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Abstract. The experimental study of the static and dynamic femtosecond laser ablation of the multilayer
15x(Ti/Zr)/Si system is reported. The layer-by-layer selective laser ablation mechanism was studied by
analysis of the surface morphology and elemental composition in static single pulse irradiation in a range
of pulse energy from 10 to 17 µJ. The selective ablations, as number of concentric circles in modified spots
are increased with the pulse energy. The boundary between the circles was shown a change in the depth,
comparable to the thickness of the individual layers. Changes in the elemental composition at the edges
are associated with the removal of the layer by layer. The dynamic multipulse irradiation was observed via
the production of lines with laser-induced periodic surface structures (LIPSS) at different laser parameters
(scan velocities and laser polarization). The spatial periodicity of the formed LIPSS depends on changes
in the effective number of pulses and laser polarization, as well as the nature of the material. For better
interpretation of the experimental results, simulations have been conducted to explore the thermal response
of the multiple layered structure 15x(Ti/Zr) after static single pulse irradiation.

1 Introduction

Micron and nano-scaled surface structuring confer
additional functionalities to the material in terms
of mechanical improving, bioactivation and photonic
selectivity. Ultrafast laser surface modification has
become a powerful tool in high quality surface tex-
turing of a wide range of materials including met-
als, ceramics, semi-conductors and plastics [1–4]. The
material processing such as ultrafast laser-surface struc-
turing can enable specific features of the materials
including extraordinary surface wettability, reduction
of friction and wear, improve corrosion resistance, col-
orization of metallic surface, and also improve solar
cell performance and activation of biomaterials [5–8].
Simply by irradiating different materials with ultra-
short laser pulses in the various ambient conditions,
the following surface structures can be formed: ripples,
grooves, spikes, bumps, cavities, nanoparticles and cel-
lular structures. The creation of these structures dur-
ing the laser processing is caused by thermal and non-
thermal processes such as plasma formation, interfer-
ence effects, Coulomb’s explosion, surface plasmon gen-
eration, surface tension gradients, as well as hydrody-
namical effects [9–11].
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Laser ablation of solids is a complex process of remov-
ing materials in combination by evaporation, melt-
ing, explosion and exfoliation of materials, while the
interaction mechanism is determined by the nature of
the material and applied laser parameters. Laser pulse
duration plays a critical role in the ablation of materi-
als. The ablation process induced by nanosecond laser
pulses generates huge heat-affected zones (HAZ) with
a wide molten area of metallic materials due to their
large thermal diffusivities [12]. However, femtosecond
laser ablation results in precise modification without
collateral damages, due to suppress heat diffusion to the
surroundings of irradiated regions, which significantly
reduces the generation of a heat-affected zone (HAZ).
In femtosecond time domain the excitation of multipho-
ton and avalanche ionization together with free electron
heating are occurred, but without significant changing
the lattice temperature [13–15].

In addition, after multiple-pulse laser ablation it
is possible to generate laser-induced periodic surface
structures (LIPSS) on numerous types of materials
attractive for many applications. Irradiation of metal-
lic surfaces by linearly polarised ultrashort laser pulses
can induce shallow periodic corrugations with sub-
wavelength spatial periods [16,17]. When the spatial
periodicity of LIPSS is almost equal to the laser wave-
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length, they are classified as low spatial frequency
LIPSS (LSFL). The creation of LSFL is explained
by the interference between the incidence laser beam
and the surface-scattered electromagnetic wave, which
induces a periodic variation of laser intensity along
the surface. On the other hand, high spatial frequency
LIPSS (HSFL) has much smaller spatial periodicity.
Several interpretations have been proposed for their cre-
ation, such as self-organization, second harmonic gen-
eration, excitation of surface plasmon polaritons, and
Coulomb explosion [18–20]. Lately, the progress in the
field of ultrafast laser processing based on ablation
is very important, including surface micro- and nano-
patterning as well as 2D-surface and 3D-volume pro-
cessing.

An unusual form of the material, like nano-scaled
metallic multilayer thin films, attracts attention to spe-
cific applications in areas where superficial materials
are decisive factor. Mostly, metallic thin films possess
specific physico-chemical and mechanical properties as
high corrosion resistance, good radiation stability, satis-
factory hardness and porosity. Multilayer thin films are
suitable material for a wide range of application, as pro-
tective coatings, catalytic components, optical devices,
photovoltaic gas sensors, dye sensitized solar cells, in
biomedicine as implants and tools [21–23]. Multilayer
thin film is inherently metastable state and susceptible
to various surface modifications, especially laser pro-
cessing on the micro- and nanoscale by direct pattern-
ing in a very fast and cost-effective manner [24].

In this work, we study the possibility to achieving
the selective ablation as well as the formation of LIPSS
on the multilayer Ti/Zr thin films [25]. Layer-by-layer
selective ablation would be predicted from experimen-
tal results obtained after a static single fs pulse irra-
diation. The depth and elemental composition of the
ablated circular spots are comparable to the thicknesses
of individual layers as a part of the multilayer struc-
ture. The ablation study of the multilayer systems is
included a detail analysis of the influence of scan speed
and laser beam polarization on the spatial periodic-
ity of the formed LIPSS in ablative regime during the
dynamic fs irradiation.

2 Experimental

The multilayer structures composed of titanium and
zirconium layers were deposited in a Balzers Sputtron
II system, using 1.3 keV argon ions and 99.9% pure
Ti and Zr targets. Before deposition the chamber was
evacuated to the base pressure of 1 × 10−6 mbar, while
the Ar partial pressure during deposition was 1 × 10−3

mbar. For substrate has selected a silicon wafer Si (100),
which was cleaned by etching in HF and immersion in
deionized water before mounting in the chamber. The
deposition of multilayers was performed in a single vac-
uum run, at deposition rate of 0.17 nm s−1 for both Ti
and Zr components, without heating of the substrates.
The total thickness of the complete multilayer structure

consisted of fifteen (Ti/Zr) bilayers was 500 nm, where
thickness of individual Ti and Zr layers were about 17
nm.

Laser processing of the multilayer 15x(Ti/Zr) thin
films was performed by two laser systems. One is the
Yb:KGW laser source Pharos SP from Light Conver-
sion. The surface of thin films was irradiated by focused
linearly p-polarised pulses with follow characteristics:
repetition rate of 1 kHz, pulse duration equal to 160
fs, central wavelength of 1030 nm and 40µm Gaussian
beam diameter. The other is Ti:S laser system Mira
900 by Coherent, a source of linearly polarised ∼ 130
fs pulses with 76 MHz repetition, wavelength of 860
nm and 600 nm Gaussian beam diameter. Mounted
on a motorized, computer-controlled X-Y-Z translation
stage, samples were processed by laser beam at normal
incidence in open air environment. By irradiation of
Ti/Zr samples with different pulse energy/fluence and
scan velocities, i.e. number of pulses, respectively, for-
mation of spots and lines were included. In each line,
energy per pulse was assumed to be constant, since the
pulse energy deviation was less than 1%.

Detailed surface morphology after irradiation was
examined firstly by optical microscopy, and then by
scanning electron microscopy (JEOL JSM-7500F,
equipped with energy dispersive X-ray spectroscopy—
EDS—by Oxford Instruments INCA, and Tescan MIRA3
SEM). The laser-modified and ablated surface profiles
were studied in 2D- and 3D-modes using an optical pro-
filer 7300 SWLI (Zygo).

3 Results and discussion

The effects of morphological changes induced during
the static single fs pulse irradiation performed on the
15x(Ti/Zr)/Si system were examined through the spots
made at the different pulse energies (Fig 1). For all
applied pulse energies, a circular ablated spot with
a distinct sharp boundary between unmodified and
ablated areas occurred. The lowest absorbed pulse
energy (10µJ) exceeds the kinetic energy of the removed
material, whereby the ablation occurs in the form of a
very shallow and flat crater (Fig. 1a). With an increase
in the pulse energy, the number of concentric circles in
observed individual spots increased (Fig. 1b–d), which
can be attributed to the selective ablation of the mul-
tilayer 15x(Ti/Zr) /Si system. However, the number of
circles (four) is same for pulse energies of 15µJ and
17µJ, and with further increasing of pulse energy the
number of circles remains constant, whereby for suf-
ficiently high pulse energies the circles disappear. For
the given range of pulse energies, the spot diameters
had values from 27 to 47µm. According to the estab-
lished procedure, the ablation threshold fluence Fth can
be experimentally determined by representing squared
diameter of the ablated areas D2 as a function of the
logarithm of the applied pulse energies Ep, for the fs
laser pulse and Gaussian distribution [26,27]. The cal-
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culated ablation threshold fluence for the multilayer
15x(Ti/Zr)/Si system is Fth = (220 ± 40)mJ cm−2.

Simultaneously, the selective ablation of multilayer
system can be recognized in the corresponding depth
profiles displayed with SEM images (Fig. 1). Maximum
depth in the centre of spots is gradually rising with
pulse energy. The height/depth of the removed mate-
rial almost match with the thickness of as-deposited lay-
ers (thicknesses of individual layer were 17 nm), these
insignificant deviations can be attributed to measure-
ment errors (∼ 5% deviations in the profilometric mea-
surement). The differences in dimension (height and
width) of the ablated steps originated from a differ-
ent distribution of energy in Gaussian profile for given
pulse energy. The boundaries between the ablated steps
closer to the central part of the spot indicate a par-
tial melting of Ti and/or Zr layers (Fig. 1c, d), also
can be consequence of Gaussian energy distribution.
The arrangement of concentric circles corresponding to
selective ablation can be related to Gaussian spatial
beam fluence profile, which is schematically presented
in (Fig. 2.) [28]. The fluence of each ablated area was
estimated from Gaussian profile (Fig. 2) and calculated
by F = F0 exp(−2r2/ω2

0) equation for surface modi-
fication obtained at a pulse energy of 17µJ and the
fluence at the centre of 597mJ cm−2 [28]. The esti-
mated values of ablated steps from periphery to the
centre are F1 = 342mJ cm−2, F2 = 418mJ cm−2 and
F3 = 503mJ cm−2.

The EDS analysis of the 15x(Ti/Zr) /Si multilayer
system was performed in order to compare the differ-
ences in the elemental composition of unmodified mul-
tilayer thin film and the ablated steps for the spot
made at the average pulse energy of 17µ J. The EDS
spectra recorded at particular points in the different
steps are given in Fig. 3. Obviously, the ablation effects
observed from periphery to the centre of the spot are
confirmed by gradually increasing of the relative con-
centration of silicon [in spectrum 2, peak for Si (Fig. 3)],
is attributed to the contribution of the substrate in
regard to unmodified area of the 15x(Ti/Zr) /Si mul-
tilayer system. However, the relative concentrations of
Ti and Zr change quite differently, in the ablated steps
where the concentration of Ti decreases, the concentra-
tion Zr remains unchanged and vice versa. The concen-
tration of Ti decreases in first and third steps, while in
the second step is recorded the reduction of the Zr con-
centration. These distribution of the Ti and Zr contents
through the ablated steps indicate that the layer-by-
layer selective ablation are occurred during the static
single fs irradiation of multilayer 15x(Ti/Zr) /Si thin
film.

In the fourth central step, the concentrations of Ti
and Zr simultaneously decrease, indicating the peak flu-
ence is high enough to cause the mixing of components
between the layers. Additionally, with decreasing con-
centrations of the main components (Ti and Zr) from
periphery to centre of spot, the quantity of bonded oxy-
gen is increased, which is also associated with Gaussian
energy distribution for given pulse energy. Due to the
intermixing of components and higher content of oxy-

gen in the central area of ablated spots, it is expected
that an ultra-thin layer composed of Ti and Zr oxide
phases is formed at the bottom of the ablated centre
[29].

Effects of the dynamic fs modification of multilayer
15x(Ti/Zr) /Si system is considered during the forma-
tion of lines with different scan velocities at the constant
pulse energy (2.5µ J) and with laser beam polarisation
parallel to scan direction. For the selected scan veloci-
ties range (0.5–3 mm s−1), in all cases, the creation of
the laser-induced periodic surface structures (LIPSS),
oriented normally to the direction of laser polarization
have occurred (Fig. 4). In the midline, the well-defined
LIPSS (LSFL) are created, originating from an inter-
ference of the incident laser beam with surface electro-
magnetic wave excited during the laser irradiation [30].
Created ripples are oriented parallel to the scan direc-
tion and their length almost coincides with the width
of the lines for lower scan velocities. The formation of
ripple surface structures is followed with the significant
ablation of multilayer 15x(Ti/Zr) /Si as well as hydro-
dynamical effects system, but ripples are somewhere
covered with nanoparticles with dimensions of up to
100 nm. The ripples mainly are formed on the surface
of Ti/Zr thin film although the ablation of materials is
significant, at the highest scan velocity with the effec-
tive number of pulses was Neff = 266 (Fig. 4a). The
concentration for Ti and Zr components recorded by
EDX method, are reduced (for 40 % wt.) in compare
to the unmodified surface of the multilayer 15x(Ti/Zr)
/Si thin film. With a reduction of the scan velocity, the
ablation of the material is enhanced, whereby the Ti/Zr
thin film for the lowest velocity and the highest effec-
tive number of pulses (0.5 mm s−1 and Neff = 1600) is
completely removed and the ripples are formed on a sil-
icon substrate (Fig. 4d). Furthermore, in the midline,
made with the highest pulse number, a starting stage
of the regularity failure of the ripple structure and/or
formation of the grooves can be recognized as appear-
ance of clusters on the surface of silicon. In this case,
the EDS analysis was shown that the concentrations of
Ti and Zr components dropped to zero, while the con-
centration of Si increased with the presence of oxygen
in a relatively low concentration (about 5% wt.).

The fs modification in the form of lines, obtained
with another laser polarisation (changed for 90◦) and
with all laser parameters same as in the previous case,
has shown a very similar morphological characteristics
and composition changes (Fig. 5). The ripples as LSFL
are oriented along the scan direction, but perpendicular
to the laser polarization. For higher number of applied
pulses, the ablation becomes more intense, e.g. with
an effective 1600 pulses for a scan velocity of 0.5 mm
s−1, the thin film is completely ablated and the ripple
structure is formed on silicon. For the given laser polar-
isation, the modulation of ripples can be recognized
in the sense that their length changes for the differ-
ent scan velocities. This modulation can be associated
with the number of overlapped pulses for various scan
velocities, which would mean that the ripple lengths
would be shortened with the scan velocities due to the
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E = 10 µJ E = 12 µJ E = 15 µJ E = 17 µJ
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Fig. 1 SEM images and corresponding profiles at the surface of 15x(Ti/Zr)/Si multilayer system for spots made by
femtosecond laser pulses at different pulse energies in follow range a 10µJ, b 12µJ, c 15µJ and d 17µJ

Fig. 2 Illustration of Gaussian fluence profile for laser ablation at pulse energy of 17µJ

increase of the overlapping factor. The ripple lengths
are in the range of 4–9 µm, where one number of rip-
ples is ended or other can be continued from bifurcation
points. These values of ripple length coincide with the
mean free path of excited surface plasmon polaritons
(SPP) for Ti irradiated with laser pulses at wavelength
of 1030 nm [30]. It has been found that titanium has
small SPP mean free path, which supports good coher-
ence between excited SPP and incident laser radiation,
favouring the formation of high regularity LIPSS [31].

The lines drawn by laser beam at different scan veloc-
ities, which is actually dynamic multipulse irradiation
with different effective number of pulses, induce the

creation of the laser-induced periodic surface struc-
tures (LIPSS) with different spatial periodicity. The
spatial periodicities of the created LSFL at the given
range of effective number of pulses have shown ten-
dency to reduction with their increasing, for both used
laser polarizations (Fig. 6). The reduction in the spa-
tial period is observed up to 800 pulses, afterwards for
the highest applied pulses (1600), in fact at the small-
est scan velocity (0.5 mm s−1), the spatial period in
both cases is increased. The sudden increase of the spa-
tial periods can be associated with the fact that the
ripple structures for a given scanning speed of 0.5 mm
s−1 were created on a silicon substrate due to inten-
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Fig. 3 EDS spectra for the marked positions of the ablated steps at the surface of the multilayer 15x(Ti/Zr) /Si system
in the spot made by fs modification at 17µJ average pulse energy

v = 3 mm/s v = 2 mm/s v = 1 mm/s v = 0.5 mm/s

10 µm 10 µm 10 µm 10 µm

polarisationa b c d

Fig. 4 SEM images for the created lines during the fs modification at the pulse energy of 2.5µJ with different scan
velocities: a 3 mm s−1, b 2 mm s−1, c 1 mm s−1 and d 0.5 mm s−1

sive ablation of the multilayer 15x(Ti/Zr) /Si thin film.
On the other hand, in the case when the scan was per-
formed parallel to the polarization direction, the peri-
odicity has a value higher approximately 100–130 nm
compared to the orthogonal scan in the polarization
direction (Fig. 6). Based on this experimental obser-
vation, it can be established that the spatial periodic-
ity of the formed LIPSS (LSFL) is quite sensitive to
changes in laser parameters (the effective number of

pulses and laser polarization), as well as the nature of
the material. The spatial periods varied in a wide range,
which depended on the number of generated carriers
in the conduction band of the laser excited materials,
and the applied laser pulses [32]. The density of gener-
ated carriers for excited multilayer 15x(Ti/Zr)/Si thin
film increases with increasing number of pulses, conse-
quently the ripples with lower periods occurred.
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Fig. 5 SEM images for the created lines during the fs modification at the pulse energy of 2.5 µ J with changed laser
polarisation for 90◦ at the different scan velocities: a 3 mm s−1, b 2 mm s−1, c 1 mm s−1 and d 0.5 mm s−1
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Fig. 6 Spatial periodicities of LIPSS in function of effec-
tive number of pulses, after fs modification with different
laser polarisation

4 Theoretical model-simulation procedure

To interpret the experimental observations, simulations
have been conducted to explore the thermal response of
the multiple layered structure 15x(Ti/Zr) after irradia-
tion with single laser pulses of pulse duration τp = 160
fs and wavelength λL = 1030 nm. It is also noted that
the multilayered structure is placed on a silicon sub-
strate (in which T

(Si)
L corresponds to its lattice tem-

perature). Due to the fact that the laser spot radius
is substantially larger than the film thickness, an 1D-
Two Temperature Model (TTM) [33] can sufficiently
describe the [34] relaxation process following electron
excitation due to laser heating through the following
equations:
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describes the heat

diffusion in the Si substrate. In Eqs. 1–2, T
(i)
e (T (i)

L )
stands for the electron (lattice) temperature of layer i
(i = 1, 3, 5, ...2n − 1 for Ti layer, I = 2, 4, 6, ...2n for Zr
layer, for n = 15 Ti/Zr multilayer system). The thermo-
physical properties of the material such as electron and
lattice heat capacity, (C(i)

e ,C(i)
L ), electron and lattice

heat conductivity (k(i)
e ≡ k
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e0

(
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(i)
e ), electron–phonon cou-

pling strengths (G(i)
eL) and model parameters used in

the simulations are listed in Table 1. For Si, C
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[Jm−1s−1K−1] [17].
Equations 1, 2 are solved by using an iterative Crank–
Nicolson scheme based on a finite-difference method.
For initial conditions, we choose thermal equilibrium
at Te(z, t = 0) = TL(z, t = 0) = 300K. Adiabatic
boundary conditions are considered on the surface (at

z = 0, k
(Ti)
e

∂T (Ti)
e

∂z = k
(Ti)
L

∂T
(Ti)
L

∂z = 0). Furthermore,
at the interface between two layers, the following con-
ditions are applied: T
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L , T
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e ,

k
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∂z
while on the interface between the last layer (Zr) and
the substrate (Si), the following boundary conditions

are used: T
(Si)
L = T

(Zr)
L and k

(Si)
L

∂T
(Si)
L

∂z = k
(Zr)
L

∂T
(Zr)
L

∂z .
We note that in the above formulation, for the sake of
simplicity, the inclusion of latent heat for evaporation
or melting has been neglected [17,35].

While Eq. 2 provides the general expression of the
form of the source term due to material heating with a
pulsed laser that includes the absorption coefficient α,
the reflectivity R and the transmission coefficient T of
the material, the Transfer Matrix Method [34] is used
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Table 1 Simulation parameters chosen for Ti and Zr

Parameter Ti Zr

GeL (Wm−3K−1) Fitting [36,37] Fitting [38]

Ce (Jm−3K−1) Fitting [36,37] 2.78 T
(Zr)
e [39]

CL (Jm−3K−1) 2.3521× 106 [40] 1.6952× 106 [40]
ke0 (Jm−1s−1K−1) 21.9 [40] 22.6 [40]
Tmelting (K) 1941 [40] 2128 [40]
Tboiling (K) 3560 [40] 4650 [40]
Tcritical (K) 15500 [41] 8650 [41]
A(s−1K−2) Fitting [36,37] 3.41 × 105 [38]
B(s−1K−1) Fitting [36,37] 5.16 × 1012 [38]

to compute the optical properties of the top layer (Ti)
after irradiation with pulsed laser of 1030 nm by taking
into account the presence of the rest of the thin layers.
Calculations yield α = 4.89 × 105cm−1 [42], T ∼= 0,
R = 0.43, that indicate that ∼ 57% of the energy will be
absorbed in the first layer, while the transmitted part of
the laser energy into the second layer (Zr) is very small
and it is not sufficiently high to excite the electrons in
the rest of the layers (especially the second layer) and
produce meaningful results. This argument justifies the
use of a source term to describe laser heating only of
the first layer and it is assumed that laser energy is not
transmitted into the next layers.

The evaluation of the thermal response of the mate-
rial following irradiation with single pulses is performed
through the correlation of the simulation results with
the measured ablation. As noted in previous reports,
ablation may be associated to the lattice tempera-
ture exceeding the condition (∼ 0.90Tcritical, where
Tcritical is the critical point temperature [17,35,43]
which is the temperature at which boundaries for gas
and liquid phase vanish). Another criterion also usually

employed is the boiling temperature of the material,
Tboiling, (i.e. the region of the material that is charac-
terised with lattice temperatures higher than Tboiling is
removed [44]). Finally, non-thermal mechanical stress-
related processes (i.e. spallation) have also been used
to describe ablation [45,46]. Our simulations and com-
parison with experimental observations indicate that
the first layer (Ti) is totally removed at fluence F =
220mJcm−2. This value corresponds to fluence that is
sufficient to raise the temperature of the upper layer
above Tboiling; therefore, the boiling temperature is
regarded as a reliable ablation threshold criterion. The-
oretical calculations of the lattice temperatures based
on the scheme described above yield a spatio-temporal
evolution that is illustrated in (Fig. 7a, b). The jump
of lattice temperatures at the interfaces is related to
the differences in the thermophysical properties of the
materials (i.e. heat conductivities, heat capacities) and
the electron–phonon coupling constants. It is noted that
only the first three Ti/Zr layers thermally respond to
the heat transfer (Fig. 7a). It is noted that to take into
account ablation, all lattice points with temperatures
higher than the boiling point are removed and they do
not continue to heat up.

It is important to note that due to the fact that lat-
tice temperatures on the second layer (Zr) are lower
than the boiling temperature for Ti, no material is
predicted to be removed from the second layer. On
the other hand, it is evident that the lattice temper-
ature attained from a large part of the second layer
(Zr) for F = 220mJ cm−2 is above the melting point
of the material (2128 K). This indicates that fluid
dynamics and re-solidification processes are expected
to modify further the surface profile of the assem-
bly. Therefore, appropriate phase changes-related cor-
rections need to be incorporated into the model for
a more accurate description of the surface modifica-
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Fig. 7 a Spatial lattice temperature profile at t = 15 ps, vertical dashed lines indicate the border of each layer. b Lattice
temperature field evolution in depth, perpendicular to the surface of the sample (white region indicates material removal;
horizontal dashed lines indicate the borders of each layer). (F = 220 mJ cm−2, τp = 160 fs, la ser beam wavelength is 1030
nm). Only six (three) of the fifteen Ti/Zr layers for the lattice temperature field (spatial temperature distribution across
the depth) are presented as thermal response at greater depths is minimal
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Fig. 8 a Spatial lattice temperature profile at t = 3 ps, vertical dashed lines indicate the border of each layer). b Lattice
temperature field evolution in depth, perpendicular to the surface of the sample (white region indicates material removal;
horizontal dashed lines indicate the borders of each layer). (F = 600 mJ cm−2, τp = 160 fs, Laser beam wavelength is 1030
nm). Only six (three) of the fifteen Ti/Zr layers for the lattice temperature field (spatial temperature distribution across
the depth) are presented as thermal response at greater depths is minimal

tion processes and determination of the morphological
changes. A thorough approach requires the inclusion
of Navier–Stokes equations (to describe fluid dynam-
ics) and relevant equations to account for evaporation
[17,47–49]. Furthermore, in order to describe effects due
to scanning an appropriate modification to the model
and the intensity profile should be incorporated [50].
Certainly, a more rigorous description of the thermal-
ization processes, a microscopic analysis of nonequilib-
rium phase-transition mechanisms through the use of
hybrid molecular-dynamics-TTM models [51] should be
considered towards providing a complete picture of the
ultrafast processes.

Nevertheless, as the predominant objective of the
work is to demonstrate that the laser energy used in
the experiment is sufficient to remove the upper layer,
simulations are performed, to first approximation, by
ignoring hydrodynamics-generated effects.

The thermal response of the irradiated material
is also explored for a higher value of fluence, F =
600mJ cm−2 to evaluate structural effects on the second
layer (Zr). Simulation results demonstrate that apart
from the upper Ti layer that is removed, a small por-
tion of the second layer (Zr) of thickness equal to 10
nm is also ablated as the attained temperature exceeds
the boiling point (Fig. 8).

5 Conclusion

The static and dynamic femtosecond laser ablation of
the multilayer 15x(Ti/Zr) /Si system were experimental
and theoretical analysed based on morphological and
composition changes. Selective layer-by-layer ablation
was recorded during the static femtosecond irradiation,
applying pulse energy in range of 10–17 µJ. The circu-

lar ablated spot with a distinct sharp boundary between
unmodified and ablated areas occurred in the form of
shallow and flat crater. The tendency of increasing the
number of ablated concentric circles continues up to
pulse energies of 15 µJ and 17 µJ, whereby for suffi-
ciently high pulse energies the circles disappeared. In
the theoretical simulation of the static fs modification,
it is established that the maximum achieved tempera-
ture in the first top Ti layer was comparable to Tboiling

and the experimental observation that the Ti layer is
completely removed was confirmed at the fluence of
ablation threshold.

The dynamic femtosecond irradiation of multilayer
15x(Ti/Zr)/Si structure is considered during the for-
mation of lines with different scan velocities at the con-
stant pulse energy (2.5 µJ) and with both laser beam
polarisation (parallel and normal to scan direction). For
the selected scan velocities range (0.5–3 mm s−1), in all
cases, the creation of the laser-induced periodic surface
structure (LIPSS) was recorded, but with different spa-
tial periodicity. The reduction in the LIPSS periodicity
was continued up to 800 pulses, when the periodicities
in both cases are increased due to the LIPSS generation
on Si substrate.

The selective layer-by-layer ablation at static fs modi-
fication and LIPSS forming conditioned by the dynamic
fs irradiation regime may provide an additional direc-
tion for controlling and optimizing of the laser texturing
of the complex systems.
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