ISSN 0021-3640, JETP Letters, 2021, Vol. 113, No. 5, pp. 308—316. © Pleiades Publishing, Inc., 2021.
Russian Text © The Author(s), 2021, published in Pis’ma v Zhurnal Eksperimental’noi i Teoreticheskoi Fiziki, 2021, Vol. 113, No. 5, pp. 311-319.

OPTICS
AND LASER PHYSICS

Femtosecond Laser Irradiation of a Multilayer
Metal—Metal Nanostructure

S. A. Romashevskiy~ *, V. A. Khokhlov?, S. 1. Ashitkov*, V. V. Zhakhovsky* ¢, N. A. Inogamov* %,
P. S. Komarov“, A. N. Parshikov* ¢, Yu. V. Petrov® 4, E. V. Struleva?, and P. A. Tsygankov®

4 Joint Institute for High Temperatures, Russian Academy of Sciences, Moscow, 125412 Russia
b Landau Institute for Theoretical Physics, Russian Academy of Sciences, Chernogolovka, Moscow region, 142432 Russia
¢ All- Russia Research Institute of Automatics, Moscow, 127055 Russia
4 Moscow Institute of Physics and Technology (National Research University), Dolgoprudnyi, Moscow region, 141701 Russia
¢ Universidad Industrial de Santander, 680003 Bucaramanga, Colombia
*e-mail: sa.romashevskiy @gmail.com
Received November 26, 2020; revised January 24, 2021; accepted January 25, 2021

The selective modification of upper layers of a Ni/Al multilayer nanostructure irradiated by a single femto-
second laser pulse has been studied. The analysis of surface topography indicates that either partial or com-
plete removal of two upper layers is possible depending on the absorbed energy. The surface has been scanned
by an atomic force microscope. The numerical simulation of the phenomenon with a two-temperature hydro-
dynamic code has revealed an asynchronous dynamics of the electron subsystems of Ni and Al and an inho-
mogeneous heating of ion subsystems. As a result, a complex combination of compression and rarefaction
waves is initiated in the multilayer target. It has been shown numerically that, as the absorbed energy
increases, the first nickel layer is initially ruptured because of the localization of tensile stresses. The experi-
mental and numerical thicknesses of the separated layer and the threshold energy are in agreement with each
other. Consequently, the parameters of two-temperature models of nickel and aluminum are selected cor-

rectly.

DOI: 10.1134/S002136402105009X

INTRODUCTION

Multilayer structures (nanolaminates) consist of
alternating nanolayers of two or more materials.
Nanolaminates are widely used in many fields of mod-
ern engineering such as microelectronics, mirrors for
focusing of soft monochromatic X rays (modern pho-
tolithography), photovoltaic devices for solar power
engineering, plasmonics, and magnetoplasmonics [1—
5]. Significant progress has been achieved in recent
years in the selective modification of multilayer nano-
materials by femtosecond laser pulses for such applica-
tions [6—9].

The heating of a metal by femtosecond laser pulses
with a moderate intensity of ~10>—10"3 W/cm? trans-
fers the metal to a two-temperature state with the hot
electron and cold ion subsystems. Processes of elec-
tron—ion thermalization, heat transfer, and melting of
the surface layer are accompanied by acoustic phe-
nomena: the nucleation, propagation, and interfer-
ence of compression and rarefaction waves with the
subsequent formation of intense tensile stresses.
Above the strength threshold, tension results in the
separation of a thin surface layer and the formation of
an ablation crater on the surface [10—14]. The sizes of
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the thermal effect region of femtosecond laser pulses
are minimal, which is important for the development
of technologies of processing of promising film nano-
materials.

Problems of selective laser processing of nanolam-
inates are still insufficiently studied (see the last para-
graph of the Introduction) because of the diversity of
thermodynamic and mechanical properties of neigh-
boring layers, variation of the interlayer adhesion, and
interface thermal resistance. All these properties sig-
nificantly affect the results of micro/nanoprocessing,
e.g., the possibility of selective removal of required
layers. Features of the transport and relaxation of the
absorbed energy, as well as the interference of acoustic
waves reflected from interfaces, lead to a complex
morphology of modified layers.

At close acoustic impedances, as in the Si/Al semi-
conductor—metal structure [15], rupture occurred at
interfaces because the adhesion of the layers is smaller
than their bulk strength. The situation is much more
complicated in the case of different impedances and
strong adhesion (as in metal—metal systems). In this
case, the thermodynamic and transport properties of
the layers, as well as the sequence of their alternation,
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are important according to [16—20], where Ti/Al,
Ni/Ti, and Ag/Cu systems were studied in detail.

Experiments reported in [21] demonstrated that
spallation inside a Ni film (with a thickness of several
tens of nanometers) occurs before the separation of
the film from the substrate. Partial spallation at a
depth of 7—10 nm was detected in a 20-nm film (the
minimum depth of the crater in a bulk nickel target is
20 nm).

Interest in laser action of Ni/Al nanolaminate is
due not only to the above applications (electronics,
lithography, and photovoltaics) but also to exothermic
reactions producing NiAl, NiAl;, and Ni;Al interme-
tallic compounds [22, 23]. For this reason, such nano-
laminate can be considered as an energy-producing
material. A reaction proceeds during diffuse mixing at
the interface between nickel and aluminum and pro-
duces an atomic alloy. The alloy decays into interme-
tallic crystallites. The heat of the reaction is significant
but is noticeably smaller than the heat of the reaction
between chemical explosives. The heat of the reaction
is determined by the energy of enhancement of the
metallic bond between Ni and Al atoms in the
intermetallic compound compared to pure Ni and Al
metals.

In this work, we study experimentally and theoret-
ically the laser modification of the Ni/Al multilayer
structure (alternating nickel and aluminum layers,
where the first layer is nickel). The possibility of par-
tial or complete removal of upper layers of the struc-
ture under the variation of the energy of femtosecond
laser pulses is demonstrated. The performed numeri-
cal simulation shows good agreement of the calculated
depth and threshold of the spallation with our experi-
mental data. To simulate ablation processes in multi-
layer structures under the action of femtosecond laser
pulses, we use for the first time a two-temperature
hydrodynamic code which allows obtaining new data
on the propagation of acoustic perturbations, anoma-
lous behavior of electron thermal flux, phase compo-
sition of layers at the time of rupture, and the magni-
tude and localization of the corresponding tensile
stresses.

The authors of the preceding studies cited above
usually performed only experiments. If works included
calculations, nanolaminates were simulated using
either molecular dynamics [20, 24] (target consisted of
one or two layers) or a two-temperature model in one-
or two-dimensional geometry [17, 25, 26] but disre-
garding hydrodynamic phenomena. Meanwhile, as
will be shown below, hydrodynamic phenomena play
a decisive role in the destruction of the target (thermo-
mechanical ablation).

LASER EXPERIMENT

We study a Ni/Al multilayer sample with a total
width of 1.28 um consisting of two upper 46-nm Ni(1)
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and 50-nm Al(2) layers, 28 alternating 28-nm Ni and
Al layers, and the base 400-nm Ni layer. This structure
was deposited on a 120-um quartz substrate. The
modification of nanosized metal—metal bilayers was
performed by means of the localized irradiation by lin-
early polarized pulses of an ytterbium laser with a
duration of 270 fs at a wavelength of 1028 nm. The
laser beam was incident normally on the surface of the
sample and was focused by a 20X micro-objective on a
spot with a Gaussian spatial distribution with a diam-
eter of 3 um at a level of 1/e.

The surface of the sample was irradiated through
air by single laser pulses in the wide energy density
range of F, = 0.4-21 J/cm? (where F, is the energy
density of incident laser radiation in the center of the
focal spot). The modified regions of the target were
studied with a Veeco Multimode 5 atomic force
microscope in the contact regime and an Olympus
optical microscope. The depth resolution of the
atomic force microscope was 0.05 nm. The energy of
incident laser pulses was measured with an accuracy of
2%. The experiments were performed on the equip-
ment of the Shared Usage Center Femtosecond Laser
Complex, Joint Institute for High Temperatures, Rus-
sian Academy of Sciences.

Figure 1 shows the measured morphology of the
modified surface of the Ni/Al multilayer structure
after irradiation by a single femtosecond laser pulse
with different energy densities F,. The right panels
present optical microscopy images of craters on the
surface.

At an energy density of laser radiation of
0.42 J/cm?, the partial ablation of the upper Ni(1)
layer occurs in the form of a two-level concentric cra-
ter with a depth of 30 nm in the center and of 19 nm at
the periphery (Fig. 1a). The crater is surrounded by a
rim characteristic of the thermomechanical ablation
of metals and is due to the cavitation expansion of the
melt near the ablation threshold [27]. As the energy
density of femtosecond laser pulses increases
(Fig. 1b), the depth of the central region of the crater
increases to 46 nm, reaching the interface between the
Ni(1) and Al(2) layers. At the same time, the depth of
the outer crater remains at 19 nm.

With a further increase in F, (Fig. 1¢), the structure
of the crater becomes three-level. The depth in the
central part of the crater is about 71 nm, and the bot-
tom of this part is located inside the Al(2) layer. The
depths of two peripheral levels remain approximately
unchanged. The light region in the central part of cra-
ters on optical images (Figs. 1a, 1b) is due to a high
reflectivity of aluminum at the interface between the
layers. The dark central region in Fig. 1c is obviously
due to a lower reflectivity of the nanostructured sur-
face of aluminum [28] after rupture inside the Al(2)
layer. The same reason is responsible for the dark outer
ring in Figs. 1a—1c, which is due to ablation inside the
Ni(1) layer.
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Fig. 1. (Color online) Modification of the multilayer structure after irradiation by a single femtosecond laser pulse with the energy

densities Fy = (a) 0.42, (b) 1.07, (c) 2.27, and (d) 3.12J /cm2. Left panels are atomic force microscopy scans, middle panels are
the cross sections of craters, and right panels are their optical images.

According to atomic force microscopy data, the
initial roughness of the surface of the sample was R, =
4.6 nm. The roughness at the Ni(1)/Al(2) rupture
interface is only 30% larger than the initial value
(Table 1). The roughness at the Al(2)/Ni(3) rupture
interface is approximately the same, but its exact mea-
surement is complicated because of the small area of
the spallation.

Figure 2 shows the dependences of the transverse
size of multilevel craters on the logarithm of the energy
of femtosecond laser pulses. These dependences are
used to determine the threshold values and the param-
eters of a Gaussian beam using a known method [29].
The squares, circles, and triangles correspond to spall-
ation inside the upper Ni(l) layer, at the interface
between the Ni(1) and AlI(2) layers, and inside the
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Table 1. Ablation thresholds Fa' " in terms of the incident fluence, spallation depth 4, and roughness R, at shear boundaries

F™ J/cm? h, nm R,, nm
Fa'ln inside the Ni(1) layer 0.14 19+3 8.6+ 0.8
F;;‘ between the Ni(1) and Al(2) layers 0.73 46 = 6.0+0.2
17;3“ inside the Al(2) layer 1.83 713 4
Faiff between the Al(2) and Ni(3) layers 3.11 96 £ 3 5

Al(2) layer, respectively. The measured depths and
thresholds at the modification of the multilayer struc-
ture are summarized in Table 1.

Table 1 presents the ablation thresholds are given in
terms of the incident energy density (fluence).
According to [30, 31], the coefficient of reflection of
1028-nm radiation normally incident on the Ni sur-
face is R = 0.73. Correspondingly, the first threshold

in the absorbed energy density will be F” =
(l—R)Failn ~ 0.04 J/cm?; the superscripts “in” and

abs

“abs” mark the energies F,;' and F,, " incident on the
target and absorbed in it, respectively. It is noteworthy
that the presented F,; for our laminate is one-third of
the ablation threshold for the bulk nickel target mea-
sured in [32]. The reason for a low first threshold of
spallation inside layer Ni(1) will be considered below.

NUMERICAL SIMULATION

A fast laser heating of the metal by femtosecond
laser pulses results in a large excess of the electron

temperature 7, above the ion temperature 7; (two-
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Fig. 2. (Color online) Squared diameter of multilevel cra-
ters on the surface of the Ni/Al structure versus the energy
of femtosecond laser pulses.
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temperature system). In turn, this leads to a significant
increase in the electron thermal conductivity (com-
pared to single-temperature values from reference
books) at times smaller than the characteristic time of
electron—phonon heat exchange [33—35]. Further-
more, hydrodynamic processes of shear, compression,
and tension of matter begin to play a significant role in
phenomena at a high energy of laser radiation respon-
sible for the ablation of the material of a target.

The calculations of the laser modification of the
Ni/Al multilayer structure given below are performed
with our previously developed two-temperature
hydrodynamic code; see, e.g., [36, 37]. In this work,

we calculate only the first threshold £ and the cor-
responding depth of the crater in the plastic approxi-
mation. A unified description of the solid and liquid
phases is necessary because the melting and crystalli-
zation of the material occur.

The adequacy of the applied physical model can be
estimated by comparing the calculations with the
above experimental results. Such calculations (includ-
ing hydrodynamic processes) for the multilayer target
are performed for the first time. We are going to use
this verified approach for the numerical simulation to

abs

determine the second threshold F,,~ and adhesion
force at the interface between nickel and aluminum
layers.

We compare the characteristics of nickel and alu-
minum significant for the description of ultrashort
action.

First, the heat capacity C,(7,,p) of the electron
subsystem of nickel at normal density is an order of
magnitude higher than that for aluminum. This is due
to the structure of the electron spectrum of nickel

3d* 457! compared to aluminum 3s23pl. The spec-
trum of electron states below and above the Fermi
level in nickel is much denser than that for aluminum.
Because of the difference in the heat capacity C,, the

electron temperature 7, in nickel is below than that in
aluminum at the same electron energy density.

Second, the ion heat capacity of nickel C; per unit
volume is higher than that for aluminum by a factor of
1.5. If heat conduction processes are ignored, this rela-
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instantaneous profile of the dissipation power of the energy of the laser electromagnetic wave 1 /8 «< exp(—t2 /TzL)exp(—x/S) W/cm3
with power transfer to the energy of the electron subsystem. The violet line is the thermal flux g, and the blue line is the electron
energy. (b) Red line is the 7, profile. The nonmonotonic behavior of the temperature 7, is due to the inversion of the flux g, .

tion is a reason for a higher ion temperature 7; in alu-
minum at the same ion energy density.

Third, nickel is much harder than quite soft alumi-
num whose acoustic impedance is one-third of that
for nickel.

The mentioned difference between the heat capac-
ities C, is responsible for the anomaly of electron tem-
perature profiles at the early stage (Fig. 3). It is seen
that the ordinary behavior with a decrease in the tem-
perature 7, toward the center of the target is violated
and an inversion segment appears, where the electron
heat flux g, = —xdT,/dx flows not toward the center of
the target but in the opposite direction toward the
frontal (i.e., irradiated) surface. The inversion of the
flux is localized near the interface because the jump of
the heat capacity C, occurs at the interface. The violet
lines in Figs. 3a and 3b show the instantaneous (at
t = 0) flux profile g,. The maximum of the inverse flux
is located at the interface. The blue line corresponds to
the instantaneous (¢ = 0) energy density profile. The
red line in Fig. 3b is the electron temperature.

The time in the calculations is measured from the
maximum of the intensity of the laser pulse

I(f) o< exp(—*/1;), whose width at a level of 1/e is
21, =100 fs. To the time ¢ = 0, half the absorbed
energy of the femtosecond laser pulse F% is intro-
duced in the target. Radiation is absorbed according to
the Bouguer law /(x,7) o exp(—t’ /ri)exp(—x/S) with
the relaxation length & = 20 nm. Figure 3 shows the

variant with the absorbed energy F*™ = 40 mJ/cm>.
At the time ¢ = 0, the nonmonotonic behavior of the

temperature 7, is obtained in all calculations with
F™ =35, 40, 50, and 60 mJ/cm?>.

The initial electron energy of nanolaminate
E,(x,t = —o0) at room temperature is much lower than
the acquired energy E,(x,z=0). The profiles 7/5
[W/cm?] (red points) and E, [J/cm?] (blue line) in
Fig. 3a are matched artificially. It is clear that these

t
profiles are similar, E,(x,f) = J. dt'I(x,t")/9, if energy
transfers and bulk cooling in the medium are insignif-
icant. Significant violation of similarity between 7/8
and F, is due to transfer of the absorbed energy from

aluminum to nickel, although the heat release 7/ is
continuous at the interface.

We note that the electron heat flux g, is 1—
10 GW/cm? (see Fig. 3), and the absorbed light flux
intensity is two orders of magnitude larger. Thus,
during the action of the laser pulse, the energy
absorbed in the skin layer & in unit time is two orders
of magnitude larger than the energy removed because
of the electron thermal conductivity. Consequently,
first, the electron temperature increases during the
pulse and, second, the removal of heat from the sink
layer continues after the end of the pulse. However,

the flux g, cannot transfer a noticeable amount of
energy from nickel to the underlying aluminum layer
at our thickness of the nickel layer (the first layer
absorbing light); see the temperature profile 7, in
Fig. 4 at a time of 2 ps. The reason is that electron—ion
relaxation in nickel proceeds in the time 7.,  3—4 ps.
After that, the electron thermal conductivity decreases
significantly. For this reason, noticeable heating of the
Al(2) aluminum layer by heat from the Ni(1) layer is

JETP LETTERS  Vol. 113
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Fig. 4. (Color online) Step black line is the density profile
at the time r = —50 fs. The other lines are the electron tem-

perature profiles 7,(x,7) at time in femtosecond marked

next to the lines, F* =40 mJ/cm?2 The electron tem-

perature profile evolves such that the nonmonotonicity
disappears and a small amount of energy is transferred to

the Al(2) layer owing to the thermal conductivity.

absent in a time about the duration of the acoustic
stage t, = d,/c; = 10 ps, where d, is the thickness of
the Ni(1) nickel layer and ¢, is the speed of sound. The
mechanical rupture occurs at the acoustic stage (if the

energy F™ is above the threshold). Further, the cool-
ing of outer layers caused by transfer toward the center
of the target does not affect the thickness 4 of the abla-
tion-carried layer.

The degree of nonmonotonicity at early times is
higher (see Fig. 4). Indeed, the ratio AT,/T,|,, where
T,), is the temperature of the surface at the correspond-

ing time and AT, is the temperature difference
between the local maximum and minimum of the 7,
profile, which are located to the left and right of the
nickel-aluminum interface, is 0.18 and 0.09 at the
times = —50 and 0 fs, respectively (see Fig. 4), where
the times in femtoseconds are given next to the pro-
files. The anomalous (nonmonotonic) behavior of the
temperature 7, is short-term because the light energy
reaching aluminum through the nickel layer is low.
The energy entering aluminum owing to the thermal
conductivity is larger than that delivered by the elec-
tromagnetic wave. As soon as the first picosecond after
ultrashort laser action, the electron temperature and
electron energy flux profiles acquire an ordinary
monotonic form (see Fig. 4).

The determining hydrodynamic motion begins at
the acoustic stage at times of several picoseconds in
the form of the propagation of the compression and
rarefaction waves from the interface with vacuum
inside the laminate. The rupture of the first nickel
layer occurs at the fluence F,; (see Table 1) when the
tensile stress becomes higher the strength of nickel.
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Fig. 5. (Color online) Phase states of the layer: (1) melt, (2)
mixture of the liquid and solid phases; the crystal phase is
to the right of the vertical straight line separating layers 2
and 3. The red and step black lines are the profiles of the

ion temperature 7; and the density p; # = 14 ps, calculation

with F2% = 40 mJ, /cm2 and without the possibility of rup-
ture of the material.

The phase composition of a material is important
for the initiation of the process of destruction because
the rupture strength of the material (thermomechani-
cal ablation) under tension decreases significantly
after melting [38, 39]. Figure 5 shows the phase state of
the layers of the multilayer structure in a stage when
the energy transfer from the electron subsystem to the
ion one is almost completed. The boundary of the
condensed phase is marked by the letter s. The eva-
porated material is to the left of this boundary. When
the absorbed energy is F*** = 40 mJ/cm?, the amount
of vapor is small, and its mass thickness is 0.9 X%
10~7 g/cm?, which is 0.02% of the mass of the first
layer nickel. To the time shown in Fig. 5, the thickness
of the vapor layer is approximately 15 nm. Digits 1 and
2 mark liquid and liquid—crystal mixture layers,
respectively. If the energy F2° = 40 mJ/cm? is uni-
formly distributed over the nickel layer with an initial
thickness of 45 nm, this energy is enough to melt the
layer and raise its temperature to several hundred
degrees above the melting temperature.

The right boundary of the mixture (layer 2) in
Fig. 5 moves to the right at a velocity of 450 m/s. A
small decrease in the temperature to the left from this
boundary is due to melting and extension of the mate-
rial (extension results in a decrease in the melting tem-
perature 7,,(p) and, consequently, facilitates melting
[40]). The minimum temperature marked by the cyan
arrow in Fig. 5 is exactly at the minimum pressure on
the red line in Fig. 6 (the red line is the calculation dis-
regarding the possibility of the rupture of the mate-
rial). Our hydrodynamic simulation with a wide mix-
ture region (at picosecond times) is in good agreement
with molecular dynamics calculations including the
kinetics of melting [40, 41]. The Stefan approximation
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timet =14 psand F* =40 mJ /cmz. The density under-
goes jumps at the interfaces between Ni and Al. The red
line is obtained with the code neglecting rupture, whereas
the blue and black lines calculated with the code include
rupture. The density in the rupture region begins to
decrease sharply and tensile stress vanishes (unloading at
rupture). Rupture occurs at the minimum of the red line.

is inapplicable in this situation; in this approximation,
there is no mixture, the melting front is thin, and the
difference of the temperature gradient is equal to the
velocity of motion of the front in the material multi-
plied by the heat of fusion per unit volume. Our
approach involves broadband equations of states of
nickel and aluminum [42—44], which allow accurately
including the heats of evaporation and fusion at phase
transformation in the through calculation regime.

Figure 6 shows the (black line) density and (blue
and red lines) pressure profiles. The red and blue lines
are obtained in the calculations without and with the
possibility of rupture, respectively. Figures 5—7 are
presented for comparison of two versions of calcula-
tions. The density profiles obtained in two versions of
calculations are shown in Figs. 5 and 6 (black lines
with steps).

As seen, the two versions differ in a very remarkable
feature associated with internal rupture in the nickel
layer. At a time of 14 ps, the rupture only nucleates and
the rupture region is very narrow. Unloading shock
waves propagate from the rupture to the right and left:
unloading of the tensile stress occurs “stepwise” from
a finite value to zero. In nature, this is due to fast (sub-
picosecond) development of the nucleation process.
In the calculation, the rupture occurs in one time step
of integration when the rupture criterion is reached.
Unloading shock waves are also called spall pulses.
The material outside shocks “does not” know about
rupture. Rupture occurs at the minimum pressure (on
the red line in Fig. 6). This minimum is associated

ROMASHEVSKIY et al.

10
81 Ni| Al Al|Ni
2t
L 6  |le225m
20
Iy
e Y
o) ——
2:
p
O 1 L 1 L
0 40 80

Position x° (nm)
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density profile in the Lagrange coordinate xO, which makes

it possible to exactly determine the mass of the separated
(ablated) layer py x 22.5 nm, where py is the initial density
of nickel.

with the minimum temperature in Fig. 5 marked by
marked by the cyan arrow.

According to [38], the strength of the liquid phase
o decreases with increasing temperature; near the
melting temperature 7,, at an actual tension rate of

about 3 x 10° s7!, it is about 8 GPa, which is in agree-
ment within an error of 10% with the calculated tensile
stresses in Fig. 6. More accurate determination of the
strength requires additional molecular dynamics cal-
culations. The mass thickness of the spall plate is
determined in Fig. 7, where the Lagrange coordinate

x" is the spatial position of material particles with
respect to the interface with vacuum before laser irra-
diation. The numerical data obtained from the energy,

F2™ =0.04 J/cm? (at the coefficient of reflection R),
and depth, 2 = 22.5 nm, rupture thresholds (Fig. 7)
are in good agreement with the experimental result
h = (19 = 3) nm (see Table 1).

CONCLUSIONS

Features of the modification of a multilayer struc-
ture consisting of a sequence of nickel and aluminum
nanolayers irradiated by femtosecond laser pulses have
been studied. It has been found experimentally that
the first rupture occurs inside the upper nickel layer
rather than at the interface between two upper layers.
The reason is the interference of rarefaction waves
propagating toward each other from the free surface of
the sample and from the interface between nickel and
aluminum. The simulation indicates that nickel in the
region of the maximum tension is in this case in the
state of a two-phase mixture. The calculated first
No. 5 2021
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threshold and spallation depth are in good agreement
with the respective experimental values. The inverse
behavior of the electron thermal flux near the interface
between upper layers at the initial two-temperature
stages has been shown theoretically. This phenome-
non weakens the heating of aluminum.
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