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Abstract: Laser nanostructuring of thin films with ultrashort laser pulses is widely used for nanofab-
rication across various fields. A crucial parameter for optimizing and understanding the processes
underlying laser processing is the absorbed laser fluence, which is essential for all damage phenom-
ena such as melting, ablation, spallation, and delamination. While threshold fluences have been
extensively studied for single compound thin films, advancements in ultrafast acoustics, magneto-
acoustics, and acousto-magneto-plasmonics necessitate understanding the laser nanofabrication
processes for functional multilayer films. In this work, we investigated the thickness dependence
of ablation and delamination thresholds in Ni/Au bilayers by varying the thickness of the Ni layer.
The results were compared with experimental data on Ni thin films. Additionally, we performed
femtosecond time-resolved pump-probe measurements of transient reflectivity in Ni to determine
the heat penetration depth and evaluate the melting threshold. Delamination thresholds for Ni
films were found to exceed the surface melting threshold suggesting the thermal mechanism in a
liquid phase. Damage thresholds for Ni/Au bilayers were found to be significantly lower than those
for Ni and fingerprint the non-thermal mechanism without Ni melting, which we attribute to the
much weaker mechanical adhesion at the Au/glass interface. This finding suggests the potential
of femtosecond laser delamination for nondestructive, energy-efficient nanostructuring, enabling
the creation of high-quality acoustic resonators and other functional nanostructures for applications

in nanosciences.

Keywords: laser ablation; laser delamination; fs-laser pulses; thresholds; Ni thin films; Ni/Au
bilayers; heat penetration depth

1. Introduction

Ultrashort laser pulses provide significant potential for the precise and efficient fabri-
cation of nano- and microstructures on metal surfaces. These structures can impart surfaces
with unique properties, including antireflective characteristics [1-3], enhanced plasmonic
effects [4,5], antibacterial effects [6,7], and modified wettability [8,9].

Ablation is still one of the most common phenomena to produce nanostructures.
Experiments have demonstrated that ultrashort irradiation allows for better control and
precision in material modification compared to longer pulses [10,11]. However, laser ab-
lation occurs as a result of laser-induced phase transitions, involving a series of highly
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nonequilibrium states of matter that are difficult to control [12-14]. Femtosecond laser abla-
tion typically requires laser-induced melting, which triggers the complex spatiotemporal
hydrodynamic/mechanical /acoustic motion in the melted material [15,16]. The resulting
resolidified surface modifications can unpredictably alter material properties, which limits
this approach for the applications.

Another promising method for producing structures is laser spallation. This phe-
nomenon involves the delamination or separation of the film from the film-substrate
boundary due to the transient tensile stress generated by the laser pulse. Laser spallation
has been known since the 1970s, when it was first observed in experiments involving the
irradiation of macroscopically thick metallic films with nanosecond pulses [17,18]. In the
late 1990s and early 2000s, the phenomenon was demonstrated using femtosecond laser
pulses, albeit still on microscopically thick films [19]. In 2004, thermoelastic ‘jet formation
of nanobumps” was demonstrated on 60 nm gold films [20]. Domke et al. referred to
this process as ‘bulging’ in their investigations of damage mechanisms in Mo thin films of
varying thicknesses [21]. Both aforementioned studies evidence the controlled separation of
the film from the substrate without creating a hole, to be denoted as delamination through-
out this paper. In 2020, the creation of closed cavities through femtosecond laser-induced
internal thermo-mechanical laser spallation inside 300 nm Ni films has been discovered [22].
Fabrication of closed cavities in Ni thin films and their periodic arrangements is crucial for
studying phonon-magnon interactions [23,24].

The key parameter for optimizing the laser nanofabrication process and understanding
the underlying damage phenomena is the fluence threshold. This threshold defines the mini-
mum amount of deposited laser energy required to initiate ablation/spallation/delamination
processes. Researchers widely investigate this parameter to comprehend the processes to
optimize nanofabrication [10,21,25-27].

However, research interest also extends to the use of more complex multilayered films.
Multilayers are of significant interest in fields such as ultrafast magneto-plasmonics [28,29],
ultrafast acoustics [30,31], ultrafast magneto-acoustics [32,33], and ultrafast acousto-magneto-
plasmonics [34]. These applications require the use of laser pulses for the nanostructuring
of multilayered films, while mostly fundamental aspects of light-matter interaction are
considered in mono compound thin films. Although there are studies on multilayer films,
most are theoretical [35,36] or consider a single configuration without varying the thickness
of the consistent layers [37,38]. In [39], the authors investigated the damage mechanism in
Au/Ti bilayers by varying the thickness of the Au layer. They found that increasing the
thickness of Au reduces the rates of melting and evaporation but enhances the mechanical
response. However, threshold fluences were not provided.

In addition, theoretical investigations of phonon-magnon coupling in free-standing
Ni/Au bilayers and Au/Ni/Au structures have revealed the potential to generate high-
order magnon modes with frequencies exceeding 100 GHz [40]. In these structures, the
magnon spectrum is solely determined by the thickness of the ferromagnetic layer, while the
spectrum of acoustic vibrations depends on the total thickness of the multilayer. This allows
for independent control and frequency/phase matching between individual phonon and
magnon modes. The production of these structures is highly desirable, and delamination
can be employed for this purpose.

In this article, we make a step forward in understanding the laser nanofabrication
of complex magnetic multilayers. We investigated the damage thresholds of bilayer
Ni/Au and Ni thin films, focusing on the influence of the Ni layer thickness. Exper-
iments were conducted using single-pulse laser irradiation to determine ablation and
spallation/delamination thresholds, which were then compared with the estimated melting
thresholds. To achieve this, the heat penetration depth was derived from an analysis of
pump-probe measurements of transient reflectivity. The analysis confirmed the thermal
nature of both ablation and delamination, though the thresholds for Ni/Au films were
significantly lower than those for Ni films.
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2. Materials and Methods
2.1. Experimental Details: Laser Irradiation

We conducted a series of single-shot experiments using a conventional setup on
Ni/Au bilayers, where a 5 nm Au layer was sandwiched between the glass substrate
and Ni films of varying thicknesses (10-150 nm). Additionally, we examined Ni films of
varying thicknesses (20-150 nm) deposited on glass substrates. All samples were made
by DC sputtering deposition on a Borofloat33 substrate of dimension 10 x 10 x 0.65 mm,
base pressure of 1 x 108 Torr, and deposition pressure of 3 x 10~2 Torr, with a rotation
of the sample of 20 rpm. The rate of deposition for Au is 7.9 nm/min with a power of
50 Watts, i.e., was deposited for 38 sec to obtain 5 nm; on the other hand, for Ni, a power of
150 Watts was used to obtain a deposition rate of 7.8 nm/min for the sample with gold and
7.5 nm/min for the sample without gold (the difference between this deposition rate was
due to the environment of the sputtering chamber and the difference in calibration in these
new conditions).

The films were irradiated using a Spitfire Spectra-Physics laser delivering 110 fs pulses
at an 800 nm wavelength in a single-shot regime, under two configurations: from the air
side and the substrate side, with the s-polarized beam incident on the sample at a 45° angle.
In both cases, the irradiation was performed in the atmospheric air. The collimated beam
was focused using a lens with a focal length of 40 cm. The pulse energy was varied up to
the maximum available value of 16.7 pJ.

The ablation thresholds were determined using Liu’s method by measuring the lat-
eral dimensions of craters at different fluences from microphotographs [41]. The fluence
distribution F(r) follows a Gaussian distribution:

2
F(r) = Fpexp (—;) , 1)

where a is a spot size and F), is the pulse fluence, which can be expressed in terms of the
pulse energy as E, = 7ta®F,. From Equation (1), the relationship between the crater size and
the pulse energy can be derived as

2_ 2 Ep
r=a ln(mle(r)). 2)

Plotting the square of the structure radius against the logarithm of energy should yield
a linear relationship. The line intersects at r = 0 for F(r) = Fy,, thereby determining the
threshold energy. The beam size, 4, corresponds to the slope of the line. Since the beam was
focused at a 45° angle in the experiments, both the beam shape and the resulting structures
were elliptical. Applying the previous considerations based on Liu’s method for two radii,
we determined the beam spot size to be approximately 30 x 40 um, as indicated by the
intercept of the slope described in Equation (2).

The value of E, here represents the energy pulse incident on the sample. To determine
the fluence absorbed by the sample, we accounted for the reflectivity and transmission
coefficients. For air side irradiation, the absorbed threshold was calculated as F,; = AFy,
where A = (1 — R — T), with R and T being the reflectivity and transmittance, respectively.
In the case of glass side irradiation, the reflection from the glass side was also considered,
resulting in Fyps = TgiassAFyy,. The reflectivity and transmittance values for Ni and Ni/Au
of different thicknesses were calculated for s-polarized light using the transfer matrix
approach [42,43]. The values of the used coefficients are provided in Table 1. Tgj,ss was
taken to be 0.9. Taking the reflectivity and transmission coefficients into account allows us
to eliminate their impact on the threshold values.
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Table 1. The table of the coefficients A = (1 — R — T) for Ni and Ni/Au of different thicknesses.

Ni
20 nm 40 nm 60 nm 80 nm 100 nm

Air Side 0.373 0.292 0.279 0.279 0.28

A Glass Side 0.393 0.328 0.315 0.315 0.317
Ni/5 nm Au
10 nm 30 nm 40 nm 70 nm 100 nm 150 nm

Air Side 0.421 0.309 0.29 0.28 0.28 0.28

A Glass Side  0.322 0.278 0.257 0.243 0.245 0.245

2.2. Estimation of Melting Thresholds

To estimate the damage thresholds, we followed a similar approach as in [21]. The
idea is to estimate the threshold fluences required for melting. These calculations were
then compared with the experimentally obtained values of the ablation and delamination
threshold. A specific energy density E/V is necessary to initiate melting, which is given by

Em

v = p(ci(Tm — To) + AHum), 3)

where p is the mass density; ¢; is the heat capacity; T, and Ty are the melting and room
temperature, respectively; and AH,, is the melting heat. The values of these parameters are
listed in Table 2.

Table 2. Parameters for estimating the melting thresholds.

p (kg/m?) [44] ¢ (I/kg x K) [44] T (K) [26] AHpy (K]/kg) [44]
8902 560 1728 293

Assuming that the energy density decreases exponentially with the depth of the
material, the threshold fluence for melting can be expressed as

d E
F, — /O e/, 4)

where h is the heat penetration depth describing how deeply heat penetrates into the
material. Integrating from 0 to d, the thickness of the film yields

Fn = p(ci(Ty — To) + dHp )h(1 — e/, (5)

The heat penetration depth is a key parameter for estimating the melting threshold. In
1988, Corkum et al. derived this parameter as a function of the two-temperature model

coefficients [45]:
1/4
h = g e K%Cl (6)
T T G2y !

where Kj is the thermal conductivity, C; is the lattice heat capacity, G is the electron—-phonon
coupling constant, and 7 is the electron heat capacity.

Unlike the electron-phonon coupling factor G and the other parameters, the heat pene-
tration depth h can be more straightforwardly obtained from experiments. This is typically
determined through pump-probe measurements of transient reflectivity, which changes
upon the generation of acoustic pulses induced by laser irradiation. By analyzing these
reflectivity changes, the heat penetration depth can be evaluated. To check the intensity
dependence of the heat penetration depth, pump intensity-dependent measurements were
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performed. A detailed analysis is provided in Section 3.2 of the Results section, while the
next subsection outlines the experimental details of the pump-probe measurements.

2.3. Experimental Details: Pump-Probe Measurements of Transient Reflectivity

To determine the heat penetration depth required for estimating the melting thresholds
of Ni, pump-probe measurements of transient reflectivity were conducted. The pump
pulse, at 400 nm and a repetition rate of 1 kHz, was applied from both the air side and the
substrate side of a 240 nm Ni film. The pump was focused to a spot size of 300 um. These
measurements were performed on Ni films deposited on sapphire and glass substrates. The
probe pulse, at 800 nm, was applied from the air side of the sample and focused to a spot
size of 80 um. Both the pump and probe pulses had durations of 60 fs. Measurements were
taken at various pump pulse intensities to examine the dependence of the heat penetration
depth on intensity.

3. Results
3.1. Results on the Irradiation of Ni and Ni/Au Films

The results of laser irradiation on Ni films from both the air side and the glass side of
the sample are depicted in Figure 1. A noticeable decrease in the lateral size of the craters
for different film thicknesses, obtained at a pulse energy of 16 pJ, was evident in both cases.
All the craters, with the exception of the 100 nm Ni case, appeared significantly darker than
the original films (Figure 1). This darkness indicates the complete removal of the film, as
the dark craters revealed the underlying glass surface, which had a much lower reflectivity
than Ni (4% for glass versus 66% for Ni). This difference in reflectivity caused the craters
to appear dark in reflected light microscopy images. Ablation is defined as the complete
removal of the film from the surface, producing well-defined holes in the film. Hole sizes
were determined based on optical microscopy marked by red quarter-circular lines along
their edges (see Figure 1). For the 100 nm Ni film, the laser intensity from the air side was
insufficient to ablate the entire film but resulted in the removal of a few nanometers of Ni
from the Ni-air interface forming a shallow ablation crater. This case, which we denote
as surface ablation, is the common case for femtosecond laser ablation of macroscopically
thick, semi-infinite solid targets. For the surface ablation, the boundary of the crater is
marked by a yellow quarter-circular line in Figure 1.

i i Air Side
NI Ablatlon Irradiation ‘ » ——
20 nm | 40 nm | 60 nm | 80 nm | 100 nm
E, =16 pJ
® o @ O
125 pm- : i :
Glass Side
racintor, N " Ml
20 nm | 40 nm ] 60 nm | 80 nm | 100 nm
E, =16 pJ
@ o % o .

Figure 1. Optical microscopy of the structures obtained by a single fs-laser pulse on the Ni films in
reflection. The upper set of photos demonstrates the structures for the different thicknesses of Ni film
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produced by the laser pulse coming from air at the same pulse energy (E, = 16 pJ). The lower set
shows the same for the case of irradiation from the substrate side. The red quarter circles indicate
the diameters of ablation craters, where the film was completely removed. The yellow quarter circle
for air side ablation of 100 nm Ni indicates the ablation crater due to surface ablation. The scale,
indicated for the 20 nm Ni ablation in air at 125 pum, applies to all other micrographs.

Figure 2 illustrates the results of irradiating Ni/Au films. The dimensions of ablation
holes were measured along the red quarter circles. Generally, the holes are larger for
Ni/Au compared to Ni films of similar thicknesses under the same irradiation conditions.
A significant size difference was observed for the 10 nm and 150 nm Ni/Au films in the
case of air-side ablation. For thicknesses from 30 to 100 nm, the visible change was less
pronounced. In the case of glass-side irradiation, a noticeable change was observed only for
the 10 nm film, while the lateral sizes of the holes for other thicknesses remained consistent.

I 1 Air Side
NiAu Ablation st ™ =
10 nm | 30 nm 50 nm | 70 nm | 100mm [ 150nm
E,=16pJ
Glass Side »
Irradiation - .
10 nm | 30 nm | 50 nm | 70 nm | 100nm [ 150nm
E,=16pJ

Figure 2. Optical microscopy of the structures obtained by a single fs-laser pulse on the Ni/Au films
in reflection. The upper set of photos demonstrates the structures for the different thicknesses of
Ni/Au film produced by the laser pulse coming from air at a specified energy pulse (Ep = 16 wJ).
The lower panel shows the same for the case of irradiation from the substrate side. The red quarter
circles indicate the diameters of ablation holes, where the film was completely removed (ablated).
The thickness mentioned for NiAu refers to the thickness of the Ni layer deposited on a 5 nm Au
layer, which is situated on the glass substrate. The scale, indicated for the 10 nm NiAu ablation in air
at 125 um, applies to all other micrographs.

Irradiation below the ablation thresholds from the glass side of the samples led to the
delamination of the films. The resulting structures are shown in Figure 3. For Ni films,
delamination was observed for thicknesses of 80 nm and 100 nm with pulse energies below
14 pJ. The delamination structures on Ni/Au bilayers were obtained with lower pulse
energies (Ep < 7 uJ) for Ni thicknesses of 70 nm, 100 nm, and 150 nm.

While the complete removal of the films is clearly indicated by the formation of dark
holes following laser irradiation, the delamination process is less apparent. To examine
the morphology of the resulting structures, interferometry measurements were conducted.
Interferometry, a non-contact method for analyzing surface morphology, enables the ex-
amination of both the top surface and the profile of the glass-side surface. We utilized
Michelson interferometry in the Linnik configuration, employing quantitative Fourier algo-
rithms for profile reconstruction [22]. The results reveal a surface displacement of 20-30 nm
for the 100 nm Ni film from both sides (Figure 4a). A smaller displacement of 10-20 nm
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was observed for the Ni(100 nm)/Au(5 nm) bilayer (Figure 4b). These findings indicate the
presence of delamination. Films with thinner layers show smaller or similar displacements.

I I Glass Side
Delamination raciton NN > W
Ni NiAu
80 nm | 100 nm 70 nm | 100 nm | 150 nm
E, =136 E,=6u

Figure 3. Optical microscopy of the structures obtained by a single fs-laser pulse on Ni and Ni/Au
films on glass in reflection. The set of photos demonstrates the structures for the different thicknesses
of Ni and Ni/Au film produced by the laser pulse coming from the glass side at specified energy
pulses. The red quarter circles indicate the diameters of structures, obtained with delamination. The
thickness mentioned for NiAu refers to the thickness of the Ni layer deposited on a 5 nm Au layer,
which was situated on the glass substrate. The scale, indicated for the 80 nm Ni delamination at
50 um, applies to all other micrographs.

(a) 100 nm Ni (b) 100 nm Ni/ 5 nm Au
€ L Air Side || E L Air Side
= - ===Class Side = ====Class Side |]
©E 30 A © € 30
[&] ¥ £ 506
T 2 5 ;NN 8 & 2
© ) ,’ v/ = o ree” N
20 / \ 30 Y4 Vs
nhg 1 J ‘ hg 1 i %
% 0p~sde™ 7™ ‘”"‘,“,Al\ra-- % O\‘\,;-“_\/' \»\\ Pt
0O -10 ‘ ‘ 0 -10 ‘ ‘ ‘
-40 -20 0 20 40 -40 -20 0 20 40
Coordinate (um) Coordinate (um)

Figure 4. Surface displacement of Ni (a) and Ni/Au (b) delaminated films on both air and glass sides,
as measured by interferometry.

3.2. Evaluation of the Heat Penetration Depth from the Analysis of Pump-Probe Measurements

The key parameter in destructive laser interactions with materials is the energy de-
position (or heat penetration) depth /. One of the most direct ways to evaluate relies on
picosecond laser ultrasonics [46]. The shape of ultrashort acoustic pulses generated by the
thermal expansion of a then near-surface layer of laser-heated material mimics the initial
heat profile. However, the extraction of the heat penetration depth is a delicate issue as
it relies on an interplay of usually unknown photo-elastic coefficients, which depend on
the material and probe wavelength [47]. Fourier-based methods of strain reconstruction
Picosecond acoustic phonon pulse generation in nickel and chromium [30,48] are usually
sensitive to photoelastic coefficients, notably for common detection schemas of acoustic
pulses during their reflection from a free interface. We analyzed experimental configura-
tions and found that acoustic pulses can be best quantified while traversing an interface
with an optically transparent and acoustically matched substrate. An example of such
measurement is presented in Figure 5. The dynamics of optical reflectivity measured at
the Ni(240 nm)/sapphire interface evidence the generation and propagation of ultrashort
acoustic pulses generated at the nickel-air interface (Figure 5a). Approximately 40 ps after
laser excitation, the acoustic pulse arrived at the nickel-sapphire interface and induced a



Nanomaterials 2024, 14, 1488

8 of 13

strong variation of the refractive index upon injection in the sapphire substrate. A much
smaller acoustic echo observed at 120 ps evidenced a small (~10%) acoustic reflection from
the nickel-sapphire interface. After some simple math [30], the time-resolved reflectivity
signal in Figure 5a can be represented as a convolution of the acoustic strain pulse with
the optical sensitivity function in the frequency (Figure 5b) and time domain (Figure 5c).
A model strain pulse consisting of two exponentially decaying tails ~exp(— It — tg| /1)
with T = 4 ps provides an accurate fit to experimental data, shown in Figure 5d. The heat
penetration depth was extracted as T x v =24 nm. This conclusion is reinforced by more
detailed simulations based on the two-temperature model (TTM) accounting for ultrafast
optical excitation of nonequilibrium hot electrons in nickel, their diffusion, and cooling
down due to interaction with cold phonons. Using the set of parameters and analytical
equations by Saito and co-workers [48], we were able to reproduce the model strain from
the TTM-model by adjusting the only parameter, i.e., the temperature of the film to be
300 degrees Celsius. This temperature represents a reasonable value for a nickel thin film
on a dielectric substrate excited by a train of femtosecond laser pulses at a repetition rate of
1 kHz. It should be noted that the presented measurements were performed 10% below
the multipulse damage threshold of the investigated sample. Performing simulations with
arbitrary photoelastic coefficients, we confirmed that the extracted heat penetration depth
can be seen as a reliable fitting parameter with a 20% error bar, i.e., 20 nm < /1 < 30 nm.

a b
( ) 1.5 — T i T ( ) 1.2 — ; T : T !
Experiment » —— Experimental spectrum
1t -~~~ Theory 1 n n Sensitivity function |
— A - === Model Strain
=} TTM-strain
© 08r
1S
S 06
=
©
o 04
Q.
w
021
-15 — : : : 0 : ‘ : :
10 20 30 40 05 0 100 150 200 250
Delay time (ps) Frequency (GHz)
(c) (d)
1 0 T T — 1 T - T : :
— N - - -~ Model Strain =] ﬁé’n ——Fourier reconstructed strain
> 1 ¢
=} i Sensitivity function R {0] \ |-~~~ Model Strain
© 05 I ] c 057 / \ TTM-strain
~ /A S Y
= S . o
T 0 S e ® 0
= [IANe V) o
@ : / (5}
© [ -
o -0.5 [, O -05¢
2 v =
> L [ c |
£ - i S -
(5} Y )
15— : : : X 15 : : : : :
10 20 30 40 10 20 30 40 50 60 70
Delay time (ps) Time (ps)

Figure 5. (a) Time-resolved reflectivity measurements of acoustic pulses in a Ni (240 nm)/sapphire
sample, obtained by pumping at the nickel-air interface and probing at the nickel-sapphire interface,
alongside the modeled reflectivity. (b) Acoustic spectrum derived from the experimental reflectivity
data and the sensitivity function used for modeling the acoustic spectrum. (¢) Simulated acoustic
pulse and the sensitivity function employed in the modeling process. (d) Reconstructed strain
obtained from experimental data and the corresponding modeled strain. The reflectivity data were
well-approximated using a model strain with an exponential decay characterized by a heating depth
h = 24 nm. Both the acoustic spectra and pulses were well-reproduced using the two-temperature
(TTM) model by Saito et al. [44]. The Fourier reconstructed strain was derived using the algorithm
developed by Manke et al. [30]. Time-resolved reflectivity measurements enable precise evaluation of
the heating depth h up to the damage threshold.
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Substituting the parameters from Saito and co-workers in Equation (6) gives the value
h = 28 nm. Therefore, we conclude that our measurements of the heat penetration depth /
coincide very well with previously reported results.

While searching for intensity-dependent effects, we performed intensity-dependent
photoacoustic measurements by increasing the pump intensity over two orders of mag-
nitude until reaching the multipulse damage threshold. The shape of acoustic echoes
remained identical. This observation is in line with the theoretical predictions of Milov and
Medvedev [49] who report on pump-independent electron—phonon coupling constants
in Ni. At the same time, it challenges the Lin and Zhigilei [50] study anticipating the
strong intensity dependence of electron—phonon coupling in nickel. Irrespective of poorly
understood physics behind femtosecond laser interactions with materials in the destructive
regime, the presented way to extract the heat penetration depth allows for an unambiguous
interpretation of the reported damage thresholds based on the energy conservation law as
quantified by Equation (5).

4. Discussion

The evaluated thresholds are summarized in Figure 6. In order to interpret these
thresholds, it makes sense to reference them to the melting threshold in fs-laser-excited
Ni. The latter was obtained in two distinct ways. First, we used the experimental data
by Wellershoff et al. [28]. Second, we calculated the melting threshold using Equation (5)
and the heat penetration depth h = 25 nm obtained from the time-resolved reflectivity
measurements. Quantitative agreement between these two curves in Figure 6a justifies
the accuracy of both methods. As such, all damage thresholds in Figure 6a were found to
exceed the surface/interface melting threshold in Ni. Therefore, we conclude that in the
case of glass side excitation, nickel undoubtedly melts at the glass—nickel interface. Both
the ablation and delamination mechanism would be mediated by the disruption of liquid
nickel by giant negative pressures of the order of —5... —10 GPa generated by the complex
thermo-elastic dynamics in partially melted nickel layers [23]. The amount of the absorbed
laser fluence is definitely not enough to melt the entire nickel layer, suggesting that nickel
always remains in the solid state at a Ni/air interface. For 80 nm and 100 nm nickel, thin
film ablation occurs via the delamination of the entire film that tends to form closed cavities.
The ablation mechanism is due to the disruption of the delaminated film by lateral stresses.

—o—Ni Ablation Air ~ ——Ni Melting (Estimation) —®—NiAu Ablation Air
--®-NiAblation Glass ——Au Melting Temperature (Estimation) --® - NiAu Ablation Glass
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Figure 6. Ablation and delamination thresholds as a function of thickness for Ni (a) and Ni/Au (b)
thin films, subjected to irradiation from both the air and substrate sides. The individual dots denote
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the thresholds evaluated using Liu’s method (for ease of visual interpretation, these dots are intercon-
nected by lines). The black crossed point in (a) is a threshold value for incomplete Ni ablation. The
green lines and the shaded area represent the calculated nickel/substrate interface melting threshold
given by Equation (5) for & in a range from 20 nm to 30 nm. The purple lines/shaded area represent
the calculated fluence required to heat the nickel at the Ni/Au interface to the melting temperature
of gold (1377 K). Yellow squares represent the fs-laser-induced melting thresholds at the nickel-air
surface, experimentally obtained by Wellershoff et al. [26]. The thickness mentioned for NiAu refers
to the thickness of the Ni layer deposited on a 5 nm Au layer, which is situated on the glass substrate.

The situation is quite different for the ablation from the Ni/air interface, which requires
much more energy for the material to be removed. Let us take a closer look at the ablation
threshold of a 100 nm thin film, where 100 mJ/cm? is needed to ablate the entire film. That
threshold is higher than the surface ablation threshold of Ni (80 mJ/cm?, cross symbol in
Figure 6a), resulting in a removal of a few nanometers of nickel from the Ni/air interface
evidenced by optical interference microscopy. If we assume that the absorbed laser energy
of 100 mJ /cm? is homogeneously distributed over the entire nickel due to thermal diffusion,
we obtain higher fluence than the melting threshold given by Equation (5) (=88 mJ/cm? for
h >> d). Therefore, we cannot rule out that the air-side ablation of 100 nm nickel films is
due to the melting of the entire film.

The analysis based on the energy conservation law results in a different interpretation
of damage thresholds for Ni/Au films in Figure 6b. For both glass-side and air-side
irradiation, the damage thresholds for Ni/Au bilayers were lower than those for Ni thin
films. This trend was more pronounced for thicker films, while for thinner films, it remained
evident but less distinct. The difference in thresholds clarify why the crater diameters were
larger for Ni/Au films compared to Ni films (Figures 1-3).

Let us discuss the air-side ablation first. Being significantly higher than the calculated
melting threshold at the Ni/air interface (=25 m]J/ cm?), the measured air-side ablation
threshold fluence (=80 m]/cm? for Ni(150 nm)/Au(5 nm) bilayer, see Figure 6b) was still
not sufficient to achieve the transient melting of the entire nickel film (=130 mJ/cm?). With
the same argument, unfortunately, we cannot rule out that the 5 nm thin gold layer gets
melted. An assumption that gold melts when the adjacent nickel layer is homogeneously
heated to the melting temperature of gold (1337 K, which is below the melting temperature
of Ni [26]) would require the minimum absorbed laser fluence to be 70 m]J/ cm?, which is
slightly below the ablation threshold. Therefore, we conclude that the gold layer could
melt and the mechanism of the air-side ablation of Ni(150 nm)/Au(5 nm) bilayers is of
non-thermal origin only in a sense that Ni does not melt.

The same analysis applied to the glass-side ablation and delamination results in quite
different conclusions. Although the lowest delamination threshold for the Ni(150 nm)/
Au(5 nm) appears to be below the melting threshold of nickel at the Ni/Au interface, it
remained large enough to heat the nickel at the Ni/Au interface to the melting temperature
of gold (purple zone in Figure 6b). Therefore, similar to the previous case of the air-side
ablation, we cannot rule out that the glass-side ablation/delamination evolves through the
transient state of laser-melted gold. However, the nickel film in a Ni(150nm)/Au(5nm) bi-layer
does not melt.

When comparing ablation and delamination thresholds to melting thresholds, it is
evident that the underlying damage phenomena are mediated by the laser-induced melting
at laser-excited surfaces/interfaces. At the same time, melting of the entire film at the
delamination threshold can be ruled out, both for Ni/glass and Ni/Au/glass samples.
Therefore, our study clearly demonstrates the possibility of the non-destructive nanofabrica-
tion of suspended metallic (multilayer) membranes via the femtosecond laser delamination
mechanism.

5. Conclusions

In conclusion, we investigated ablation and delamination thresholds for Ni thin films
and Ni/Au bilayers as a function of Ni thickness. The obtained data were compared to



Nanomaterials 2024, 14, 1488 11 of 13

known experimental data and estimated melting threshold values. To estimate the melting
thresholds, we performed intensity-dependent pump-probe measurements of transient
reflectivity. Data analysis provided the value of the heat penetration depth (h = 25 nm) in
nickel, a key parameter for threshold estimation.

Delamination thresholds were found to be lower than ablation thresholds for both Ni
and Ni/Au, indicating that delamination is a less energy-consuming process for laser nanos-
tructuring. The analysis based on the energy conservation law revealed that both ablation
and delamination are driven by thermal effects, as reaching the melting temperature (of Ni
and/or Au) at the laser-excited Ni/glass and Ni/Au/glass interface is necessary. Ablation
and delamination thresholds for Ni/Au were lower than those for Ni. It follows from the
very same energy conservation law that the absorbed laser fluence is not sufficient to melt
the entire film, suggesting its significant fraction should remain in the solid state. This
holds the potential for nondestructive, energy-efficient nanostructuring for the creation of
high-quality acoustic resonators and hybrid nanostructures. Further insights are expected
from single-shot time-resolved experiments.
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