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b Chemnitz University of Technology, Institute of Materials Science and Engineering, Erfenschlager Straße 73, D-09125, Chemnitz, Germany 
c Bundesanstalt für Materialforschung und -prüfung (BAM), Unter den Eichen 87, D-12205, Berlin, Germany 
d Leibniz Institute for Solid State and Materials Research (IFW Dresden), Helmholtzstraße 20, D-01069, Dresden, Germany 
e Institute of Materials Science, TU Bergakademie Freiberg, Gustav-Zeuner-Straße 5, D-09599, Freiberg, Germany   

A R T I C L E  I N F O   

Keywords: 
Bulk metallic glasses 
fs-laser 
Laser-induced periodic surface structures 
Surface topography 
Crystallization 
Chemical analysis 
Oxidation 

A B S T R A C T   

Bulk metallic glasses (BMG) are amorphous metal alloys known for their unique physical and mechanical 
properties. In the present study, the formation of femtosecond (fs) laser-induced periodic surface structures 
(LIPSS) on the Zr-based BMGs Zr46Cu46Al8, Zr61Cu25Al12Ti2, Zr52.5Cu17.9Al10Ni14.6Ti5 (Vit105) and 
Zr57Cu15.4Al10Ni12.6Nb5 (Vit106) was investigated as a function of their different chemical composition. For this 
purpose, LIPSS were generated on the sample surfaces in an air environment by fs-laser irradiation (λ = 1025 nm, 
τ = 300 fs, frep = 100 kHz). The surface topography was characterized by scanning electron microscopy and 
atomic force microscopy. Moreover, the impact of LIPSS formation on the structure and chemical surface 
composition was analyzed before and after fs-laser irradiation by X-ray diffraction and X-ray photoelectron 
spectroscopy as well as by transmission electron microscopy in combination with energy dispersive X-ray 
spectroscopy. Despite the different chemical composition of the investigated BMGs, the fs-laser irradiation 
resulted in almost similar properties of the generated LIPSS patterns. In the case of Zr61Cu25Al12Ti2, Vit105 and 
Vit106, the surface analysis revealed the preservation of the amorphous state of the materials during fs-laser 
irradiation. The study demonstrated the presence of a native oxide layer on all pristine BMGs. In addition, fs- 
laser irradiation results in the formation of laser-induced oxide layers of larger thickness consisting of an 
amorphous ZrAlCu-oxide. The precise laser-structuring of BMG surfaces on the nanoscale provides a versatile 
alternative to thermoplastic forming of BMG surfaces and is of particular interest for the engineering of func-
tional material surfaces.   

1. Introduction 

Bulk metallic glasses (BMGs) are amorphous metal alloys whose 
disordered atomic structure leads to outstanding physical and mechan-
ical properties. Depending on the alloy system, this implies high hard-
ness and strength, good wear and corrosion resistance, high elasticity 
and a lower density than typical engineering metallic materials such as 
stainless steels [1]. BMGs are, therefore, used in the fields of, e.g., 
micromechanical systems (MEMS), consumer electronics and aerospace 
industries as well as biomaterials [2,3]. The unique properties of BMGs 
are particularly related to their chemical composition, which has a 
significant influence on the thermoplastic formability, mechanical 

properties, corrosion resistance, glass forming ability and viscosity [4]. 
A promising material system is represented by Zr-based metallic glasses, 
which have already been subjected to various laser processing tech-
niques [5–8]. 

It is already well-known that the functional properties of materials 
can be adjusted within a wide range by a defined modification of the 
surface topography. For BMGs, this is typically done via thermoplastic 
forming [9–11]. However, due to the temperatures required, the meta-
stable amorphous metal tends to crystallize and oxidize during forming 
[12]. In order to avoid structural changes of the bulk material, ultrashort 
pulsed lasers with their very short pulse duration in the femtosecond 
(fs)- to picosecond (ps)-range (i.e., 10− 15–10− 12 s) are a promising tool 
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for the precise structuring of BMG surfaces on the micro- and nanoscale 
with reduced heat load during processing [13]. In this context, the 
generation of laser-induced periodic surface structures (LIPSS) using 
fs-lasers offers a relatively simple but flexible method to create surface 
structures on the sub-µm scale. The versatile impact of the periodically 
modified surface topography on the functional properties has already 
been demonstrated [14–16]. LIPSS are created by scattering and inter-
ference effects within the irradiated focal spot and subsequent selective 
ablation of the material surface. On metals, typically so-called low--
spatial frequency LIPSS (LSFL) with spatial periods close to the utilized 
laser wavelength λ and an orientation perpendicular to the linear laser 
beam polarization are observed [17,18]. In the following, they are 
generally referred to as LIPSS here and were the subject of numerous 
studies on conventional, crystalline metallic alloys [19–21]. In this 
context, different fs-laser matter interaction processes were investigated 
including laser-induced oxidation, formation of molten phases and 
amorphization as well as crystallization at the material surface [22–25]. 
Although some work already addressed the laser processing of BMGs, 
the in-depth analysis of laser-induced material modification using suit-
able characterization methods has received little attention so far 
[26–29]. 

In the present study, four Zr-based BMGs of different chemical 
composition are investigated with regard to their behavior during ul-
trashort pulsed LIPSS formation. The two commercial alloys 
Zr52.5Cu17.9Al10Ni14.6Ti5 (Vit105) and Zr57Cu15.4Al10Ni12.6Nb5 (Vit106) 
are complemented by Zr46Cu46Al8 and Zr61Cu25Al12Ti2, which have 
been subject to different studies concerning, e.g., the native oxide layer, 
its atomic structure, and growth rate as well as electrical and tribological 
surface properties [30,31]. This choice enables a systematic analysis on 
the influence of the material properties (chemical composition) on 
fs-laser irradiation including LIPSS formation and ensures the compa-
rability of the results with literature. The LIPSS are produced both in 
single-spot experiments and – via beam scanning – on large surface areas 
and subsequently analyzed with regard to their topographical and 
material-specific properties. One focus is on the characterization of the 
optical and thermal properties of the BMGs, whose exact knowledge is 
essential for the laser-matter interaction and, thus, for precise struc-
turing. This also allows to compare the theoretical models with the 
experimental results concerning material behavior and the formation of 
specific laser-induced structures. As the second main aspect of this work, 
the influence of the fs-laser irradiation on the properties and material 
structure of the differently composed materials is investigated by means 
of different characterization methods including X-ray diffraction (XRD) 
and X-ray photoelectron spectroscopy (XPS). The results are related to 
cross-sectional scanning transmission electron microscopy (STEM) as 
well as corresponding energy dispersive X-ray spectroscopy (EDXS). 

2. Materials and methods 

2.1. Sample preparation and characterization 

Table 1 shows the nominal chemical composition of the investigated 
Zr-based BMGs. The alloys were prepared from high-purity elements (≥
99.99%) by arc melting (Arc Melter, Edmund Bühler GmbH, Germany) 
in a Ti-gettered high-purity Ar atmosphere. Subsequently, plates with a 
size of (1 × 10 × 60) mm3 were produced by centrifugal copper mold 
casting (HWN Titan 3.3, Linn High Therm GmbH, Germany) and by 

using an in-situ suction casting device attached to the arc melter, 
respectively. A detailed description of the fabrication process is 
described elsewhere [32–34]. Subsequently, the plates were cut into 
smaller samples with a size of (1 × 10 × 10) mm3 using a cutting ma-
chine (Accutom-50, Struers, USA). Prior to materials characterization 
and nanostructuring, the sample surface was manually ground and 
subsequently polished to a mirror-like finish with an average surface 
roughness Ra ~ 1 nm. For this purpose, 180 to 4000 grit SiC abrasive 
paper and 9 to 1 µm diamond polishing suspension was used in multiple 
iterative surface preparation steps. During this procedure, it was 
necessary to grind about 100 µm of the material surface in order to 
reliably remove crystalline layers due to the manufacturing process 
[35]. After surface preparation and before laser irradiation, the samples 
were each ultrasonically cleaned for 10 min in acetone and isopropanol. 

The optical properties of the BMGs were determined at room tem-
perature by variable angle spectroscopic ellipsometry (M-2000DI, J.A. 
Woollam Co. Inc., USA) [36]. For this purpose, the ellipsometric angles 
Ψ and Δ were measured in the wavelength range from 250 to 1700 nm 
(0.73 - 4.96 eV photon energies) at specific incidence angles between 
55◦ and 75◦ By means of least-squares-fits of the model to the measured 
values of Ψ and Δ using B-splines [37], the optical constants (refractive 
index n, extinction coefficient k) of the metal and the oxide layer 
thickness tOL were determined for all four BMGs. As the thickness of the 
native oxide layer is in the nanometer range [38], the optical constants 
of this material cannot be determined alongside its thickness. Therefore, 
model assumptions about this layer have to be made. In this case, the 
oxide was assumed to be pure ZrO2. As the refractive index n depends on 
the material structure, the layer was modeled as amorphous zirconia 
using a model from the database of the ellipsometric software (Com-
pleteEASE, J.A. Woollam Co. Inc., Vers. 6.70). This program was also 
used to calculate all parameters: the native oxide layer thickness tOL, the 
spline dielectric function of the metal, as well as the corresponding 
normal incidence surface reflectivity of the sample surface considering 
the presence of the native oxide layer. 

The thermal behavior of the BMGs was evaluated by thermo-
mechanical analysis (TMA/DMA7e, PerkinElmer, USA) using differen-
tial scanning calorimetry and differential thermal analysis. Aluminum 
crucibles and an inert argon atmosphere were used at constant heating 
and cooling rates of 20 K/min and 100 K/min, respectively. The mea-
surements were performed with a holding time of 10 min at 313 K prior 
to both heating processes. 

2.2. Laser-based surface structuring 

For surface nanostructuring of the polished BMG surfaces, linearly 
polarized fs-laser radiation (JenLasD2.fs, Jenoptik, Germany) with a 
central wavelength λ = 1025 nm, a pulse duration τ = 300 fs, a repetition 
rate frep = 100 kHz and a maximum laser pulse energy Eimp = 40 µJ was 
used. After optical expansion (5x), the fs-laser beam was focused on the 
sample surface by means of a galvanometer scanner (IntelliScan14, 
Scanlab, Germany) with integrated f-Theta objective (JENar, Jenoptik, 
Germany) with a focal length fL = 100 mm. 

The interaction between the fs-laser radiation and the different BMGs 
was first investigated in single-spot experiments for N = 5 successive 
laser pulses according to the method proposed by Liu [39]. Here, the 
fluence thresholds for LIPSS and melt formation were determined by 
measuring the squared diameters D2 of the related surface areas using 
optical microscopy (VHX-100 K, Keyence, Japan) and plotting them 
semi-logarithmically as a function of Eimp. The Gaussian focal spot 
diameter 2wf and the respective energy threshold values Eth were sub-
sequently determined from the resulting regression line. The obtained 
Gaussian beam diameter 2wf = 21 µm can then be used to calculate the 
fs-laser peak fluence from the laser pulse energy according to F0 =

2Eimp/(πwf
2). 

In order to generate LIPSS on large surface areas, the focused fs-laser 
beam was scanned in the ambient air atmosphere unidirectionally in x- 

Table 1 
Nominal chemical composition (at.%) of the investigated Zr-based BMGs.  

BMG Zr Cu Al Ni Ti Nb 

Zr46Cu46Al8 46 46 8 – – – 
Zr61Cu25Al12Ti2 61 25 12 – 2 – 
Vit105 52.5 17.9 10 14.6 5 – 
Vit106 57 15.4 10 12.6 – 5  
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direction (i.e., perpendicular to the linear beam polarization) across the 
metal surfaces using the galvanometer scanner. For this purpose, the 
scanning speed and the scan line distance were adjusted to vx = 0.67 m/s 
and Δy = 6 µm, respectively. 

2.3. Characterization of the laser-irradiated surfaces 

The laser-irradiated surfaces were characterized with regard to sur-
face morphology and topography by means of scanning electron mi-
croscopy (SEM) (EVO40, Carl Zeiss, Germany) and atomic force 
microscopy (AFM) (JPK Nanowizard 4, Bruker, USA). SEM was per-
formed at an electron acceleration voltage of 20 kV using a secondary 
electron detector. The AFM was equipped with a silicon tip (PPP- 
NCHAuD-10, Nanosensors, Switzerland) working at a resonance fre-
quency of 320 kHz in the tapping and QI-mode, respectively. In the 
context of surface characterization, a focus was set on the regularity and 
alignment of the fabricated LIPSS, which were quantified by 2D Fast 
Fourier transform analysis (2D-FFT) of the microscope images with the 
Gwyddion software (Vers. 2.61) [40]. Corresponding information on the 
LIPSS modulation depth was obtained from AFM height profiles of the 
surface topography. 

The influence of the fs-laser irradiation on the structure of the 
different BMGs was analyzed for two different fs-laser peak fluences by 
X-ray diffraction analysis (XRD) (X’Pert MRD diffractometer, Pan-
alytical, Netherlands) using Co-Kα radiation with a wavelength of λ =
1.7903 Å and compared with the polished initial surface as reference. 
For this purpose, the Bragg-Brentano geometry with a rotating sample 
was chosen, resulting in an X-ray information depth of ≥ 5 µm. In order 
to identify potential crystallization at the surface of the BMGs, grazing 
incidence XRD measurements (PW3040/60 X’Pert Pro diffractometer, 
Philips, Netherlands) were performed. Here, Cu-Kα1 radiation with a 
wavelength of λ = 1.5406 Å was used to measure the 2θ-range from 5◦ to 
80◦ with a step size of 0.01◦ at an incoming beam angle of 2◦. 

Furthermore, the chemical surface composition was analyzed by X- 
ray photoelectron spectroscopy (XPS). For this purpose, the sample 
surfaces were measured before and after fs-laser irradiation, both in 
overview survey spectra (0 to 1200 eV) and in detailed measurements of 
the individual elemental transitions with an electron energy resolution 
of 0.75 eV. The XPS system (PHI 5600, Physical Electronics GmbH, 
Germany) operated with monochromatic Al-Kα radiation (1486.6 eV 
photon energy) at an emission angle of 45◦. All XPS spectra were cali-
brated with respect to the main component of C 1 s (284.8 eV) and fitted 
using Voigt and Gauss functions after Shirley-type background 
subtraction. 

The in-depth composition of the BMGs including, e.g., laser-induced 
oxide layers was obtained from cross-sections of the laser-irradiated 
material surface, prepared by lift-out technique using a FEI dual beam 
focused ion beam (FIB) (Helios NanoLab 600i, FEI/Thermo Fisher Sci-
entific, USA). For this purpose, in a first step, a protective electron beam 
and ion beam Pt-layer was deposited on the surface and a cross-sectional 
lamella was prepared in the direction perpendicular to the LIPSS ridge 
orientation. The voltage was reduced from 30 kV to 5 kV in several steps 
(four) to reduce the interaction of the Ga-ions with the BMG. During the 
thinning process, the lamella was tilted between 50.5◦ and 53.5◦. In a 
second step, the lamella with a thickness of below 100 nm was subse-
quently investigated by transmission electron microscopy (TEM) (Neo-
arm 200F, JEOL Ltd., Japan) using an electron acceleration voltage of 
200 kV. The TEM is equipped with an aberration corrector for scanning 
TEM (STEM) together with a wide area (100 mm2) Centurio EDXS sili-
con drift detector (JEOL). The acquired EDXS mappings were analyzed 
with the software package Pathfinder (Vers. 2.6, Thermo Fisher 
Scientific). 

3. Results and discussion 

3.1. Material properties of the BMGs 

Fig. 1 shows the optical constants n (refractive index) and k 
(extinction coefficient) of the polished BMGs (solid lines) measured in 
the wavelength range of 250–1700 nm in comparison to pure Zr (dash- 
dotted line) as their main component. 

The values of n and k are featureless and increase monotonically in 
the observed spectral range. While small differences can be observed for 
n among the different compositions, the measured k-values deviate only 
slightly for the BMGs. At the specific laser wavelength λ = 1025 nm, 
refractive indices between 3.11 and 3.42 and extinction coefficients 
between 4.20 and 4.27 were measured for the investigated materials 
(Table 2). The reflectivity of all four BMGs including the individual 
oxide layer thickness is ~ 0.63 at normal incidence almost independent 
of the chemical composition. Therefore, a similar ablation behavior is to 
be expected for the BMGs at the utilized fs-laser wavelength. While at λ 
= 1025 nm for pure Zr (n = 4.148, k = 3.836) [41] only a slightly lower 
reflectance of R = [(n-1)2 + k2]/[(n + 1)2 + k2] ~ 0.60 was calculated, in 
particular Cu (n = 0.545, k = 6.709) [42] and Al (n = 1.317, k = 10.022) 
[43] both exhibit much larger values of R ~ 0.95. These calculations and 
the ellipsometric measurements confirm that the optical properties of 
complex alloys cannot be derived from the behavior of the individual 
constituents [44]. A comparison with the few available studies on the 
optical properties of metallic glasses [45,46] is difficult, as the material 
systems investigated are very different and the measurements strongly 
depend on the sample properties such as surface preparation and ma-
terial thickness (thin films vs. bulk), etc. 

The ellipsometric measurements and the underlying model indicate 
the presence of a few nm thin native oxide layer. However, the nature 

Fig. 1. Refractive index n, extinction coefficient k and reflectivity R at normal 
incidence determined for the BMGs under investigation compared to pure Zr 
(values taken from [41]) as a function of illumination wavelength. 
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and structure of such oxide layers on metallic glasses are not fully un-
derstood [30]. It was shown for Zr-based BMG that oxide layers formed 
on the mechanically ground and on the diamond fine-polished surface 
are mainly composed of Zr oxide [47]. This agrees well with our ellip-
sometric analysis where an amorphous ZrO2 phase is assumed. 
Regarding the oxide layer thickness tOL, earlier XPS studies on 
CuAlZr-based BMGs revealed tOL ~ 3 nm [38]. In addition, 
high-resolution TEM-images obtained by Louzguine-Luzgin et al. [30] 
from Cu47Zr45Al8 (very similar to Zr46Cu46Al8 in the present study) show 
that crystalline Cu2O nanoparticles are embedded in an otherwise 
amorphous oxide layer with a thickness of 10 nm. These values are in the 
same order of magnitude as tOL determined in the present study. The 
differences for the individual BMGs, e.g., the relatively small value tOL ~ 
2 nm for Vit105, might be explained by the type and amount of the 
individual alloying elements [30]. 

3.2. LIPSS formation on Zr-based bulk metallic glasses 

3.2.1. Single-spot experiments 
Fig. 2 shows SEM micrographs of the surfaces after irradiation with 

N = 5 successive pulses at different fs-laser peak fluences. At F0 = 0.3 J/ 
cm2, the resulting ablation spots are characterized by a regular LIPSS 
pattern. As is typical for metals, these nanostructures are aligned 
perpendicular to the linear beam polarization with spatial periods close 
to the laser wavelength, which is why they can be assigned to low-spatial 
frequency LIPSS [17]. With increasing F0, the diameter D of the area 
covered with LIPSS increases for all BMGs. In addition, an increasing 
amount of molten and re-solidified material can be observed in the 
center of the irradiated spot, which is associated with the intense part of 
the spatially Gaussian beam profile. At F0 = 1.1 J/cm2, periodic mod-
ulations of the surface topography can still be observed in the center of 
the ablation spot (see e.g. Fig. 2e). They are superimposed to the melt 
layer with an orientation perpendicular to the LIPSS (i.e. parallel to the 
linear beam polarization) with spatial periods larger than the laser 
wavelength. This type of structure can be assigned to so-called grooves, 
which are created by a spatial energy redistribution due to the interac-
tion between the incident laser radiation with surface waves that might 
be induced by the LIPSS [48]. Laser peak fluences above F0 = 2.8 J/cm2 

lead to ablation spots where the central surface is very smooth and free 
of laser-induced structures. The melt layer visible in the center of the 
ablation spots is characterized by a moderate surface depression, which 
might result from stronger ablation due to the transiently changing 
optical properties of the molten phase [49]. Additionally, recoil pressure 
from laser-induced ablation may transiently act on the underlying re-
sidual layer of molten material. To the best of our knowledge, the 
described behavior has not been reported for crystalline metallic ma-
terials and metal alloys so far. This observation indicates an influence of 

Table 2 
Optical properties (n: refractive index, k: extinction coefficient, ε: complex 
dielectric permittivity) of the BMGs at λ = 1025 nm and reflectivity R at normal 
incidence derived from ellipsometric measurements under consideration of the 
determined native oxide layer thickness tOL.  

Composition n k Re{ε} Im{ε} R tOL [nm] 

Zr61Cu25Al12Ti2 3.33 4.27 − 7.15 28.47 0.635 3.6 
Zr46Cu46Al8 3.11 4.24 − 8.30 26.40 0.634 6.2 
Vit105 3.42 4.22 − 6.08 28.85 0.629 2.7 
Vit106 3.30 4.20 − 6.76 27.77 0.632 2.1  

Fig. 2. SEM micrographs of the surface of (a-c) Zr61Cu25Al12Ti2, (d-f) Zr46Cu46Al8, (g-i) Vit105 and (j-l) Vit106 upon irradiation with N = 5 successive fs-laser pulses 
and different laser peak fluence F0. The direction of linear beam polarization and the scale bar for all ablation spots is indicated in (a). The dotted circles in (i) mark 
the areas that were evaluated for threshold determination. 
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the amorphous material structure and the associated thermophysical 
properties. Similar behavior has already been shown for inorganic sili-
cate glasses of different chemical composition [50,51]. Here, the prep-
aration of cross-sections of the single-ablation spots using a focused 
ion-beam confirmed in particular the absence of LIPSS in the molten 
area, which could, e.g., simply be covered by a thin layer of melt. 

Since the comparison of the ablation spots shows only small visual 
differences between the BMGs, the formation thresholds of the well- 
pronounced LIPSS (Fth

LIPSS) and especially of the molten material (Fth
melt) 

were quantified by plotting D2 in a semilog plot versus Eimp as proposed 
by Liu [39] (Fig. 3). The almost identical slope of the linear regression 
lines indicates a highly reproducible method, which results in a focal 
spot diameter of 2wf = 21 µm. Extrapolating the linear fit of the 
measured diameters to zero provides almost equal values of Fth

LIPSS of the 
investigated BMGs, which all were found to range from 0.15 to 0.16 
J/cm2. The small deviation of these values derives from the optical 
constants of the BMGs (Table 2), which suggests an almost identical 
electromagnetic interaction with the fs-laser radiation. With regard to 
the melt formation, it is noticeable that Zr46Cu46Al8 has the highest 
formation threshold compared to the other BMGs. While the threshold 
values for Zr61Cu25Al12Ti2 (0.78 J/cm2), Vit105 (0.84 J/cm2) and 
Vit106 (0.80 J/cm2) are at a comparably low level, the value for 
Zr46Cu46Al8 (1.07 J/cm2) is significantly increased by a factor of about 
1.34. Consequently, the single-spot experiments on Zr46Cu46Al8 under 
the above-mentioned experimental conditions using comparable flu-
ences are accompanied by the least extent of molten material, which is in 
good agreement with the SEM micrographs. The different threshold 
values also correlate with the measured glass transition temperatures Tg, 
which is highest for Zr46Cu46Al8 (Tg = 708 K), when compared to 
Zr61Cu25Al12Ti2 (Tg = 673 K), Vit105 (Tg = 688 K), and Vit106 (Tg =

689 K) in good agreement with values available in the literature [40]. 
Therefore, in the case of Zr46Cu46Al8, the expected melt duration (i.e., 
the time duration for the impact of surface tension gradients and a 
smoothening of the surface) is shortest during the interaction and LIPSS 
formation process. 

3.2.2. Large-area LIPSS formation on bulk metallic glasses 
Fig. 4 shows SEM micrographs of LIPSS fabricated on large surface 

areas via laser beam scanning with two different fs-laser peak fluences 
F0 = 0.7 J/cm2 and 7 J/cm2, respectively. 

These fluence values were chosen on the one hand to minimize the 
amount of melt detected in the single-spot experiments and thus to 
obtain the highly regular, well-pronounced LIPSS. On the other hand, 
the maximum thermal impact of the fs-laser irradiation on the amor-
phous material structure of the BMGs was to be investigated with the 
highest possible energy/fluence input at which LIPSS formation still 
occurs. It should be noted that the threshold values of the single-spot 
experiments only provide a rough orientation for the utilized pulse 
number, since the laser beam is scanned over the material surface, 
resulting in a specific pulse overlap. In order to obtain well-pronounced 
LIPSS, the parameters vx = 0.67 m/s, frep = 100 kHz and Δy = 6 µm were 
used. Considering the determined focal spot radius wf = 10.5 µm, this 
leads to an effective number of laser pulses per focal spot area Neff_2D =

(πwf
2frep)/(vxΔy) = 8.6 upon laser scanning. This value differs from the 

single-spot experiments (Fig. 2) because the accumulated fluence is 
lower in surface processing with a certain (fixed) fs-laser peak fluence 
when compared to spot processing (e.g. in the intensive center of the 
Gaussian focal spot). Consequently, an adjustment of the laser and 
processing parameters is required [52]. 

Fig. 3. Evaluation of the formation thresholds of LIPSS and molten material on 
the different BMGs using N = 5 linearly polarized fs-laser pulses and a repeti-
tion frequency frep = 100 kHz according to the method proposed by Liu [39]. 

Fig. 4. SEM micrographs of LIPSS fabricated on (a,b) Zr61Cu25Al12Ti2, (c,d) 
Zr46Cu46Al8, (e,f) Vit105 and (g,h) Vit106 by unidirectional scanning of the 
focused fs-laser beam across the sample surface using vx = 0.67 m/s and Δy = 6 
µm as well as two different fs-laser peak fluences F0 = 0.7 J/cm2 (left column) 
and 7 J/cm2 (right column). The direction of linear beam polarization (E) and 
of scanning (S) as well as the joint scale bar for all samples are indicated in (h). 
The insets in (a) and (b) depict the 2D-FFT spectra calculated from the corre-
sponding SEM micrographs. The inset in (g) uses the example of Vit106 to 
illustrate the generation of highly-regular LIPSS on large surface areas of (1 ×
1) cm2 through the appearance of structural colors. 
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For F0 = 0.7 J/cm2, the processing parameters result in very homo-
geneous LIPSS patterns aligned exactly perpendicular to the linear beam 
polarization (indicated in Fig. 4h). The comparison between the 
different BMGs reveals no significant differences. The corresponding 
SEM micrographs are all characterized by certain regions at the surface 
with melted and resolidified material. Apart from a few nanoparticles 
superimposed on the LIPSS, the patterns show almost no in-
homogeneities such as bifurcations or interruptions. The most frequent 
spatial period Λ calculated by 2D-FFT (see insets in Fig. 4) varies only in 
a very narrow range of values between 946 and 959 nm (i.e., 0.92 - 
0.94λ). From AFM surface topographic height profiles, a modulation 
depth of the uniform LIPSS patterns between 160 and 210 nm was 
determined for the investigated BMGs. The large-scale character of the 
LIPSS patterns and their regularity is further illustrated by the structural 
colors shown in the inset of Fig. 4g, which appear on a sample size of (1 
× 1) cm2. 

Based on LIPSS formation considering the excitation of Surface 
Plasmon Polaritons (SPPs), the spatial period ΛSPP can be theoretically 
calculated according to ΛSPP = 2π/Re{β} with β = ω/c⋅[(εair⋅εm)/ 
(εair+εm)]1/2. Here, ω is the laser angular frequency, c is the speed of 
light, εm is the complex dielectric permittivity of the metal and the 
dielectric permittivity of the surrounding air atmosphere εair equals to 1. 
Using the determined optical constants (Table 2), this calculation results 
in very similar ΛSPP values for all BMGs in the range between 1020 and 
1023 nm at λ = 1025 nm wavelength. These theoretical values are ~7% 
larger than the experimentally observed periods. The difference is 
mainly related to inter-pulse feedback effects [14,17], which reduce the 
SPP resonance absorption wavelength once the LIPSS-related surface 
grating deepens [53]. As a consequence, for LSFL on semiconductors and 
metals, Λ reduces with increasing number of (effective) pulses per spot 
[52,54]. 

The high LIPSS regularity obtained at the moderate fluence is illus-
trated by the 2D-FFT spectrum shown exemplarily for Zr61Cu25Al12Ti2 in 
Fig. 4a. The two very sharp peaks correspond to a small variation of the 
determined LIPSS periods. The uniform alignment is quantified by the 
very small dispersion of the corresponding LIPSS orientation angle 
(DLOA). According to the study of Gnilitskyi et al. [55], the formation of 
highly regular LIPSS on large surface areas is usually limited to those 
metals that are characterized by a high optical damping of laser-driven 
SPPs. The latter manifests particularly for materials with a large imag-
inary part of the dielectric permittivity ε when compared to the absolute 
value of the real part. Consequently, such materials exhibit a small SPP 
decay length LSPP = 1/Im{β} at the corresponding laser wavelength λ. 
With the ε-values from Table 2, the investigated BMGs reveal values of 
LSPP ~ 4.6 - 5.4 µm very similar to the LSPP of stainless steel, titanium and 
molybdenum, on which highly regular LIPSS have already been 
demonstrated experimentally [21,55]. 

Examination of the SEM micrographs obtained from irradiation with 
F0 = 7.0 J/cm2 reveals that both, the fraction of melted and re-solidified 
areas and the amount of nanoparticles on the surface, have increased 
significantly. The spatial periods of the partially still visible, well- 
pronounced LIPSS are comparable to the values determined for F0 =

0.7 J/cm2, indicating a weak fluence dependence Λ(F) here. This may 
arise from the utilized scan processing approach, where within a scan-
ned line (x-direction) the low intensity wing of the Gaussian beam can 
“overwrite” the regions (that were previously ablated with the high 
fluence part of the beam) with LIPSS [52]. In the perpendicular (y-) 
direction, the surface of the molten areas in between the LIPSS appears 
rather smooth and little modulated concerning the topography. As a 
result, the high fluence processed LIPSS patterns exhibit numerous bi-
furcations and interruptions, which results in a remarkably lower reg-
ularity of the entire structured surfaces. This is indicated by the larger 
variation range of the LIPSS periods evaluated by 2D-FFT, which is 
increased by a factor of 4 – 5 when compared to the low fluence pro-
cessed LIPSS. Moreover, the 2D-FFT spectrum for Zr61Cu25Al12Ti2 in 
Fig. 4b also shows a much broader peak, which is additionally 

characterized by a significantly larger DLOA. We did not observe any 
indications of heat accumulation at the utilized pulse repetition fre-
quency of frep = 100 kHz since the nanoscale roughness in terms of LIPSS 
and superimposed nanoparticles are preserved for both fluences. 

3.3. Characterization of laser irradiated bulk metallic glass surfaces 

3.3.1. Investigation of the crystallographic structure 
Fig. 5 shows the X-ray diffraction patterns of the different BMGs 

scan-processed with LIPSS at two fs-laser peak fluences F0 = 0.7 J/cm2 

and 7.0 J/cm2, respectively. The non-irradiated, polished samples as 
reference are characterized by two broad amorphous maxima at 2θ ~ 
43◦ - 46◦ and 2θ ~ 77◦ - 79◦ These broad peaks or halos are typical for 
metallic glasses and result from the amorphous state with short-range 
but no three-dimensional long-range order. Since no discrete peaks 
can be observed in the X-ray diffraction patterns, a certain degree of 
crystallization of the reference samples is excluded within the XRD in-
formation depth. Considering the utilized X-ray radiation wavelength 
and the Bragg condition, the 2θ-range determined for the intensity 
maxima agrees well with literature values available for Vit105 [35,56]. 
Moreover, the comparison with literature confirms in particular the 
experimental observation that the position of the halos of the Zr-based 
BMGs is almost independent of their chemical composition. 

After LIPSS formation, the X-ray diffraction patterns of 
Zr61Cu25Al12Ti2 (Fig. 5a), Vit105 (Fig. 5c) and Vit106 (Fig. 5d) remain 
unaffected by the fs-laser irradiation at both fluence values. Only a slight 
shift of the halo positions towards smaller 2θ-angles can be observed 
with an increasing fs-laser peak fluence. For Zr46Cu46Al8 (Fig. 5b), 
however, specific reflections appear after laser irradiation even at the 
low peak fluence of F0 = 0.7 J/cm2. These can be assigned to different 
crystalline intermetallic phases that are thermodynamically possible to 
form in this system [57]. With increasing F0, the reflections protrude 
more strongly from the amorphous background in Fig. 5b, which in-
dicates an increasing crystallization. In the case of the higher fluence, a 
larger residual thermal heat is deposited at the surface, which can affect 
the cooling rates and may promote crystallization of the amorphous 
phase. In this context, a key aspect is given by the glass forming ability of 
the alloys as LIPSS formation is generally associated with selective 
ablation, i.e., the material surface locally exceeds the vaporization 
temperature. The resulting temperature gradients lead to the formation 
of a melt, which was confirmed both in the single-spot experiments 
(Fig. 2) and during scan processing (Fig. 4). Consequently, the material 
is subject to a transition between room and vaporization temperature. 
Nevertheless, the utilized fs-laser pulses provide very fast heating and 
cooling rates, which, in combination with the low melt layer thickness, 
lead to an amorphous solidification for Zr61Cu25Al12Ti2, Vit105 and 
Vit106 as well as only to a moderate crystallization of the amorphous 
phase for Zr46Cu46Al8. 

Nevertheless, the signals from crystalline sub-surface regions might 
be too small to be detected at the relatively large information depth 
available for measurements in the Bragg-Brentano geometry. Therefore, 
surface-sensitive grazing incidence X-ray diffraction was performed for 
Zr61Cu25Al12Ti2 (Fig. 6a) and Vit105 (Fig. 6b). Vit106 is assumed to 
behave similarly to Vit105 due to its very similar chemical composition 
and identical sample preparation. The X-ray diffraction patterns of the 
two investigated BMGs reveal no reflections – even not at high fs-laser 
peak fluences. Therefore, the amorphous state of the initially polished 
sample is still present after fs-laser structuring. For the direct compari-
son of the reflection positions of both measurements, the different 
wavelengths of the utilized X-Ray radiation need to be considered. 

The strong tendency of crystallization detected for Zr46Cu46Al8 
reflects the relatively low glass forming ability of this ternary alloy 
system compared to the other BMGs [2,58,59]. It is in line with the large 
value of the glass transition temperature Tg as well as the larger fluence 
threshold of melt formation, which were both evaluated experimentally 
for Zr46Cu46Al8. 
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3.3.2. Analysis of the chemical surface composition 
The chemical surface composition of the samples was analyzed by 

XPS before fs-laser irradiation and compared to surfaces structured with 
LIPSS at F0 = 0.7 J/cm2 and 7.0 J/cm2, respectively. XPS is especially 
suitable for destruction free investigation of the uppermost surface re-
gion with an information depth of ~7 nm. Fig. 7 presents XPS signals of 
Zr 3d, Al 2s and Cu 3s as well as O 1s and C 1s core levels. It should be 
noted that the latter two elements are not intrinsic to the BMGs but 
unavoidably present at surfaces exposed to ambient atmosphere. Before 
the detailed discussion of the high-resolution spectra, some aspects of 
the surface composition are commented. They were derived from total 
XPS intensity ratios between Zr, Al and Cu considering proper sensitivity 
factors for the given experimental environment. The results reveal that 
the surface composition of the untreated polished sample is dominated 
by Zr. After fs-laser irradiation, the surface composition undergoes 
remarkable changes. In particular, the Zr concentration decreases 
strongly, while a significant increase is detected for the amount of Cu. 
These results underline the fundamental impact of LIPSS formation on 
the surface characteristics. 

The Zr 3d signal in Fig. 7a consists of a doublet situated at binding 
energies of EB = 182.2 eV and 184.6 eV, respectively. This doublet is a 
consequence of spin-orbit splitting of the 3d level in 3d5/2 and 3d3/2 
lines. The energy position agrees with literature values for ZrO2 [60]. 
Together with the predominant Zr concentration at the surface, the 
assumption of a Zr-rich native oxide layer seems to be appropriate for 
modeling the ellipsometry data above. The low energy region of the 
upper panel of Fig. 7a reveals a very weak second doublet at EB = 178 eV 
corresponding to Zr(0). This constellation is typical for Zr-based BMGs. 
As shown by Heinrich et al. [61], a shift of the Zr doublet to smaller 
binding energies occurs with increasing material depth, which corre-
sponds to a transition from oxygen-bound Zr at the material surface to 
metallic Zr in the bulk. With increasing fluence, the line shape broadens. 

At F0 = 7 J/cm2, a clear minimum can no longer be observed between 
the spin-orbit components. 

Fig. 7b shows the overlapping Al 2s and Cu 3s core levels. This 
overlap complicates the analysis but still the components are more 
clearly separated than in the Al 2p/Cu 3p spectra. Comparing the pol-
ished sample in the uppermost panel with the fs-laser irradiated sur-
faces, the large increase of the Cu concentration on the scale of the XPS 
information depth becomes immediately evident. The energy position of 
the Al 2s line (EB = 118.8 eV) fits to Al2O3 [60]. It has been proposed 
that Al acts as oxygen scavenger in the alloy [61]. Indeed, no clear Al(0) 
signal is present at the low energy side of the spectra indicating pre-
dominant Al in its oxidic state within the XPS information depth. 

The Cu 3s peak consists of two components at EB ~ 122.5 eV and 
~124.5 eV, which can be assigned to Cu(0) and Cu2+ [60]. Their mutual 
dependence is more evident in the Cu 2p3/2 spectra (not shown). The 
initial polished sample is dominated by Cu(0), while for F0 = 0.7 J/cm2 

the relative intensity of Cu2+ in form of Cu-oxide and/or hydroxide 
clearly increases. Compared to the native oxide layer, which is domi-
nated by the Zr-rich oxide, the fs-laser irradiation leads to a modified 
chemical composition. The latter is particularly characterized by the 
increased Cu content, which was verified by additional AES measure-
ments (now shown). The exact formation mechanism of this 
laser-induced oxide layer requires further investigation for a detailed 
explanation. However, the findings emphasize the complex, highly dy-
namic processes that occur at the surface during ablation and oxidation, 
given the extremely fast heating and cooling cycles in an air environ-
ment [25]. 

These observations are also consistent with the behavior of the O 1s 
line (Fig. 7c). The initial polished sample features a double peak struc-
ture, which can be assigned to metal oxide formation and metal car-
bonates. Another weak component at the high energy side corresponds 
to hydroxides. After fs- irradiation, the intensity of the low energy peak 

Fig. 5. X-ray diffraction patterns of (a) Zr61Cu25Al12Ti2, (b) Zr46Cu46Al8, (c) Vit105 and (d) Vit106 measured with Co-Kα radiation after irradiation with two different 
fs-laser peak fluences (F0 = 0.7 J/cm2 and 7.0 J/cm2, both for vx = 0.67 m/s and Δy = 6 µm) compared to the polished, non-irradiated surface as reference. For better 
visualization, the diffraction curves were shifted and stacked vertically. 
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(metal oxide) is strongly reduced, while the hydroxide component in-
creases. The observations suggest that the intense low energy peak of the 
non-irradiated polished sample originates from Zr oxide and the 
increased high energy component obtained for F0 = 0.7 J/cm2 results 
from Cu hydroxide. After LIPSS formation with F0 = 7 J/cm2, the line 
shape becomes again broad and featureless. 

The C 1s signal in Fig. 7d indicates the presence of adventitious 
carbon at the surface in terms of C–C single bonds, C–O bonds of 
organic components and C––O/COOH species originating from adsorp-
tion from the surrounding atmosphere during sample storage. Regarding 
absolute concentration, the fs-laser irradiated samples reveal a larger 
surface carbon content with respect to the initial polished sample. This 
higher concentration might be explained by the increased effective 
surface area of LIPSS offering more capacity for adsorbates per surface 
unit. The surface contamination with carbon, especially after LIPSS 
formation, is well-known for stainless steel and other crystalline alloys 
[24] and is a key aspect in the context of the time-dependent wetting 
behavior known as “aging effect” [62–64]. 

Regarding the thickness of the oxide layer, the Zr(0) component 
detected for the initial polished sample (Fig. 7a) is associated with bulk 
Zr located below the Zr-rich surface oxide [61]. Its very low intensity 
indicates an oxide layer thickness of the order of the XPS information 
depth. Consequently, the absence of any Zr(0) signal for the fs-laser 
irradiated samples indicates a larger oxide layer thickness compared 
to the initial polished sample. However, it should be noted that the 
fs-laser irradiation also leads to a broadening of the spectra, which is 
why a residual Zr(0) signal could smear out and be indistinguishable 
from the background. 

The XPS spectra of the other three BMGs (Zr46Cu46Al8, Vit105, 
Vit106; data not shown here) exhibit no significant differences when 
compared to Zr61Cu25Al12Ti2, both in the polished initial state and after 
LIPSS processing upon fs-laser irradiation. 

To shed more light on the laser-induced oxide layer on the quater-
nary system Zr61Cu25Al12Ti2, its thickness and composition was inves-
tigated in more detail by means of TEM and STEM EDXS analysis of a 

Fig. 6. Grazing incidence X-ray diffraction patterns of (a) Zr61Cu25Al12Ti2 and 
(b) Vit105 measured with Cu-Kα radiation and an incoming beam angle of 2◦

after irradiation with different fs-laser peak fluences compared to the polished, 
non-irradiated surface as reference. The same samples as for Fig. 5 were used. 
For better visualization, the diffraction curves were shifted and 
stacked vertically. 

Fig. 7. High-resolution XPS spectra of the surface of Zr61Cu25Al12Ti2 before (polished) and after fs-laser irradiation at F0 = 0.7 J/cm2 and 7.0 J/cm2 (vx = 0.67 m/s, 
Δy = 6 µm), respectively: (a) Zr 3d peaks, (b) Al 2s/Cu 3s peaks, (c) O 1s peaks, and (d) C 1s peaks. 
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cross-sectional lamella prepared from the surface irradiated at F0 = 0.7 
J/cm2 (i.e., the surface contains highly regular LIPSS, see Fig. 4, left 
column). The present study focuses on the state after fs-laser irradiation, 
since investigations of the native oxide layer by means of high-resolution 
TEM, EDXS and XPS were already published for the same and for very 
similar chemical compositions, respectively [30,31,65]. Fig. 8a shows 
EDXS maps of the individual elements oxygen (O), aluminum (Al), ti-
tanium (Ti), copper (Cu), zirconium (Zr), and platinum (Pt), all acquired 
in the transition region from the bulk of the metallic glass through the 
oxide layer into the deposited Pt-layer. The corresponding EDXS line 
scan presented in Fig. 8b was accumulated from the yellow frame along 
the white line in Fig. 8a. The concentration profiles exhibit a slight de-
viation from the expected composition of Zr61Cu25Al12Ti2 in the bulk 
material, which is attributed to the measured oxygen content of about 
10 at.%. This relatively large amount can be explained by surface 
oxidation of the lamella at its front and rear side after focused ion beam 
preparation and the transfer to the TEM. Since the analysis of the 
element concentration of the oxide layer also considers the oxygen 
content, the relative amount of the other elements involved is reduced 
accordingly. 

It becomes evident from the EDXS mappings as well as from the 
concentration profiles that the laser-induced oxide layer is formed by Zr, 
Al and Cu. According to the phase diagram, a solubility of ZrO2 in Al2O3 
is possible in the equilibrium state [66]. In addition to the XPS mea-
surements, the TEM results show that Cu is detected in both the bulk and 
the oxide layer. This observation is confirmed by the multilayer distri-
bution of Cu within the EDXS map and the concentration profile of Cu in 
Fig. 8b, which exhibits two pronounced concentration maxima. A 
comparable distribution was determined by Sawyer et al. [67] for 

Vitreloy1b, i.e., a Zr-based BMG with lower Cu content (Zr44Ti11Cu10-

Ni11Be25) than our Zr61Cu25Al12Ti2, using XPS and glow-discharge op-
tical emission spectroscopy. From the perspective of thermodynamics, 
the oxygen affinity of Al and Zr is higher than that of Cu, as indicated by 
the gain in free energy (ΔGf

o) for the formation of Al2O3 and ZrO2 in 
comparison to CuO [68]. Consequently, the enrichment of Cu in the bulk 
is presumably the result of the diffusion of Al and Zr from the bulk to the 
surface. On the contrary, Cu detected directly at the surface indicates the 
incorporation of oxidic Cu species at the beginning of the laser-induced 
oxidation process. The enrichment of Cu in the alloy corresponds to the 
dark seam within the TEM micrograph in Fig. 8a directly at the interface 
between bulk and oxide layer (marked by the red arrow). According to 
the FWHM condition, the EDXS concentration profile leads to an oxide 
layer thickness of ~10 nm, which might be slightly over-interpreted by 
the selected width of the line scan, the slightly curved interface and 
blurring due to defocusing and drift during the EDXS measurement. This 
is confirmed by the high-resolution TEM micrograph of the same area as 
the EDXS measurement was performed (Fig. 8c), from which a smaller 
thickness of ~6 nm can be determined for the laser-induced oxide layer. 
This is almost twice the native oxide layer thickness of the polished 
Zr61Cu25Al12Ti2 surface (tOL ~ 3.6 nm) obtained from the ellipsometric 
measurements (see Table 2). The high-resolution TEM micrograph also 
confirms that the surface oxide layer and adjacent Zr61Cu25Al12Ti2 bulk 
material is amorphous after fs-laser irradiation at F0 = 0.7 J/cm2, while 
the visible regular network planes confirm a polycrystalline grain 
structure of the surface protecting Pt-cover layer. 

Fig. 8. Concentration profile of a cross-section prepared by focused ion beam from the LIPSS-covered Zr61Cu25Al12Ti2 surface irradiated at F0 = 0.7 J/cm2: (a) STEM 
EDXS maps of the involved elements, (b) EDXS profile along the white arrow indicated in (a) calculated by accumulating the data of the EDXS map in the yellow 
frame, and (c) high-resolution TEM bright field micrograph of the region between bulk material, oxide layer and the surface protecting Pt-layer. 
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4. Conclusions 

Highly regular, well-pronounced LIPSS can be produced on the sur-
face of Zr-based BMGs by fs-laser irradiation. Despite the different 
chemical compositions, the investigated BMGs exhibit very similar 
LIPSS periods, which can be described with the available SPP theories. 
While Zr61Cu25Al12Ti2, Vit105 and Vit106 revealed no laser-induced 
crystallization upon fs-laser irradiation, Zr46Cu46Al8 showed a moder-
ate transformation from the amorphous to the crystalline state within 
the sub-surface region. XPS analysis confirmed the presence of a native 
oxide layer on all pristine BMGs. Femtosecond laser irradiation leads to 
the formation of a laser-induced oxide layer of larger thickness con-
sisting of an amorphous ZrCuAl-oxide. The obtained results provide an 
essential basis for the generation of BMG surfaces with tailored func-
tional properties, which might enable novel tribological, optical, and 
biomedical applications. 
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