrafast laser periodic structur-
ing of alloys, involving phenomena like preferential oxidation, element
diffusion, and segregation. These processes were investigated in several
binary alloys through high-resolution transmission electron microscopy,
revealing that ultrafast light action on metallic glass induces oxygen
surface contamination, which reacts with specific elements, leading to
the formation of nanoparticles or nanoaggregates of the other metallic
elements. The concentration and atomic composition of these nanopar-
ticles could be optimized for enhanced versatility in practical surface
functionalization, particularly in catalysis, plasmonics, and antibacterial
applications. This novel approach has never been previously reported,
marking a significant advancement in the field.
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