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Femtosecond pulse laser irradiation of
gold/nickel/chromium triple-layer metal film: The
results of two-temperature model simulations
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Abstract— In this work, the results of computational
single-shot laser pulse irradiation of gold/nickel/chromium
metal film using two-temperature model are presented. The
thermal response of Au/Ni/Cr triple-layer film is investigated
after femtosecond laser pulse irradiation with pulse duration
30 fs and 800 nm laser wavelength in submelting condition by
introducing the ideal interface between gold/nickel and
nickel/chromium layers. The excited electrons on the first
upper layer couples effectively with lattice and the lattice
temperature jump at the interface between gold/nickel and
nickel/chromium layers. The role of various lengths of first
gold layer and specified thickness of last chromium layer is also
studied in detail. Interface overheating increases for thinner
thicknesses of first Au layer and the electron-phonon coupling
factor is the most effective parameter in overheating at
interface. The simulated results provide more information
about heat propagation from femtosecond laser irradiation of
multi-layer metal films.
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1. INTRODUCTION

It is possible to produce powerful femtosecond laser systems
with the development of ultrashort lasers based on chirped
pulse amplification [1], which are widely used in a variety
of fields including material processing [2], pulsed-laser
deposition [3], material micromachining, element analysis,
and the understanding of fundamental physical processes
[4,5]. Thus, it is important to understand the physical
characteristics of femtosecond laser-mater interaction.
Among these materials, the femtosecond laser-induced
irradiation of multi-layer metal films is a challenging
research topic because of many applications in variety of
fields [6-8]. During ultrashort laser-metal interaction, the
laser energy is first deposited into electrons on the metal
surface and the energy transport process in heating of thin
films consists of two stages [9,10]. The first stage is the
absorption of the laser energy through photon-electron
interactions within the ultrashort pulse duration. It takes a
few femtoseconds for electrons to reestablish the Fermi
distribution. The second stage is the energy distribution to
the lattice through electron-phonon interactions, typically on
the order of a few tens of picoseconds.
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Recently, many researchers presented micro or nanoscale
heat transfer models to analyze the thermal nonequilibrium
in thin metallic film and conducted the experiments of
ablation for thin metallic films [11-16]. Among these
theoretical models, the two-temperature model (TTM) has
been widely used to examine electron-phonon interactions
and nonequilibrium energy transport in metallic thin films
[17-25]. Compared to long pulsed lasers, ultrashort-pulsed
lasers enable users to precisely control the size of the
heat-affected zone, the heat rate, and the interfacial velocity
[26]. When laser pulse duration is much bigger than the time
necessary for electronic and phononic subsystems to reach
the equilibrium, Tiaser = Teq , the dynamics of the
temperature can be reliably well described by only one
temperature model, where there is no distinction between
electronic and phononic temperatures and carrier
concentration can be determined by Fermi-Dirac
distribution. But if laser pulse duration is less or comparable

with the time of temperature equilibration, Tiaser = Tea, one

temperature model is no longer adequate for describing of
the thermal properties of the system, that is why the TTM is
widely used to explain carrier dynamics in femtosecond
optical studies [18,27-29]. The multi-layer system can well
serve as the ideal structure for satisfying the thermal, optical
and electronic requirements in development of MEMS,
photoelectric equipment and biochips [30-32] and important
components in many microelectronic devices. Thus, the
transportation of thermal energy through thin films is of
vital importance in micro-technological applications.
Exploration of temperature-dependent thermal properties is
necessary to advance our fundamental understanding of
ultrafast heat transportation. In fact, in multi-layer system
upper layer is illuminated by a normally incident ultrashort
laser pulse and the energy of laser pulse is partially
transferred to free electrons within the skin layer and the
remaining part is reflected according to the reflection
coefficient of first layer. Excited free electrons diffuse with
velocities close to the Fermi velocity and penetrating on
hundreds of nanometers in case of noble metals [33-35]. The
length of diffusion is determined by thermal conductivity, k,
and electron-phonon coupling coefficient, g, giving
Saifr = \k_/g The thermalization dynamics across the

interface of layers trends to be even more complex
compared to that of conventional ultrafast laser excitation.

In this work, the TTM simulation results of femtosecond
laser pulse irradiation of gold/nickel/chromium metal film
are presented. First, the spatial variations of electron and
lattice temperature in each layer after laser pulse irradiation
is studied. Then, the effect of each layer thickness is
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investigated on the interface overheating. We take
advantage of a theoretical method to find the distribution of
heat in a triple-layer of Au/Ni/Cr metal structure.

II. MATHEMATICAL MODEL
A. Two-temperature model for triple-layer thin film

As mentioned in introduction, the theoretical method to
investigate the ultrashort laser-matter interaction is the
two-temperature model. The two-temperature model
describes the temporal and spatial evolution of the lattice
and electrons temperatures in the irradiated metal. In
ultrafast laser heating of metals, a transient nonequilibrium
occurs between the effective electron temperature, and the
effective lattice temperature, due to the small heat capacity
of the electrons. The laser energy is first absorbed by
electrons owing to the inverse bremsstrahlung and free
electron is heated to larger kinetic energy during several
femtoseconds. It is followed by a fast energy relaxation
within the electron subsystem, thermal diffusion, and an
energy transfer to the lattice owing to the electron-phonon
coupling. The one-dimension TTM, initially proposed by
Anisimov et al. [36], is given below:

or, I (1)
Comt = V.{k,VTL} — g(T, — T)) +5(z,)

or, I )
C,== =V.{k,VT,}— g(T,— T)) + S(z.t)

¢ ot

Where C, and C; are the electron and lattice heat capacities
respectively, Kk, is the electron thermal conductivity, g is

the electron-phonon coupling coefficient and S is the laser
heating source function as [37]:
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Here O can be identified as the optical penetration depth,/
2-

is the laser fluence in /M A), b is the femtosecond pulse

duration and R is the reflectivity of the sample. For these

calculations, the value of Ce =¥ Te where Y is the
Sommerfeld parameter is used. The temperature-dependent

values of the electron thermal conductivity ke , and

electron-phonon coupling coefficient 9 was calculated
using the following expressions [38-39]:

38
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where kg, A, and B; are the material constants and Gy is
the coupling factor at room temperature.

In our work, the results of TTM simulations are performed
for the schematic view of the laser heating, which indicates
a three-layer metal film with an interface at z =1, and
z = l,, as is shown in Fig. 1.
Interface Interface
0 f s Bz
0 L 1, L

30 fs
800 nm

d, d, d

Figure 1: Schematic view of an(a) Au/Ni/Cr triple layer film
irradiated with a 30 fs Gaussian laser beam.

We consider that 30 fs laser pulse with wavelength of
800 nm is normally incident at the gold surface. The source
term reproduces a Gaussian temporal profile and an
exponential attenuation of laser intensity with the depth
under the surface. An optical penetration depth of 13.53 nm
at a laser wavelength of 800 nm is assumed in the
simulations and the absorbed laser fluence, 9 mJ/cm?, is
used in the discussion of the simulation results. Other
parameters and the physical properties of gold, nickel and
chromium, which are used in the model, are listed in Table
1.

Table 1: Gold, nickel and chromium parameters which are
used in TTM simulations.

Parameters Au Ni Cr
Go(Jom™3.s7LK™1) 23 x10'® | 3.6 x 10'7 | 4.2 x 107
A, (s7LK7?) 1.18 x 107 | 0.59 x 107 | 7.9 x 107
B,(s7rLK™Y 1.25 x 10**| 1.4 x 10** | 13.4 x 10**
C,(J.m3.K7?%) 2.5x10% | 4.1x10°% | 3.23 x 10°
vp(m.s™1) 1.40 x 10% | 1.82 x 10° | 1.82 x 10°
y(J.m™3.K72) 71 1065 194
koo(Jmts~t k™! 315 90 95

For the three-layer Au/Ni/Cr thin film, The TTM can be
expressed as:
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In here, since the heat diffusion of the electron subsystem is
much faster, so, the thermal conductivity of the lattice is
absent as it is negligible in comparison to electron thermal
conductivity, and heat diffusion in the lattice system is
safely neglected, and the ions therefore only exchange
energy locally with the electrons.

The initial conditions to solve the TTM equations for the
Au/Ni/Cr triple-layer film are:

TlAu (:Z, 0) — TeAu (:Z, 0) = 300 (1\') (12)
T¥i(z,0) = T(2,0) = 300 (K) (9
(14)

Tf"(z,0) = T (2,0) = 300 (K)

The boundary conditions, neglect heat losses from the front
and back surfaces of the sample are:

aTAu aTAu (15)
dz ==0 = dz Iz:0= 0

oTer  orer (16)
dz IE:L= dz I::L_ 0

Finally, the boundary condition at interfaces, Z = [y and

z = [, for the triple-layer metal film can be written as:
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III. RESULTS AND DISCUSSION

For numerical solution of two-temperature equations, we
considered the ideal interfaces between gold/nickel and
nickel/chromium that neglects any kind of electron
scattering and performed the simulation of the TTM for the
structure of Fig. 1 consisting 150 (nm) of gold layer
thickness followed by 20 and 80 (nm) of nickel and
chromium layers.

The results of numerical simulation after laser pulse
irradiation for electron and lattice temperature for three
layers are shown in Fig. 2. As seen from figure, the electron
temperature in each layer becomes less than previous layers.
But, the lattice temperature for nickel layer has highest
value compared to the other two layers. The
two-dimensional plots of electron and lattice temperature
inside the gold, nickel and chromium layers are also
presented in Fig. 2. The fast absorption of 30 fs laser pulse
is followed by rapid and deep diffusion of electrons towards
the nickel layer. Excited electrons will arrive at the
gold/nickel interface by the time of & 107 fs ,(according to
the Fermi velocity and the thickness of gold).

For the first times the concentration of electrons that reached
the nickel and chromium layers is low so, the electron
temperature in the Ni and Cr layers is very small compared
to the gold layer. Within next times the electron temperature
in the nickel layer increases and excited electrons after
% 118 f's arrives to second interface and then they transfer
their energy to the lattice resulting decrease of amplitudes of
the electron temperature in all layers.
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Figure 2: Electron and lattice temperature versus time and
spatial variation for gold (a), nickel (b), and chromium (c),

layers. dy =150 nm

d, =20nm , d; = 80nm

5

Eapsorvea = 9 (mJ fcm?), T, =30 fs and 800nm laser
wavelength.

In order to find the TTM results in various times, the
evolution of the lattice and electron temperature at the
surface of Au layer and at the interfaces from the nickel side
and chromium side versus time are shown in Fig. 3. The
nickel and chromium lattice temperature at interface
increase rapidly for the time of 5.2ps and 6.01ps after
14.5 ps ,(for Ni), and 10.6 ps ,(for Cr), these temperatures
are equal to the Au surface temperature. The nickel layer
lattice temperature is also equal to chromium layer lattice
temperature at the time of 20 ps after laser pulse irradiation.
It can be seen from Fig. 3 (b) that the maximum electron
temperature at gold surface takes place at 0.086 ps and the
electron temperature is gradually reduced in subsequent
layers. However, dynamics of the electron temperatures
show very fast cooling of the electron-gas and reaching
equilibrium 8ps after laser pulse irradiation. In order to
understand the dynamic of electron and lattice temperature
distributions, the three-dimensional plots of temperatures
versus time and position for 150 nm, 20nm and 80nm
thickness of gold, nickel and chromium layers are shown in
Fig. 4. According to this figure, due to the discrepancy of
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Figure 3: Evolution of the lattice (a), and electron (b),
temperature at the Au surface and interfaces from the nickel

www.erpublication.org



International Journal of Engineering and Technical Research (IJETR)
ISSN: 2321-0869 (O) 2454-4698 (P), Volume-13, Issue-1, January-June 2023

side and chromium side versus time for 150, 20 and 80 (nm)
thickness of Au, Ni and Cr.
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Figure 4: Electron and lattice temperature versus time and spatial
variation for gold (a), nickel (b), and chromium (c), layers.

dy =150 nm d, =20nm d; = 80nm
Eapsorvea = 9(mJ fem?), 1,=30fs _ , 800nm 4,

wavelength.

overheating at interface depends on the temperature of
excited electrons and as the excited electrons on the first
upper layer couples effectively with lattice, the lattice
temperature jumps at the interface between gold/nickel and
nickel/chromium layers.
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Figure 5: Evolution of the lattice temperature for three

thicknesses of chromium layer at the snapshot time of 4 ps,
(dy = 200 nm and d, = 10nm).

For more information the lattice and electron temperature
along depth at the snapshot time of 4 ps after laser pulse
irradiation are presented in Fig. 5. In this case, the value of
the nickel and chromium side lattice overheating at the
interfaces of AwNi and Ni/Cr is 1.92 and 1.49 times
respectively for 150 nm thickness of first gold layer. The
maximum discrepancy between lattice temperatures in
Au/Ni and Ni/Cr interfaces is about 322 (K ) and 65 (K ). In

Fig. 5(b), the value of electron temperature in each layer is
less than its value in previous layer.

To see the role of various thickness of first gold layer in
chromium overheating at interface we run TTM code for
three thicknesses of Au layer. As illustrated in Fig. 2, The
values of the nickel and chromium side lattice overheating
for 100 nm, 125 nm and 150 nm thickness of first gold
layer is 2.17, 2.04 and 1.92 times for nickel and 1.67, 1.57
and 1.49 times for chromium respectively. It should be
noted that, the thicknesses of nickel and chromium layers in
each case is constant. However, it is clear from the results
that, the length of first Au layer plays an important role in
the value of overheating at the interface and overheating
increases for thinner thicknesses of first Au layer.

In here it is useful that, we note to the spatial variation of
lattice temperature for different thicknesses of nickel and
chromium layers. As presented in Fig. 3, for the specified
thicknesses (as shown in figure), the jumping of lattice
temperature at Au/Ni and Ni/Cr interfaces for d, = 10nm
thickness of nickel layer compared with previous results,
(dy=20nm), is clearly observed. Moreover, as the
thickness of chromium layer moves to larger values, the
value of lattice temperature jumping, at interfaces increased.
so, in the analysis of heat propagation in multi-layer films,
the thickness of all layers affects on the interface
overheating and the distribution of lattice and electron
temperatures in each layer.

IV. CONCLUSION

The time evolution and space distribution of temperature in

Au/Ni/Cr triple-layer film irradiated by 30 fs pulse laser
with a numerical method is performed using the
two-temperature model simulations. First, the evolution of
the electron and lattice temperature in each layer is
presented. Then, the distribution of the electron and lattice
temperature at the gold/nickel and nickel/chromium
interfaces is described in detail. Based on our findings, the
following conclusions can be drawn.

(a) The excited electrons on the first upper layer couples
effectively with lattice by the time of 107 fs, for 150 nm
thickness of gold layer, and the lattice temperature jump at
the interface between gold/nickel and nickel/chromium
layers. This is due to the fact that, the electron-phonon
coupling factor is considerably high for chromium and
nickel layers compared to gold, causing the redistribution of
the deposited laser energy from the gold side to the nickel
and chromium layers.

(b) The electron-phonon coupling factor is the most
effective parameter in overheating at interface.

(c) The thickness of first layer play an important role in
interface overheating. The distribution of electron
temperature around the interface for thicker gold layers is
low, so, the lattice overheating at the interface increases for
the short thicknesses of first Au layer and, it depends on the
snapshot times. For the snapshot times other than 4 ps,
considered in here, the lattice overheating at interface is
different from presented results.
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(d) The maximum electron temperature take place inside the
gold layer and the electron temperature amplitude in each
layer decreases rapidly and equilibrates with the surface
temperature ~ 8 ps after laser pulse irradiation.

(e) A small spatial broadening of lattice heat distribution in
nickel and chromium layer is observed due to the increased
number of electrons that stayed inside the gold layer close to
the gold/nickel and nickel/chromium interface.
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