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Abstract. Results regarding morphological and compositional changes of bimetallic thin film (BMTF),
composed of aluminium (Al) and titanium (Ti) nano-layers, by single fs laser pulses, are presented. Laser
irradiation was conducted in the air with focused, linearly polarized laser pulses, the duration being 300 fs,
wavelength 515 nm, and pulse energy up to 1.2 nJ. Effects of the variations of the pulse energy on the
changes were studied. In the experiment, single pulse energy values from 0.03 to 0.08 pnJ caused ablation—
photomechanical spallation of the upper part of BMTF layer from the Si substrate, without ablation of the
whole film. Irradiation at higher pulse energies gradually removed the whole BMTF and even a part of the
Si substrate. We explained the influence of different electron—phonon dynamics, in the case of multilayered
thin films composed of Al and Ti, on BMTF ablation. Damage/ablation threshold, which is minimal pulse
energy /fluence sufficient for starting ablation, was calculated.

1 Introduction

Thin films are important for many applications, ranges
from decoration and protection of materials, through
technological usage to environmental and medical pur-
poses. Multilayer structures, composed of two or more
materials (nanometre thicknesses) broaden and improve
the thin film usage [1-4]. As a result, multilayer thin
films can be found in contemporary technics, nanotech-
nology, optical devices, photovoltaic and gas sensors,
microelectronics, plasmonics, soft X-ray and neutron
devices, such as super mirrors, polarizers, monochro-
mators, etc. Among them, Al and Ti thin films bilayer
are suitable for many of the mentioned applications [3].

The method that supports exceptionally controlled
non-contact morphological and composition modifica-
tions of materials is laser processing. The effect of laser
action on materials depends on several factors, such
as laser parameters (wavelength, pulse duration, pulse
energy, fluence, etc.), material characteristics (physic-
ochemical properties, surface state, reflectivity, etc.),
and an environment during radiation [5]. Up to now,
the individual thin films and their combinations have
been studied regarding irradiation with short nanosec-
ond (ns) [6,7] and ultra-short picosecond and femtosec-
ond (ps and fs) laser pulses [8-14]. In the case of fs
pulses, this method allows extremely precise modifi-
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cations, on the micrometre and even on the nanome-
tre scale. Accurate results are obtained with fs pulses
because of suppressing the formation of a heat-affected
zone, which is vital for ultrahigh precision fabrication
[15]. For precise surface modification of multi-layer thin
films, the thermodynamic and mechanical properties of
adjacent layers, interlayer adhesion, and boundary ther-
mal resistance significantly affect the results of micro-
/nano-processing, such as the possibility of selective
removal of the required layers [16,17].

Fs laser irradiation of metals is known to proceed
via multiple steps as (1) absorption of photon energy
including photoexcitation of electrons, (2) energy trans-
fer from electrons to the lattice, (3) melting and ther-
mal expansion, (4) damage of the surface without or
with ablation, and in some cases photomechanical spal-
lation, and (5) thermal relaxation. The cases (1) and
(2) highly depend on the specific metal zone structure
and are the most important at low laser beam fluence,
i.e. the ratio between laser pulse energy and laser beam
sectional area. The knowledge of these processes is cru-
cial for understanding the experimental, observations
for predicting the damage and/or ablation thresholds
of a material that is significant for the development of
laser nanotechnology in general

Further, following the steps (3) to (5), irradiation
at higher pulse energy/fluence is important for pre-
cise laser nanofabrication of metals either in the bulk
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or in the thin film forms. It was shown that there
is a “window” of the laser fluences at which specific
ablation—photomechanical spallation is registered. Spal-
lation brings about the irradiated region of the surface
having a characteristic crater with a flat centre and
a sharp edge. Theoretical explanations and examples
of photomechanical spallation can be found elsewhere
[18-22]. In the conducted experiment with the single fs
laser pulses and BMTF we estimated damage thresh-
old laser fluence and found the “window” of the laser
fluences that caused selective ablation/spallation of the
first nano-layer and a part of the bottom one. Mor-
phological and compositional changes of the irradiated
spots/craters, produced by single pulses for all used flu-
ences, were studied.

2 Experiment

The sample BMTF that was used in the experiment
is composed of two layers, titanium and aluminium.
The first layer deposited on the silicon (Si) substrate
was Ti, and the second, the top layer, was Al. The
deposition was performed in a triode sputtering sys-
tem Sputron (Balzers Oerlikon). The BMTF deposi-
tion was started and stopped by opening or closing
the moveable shutters between the substrate holder
and sputter source (target). High-purity targets were
used as the sputtering source. With average d.c. power
of 35 VV/cm2 on the target, a deposition rates of 9.5
nm/min for Ti and 8 nm/min for Al were achieved for
a substrate-source distance of 225 mm. The thicknesses
of the Ti and Al layers were determined by a quartz
microbalance and were hri &= 50 nm and ha; ~ 10 nm,
respectively. In this paper, the sample is denoted by
Si/Ti/AL

The irradiation was performed in the air with a
focused femtosecond laser beam under near-normal
incidence to the sample surface. The beam was gen-
erated by an ytterbium-doped fibre laser, which oper-
ated in TEMyy mode, at wavelength A = 515 nm
and pulse duration 7 = 300 fs [23]. In the experi-
ment, the pulse energy values E, increased gradually
from 0.03 pJ to 1.2 pnJ. In the case of Gaussian spatial
beam profile, from values of pulse energy E,, and beam
radius wy (at which the beam intensity has fallen to

1/e2 of its peak), it is easy to calculate laser fluence as
F =2E,/mw?.

After irradiations, the sample morphology was ini-
tially analysed by optical microscopy, and then by
scanning electron microscopy (SEM). Elemental com-
position examination was done by energy-dispersive
spectrometer (EDS) connected with the SEM. The
surface morphology was additionally scrutinized by a
non-contact optical profilometry. The profilometer was
equipped with the program that was used for measur-
ing crater depths from two-dimensional (2D) profiles
and their three-dimensional (3D) visualization (Zygo
corporation, Metro Pro).
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Fig. 1 Schematic views of the BMTF cross section and
optical image after the single fs laser pulse irradiation (pulse
duration 300 fs, wavelength 515 nm, pulse energy from 0.03
to 0.48 pJ)

3 Results and discussion

The laser irradiation of the sample was done in the
way that the 16 single pulses hit the new fresh area of
BMTTF surface (Fig. 1). The pulse energy was kept con-
stant in each sequence of irradiation. The optical and
SEM analyses confirmed almost identical spots on the
surface that corresponds to the same pulse energy. In
the experiment, we changed the pulse energy discontin-
uously from 0.03 to 1.2 uJ (E, [wJ]: 0.03, 0.04, 0.06,
0.08, 0.16, 0.32, 0.48, 0.64, 0.8, 1.0, 1.2). At pulse ener-
gies, ranged from 0.03 to 0.32 pJ, circular craters with
uniform topography of the irradiated areas were regis-
tered. As the pulse energy increased to 1.2 pJ, circular
craters were produced too, but with rough topography
of the central regions.

After initial examination by both optical microscopy
and SEM, profilometry completed qualitative and quan-
titative analyses of the irradiated areas. Initially, the
SEM study provided information about diameters D of
the laser spots and their morphologies on the microme-
tre and nanometre levels. Then, profilometry gave infor-
mation on their depths, 2D surface profiles and 3D
views. Typical morphology of craters registered on
BMTF after the single pulse irradiations is presented in
the SEM micrographs, Fig. 2. The depth of craters was
measured by non-contact optical profilometry (Fig. 3a,
b) and elemental composition changes were registered
too (Table 1). From all analyses, we found three types
of ablations, depending on the values of the single pulse
energies Fp:

(i) Spallation, 0.03 £J-0.06 pnJ. At the pulse ener-
gies E, = 0.03 pJ (Fig. 3a) and E, = 0.04 nJ
the uniform layer was removed from the surface of the
BMTF and circular shallow craters were formed. At
E, = 0.06 nJ the crater centre is slightly different but
we can still see similar morphology (Fig. 2). For all
three applied pulse energies, the ablation depths (Aq)
were around 20 nm (Table 1). This means that the com-
plete first Al layer and a part of the second Ti one
were ablated, while the rest of BMTF remained on the
Si substrate. This form of craters can be attributed to
photomechanical ablation—spallation.

(ii) Gentle ablation, 0.08 nJ-0.32 pJ. At the
pulse energy E,, = 0.08 uJ, SEM (Fig. 2) and profilom-
etry revealed a step-like shape of ablated area and this is
what we call gentle ablation. The measured step height
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Fig. 2 SEM micrographs of the surface morphology of Si/Ti/Al after single fs pulse irradiations. Energies E}, and the
corresponding bars are inserted into each micrograph. The SEM micrographs at E, = 0.16 pJ and 1.0 uJ are similar to
0.32 pJ and 1.2 J, respectively, and they are not presented (pulse duration 300 fs, wavelength 515 nm)

and the crater depth were found to be d = 19.5 nm and
Agq = 24.3 nm, respectively (Table 1). Similar morphol-
ogy can be seen at pulse energy 0.32 nJ (Fig. 3b). The
crater depth and step height increase up to Aqg = 46 nm
and d = 24 nm (Table 1). In the case of E, = 0.16 uJ
similar results were obtained. These results show that
for the applied pulse energies BMTF was not com-
pletely ablated from the Si substrate.

(iii) Ablation, 0.48 pJ—1.2 pnJ. At the applied
pulse energies, the morphology differs considerably
comparing to the previously registered ones. The inner
rim can be seen in the bottom three micrographs in
Fig. 2. The depths of the centres of the craters were
A4 > 60 nm (Table 1). These values are greater
than BMTF thickness. The problem with the pro-
filometry measurement occurred because of very pro-
nounced inhomogeneous bottoms of the craters at ener-
gies £, = 048 nJ, E, = 0.64 nJ, and E, = 0.80 pJ.
Despite these difficulties, it was possible to measure the
values of the crater depths. As the pulse energy fur-
ther increased, the crater depths increased too. Inho-
mogeneity of the bottom disappeared at pulse energies
E,= 1.0wJand £, = 1.2 pJ.

Besides the profilometer analysis, the EDS technique
was applied in order to check the quality of registered
spallation and ablation of BMTF from Si substrate.
Elemental compositions of some of the created craters
are shown in Table 1, from which one can see that:
(i) nonzero concentration of Al was only present on the

non-irradiated BMTF surface, (ii) nearly the same con-
centrations of Ti were measured in the irradiated areas,
at laser pulse energies 0.03 nJ, 0.04 nJ, and 0.06 pJ,
(iii) concentration of Ti on the first steps was about
the same as in the case of non-irradiated BMTF, (iv) in
the central areas of all craters produced by higher pulse
energies than 0.48 nJ, the average concentration of Ti
was lower, but different from zero.

By means of the three techniques, SEM, profilometry
and EDS, we estimated the range of laser pulse energy,
at which the upper Al layer and a part of Ti layer were
ablated from BMTF. These values belong to the inter-
val 0.03-0.32 pJ.

In this study, the damage threshold for BMTF was
estimated. For calculation, only the data concerning
spallation and gentle ablation were taken into consider-
ation. This means that in the following calculation we
measured the diameters of the first six craters.

The procedure of the ablation threshold calculation
is well known for ultra-short Gaussian laser pulses. It
uses a linear relationship between the pulse energy and
laser fluence F' [24,25]. Namely, for a Gaussian spa-
tial beam profile with the beam radius wq , the maxi-
mum laser fluence Fy in front of the surface depends lin-
early on the incident laser pulse energy E,,. Maximum
laser fluence can be calculated from Fy = 2E,/(mwd).
Diameters (D) of the laser-ablated areas are corre-

lated with Fy by D? = 2 wpln(Fy/Fpn). As a result,
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Fig. 3 2D- and 3D-profiles of the craters created by the single laser pulses at (a) E, = 0.03 wJ and (b) Ep, = 0.32 pJ.
Distances from the bottoms of the ablated areas to the surface Ay are 19 nm and 46 nm, respectively. The distance from

the step to the surface d in (b) is 24 nm

Table 1 Compositional changes and depths of some craters produced on the Si/Ti/Al after single fs pulse irradiation

Ey(nd) F(J/cm?) Al (wt%) Ti (wt%) Si (wt%) O (wt%) Aqg(nm) d (nm)

BMTF 0.24 1.82 95.58 2.37 - -

0.03 0.20 - 1.86 95.26 2.88 19.0 -

0.04 0.26 - 1.84 95.76 2.40 20.2 -

0.06 0.39 1.87 95.86 2.27 21.0 -

0.08 0.53 - 1.76¢ 95.42¢ 2.82¢ 24.3 19.5
1.84° 95.827 2.76°

0.32 2.10 1.41¢ 96.05¢ 2.55¢ 46 24
1.77° 95.21° 3.02°

0.48 3.16 — 1.00¢ 97.49¢ 1.52¢ > 60
1.868 95.31° 2.83°

1.20 7.9 0.42¢ 98.46¢ 1.12¢ > 60
1.85° 95.43° 2.725

from the linearity of D? versus applied pulse energies In our experiment, at F© = 0.2 J /cm2, which is

InE,, we can determine the Gaussian beam radius wg
and damage threshold fluence Fpyy, (Fig. 4). We found
wy = 2.78 pm and damage threshold pulse energy
Epn = 0.0115 pJ, which gives Fpyn ~ 0.1 J/cm?.
This value is in accordance with generally theoretically
predicted one [5] for fs laser pulses and a metal surface,
specifically, to the spallation threshold for bulk Ti being
0.08J /cm® [26].

@ Springer

greater than Fpy, ablation of BMTF was registered.
Because of the form of ablated craters the term “spalla-
tion”, which describes the dynamic fracture that results
when a shock wave strikes a solid sample, is com-
monly used [16]. The material ejection mainly driven
by the relaxation of fs laser-induced stresses is gener-
ally referred to as photomechanical spallation [18-22].
It was shown that photomechanical spallation starts at
pulse energy/fluence higher than the damage threshold
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Fig. 4 Squared crater diameter D? versus logarithm of
laser pulse energy In FEy. The values of D were averaged
over 10 measurements. The Gaussian beam radius wo and
energy Fpin were determined from the linear least square
fit—from the slope and intersection, respectively

value and persists for a particular interval [22]. This
interval consists of values for which “gentle” lifting of
the surface layer happened. As pulse energy/fluence
further increases, severe ablation happens and possible
explosive decomposition can be registered. In strongly
absorbing materials, such as metals the fast heating and
cooling by short laser pulses, as is fs one, can lead to the
formation of compressive thermoelastic stress, which
can be evaluated using the laser and material parame-
ters. Since two extremely different metals as Al and Ti
were combined in BMTF, the buried Ti layer appears
as a heat accumulator due to the large electron—phonon
coupling factor gri = 1.3 x 10'® Wm > K~ [27] and
low thermal diffusivity xmi = 9 x 107%m?/s [28],
while the light-absorbing outer Al layer works as a sen-
sitizer, due to its low ga; < 2.45 x 1017 Wm 3 K™!
[27] and high ya1 = 9.6 x 107°m?/s [28] transfer-
ring the absorbed energy to the underlying Ti layer.
Under action of an ultra-short pulse with duration
T < 1 ps, as it is in the experiment, the heated layer is
formed for the time less than the acoustic relaxation
time t,. = h1i/C; =~ 10 ps, where C; is longitudi-
nal sound speed and Cj(Ti) ~ 5 km/s [28]. Thus,
the ultra-short heating 7 < t,. can be considered as
an isochoric process. The heat generated by absorp-
tion stays confined in the irradiated volume for the
period of the laser pulse and cannot escape via heat
conduction. Once the condition for the stress confine-
ment is fulfilled, the stress magnitude can be evaluated
as 0 ~ y(F/hti), where v is the Griineisen coefficient
(y1i ~ 1.2 and a1 ~ 2.5) [28] with the resulting maxi-
mum stress magnitude o ~ 10 GPa at Ar; = 50 nm and
F = 017J/ cm?. Additionally, in the case of multilay-
ered thin films composed of dissimilar metals, fs laser
pulse action causes inhomogeneous heating and cooling.
This happens not only because of their different ther-
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mophysical properties but also of the presence of the
interface between the two metals.
In the experiment, we registered spallation for E,/F

values of 0.03, 0.04, 0.06 wJ/0.2, 0.26, 0.39 J/cm2.
The bottoms of these craters are smooth with constant
depths. For the next E,/F of 0.08, 0.16, 0.32 nJ/0.59,

1.05, 2.10 J/Cm2 spallation was registered too, but with
craters that have a specific shape. The craters consist
of flat central parts and step-like edge. The BMTF was
not completely ablated, and maximal depth was 46 nm.
Further, increase in pulse energy/fluence creates differ-
ent shapes of the craters. Now, they have bumpy centres
and flat steps on their edges. Maximal depths in the
centres were higher than BMTF thickness (Table 1).
Due to the spatial variation of laser intensity in the
Gaussian profile, spallation and phase explosion coexist
and together contribute to the material ejection induced
by the same laser pulse [21]. This was registered as the
pulse energy increased and can be seen at series of SEM
micrographs (Fig. 2).

4 Conclusion

In this study, we performed the experiment using
the thin nano-layer bimetallic film Si/Ti/Al and laser
beam with a pulse duration of 300 fs and wave-
length of 515 nm. Irradiation was done in the air
atmosphere, with the single laser pulses of different
pulse energy/fluence values. Morphological and com-
positional changes, after single pulse irradiation, were
examined with SEM, profilometry, and EDS. In con-
clusion, single-shot femtosecond laser ablation of the
film demonstrates energy-dependent selective removal
of the first Al layer and a part of Ti layer without
complete removal of BMTF. Depending on the pulse
energy/fluence we found that spallation, gentle abla-
tion, and ablation with probable phase explosion took
place. Damage/ablation threshold, this parameter is
important for the laser processing of BMTF, was cal-
culated to be Fpy, ~ 0.1 J/cm2.
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