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Abstract: Results concerning the controllable ablation of nano-layered thin films (NLTF) by
femtosecond laser pulses are presented. Investigated samples were titanium-aluminium
bilayers, deposited on a silicon substrate, with the top titanium or aluminium layer of variable
thickness on the surface. Irradiation was done in ambient air with single femtosecond laser
pulses under standard laboratory conditions. The samples were analysed by complementary
methods of optical and scanning electron microscopy, and optical profilometry, exhibiting laser
fluence-dependent ablative removal either of the top layer, or the entire bilayer, or even partial
ablation of the underlying silicon substrate. The removal (spallation) threshold fluences for the
topmost layer are scalable versus its thickness almost irrespectively of its material, being rather
selective for the Ti-coated samples and much less selective for the Al-coated samples. The
removal of the entire bilayers was found to be strongly influenced by electronic properties of
the underlying metallic layer, dictating the NLTF-Si adhesion, heat conduction and capacity in
the NLTFs towards the NLTF-Si interface and beyond, as well as by their thermophysical
characteristics – e.g., almost twice higher melting temperature and enthalpy for Ti. As a result,
precise fs-laser machining of the entire NLTFs is pronounced and selective for the samples with
the fusible Al at the low-adhesion Al-Si interfaces, comparing to the incomplete NLTF removal
from the high-adhesion and refractory Ti-Si interfaces.
1.

Introduction

Nano-layer thin films (NLTF) are attractive composite materials due to their unique properties
that cannot be obtained in materials that are composed of the same bulk constituents [1]. Laser
processing of NLTFs is a non-contact method and its precision depends on laser properties
(pulse duration, wavelength, output energy, focusing, etc.) and thin film characteristics
(composition, thickness, film substrate, etc.) [2-8]. The highest interest in nanotechnology is the
precise modification of the NLTFs surface. Therefore, layer by layer ablation, with minimal
collateral damage and substrate modification, needs to be achieved. Thermal effects, as a
consequence of laser irradiation, are suppressed when using laser pulse shorter than 10 ps,
commonly named ultrashort laser pulses (ULP) [9-11]. Precise ablations of an upper/top layer,
leaving relatively undisturbed area underneath, were registered after irradiation with ULP [12].
In the case of metal-metal nano-layer and ULP, under some conditions, ablation is a photomechanical process. Through it, absorption of laser pulse energy generates mechanical stress
leading to material fracture and removal, rather than continuous removal of individual
molecules and clusters. The selective ablation of a surface layer also named spallation, occurred
after irradiation of different materials [13-17].
Among many thin films, which nowadays can be easily produced, aluminium (Al) titanium
(Ti) thin films and their combinations deposited on different substrates are suitable for various
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applications in nanotechnology [1,3,7,18]. As bulk materials, both Al and Ti, have been largely
studied regarding femtosecond laser ablation [19-21] while fewer studies are connected with
single or multilayer thin films [18,22,23]. From a fundamental investigation point of view, the
effects of ultrashort laser pulses on both metals, Al and Ti are interesting because of the
difference in their electronic structures. The internal electronic structure of aluminium is simple.
It is a metal that features a free-electron-like electronic structure. Titanium on the other hand is
a transition metal with a considerably different and rather complex electronic structure: Its
Fermi level lays in the centre of a half-filled d-band [20,24-26]. These differences in electronic
structure have, among other macroscopic, a considerable influence on the material’s response
in ultrafast laser processes.
In this study, the different combinations of Al and Ti bilayer thin films of different
thicknesses, deposited on silicon (Si) substrates, were modified and investigated by single-shot
exposure of ultrashort (femtosecond) laser pulses at variable pulse energies (fluences).
Investigation of the resulting single-shot craters by optical and electron microscopy, along with
the related chemical microanalysis, enables the identification of the laser fluence- and film
thickness/arrangement-dependent processes underlying the precise ablation of NLTFs.
2.

Experimental

2.1 Sample preparation
In the experiment, the Al/Ti and Ti/Al NLTFs having different thicknesses were used. In all
cases, the first layer, either Al or Ti, was deposited on silicon Si-based wafers. The thickness of
the first layer was always 50 nm, while the thickness of the second layer was 10 nm or 30 nm.
Ti is a transition metal and has a strong affinity for Si, O, N, and C. Ti-Si based wafer bonding
is known to have excellent adhesion. The Si-based wafers are before deposition covered with a
thin native oxide layer. Because of that, adhesion of Ti to the wafers is stronger than adhesion
of Al.
All bilayer depositions were performed in a triode sputtering system Sputron (Balzers
Oerlikon). This system consists of a thermo-emissive cathode, an auxiliary anode (around the
target), and a target connected to a high voltage supply. Due to the additional electrode
(thermionic emitter) such configuration is called triode system. A resistance heated filament is
used to supply additional electrons through thermionic emission, causing increased total
ionization efficiency of the plasma. Plasma beam (typically 40V/40A), formed between the hot
filament (Ta wire) and the auxiliary anode around the target, and is controlled by the arc
parameters and by axial magnetic field. The target voltage and current can be adjusted
independently. The target voltage was held constant at 1700 V with 0.6 A of discharge current.
High purity targets (99.98 wt% for Ti and 99.99 wt% for Al) of 60 mm in diameter were
interchangeable in situ without breaking the vacuum from one deposition to another. To
minimize interface contamination, the recipient was baked and the background pressure was
below 2x10-3 Pa. For enhancement of vacuum a layer of titanium was sputtered on shield at the
beginning of deposition. The partial pressure of the argon working gas in the vacuum chamber
was 2x10-1 Pa for all processes. The temperature of the substrates was continuously monitored
during sputter deposition by a Pt-PtRh13 thermocouple, which was located in the front of the
substrates. During deposition, a maximum substrate temperature was kept below 90°C. The
quartz crystal microbalance was used for calibration of deposition rates. Deposition rates and
thickness reproducibility was better than 2%.
In this paper, the samples are notated with Si/Al/Ti and Si/Ti/Al, depending on which metal,
Al or Ti, was deposited on the Si substrate. For better clarification, we put the thicknesses of
the particular nano-layers in the brackets. For example, the Si/Al/Ti (50 nm-30 nm) means that
the thicknesses of Al and Ti are 50 nm and 30 nm, respectively.
2.2 Single-shot ultrashort laser machining
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In our studies, the irradiation of the surface of Al/Ti and Ti/Al films in air was carried out on a
micromachining workstation (Fig.1) for precision laser structuring [28]. The irradiation was
performed in ambient air with a focused laser beam. Because of high reflectivity of the samples,
the laser beam was at a near-normal incidence to their surface, to avoid damage of the laser
optics. We used 300-fs (FWHM), second-harmonic 515-nm (FWHM   1.7 nm) pulses of an
ytterbium-doped fiber laser Satsuma (Amplitude Systemes), with the maximum pulse energy of
4 µJ (TEM00, M2  1.07). Laser radiation was tightly focused onto the surface of the samples
by a microscope objective (Levenhuk Bioview 630) with numerical apertures NA = 0.25. A
spot with the laser beam radius, at 1/e-level of the maximum intensity of the Gaussian intensity
distribution, was 2.2 ± 0.1 µm. The sample was fixed on a three-coordinate motorized step
translation platform. A minimum displacement step was 150 nm and was moved in a way that
all pulses reached the fresh area of the samples surface.
The laser irradiation of the sample was done so that the 16 single pulses hit the new fresh
area of NLTF surface (Fig.1, right), for better statistics of the results. The pulse energy/peak
fluence was kept constant in each series of the irradiation. Nearly identical spots, which
correspond to the same pulse energy/fluence, were observed on the surface by optical
microscopic and profilometric analyses. In the experiment, the pulse energy varied from 0.03 µJ
to 1.2 µJ (i.e. Ep [µJ] was 0.03, 0.04, 0.06, 0.08, 0.16, 0.32, 0.48, 0.64, 0.8, 1.0, 1.2,
corresponding to the peak laser fluence values of 0.2, 0.26, 0.4, 0.53, 1.1, 2.2, 3.3, 4.3, 5.3, 6.6
and 8 J/cm2). For the enumerated energy/fluence of pulses we performed analyses of the sample
surfaces. The common characteristic of the altered regions was the circular shape of spots or
craters. Namely, we call the modified areas “spots” when they are shallow and have been
formed on the NLTF only. On the other hand, the term “craters” was used for deeper ablation,
accompanied by removal of surface material. Craters were formed after ablation of the entire
films and part of the Si substrate. Which feature was observed depended on the pulse
energy/fluence, the entire NLTFs thickness, and which metal was deposited in the outer/top
layer.

Fig. 1. Experimental setup: RA–reflective attenuator, BS–beam splitter, AC–autocorrelation, PM–power meter, OB–
microscope objective for laser beam focusing, M–optical microscope, CCD–digital CCD camera, MS–3D-motorized
stage. Inset (right): schematic of a typical target cross sectional structure and optical microscopy image of its surface
after irradiation by single 300 fs laser pulses at variable pulse energies (inter-crater spacing: 13 m horizontal, and
23 m vertical).

2.3 Characterization of samples
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The first inspection of the samples after laser processing was done by optical microscopy. More
details of the surface morphology of the irradiated surfaces were monitored by a JEOL 7001F
Scanning Electron Microscope (SEM). Using SEM analyses we calculated the area of the
samples, which was modified by ultrafast laser irradiation. With SEM, details of surface
morphological changes were examined qualitatively. Quantification of altered/ablated regions
induced by laser radiation was done by profilometry. The sample surface was monitoring in 2D
and 3D modes by non-contact optical profiler (OP) (Zygo NewView 7100 Optical Profiler).
Profiles and 3D visualization of the irradiated areas were analysed by the related Zygo software.
In addition, the elemental chemical composition of the NLTFs was performed by energydispersive X-ray spectroscopy (EDX), equipped by INCA Energy 350XT (Oxford Instruments
Analytical) spectrometer.
3.

Results and discussion

Our characterization and analysis of the laser-modified samples proceeded in three steps. First,
in section 3.1 the fluence-dependent laser modification of the surface topography characterized
by SEM was presented, with the measurement of dimensions of the corresponding modified
regions and the thresholds of such modifications. Second, in section 3.2 laser ablative removals
of separate NLTF layers or their combinations was qualitatively characterized by
complementary EDX via chemical composition profiling, following [27]. Finally, in section 3.3
quantitative analysis of surface relief profiles acquired by optical profilometry, additionally
enabled straightforward identification of fluence-dependent layer-by-layer laser machining of
the NLTFs.
3.1. SEM visualization of single-shot craters
The surface modifications of the samples were visualized by SEM microscopy for nine chosen
fluences and NLTF combinations (Figs.2 and 3).
In the case of the Si/Ti/Al samples, depending on the thickness of the Al layer, at the fluences
ranging from 0.2 to 8 J/cm2, the outer circular craters were observed above the minimal
threshold of 541 mJ/cm2 (10 nm) and 21010 mJ/cm2 (30 nm) (Fig.2), with the threshold
determined via the standard Liu procedure. The visibly flat ablated area in the craters can be
mainly attributed to photomechanical spallation [10]. Some central nanoroughness on the spots
at lower fluences is apparently related to melting and partial ablation of the underlying Al layer
(see section 3.3). Previously, rather similar thresholds and similar thickness dependence of the
spallation thresholds were observed for 30-nm Al film on the glass substrate – 24080 mJ/cm2
(spallative crater) and 26030 mJ/cm2 (through hole) [29], as well as similar thickness
dependence of the spallation thresholds.

(a)
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(b)

Fig. 2. Top-view SEM images of surface morphology of the NLTFs after single fs laser-pulse irradiations at different
fluences. Aluminium was deposited on the top of the NLTFs with the thickness of (a) 10 nm and (b) 30 nm. The
fluence values, as well as magnifications, are included in the all micrographs.
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(a)

(b)

Fig. 3. Top-view SEM images of surface morphology of the NLTFs after single fs laser-pulse irradiations at different
fluences. Titanium was deposited on the top of the NLTFs with the thickness of (a) 10 nm and (b) 30 nm. The
fluence values, as well as magnifications, are included in the all micrographs.
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Similarly, in the case of the Si/Al/Ti samples, depending on the thickness of the Ti layer, at
the fluences ranging from 0.2 to 8 J/cm2, the outer circular, rather rough craters were observed
above the minimal threshold of 643 mJ/cm2 (10 nm) and 26020 mJ/cm2 (30 nm) (Fig.3).
Again, the detached Ti layer indicates the underlying photomechanical spallation [10].
Previously measured spallation thresholds for bulk Ti and the 27-nm thick Ti layer atop Al/Ti
composition were 80 mJ/cm2 [30-32] and 90 mJ/cm2 [6], respectively.
Quite surprisingly, the observed spallation thresholds both for the Si/Ti/Al and Si/Al/Ti
samples demonstrate their reasonable linear scalability versus the topmost film thicknesses,
with the just 1.2-fold higher values for the samples of the same top-layer thickness, but with
the topmost Ti-layer. Apparently, such threshold insensitivity to the top layer material is related
to the nearly identical Al/Ti and Ti/Al interfaces in terms of their adhesion, again pointing out
the spallation character of the ablation. The abovementioned 20%-difference in thresholds is
obviously related to the energy deposition and stress generation efficiency, and was previously
discussed in [6], relating to fast energy transfer through more conductive underlying Al layers.
Regarding the second buried interfaces - Si/Al one in the Si/Al/Ti samples or Si/Ti one in
the Si/Ti/Al samples, their adhesion will be considerably different [27], resulting in
considerably different thresholds for complete NLTF ablation till the Si substrate. Moreover,
such other inner craters are not distinct in the SEM images, with the except for the threshold of
2.40.4 J/cm2 for the Si/Ti/Al sample (Fig. 2b), and the following ablation analysis was based
mostly on optical profilometric data presented in the section 3.3.

3.2. EDX profiling of elemental composition
In addition to the SEM and profilometry, the EDX analysis was done, attempting to envision
ablation of separate layers or entire NLTF, similarly to [28], and acquire their characteristics.
For this purpose, Ti, Al and Si EDX-based elemental compositions for some characteristic
spots/craters were profiled to check the removal of the separate elemental layers at the irradiated
sites.
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Fig.4. EDX profiles of elemental compositions in the craters on the sample Si/Al/Ti (50 nm-10 nm). The pulse energy
(fluence): (a,c) 0.03 J (0.2 J/cm2), and (b,d) 0.16 J (1.1 J/cm2). In (a,c) it can be seen, that Al (red) and Si (green)
lines are irregular in the centre; the presence of both elements is visible, while the Ti (blue) almost vanished in the
centre of irradiated areas. In (b,d) in the crater centre both the Al and Ti lines are low, almost vanished, while the Si
line is higher than one taken from no irradiated area.

Two typical EDX profiles are shown in Figs.4(a-d) for the Si/Al/Ti (50 nm-10 nm) sample.
Here, in the case of the spot produced at 0.03 J (fluence  0.2 J/cm2), there is a strong reduction
(almost vanishing) in the Ti K-line intensity (blue curve) inside the ablated spot, while the
corresponding intensities of Si (green curve) and Al (red curve) K-line intensities remain noisy,
but, on average, the same (Fig.4a,b). It means that the NLTF is not completely removed,
comparing to the topmost Ti layer. This is in agreement with our measurements of the spallation
thresholds for the 10-nm thick topmost Ti layer (643 mJ/cm2) and the optical profilometric
results in Table 1 below. In contrast, at higher pulse energy of 0.16 J (fluence  1.1 J/cm2), Ti
K-line intensity (blue curve) again is almost broadly vanishing inside the ablated spot
(Fig.4c,d), while the Al K-line intensity (red curve) drops there from the reference level of 17
digits till 1-3 digits, resulting in the simultaneous raise of the SiTi K-line intensity (green
curve). This is consistent with the profilometric data in Table 1, indicating the complete removal
(maximal depth  66 nm) of the Si/Al/Ti (50 nm-10 nm) NLTF already at 0.08 J
(fluence  0.53 J/cm2). Hence, overall we demonstrated that the EDX-based monitoring of thinfilm ablation could be applied not only to single-layer, but also to two-layer bimetallic film and,
potentially, even more elaborate multi-layer multi-elemental films.
3.3. Crater profiles measured by optical profilometry
More straightforward optical profilometric characterization was performed for all these
spots/craters produced by single ULPs. A few characteristic surface profiles and 3D views are
presented in the Fig.5(a,b); note the vertical scales of the axes are given in nanometres, but the
horizontal in micrometres. The spots were produced at the single pulse energy of 0.04 µJ
(fluence 0.26 J/cm2) on the Si/Al/Ti(50 nm-30 nm) and Si/Ti/Al (50 nm-30 nm) samples.
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Maximal depths averaged over a few produced spots are  57 nm (Fig. 5a) and  42 nm
(Fig.5b), indicating the complete ablation of the topmost layer and the partial ablation of the
underlying layer, but not the entire NLTFs. The profilometric results for the other craters are
summarized in Table 1 and Fig.6, presenting both the maximal averaged depths and in some
cases the depths of the inner craters in the double-crater structures produced at high pulse
energies/fluences (see the SEM images for the fluences > 0.4 J/cm2 in Fig.2 and > 0.5 J/cm2 in
Fig.3).

Fig. 5. Surface profiles (left) and 3D maps (right) of craters on the Si/Al/Ti (50 nm–30 nm) (a) and Si/Ti/Al (50 nm–
30 nm) (b) samples after single-pulse laser irradiation at 0.04 J (0.26 J/cm2).
Table 1. Single-shot ablation depths for different NLTFs at low pulse energies/fluences, measured by optical
profilometry and averaged over 10 spots.
Single-pulse
Si/Al/Ti
Si/Al/Ti
Si/Ti/Al
Si/Ti/Al
(50 nm-10 nm)
(50 nm-30 nm)
(50 nm-10 nm)
(50 nm-30 nm)
energy [J]/peak,
depth [nm]
depth [nm]
depth [nm]
depth [nm]
fluence [J/cm2]
0.03/0.2
–
511
191
361
0.04/0.26
622*
571
201
421
0.06/0.4
652*
722
211
451
0.08/0.53
662*
822*
241/201#
471
0.16/1.1
–
1023
1445*
521
0.32/2.2
1755*
2195*
461/241#
642/331#
0.48/3.3
2905*
3505*
1685*
983*/301#
The values denoted with “*” represent the crater depths larger than the NLTFs thickness, with “ #”” correspond to
double-crater spots, and with “–“provide unreliable profile data.
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Fig.6. Graphical representation of the crater depths versus laser fluence from Table 1 for all the NLTFs, shown in the
pink/orange colours for Ti topmost layer samples and in the bluish colours for the Al topmost layer samples.
Horizontal dashed lines indicate the topmost layer thickness, while the horizontal solid lines indicate the total
thickness of the NLTFs (overall, the different characteristic depth horizons in the samples).

By analysing the data in Table 1, Fig.6, and the SEM micrographs one can deduce a few
essential conclusions. First, at the higher fluences 1-3 J/cm2 the maximal crater depth, highly
exceeding the NLTF thicknesses, are larger for the Ti-coated samples, thus indicating that the
50-nm thick underlying Ti layer provides 2-4-fold stronger ablative protection, comparing to
the same Al layer [27]. The possible reason is the presence of the d-band just under the Fermi
level of Ti, which strongly decreases its high-temperature electronic heat conduction and
increases its heat capacity, thus reducing the energy transport into the Si substrate. Also, both
the melting temperature and enthalpy of normal melting are much higher for Ti (1943 K,
18.8 kJ/mole), as compared to Al (933.5 K, 10.75 kJ/mole) [33], also making it more effective
thermal protection sub-layer prior the Si substrate. Furthermore, one can expect phase-explosion
ablation in this regime, once the typical single-shot fs-laser spallation depth in Si is less than 50
nm [34,35].
Second, spallation of the entire Ti-coated NLTFs starts at much lower fluences (<0.20.5 J/cm2, depending on the Ti-layer thickness), while the only topmost Al-layer spallation
occurs in the fluence range for the Al-coated samples (Table 1, Fig.6). Obviously, the most
probable reason is the known poor adhesion of Al layer to Si substrates. Moreover, rather
“clean” spallation of the entire NLTF proceeds for the Ti-coated samples, comparing to the
“unclean” low-fluence removal of the Al layers, frequently involving some part (10-15 nm) of
the underlying Ti layers (Table 1). At higher fluences, such ablation of the Al-coated samples
never proceeds through “clean” NLTF removal, but involves also the Si substrate.
Overall, one can stress out that the electronic chemical interaction (adhesion) issue in the NLTF
dictates their partial or complete spallation during fs-laser ablation, while the electronic thermal
conductivity and heat capacity affect much deeper phase-explosion through ablation in the
samples. An explanation of the step-like ablation and then very rough centre of the crater
(Fig.2a, F=3.3 J/cm2) after single ULP irradiation, when laser beam has a Gaussian spatial
profile, can be found in the molecular dynamics (MD) simulations [36]. The MD simulation
predicts existence spallation, melt expulsion due to the recoil pressure and even phase explosion
at the crater produced by a single ULP with high fluence.
4.

Conclusion
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In this study, we presented electron microscopy, chemical microanalysis and optical
profilometric results on controllable ablation of the aluminium-titanium or titanium-aluminium
nano-layer thin films deposited on a Si substrate, by single ultrashort laser pulses of variable
peak fluence. The demanded precise (selective) spallative fs-laser removal of the separate
topmost layers or the entire NLTFs was observed only for the samples with the low-adhesion
and fusible Al-Si interfaces, comparing to the topmost-layer or NLTF removal from the highadhesion and refractory Ti-Si interfaces. The high-fluence removal of the entire NLTF was
found to be strongly influenced by electronic properties of the underlying metallic layer,
dictating the NLTF-Si adhesion, heat conduction and capacity in the NLTFs towards their
interface with Si and beyond, as well as by their thermophysical characteristics – specifically,
melting temperature and enthalpy.
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