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ABSTRACT Photoacoustic detection has shown excellent performance in measuring thickness and detecting defects
in metal nanofilms. However, existing research on ultrafast lasers mainly focuses on using picosecond or nanosecond
lasers for large-scale material processing and measurement. The theoretical study of femtosecond laser sources for
photoacoustic nondestructive testing (NDT) in nanoscale thin film materials receives much less emphasis, leading to a
lack of a complete physical model that covers the entire process from excitation to measurement. In this study, we
developed a comprehensive physical model that combines the two-temperature model with the acoustic wave generation
and detection model. On the basis of the physical model, we established a simulation model to visualize the ultrafast laser-
material interaction process. The damage threshold of the laser source is determined, and the effect of key parameters
(laser fluence, pulse duration, and wavelength) for AlCu nanofilms on the femtosecond photoacoustic NDT process is
discussed using numerical results from the finite element model. The numerical results under certain parameters show
good agreement with the experimental results.

KEYWORDS femtosecond photoacoustic, nondestructive testing, metal nanofilm, ultrafast laser-matter interaction,
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1 Introduction

Photoacoustic detection, a technique using acoustic
waves generated by pulsed laser absorption in materials,
has gained recognition for its capability in noninvasively
probing the structural and material properties of thin films
[1-6]. Particularly in the field of metal nanofilms, this
method has demonstrated remarkable success in mea-
suring film thickness and identifying defects with
nanoscale accuracy [7,8]. Metal nanofilms, given their
pivotal roles in various applications, such as electronics,
optics, and material science [9-11], necessitate advanced
techniques for accurate characterization to ensure that
their performance meets the stringent requirements of
these applications.

The advent of ultrafast lasers, characterized by their
extremely short pulse durations, has revolutionized
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material processing and measurement. In ultrafast laser-
matter interactions, the laser pulse excites electrons
without heating the lattice, leading to nonequilibrium
heating. This distinct thermal response, because of the
short duration of the laser pulse compared with the major
characteristic times between electrons and lattice, requires
treating their temperatures as separate subsystems [12].
As a result, the traditional thermoelasticity theory, which
assumes equilibrium conditions, is inadequate for
ultrafast laser-matter interactions [13]. To tackle this
issue, models such as the two-temperature model (TTM),
hot-electron blast model, and ultrafast thermoelasticity
model have been developed and have a great implementa-
tion in high-intensity ultrashort laser processing [14-16].
Benefiting from their capacity to achieve substantial
material modifications with minimal thermal side effects,
ultrafast laser sources have become a popular choice for
processing and structuring metal materials [17-19].

The utilization of ultrafast laser sources for thin film
measurement enables the attainment of increased acoustic
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frequencies, reaching up to hundreds of GHz. This
capability makes them ideal for analyzing materials with
high temporal and spatial resolution. Studies on acoustic
wave generation across various metal films, such as Au
[20], Ag [21], Al [22,23], Cr [24], Pt [25], Ni [1], and W
[26,27], have been conducted to leverage this capability.
Despite these efforts, a comprehensive physical model
that spans the entire process from laser excitation to
photoacoustic signal measurement is still missing. This
absence forces researchers to depend on trial and error,
tweaking laser parameters through experimental means to
enhance signal quality and ascertain the damage threshold
for nondestructive testing (NDT) across different mate-
rials or laser specifications. This approach is necessitated
because the photoacoustic detection process is signifi-
cantly influenced by the laser parameters and the physical
properties of the metal films, which together determine
the intensity of photoacoustic signals [27].

Our study addresses this need by introducing a
comprehensive physical model that combines the TTM
with an acoustic wave generation and detection model.
The TTM, which separates electron and lattice
temperatures, lays a solid foundation for comprehending
the rapid dynamics induced by femtosecond laser
irradiation. Integrating such dynamics with a model for
acoustic wave generation and detection gives us a full
picture of the photoacoustic testing. We develop a
simulation model that visually depicts the entire physical
processes of femtosecond photoacoustic testing in metal
nanofilms. The damage thresholds of laser sources for
AlCu nanofilms are determined, and the effects of key
laser parameters, including laser fluence, pulse duration,
and wavelength, on the photoacoustic signal are explored.
Through detailed analysis and comparison with
experimental data for specific parameters, our study
demonstrates that the proposed model can accurately
predict the outcome of femtosecond photoacoustic NDT
in metal nanofilms. This study provides valuable insights
for improving photoacoustic detection in metal nanofilm
characterization and paves the way for enhanced
characterization techniques for metal nanofilms.

2 Theoretical framework
2.1 Temperature distribution of electrons and lattice

In our study, the pump beam’s illuminated area (20 pm X
15 pm) is much larger than the laser absorption depth and
the film’s thickness, which usually varies from tens to
hundreds of nanometers. Accordingly, a simple one-
directional model was chosen for our analysis. The
temporal and spatial evolutions of the electron and lattice
temperatures are calculated in accordance with TTM [13],
shown as follows:

or, o0 0T,
Ce(Te)Eza_Z(Ke az)_G(Te_Tl)'i_Q, (1)
oT,
G (T) E =G(T.-T), (2

where C is the specific heat, T is the temperature field, «
is the thermal conductivity, G is the electron—lattice
coupling factor, and Q is the volumetric laser heat source.
The subscripts e and 1 represent the electrons and lattice,
respectively.

Equations (1) and (2) are based on the premise that heat
transport in the electron and lattice system follows the
classical Fourier law. This assumption is valid for laser
pulses longer than several tens of femtoseconds [28]. The
diffusion term in Eq. (2) is ignored because the timescale
of heat accumulation is significantly longer than that of a
single pulse irradiation.

Under the present experimental setup, we selected a
Gaussian laser beam in both time and space as the laser
source. The volumetric heat source generated by the laser
energy deposition can be expressed as follows [29,30]:
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where 6 is the surface reflectivity, Jy is the peak fluence
(at z = 0) carried by laser pulse, and ¢, is the laser pulse
duration, which is defined as the full width at half
maximum intensity of a laser pulse; z; is the optical
penetration depth; L is the film thickness. 8 = 4In2.

2.2 Generation of strain pluses

In solid photoacoustic, the essence of acoustic pulses
stems from the thermoelastic stress induced by ultrashort
laser pulses. Once the temperature distribution is
calculated, we can establish the physical model for the
generation and propagation of acoustic waves. In this one-
directional model, we assume that the metal film is
elastically isotropic. This assumption allows us to express
the thermal stress as follows:

O-Tr/ = —(2/,[+3/l)a'5uAT(Za t)’ (4)

where u is the shear modulus, A is the Lamé constant, « is
the thermal expansion coefficient, d; is the Kronecker
delta function, and AT is the change in temperature
compared with a reference temperature 7y. Because the
only motion of the lattice is parallel to the z-axis and the
only nonzero strain under this uniaxial condition is &,
the three normal stress components can be expressed as
follows:

0..=QRu+De.—2u+30)aAT (z,1), (5)

o, =0,, =1, —2u+30)aAT (z,1). (6)
In solid materials, the Lamé constant A, the shear
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modulus u, and the bulk modulus B can be expressed as
follows:

17)

A= T oy ™
K= 50+ ®)
B-_E 9

T 3(1-2v)’ ©)

where E is the Young’s modulus, v is the Poisson’s ratio,
and B is the bulk modulus. Therefore, Egs. (5) and (6) can
be rewritten as follows:

1 —
0= Qu-+ )52 ~3BaAT (21) =31 Y Be..—3BaAT (z,1),
v
(10)
0w =0, =A4e,-3BaAT (z,1). (11)

In this one-directional model, in which motion is solely
parallel to the z-axis and no shear stresses exist, we can
express the effective stress o for the von Mises
criterion as follows:

1/2
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The applied stress state will lead to yielding when the
magnitude of o reaches a critical threshold. Thus, the
effective stress is a key indicator of material failure.

The equation for deformation and wave propagation
along the z-axis, often analyzed as a wave equation with
zero body forces, can be expressed as follows:

Fu. 0o 53

Por = oz (13)

where p is the density, and u, is the displacement in the

z-axis direction. Substituting o, from Eq. (10) into

Eq. (13), the momentum equation in terms of the

displacement and the temperature distribution can be
expressed as follows:

Ou, 1-v

Por T e (19

From Eq. (14), the underlying physical processes
behind the generation and propagation of acoustic pulses,
induced by femtosecond laser pulses in metal nanofilms,
are elucidated.

2
T
ou, — 3Baa—.
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2.3 Detection of strain pluses

To detect high-frequency acoustic signals reaching up to
hundreds of GHz, we employ the time-delayed pump-
probe technique, as illustrated in Fig. 1. This method
measures changes in the surface reflectivity of the metal
nanofilm. These changes happen because the propagating
strain pulses modify the optical properties of the material

Modulated
pump pulse

Probe pulse I

Surface displacements
Refractive index variations

.

Acoustic waves
Metal nanofilm

Substrate

Fig. 1

Schematic of the pump-probe technique.

upon reaching the subsurface of metal nanofilms. In our
setup, the pump pulse and the probe pulse are derived
from the same laser source, which means that they have
identical wavelengths. The angle of incidence for the
probe pulse is typically set between 5° and 45°.

The variation in the complex index of refraction (An
and Ax) of the metal nanofilm surface can be described as
follows:

An(z,t) = ;—nszz (z,1), (15)

2z

Ak (z,1) = ;—KSZZ (z,1). (16)
SZZ

On this basis, we can establish a relationship between
the change in the dielectric constant (Ag) of the solid
medium and the alterations in the refractive index
induced by the propagating strain, as shown as follows:

As(z,t)=8—s’52(n+i/<)(d—n+i%)szz(z,t), (17)
dy  dy
where dn/dp and dk/dn are photoelastic constants that
depend on laser wavelength [31]. To calculate the change
in reflectivity due to variations in the dielectric constant
within the solid medium, the Maxwell’s equations inside
the metal film can be expressed by
O’E
5 (18)
where £ is the free-space wave number. Through solving
Maxwell’s equations, the total reflected electric field,
when strain perturbation Ae = Fd(z — z') exists only at a
distance z’, can be computed as follows:

lefOIO ezik,-,zf) E(O),
n

=k [e+Ac(z,0)]E,

rE© = (ro + (19)

where rg, fo, and 7, are reflection and transmission
coefficients, which can be calculated using Fresnel
equations; 71 is the complex refractive index (7i = n+ik).
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If we now consider the more general case of an arbitrary
Ag(z't), then the reflection coefficient can be expressed
as follows:
lk g ~ ’ 2ikiz’ ’
r=rot oot [ As@ e dz. (20)
27 0

Through combining these results and simplifying, the
change in reflectivity 0R can be expressed as follows:

RO = [ f@e. D @1)
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3 Numerical simulation

To visualize the ultrafast laser-material interaction in
femtosecond photoacoustic NDT of metal nanofilms, we
establish a one-dimensional simulation model based on
the physical model. The main framework of this
simulation model is depicted in Fig. 2. In our study, we
use the finite difference method to solve the heat
conduction equation and determine the temperature field
distribution in metal nanofilms. Meanwhile, the finite
element method helps us solve the momentum equation to

find the stress and strain distribution in the nanofilms. For
simplicity, we wuse identical grid meshes for both
numerical methods.

For our simulation model, we selected a 500 nm-thick
AlCu nanofilm composed of 95% aluminum and 5%
copper. The mesh is evenly divided along the depth
(z-axis), with each cell having a length of 2 nm, resulting
in a total of 250 elements. A laser source with a pulse
duration of 107 fs (1 fs = 10713 ), an energy per pulse of
4 nJ (equivalent to a peak laser fluence of 35 J/m?), and a
wavelength of 920 nm is used. Given the reasonably low
laser fluence (7, < 3200 K), the electron—lattice coupling
factor G can be assumed to be a constant [32]. The
specific heat of the electron can be expressed as C. =
CoT. and the electron thermal conductivity as
k. = ki - T,/T;. The right boundary of the model (top of the
nanofilm) is set to convective heat transfer with air, the
left boundary (bottom of the nanofilm) to contact heat
transfer with a silicon substrate, and the initial
temperature 7y to 300 K. The thermophysical and optical
properties of the materials are listed in Table 1. The
distribution of the laser heat source, as determined by the
simulation model, is depicted in Figs. 3(a) and 3(b), and
the resulting temperature distribution for the electronic
and lattice systems during the ultrafast laser-material
interaction is illustrated in Figs. 3(c) and 3(d).

Figures 3(a) and 3(b) illustrate the simulation results of
the energy conversion from optical to thermal during the
femtosecond laser-matter interaction in AICu nanofilms.
In Fig. 3(a), the blue curve shows the laser fluence profile
on the nanofilm surface, while the other curves depict the
volumetric laser heat source profiles on the material
surface and at depths of 5, 20, and 50 nm. The energy
absorption by the metal nanofilm from the laser
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Fig. 2 Main framework of the simulation model.
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Table 1 Thermophysical and optical properties of AICu nanofilms

Description Symbol Value Unit
Reference specific heat of the electron Co 135 J/m3-K
Thermal conductivity of the lattice K| 237 Wm-K
Surface reflectivity for a wavelength of 920 nm 6 0.907 -
Optical penetration depth for a wavelength of 920 nm Zg 9.640 nm
Poisson’s ratio v 0.350 -
Specific heat of the lattice (o] 2.42 x 109 J/m3-K
Electron-lattice coupling factor G 3.10 x 1017 -
Young’s modulus E 70 x 109 Pa
Shear modulus u 26 x 109 Pa
Thermal expansion coefficient a 23.1x 1076 1/K
Density o 2.70 x 103 kg/m3
x]10?!
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Fig. 3 (a) Profile of the laser heat source in various depths. (b) Temporal and spatial distribution of the laser heat source. (c) Temporal
and spatial distribution of the electron temperature. (d) Temporal and spatial distribution of the lattice temperature.

irradiation is highest on the material surface and
decreases with depth. Beyond 50 nm, the absorbed energy
is significantly lower than that on the surface. Notably,
the trend of the volumetric laser heat source profile at
different depths aligns with the laser fluence profile, both
exhibiting a Gaussian distribution. They both sharply rise
from the start, peak at approximately 0.215 ps (1 ps =
10712 s), and then quickly fall, nearing zero around
0.43 ps. Figure 3(b) displays the volumetric laser heat
source as a function of time and depth, highlighting that
the heat source’s time distribution is concentrated in a
brief interval near the start, due to the ultrashort pulse
duration of the laser. Spatially, the volumetric laser heat

source peaks near the surface and decreases sharply with
depth, mirroring the conductive heat behavior in metal
nanofilms.

Figures 3(c) and 3(d) present the thermal dynamics of
heat transfer from the volumetric laser heat source to the
electronic and lattice systems during femtosecond laser-
matter interaction in AlCu nanofilms. Figure 3(c) shows
how the electron temperature varies with time and depth,
peaking at 1056.9 K on the material surface around
0.255 ps before quickly dropping. The electron tempera-
ture sharply falls off with depth, indicating that the high-
temperature region is concentrated near the material
subsurface. For comparison, Fig.3(d) displays the
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changes in lattice temperature over time and depth, which
are more evenly distributed than the electron temperature.
The lattice temperature’s peak is much lower, reaching a
maximum of 323.36 K on the surface around 0.805 ps.
The simulation results accurately depict the temperature
distribution of the electronic and lattice systems in metal
nanofilms, consistent with the two-temperature process in
the physical model. The electronic system initially
absorbs the heat and subsequently transfers the energy to
the lattice system, where energy transfer and diffusion
occur much more slowly.

After solving the temporal and spatial temperature
distribution in the AICu nanofilm, we can simulate the
acoustic signal, including the stress and strain distribution
in the material. For the numerical solution, we use the
finite element method with the same grid mesh as in the
previous step. At each time step, the strain field is
calculated by differentiating the displacement field.
Thermal stress is determined on the basis of the strain and
temperature fields, described by Eq. (10), which serve as
the source term for the wave equation. The strain and
temperature fields are updated with every new time step.

The right boundary of the finite element model is set as
a free boundary. The left boundary, which is the bottom
of the film in contact with the base material, is defined as
an absorption boundary. When acoustic pulses hit the
interface between different materials, only part of the
pulse reflects back, while the rest transmits into the
adjacent medium. The reflectivity of the sound pulse is
calculated by Rs=(Z—-Z2.)/(Z +Z,), where Z; and Z.
represent the acoustic impedance of incident and
emergent media, respectively. With this formula, the
boundary condition at the bottom of the model is
established as follows:

U, (ZL’t) = uz(ZL’t_ 1)+(1 _RS) Vi

G- D= Dl (9)

where ¢ and z are the time step and element length,
respectively. v is the longitude velocity of the acoustic
wave in the material. z; represents the bottom node of the

model. The calculated stress distribution in the nanofilm
at various times is presented in Fig.4 (a), and the
temporal and spatial evolution of the internal strain field
is depicted in Fig. 4 (b).

Figures 4(a) and 4(b) display the simulation outcomes
of energy conversion from thermal to acoustic during
femtosecond photoacoustic interactions in AlCu nano-
films. The uneven thermal field distribution causes
thermal stress and strain, which then propagate as
acoustic signals. Figure 4(a) shows the longitude stress
profiles within the nanofilm at various times. The black
line indicates the acoustic pressure distribution at 0.6 ps,
while other colored curves show distributions at 25, 50,
and 75 ps. Generally, as time progresses, the fluctuations
and amplitude of acoustic pressure decrease and spread in
the depth direction. Figure 4(b) presents a color contour
map showing the spatial and temporal distribution of
strain in the nanofilm. Initially, strain emerges on the
surface of nanofilms and moves deeper. Upon reaching
the interface, reflection and phase inversion create a
distinct wave pattern, illustrating the dynamic stress
waves in nanofilms due to ultrafast laser irradiation.

The final step involves integrating the subsurface strain
field of the AICu nanofilm to capture the temporal
evolution of changes in surface reflectivity of the
material. This evolution corresponds to the photoacoustic
signal measured in our experiments. Figure 5 displays the
change in surface reflectivity of the AlCu nanofilm as
calculated by our numerical simulation model.

As shown in Fig.5, the reflectivity change signal
clearly presents an initial signal near the initial time due
to laser irradiation, and the first and second echoes are
observed at approximately 155 and 310 ps, respectively.
These echoes result from the acoustic signal being
reflected at the interface and propagating back to the
subsurface of the nanofilm, causing changes in its optical
properties. The fluctuation and amplitude of 6R gradually
decrease with each reflection. The timing of these echoes
aligns with the strain distribution numerical results
depicted in Fig. 4(b). Figure 5 also presents the final
output of the femtosecond photoacoustic simulation
model we developed.
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Fig. 4 (a) Profile of longitude stress in the nanofilm at various times. (b) Temporal and spatial distribution of the strain in the nanofilm.
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4 Results and discussion

4.1 Damage threshold of AlCu nanofilms

To prevent surface damage or phase transformation in
metal nanofilms, the laser fluence used in nanofilm
photoacoustic NDT is typically kept below tens of
mJ/cm?2. At this low level of laser energy density, damage
from the hot-electron blast force, which occurs when the
electron temperature reaches the order of the Fermi
temperature (usually around 10* K for metals), can be
disregarded [33]. Consequently, potential damage mecha-
nisms are categorized into thermal (melting) and
nonthermal (high-stress damage) [34]. To identify the
laser fluence threshold for photoacoustic NDT without
causing material damage, we calculated the maximum
effective stress and the temperatures of electrons and
lattice in the 500 nm AlCu nanofilm under laser fluences
ranging from 0.2 to 20 mJ/cm?, as depicted in Figs. 6 (a)
and 6(b). The laser operates at a wavelength of 920 nm
and a pulse duration of 107 fs.

From Fig. 6(a), the effective stress induced by the laser
pulse in the metal film reaches the yield strength of the
material (500 MPa for the 500 nm AICu nanofilm) at a
laser fluence of 17.2 mJ/cm?. The areas representing high-
stress damage and the nondestructive zone are marked in
red and blue, respectively. Figure 6(b) shows that the
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maximum electron and lattice temperatures rise with
increasing laser fluence, with T¢max and 7imax peaking at
a laser fluence of 20 mJ/cm?. The highest recorded Te max
and Timax under the strongest pump laser fluence
(20 mJ/cm?) are 2594.69 and 405.55 K, respectively.
These temperatures are significantly lower than the Fermi
temperature (1.36 x 10°> K for AlCu) and melting point
(635 K for AlCu). Accordingly, the laser fluence thres-
hold for conducting NDT in 500 nm AICu nanofilms,
under 920 nm wavelength and 107 fs pulse duration, is
17.2 mJ/cm?. The material will likely experience high-
stress damage before thermal damage.

The yield strength of metal nanofilms is highly
dependent on the length scale and typically exhibits its
maximum value at thicknesses ranging from tens to a few
hundred nanometers, depending on the grain size [35]. In
such cases, the damage mechanism and threshold can also
be analyzed and calculated using this model.

4.2 Influence of key laser parameters

As mentioned earlier, the key parameters of the laser
source significantly affect the intensity of the photoa-
coustic signal. To enhance the signal quality, it’s crucial
to understand how these parameters affect the physical
processes and signal intensity and identify the optimal
combination of laser parameters within the damage
threshold of nanofilms. In this section, we explore the
influence of key laser parameters on signal intensity using
our model. We first calculate and discuss the numerical
results for a 500 nm AlCu film irradiated by various laser
fluences, as presented in Fig. 7. We selected a laser
wavelength of 920 nm and a pulse duration of 107 fs,
with the laser fluence ranging from 0.2 to 15 mJ/cm? to
stay below the NDT threshold of nanofilms.

Figures 7(a) and 7(b) display the calculated heating
times and maximum temperatures of electrons and the
lattice in a 500 nm-thick AlCu film under varying laser
pulse fluence. The heating time is the duration required to
reach their maximum temperatures (7emax and 7imax ). In
Fig. 7(a), the electron heating time slightly increases from

420 2700

M v
[} I~
35 — Maximum 7, = 200 S
2 400+ 1 1 ! 2300 3
§ =-- Maximum 7, ° 7 g
(=9 5]
g 380+t 1900 &
8 5
g 360} {1500 8
= 2
= =
o 340+ 11100 =
= !
3 £
E 3201 1700 Z
E ; p=
= 300 : : : 300 <
0 5 10 15 20

Laser fluence/(mJ-cm™)

Fig. 6 (a) Maximum effective stress in nanofilms under varying laser fluence. (b) Maximum electron and lattice temperatures in

nanofilms under varying laser fluence.
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0.25 to 0.26 ps as the laser fluence rises from 0.2 to
4.7 mJ/cm? and stabilizes at 0.26 ps for fluences between
4.7 and 15 mJ/cm2. Meanwhile, the lattice heating time
extends from 0.63 to 1.10 ps across the entire range of
laser fluence. Figure 7(b) illustrates the values of Tt max
and 7imax under different laser fluences. A pronounced
increase in Te max (from 383.28 to 2227.94 K) occurs with
the fluence rising from 0.2 to 15 mJ/cm?2, while Tjmax
experiences a more gradual increase (from 301.84 to
382.37 K) throughout the laser fluence range. Figures
7(a) and 7(b) clearly depict the nonequilibrium process
induced in the metal film by the ultrashort laser.

Figure 7(c) presents the calculated maximum effective
stress generated during the photoacoustic process. Similar
to  Timax, Oefftmax linearly increases from 9.90 to
443,97 MPa as the laser fluence grows from 0.2 to
15 mJ/cm?2. This increase is attributed to the temperature
gradient within the metal lattice, which causes thermoe-
lastic stress. The amplitude of the first photoacoustic
echo, represented as the signal intensity of SR, under
varying laser fluence, is depicted in Fig. 7(d). oR
escalates with increasing laser fluence.

Temaxs Timax, Teffmax, and OR all increase with rising
laser fluence. These findings underscore that laser fluence
is a key factor affecting the intensity and quality of
photoacoustic signals. Thus, increasing laser fluence
under the same parameters is a straightforward and
effective method to boost the photoacoustic signal
intensity. For photoacoustic detection, selecting a laser
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source with the maximum feasible fluence within the

damage threshold can significantly enhance signal
intensity.
In photoacoustic detection, changing the laser

wavelength affects the surface reflectivity and optical
penetration depth of the metal film, thereby influencing
the laser energy absorption and volumetric laser heat
distribution. Through the complex refractive index of the
nanofilm, measured experimentally, the influence of laser
wavelength A on surface reflectivity ¢ can be calculated
with the Fresnel formula [36]. The connection between
laser wavelength 1 and optical penetration depth z; is
given by z, = A/(4nk), where k represents the complex
index of refraction of the metal film. These relationships
and their effects are depicted in Figs. 8(a) and 8(b).

The numerical results for a 500 nm-thick AlCu film
irradiated with varying laser wavelengths are presented in
Fig. 9. We selected a laser fluence of 3.4 mJ/cm? and a
pulse duration of 107 fs. The range of laser wavelengths
tested spans from 400 to 1200 nm.

Figure 9(a) demonstrates how the laser wavelength
influences the heating times of electrons and lattice. The
electron heating time peaks briefly at 0.26 ps for
wavelengths between 820 and 870 nm, remaining at
0.255 ps across other wavelengths. By contrast, the lattice
heating time extends from 0.77 to 0.88 ps as the
wavelength increases from 400 to 830 nm, then decreases
to 0.71 ps for wavelengths from 830 to 1200 nm.
Comparison of Figs. 8 and 9 reveals a similarity in the
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Fig. 7 (a) Electron and lattice heating time in nanofilms under varying laser fluence. (b) Maximum electron and lattice temperatures in
nanofilms under varying laser fluence. (¢) Maximum effective stress in nanofilms under varying laser fluence. (d) Signal intensity of 6R

under varying laser fluence.
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trend of heating times, particularly for the lattice, with
wavelength changes mirroring the surface absorptivity of
the nanofilm. This similarity exists because the energy
absorption in ultrafast laser-matter interactions is
governed by surface absorptivity 1 — ¢ and optical penetra-
tion depth z,, with the absorption rate change playing a
crucial role. The surface absorptivity of AICu films
reaches its peak at 830 nm wavelength. Consequently, the
substantial energy absorbed by the nanofilm lengthens the
time needed for the lattice and electronic systems to reach
their peak temperatures. However, the electron heating
time is less influenced by laser wavelength changes than
the lattice heating time.

Similarly, Figs. 9(b)-9(d) show a comparable pattern:

Te.max> Timax> Oeft,max, and oR all initially increase with the
laser wavelength, peak at 830 nm, and then gradually
decline as the wavelength continues to rise. This pattern
indicates that the effect of laser wavelength on the
photoacoustic process in metal nanofilms operates
through a similar mechanism as laser fluence. Both
parameters alter the energy absorbed by the metal film,
thereby changing the temperature and stress—strain
distribution and ultimately affecting the photoacoustic
signal intensity. The numerical results suggest that the
AlCu nanofilm optimally absorbs laser pulses at a
wavelength of 830 nm. Therefore, laser sources near this
wavelength should be preferred to enhance signal
intensity in photoacoustic NDT.
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To explore the effect of pulse duration on photoacoustic
detection, we calculated the numerical results for a
500 nm AlCu film irradiated by pump pulses of varying
durations, as depicted in Fig. 10. The laser wavelength
and fluence were set to 920 nm and 3.4 mJ/cm?, respec-
tively. The range of pulse durations span from 50 to
800 fs, ensuring that they remain shorter than the major
relaxation times of the metal film and that the heating
process follows a two-step mechanism.

In Fig. 10(a), the electron and lattice heating times
increase with the pump pulse duration. This result shows
that longer pulse durations extend the energy conversion
from optical to thermal in ultrafast laser-matter interac-
tions. Furthermore, Fig. 10(b) indicates that the maximum
electron temperature 7, max decreases from 1248.59 to
557.66 K as the pulse duration lengthens, while the
maximum lattice temperature 7jmax slightly rises from
322.76 to 325.58 K. This trend suggests that longer pulse
durations, despite the total energy of each pulse being
fixed, allow more energy to transfer to the lattice system
owing to the extended electron heating time. Conse-
quently, the nonequilibrium characteristics between the
electron and lattice systems are diminished, leading to a
decrease in T¢ max and a slight increase in 7j max.

In Figs. 10(c) and 10(d), the maximum effective stress
Oeffmax and signal intensity of 6R increase as the pulse
duration extends from 50 to 800 fs. As previously
discussed, we hypothesize that longer pulse durations
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enhance laser-matter interactions, facilitating greater
energy transfer to the lattice, which is then converted into
acoustic waves. These findings indicate that pulse
duration has a lesser effect on the photoacoustic signal
intensity compared with laser fluence and wavelength.
Therefore, enhancing the photoacoustic signal intensity
could involve increasing the laser pulse duration.
However, the pulse duration must remain shorter than all
the electron—lattice relaxation times.

4.3 Comparison with experimental results

To verify the accuracy and correctness of our model, we
performed an experiment using a 500 nm-thick AlCu
nanofilm. The laser source chosen for this experiment had
a pulse duration of 107 fs, a power of 320 mW, a
wavelength of 920 nm, a repetition frequency of 80 MHz,
and a spot size of 20 um % 15 pm (with a corresponding
laser fluence of 3.4 mJ/cm?). We compared the numerical
results obtained from the simulation model, under
identical parameters, with the experimental outcomes.
This comparison is presented in Fig. 11.

As illustrated in Fig. 11, the simulated results of our
model align closely with the experimental data, especially
in the echo region. The model accurately predicts the
amplitude, phase, and timing of the echo signal.
However, the model significantly underestimates the
amplitude of the initial signal peak. This discrepancy

1300

11100

\, — Maximum 7,

N —--Maximum 7, | ()

1700

LT
~

Gt

1500

Maximum lattice temperature/K
Maximum electron temperature/K

3
100 200 300 400 500 600 700 800 :
Laser pulse duration/fs

(d

Signal intensity of R

0 100 200 300 400 500 600 700 800
Laser pulse duration/fs

Fig. 10 (a) Electron and lattice heating time in nanofilms under varying pulse duration. (b) Maximum electron and lattice temperatures
in nanofilms under varying pulse duration. (¢) Maximum effective stress in nanofilms under varying pulse duration. (d) Signal intensity of

OR under varying laser pulse duration.
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Fig. 11 Comparison diagram of experimental and simulated
signals.

likely stems from the rapid changes in electron and lattice
temperatures at the initial moment of ultrafast laser-
matter interaction, which alter the optical properties of the
metal nanofilm. This observation suggests the need for
further model refinement in subsequent studies.

5 Conclusions

In this study, we have developed a comprehensive
physical model for pump-probe femtosecond photoa-
coustic NDT in metal nanofilms. This model includes
laser-matter interaction, heat distribution and conduction
within electron and lattice systems, generation and
propagation of acoustic pulses, and changes in surface
reflectivity caused by strain pulses. Moreover, a simula-
tion model aligned with the physical model has been
established. This simulation allows us to calculate and
visualize key parameters and physical characteristics,
such as temperature distributions of electrons and lattice,
strain pulse distribution, and acoustic wave magnitude.
These elements are difficult to measure experimentally,
making our model crucial for a thorough understanding of
the femtosecond photoacoustic NDT process in metal
nanofilms. Additionally, we investigated the damage
threshold for 500 nm AlCu metal nanofilms and analyzed
how key laser parameters (fluence, wavelength, and pulse
duration) affect the ultrafast laser-matter interaction and
photoacoustic signal intensity. On the basis our findings,
we offer recommendations for optimizing laser source
parameters. The comparison between simulated signal
and experimental data shows strong agreement in the
echo signal region.

Nomenclature

Abbreviations

NDT
TT™M

Nondestructive testing

Two-temperature model

Variables

B Bulk modulus

Co Reference specific heat of the electron
Ce Electron specific heat

G Lattice specific heat

E Young’s modulus

G Electron—lattice coupling factor

Jo Peak fluence carried by laser pulse

k Free-space wave number

L Film thickness

il Complex refractive index

0] Volumetric laser heat source

Rg Reflectivity of the sound pulse

7o Reflection coefficient

Te Electron temperature

T Lattice temperature

1 Transmission coefficient

tp Laser pulse duration

V| Longitude velocity of acoustic wave
Ze Acoustic impedance of emergent medium
zi Acoustic impedance of incident medium
Zs Optical penetration depth

a Thermal expansion coefficient

& Strain

Ke Electron thermal conductivity

Ki Lattice thermal conductivity

é Surface reflectivity

6R Change in reflectivity

P Lamé constant

Kronecker delta function

P Density

Oeff Effective stress

u Shear modulus

v Poisson’s ratio
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