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Abstract: The dynamic behavior of solid Si targets irradiated by nanosecond laser pulses is com-
putationally studied with transient, thermomechanical three-dimensional finite element method
simulations. The dynamic phase changes of the target and the generation and propagation of surface
acoustic waves around the laser focal spot are provided by a finite element model of a very fine
uniformly structured mesh, able to provide high-resolution results in short and long spatiotemporal
scales. The dynamic changes in the Si material properties until the melting regime are considered,
and the simulation results provide a detailed description of the irradiated area response, accom-
panied by the dynamics of the generation and propagation of ultrasonic waves. The new findings
indicate that, due to the low thermal expansion coefficient and the high penetration depth of Si, the
amplitude of the generated SAW is small, and the time and distance needed for the ultrasound to be
generated is higher compared to dense metals. Additionally, in the melting regime, the development
of high nonlinear thermal stresses leads to the generation and formation of an irregular ultrasound.
Understanding the interaction between nanosecond lasers and Si is pivotal for advancing a wide
range of technologies related to material processing and characterization.

Keywords: finite element analysis; crystalline Si; laser–matter interaction; surface acoustic waves

1. Introduction

The high power of laser light and the ability of remote manipulation make pulsed
laser irradiation a powerful tool for exploring the properties, the composition, and the
structure of solid materials in relation to their dynamic behavior when excited. Irradiation
with nanosecond laser pulses has many applications, such as welding, cutting, drilling,
marking, machining, annealing, surface cleaning, melting, and ablation [1–5]. In addition,
due to the high energy absorbed by the material, permanent deformations occur around
the focal spot, making the method suitable for forming micro- or nanostructures at the
surface of solid workpieces [6].

Computational simulations are valuable for studying the behavior of materials under
laser irradiation. Numerical simulations can predict changes in the properties and the
structure of the material by choosing the proper values for the initial properties of the
material and the parameters of the laser systems. To understand the behavior of solids
under nanosecond laser irradiation, in recent years, several studies have been conducted
via numerical simulations. Lingyu et al. [7] developed a model to explore the dynamics
of amorphous Fe alloy during nanosecond-pulsed laser processing and the effect of ir-
radiation on the surface morphology. Gao et al. [8] developed a model for studying the
temperature-dependent properties of Al alloy during nanosecond-pulsed laser irradiation.
Kyota et al. [9] simulated the interaction of nanosecond laser pulses with monocrystalline
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Si for subsurface modifications. Acosta-Zepeda et al. [10] computationally described the
topographies induced by nanosecond laser pulses on the Si surface. Zeng and Yao [11]
simulated the creation of laser-generated ultrasonic waves to detect surface defects on a
cylinder pipe. Orphanos et al. [12] performed numerical simulations and experimental
interferometry measurements to study the laser-generated surface acoustic waves (SAWs)
in multilayered materials. Marine et al. [13] studied the electronic mechanisms of the
nanosecond laser ablation of Si, while Darif et al. [14] performed numerical simulations to
study nanosecond laser annealing for crystalline Si.

The study of how nanosecond laser pulses interact with Si remains a consistently
intriguing research problem due to its significant potential in various emerging applica-
tions. These applications span across diverse fields, including laser-based processing [1–6],
metallization (deposition of thin metal films onto silicon substrates) [15], wafering [16],
nanofabrication [17], and dewetting [18], as well as the creation of high-frequency ultra-
sounds for nondestructive material characterization [19]. Furthermore, this is of interest
for a wide range of applications such as medicine [20], chemistry [21], biology [22], and
microfluidics [23,24].

In our previous research works [25,26], finite element method (FEM) simulation
studies, based on 3D multiphysics thermo-structural models, were performed to describe
the spatiotemporal response of thin metal film surfaces excited by nanosecond laser pulses
in the thermoelastic, plastic, melting, and ablation regimes and validated by laser whole-
field interferometric technique experiments. In the current study, which focuses on the
problem of the interaction between the nanosecond-pulsed laser and Si, for laser energies
below the boiling point of Si, a 3D FEM thermo-structural transient model, discretized
by a very fine uniform mesh, is developed to simulate the dynamic behavior of a solid
Si target. A Gaussian pulsed laser source with a 6 ns pulse duration at 532 nm irradiates
the Si target, and the model simulates the interactions with Si in the thermoelastic, plastic,
and melting regimes. A Johnson–Cook material model which considers fracture and
controls the phase changes is adopted, and temperature-dependent mechanical and thermal
properties are considered. The developed model simulates the complex dynamics of
the Si target during and after the interaction with the ns laser by computing at every
timestep the temperatures, displacements, stresses, and strains. Representative simulation
results indicate the SAW generation and propagation, within and beyond the area of the
laser spot. The structured mesh uniformity along with the very fine discretization of
the Si target allow for further modeling of unsymmetric features like cracks, inclusions,
and surface roughness characteristics for multiscale studies [26,27]. The crucial areas
where high gradients of temperatures and stresses are developed are identified here,
and we indicate where and of which type; wisely, locally adaptive grids can be used for
advanced sophisticated Si structured or unstructured FEM models [25]. This research
sheds light on the dynamic thermomechanical response of the irradiated Si sample, a
behavior greatly influenced by its low values of density, thermal expansion coefficient, and
absorption coefficient, in contrast to the dense metals typically explored in the existing
literature [25,26]. The new findings show that the amplitude of the generated SAW is
small, the time and distance needed for the ultrasound to be generated is higher compared
to dense metals, and in the melting regime, the development of high nonlinear thermal
stresses leads to the generation and formation of an irregular ultrasound. Thus, the results
are important for applications such as nondestructive material characterization, industrial
applications for accurate material inspection, medical imaging, laser material processing,
metallization, wafering, and dewetting. The developed high-resolution multiphysics
simulation model of Si is ideal for material diagnostics and machining process evaluations,
where the thermomechanical properties of Si change rapidly in time and space. To the
authors’ knowledge, this is the first time a ns pulsed crystalline Si interaction study was
performed to investigate the generation and propagation of SAWs via FEM simulations.
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2. Numerical Modeling and Simulation

The acoustomechanical dynamic response of the Si solid target was studied with a
FEM model simulated in LS-DYNA [28], capable of describing the interaction of the ns laser
pulse with the target. The multiphysics coupled thermal–mechanical simulations were
performed on the High-Performance Computer (HPC) Advanced Research Information
System (ARIS) [29]. A typical run for a simulation time of 100 ns on the fat node island
of ARIS was performed on 1 node with 512 GB of memory and 40 cores at 2.4 GHz
(four sockets) each, for 8 h of wall-clock time. The ns laser beam is assumed to be of a
Gaussian spatiotemporal profile, while the volumetric heat flux that is absorbed by the
target is given by the following:

Q(r, t) = I0(t)(1− R)abe−4ln2(t/t0)
2
e
−( x2+z2

r0
2 )

e−aby (1)

where t0 is the laser pulse duration at Full Width at Half Maximum (FWHM), r is the
vector of location, and r0 is the FWHM beam radius; I0(t) is the initial laser intensity at
the surface of the target; αb is the absorption coefficient of the material; R the reflectance
of the material, and (1 − R)I0(t) is the portion of radiation that penetrates the surface and
propagates inside the target. The last term expresses the attenuation of laser light at depth
y from the irradiated top surface of the target [25]. The heat conduction equation governing
the coupled thermomechanical problem and neglecting convective and radiated energy
transport is described by the following:

ρ(r, T)Cp(r, T)
∂T(r, t)

∂t
−∇[k(r, T)∇T(r, t)] = Q(r, t)− Lm (2)

where ρ is the mass density, T is the temperature, Cp is the specific heat at constant pressure,
k is the thermal conductivity for a uniform and isotropic target, and Lm is the latent heat of
melting. The volumetric heat flux Q(r, t) is the heat source term and represents the energy
absorbed per unit time and unit volume.

The rapid local thermal expansion in the area of the focal spot results in the develop-
ment of a stress field, and consequently, ultrasonic waves are generated and propagate the
Si solid target. The wave propagation is given by [25]:

ρ(r, T)
∂2U(r, t)

∂t2 = µ∇2U(r, t) + (λ + µ)∇[∇U(r, t)]− α(3λ + 2µ)∇T(r, t) (3)

where U is the displacement; λ and µ are the material-dependent Lame constants, and α is
the thermoelastic expansion coefficient.

The mechanical behavior of the solid target [30] can be expressed by Equations (4) and (5):

σij = 2 µ εij + λ εκκ δi j − (3λ + 2µ) α (T − T0) δi j (4)

εij =
1
2

(
∂Ui
∂Uj

+
∂Uj

∂Ui

)
(5)

where T0 is the ambient temperature and σij and εij are the stress and strain tensors at the
ij plane.

The mathematical modeling of the hydrodynamic and the bulk behavior of the Si
target due to the very high strain rates is performed by the Grüneisen equation of state
(EOS) for compressed materials:

p =
ρ0C2µ

[
1 + (1− γ0

2 )µ− α1
2 µ2][

1− (s1 − 1)µ− s2
µ2

µ+1 − s3
µ3

(µ+1)2 ]2
+ (γ0 + α1µ)E (6)
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and for expanded materials, this results in the following:

p = ρ0C2µ + (γ0 + α1µ)E (7)

where E is the internal energy per initial volume, C is the sound speed, µ is defined by the
relation µ = (ρ/ρ0) − 1, and γ0, α1, s1, s2, and s3 are unitless constants. s1, s2, and s3 are the
coefficients of the slope in the up-us curve (shock velocity us varies linearly, with respect to
the particle velocity up), γ0 is the Grüneisen parameter, and α1 represents the first-order
volume correction to γ0 [30].

The properties of crystalline Si are described by the empirical Johnson–Cook (J-C) [3,30]
material model that provides the flow stress σ with Equation (8):

σ = (A + Bεn)

(
1 + Cln

.
ε
.
ε0

) (
1− T − Tr

Tm − Tr

)
(8)

where A, B, C, n, and m are the experimental constants that depend on the material type, T
is the temperature of the target, Tr is the room temperature, Tm is the melting point, and

.
ε

and
.
ε0 are the plastic strain rate and reference strain rate, respectively. The material model

includes a fracture model in case of high strain rates. It defines the equivalent plastic strain
in case of damage and the damage parameter D, defined by Equations (9) and (10):

ε f =

(
D1 + D2eD3

p
σVM

) (
1 +

D4ln
.
ε

.
ε0

) (
1 + D5

T − Tr

Tm − Tr

)
(9)

D = Σ
∆ε

ε f
(10)

where D1–D5 are the failure parameters. D1 represents the initial failure strain, D2 the expo-
nential, D3 the triaxility, D4 the strain rate, and D5 the temperature factors. The factor σVM
is the Von Mises stress. When the damage parameter D becomes 1, the material fractures.
The values of the mechanical and thermal properties and Johnson–Cook model parameters
for crystalline Si which were used for the simulations were adopted from [31–38].

To develop a model capable of simulating the dynamic behavior of the irradiated area
near the laser spot, where high temperature gradients are developed and high induced
stresses/strains generate the SAWs, as well as to monitor the propagation of the SAWs
far from the focal spot in the entire computational domain [25–27,30], simulation tests
were performed regarding the mesh discretization and the domain dimensions. The
mesh convergence analysis revealed that an element size of 1 µm × 0.3 µm × 1 µm
(for X × Y × Z axes) is optimal to describe these thermomechanical dynamic features, in
short and long spatiotemporal scales. Since non-reflective boundary conditions are set
at the bottom of the target and the propagation depth of the SAWs is less than ~4 µm,
the target was modeled as having a thickness of 9 µm. The domain dimensions which
allow for the monitoring of the SAW generation and propagation were specified to be
450 µm × 9 µm × 450 µm, resulting in the generation of a uniform mesh of approximately
6 million elements. Moreover, the irradiation of the top plane of the sample was modeled
by the Gaussian pulse given by Equation (1), applied at the center of the rectangular top
surface, and non-reflective boundary conditions were enforced on all other surfaces. A
hexahedral, eight-node, 3D solid finite element was also employed to conduct the transient
analysis [30].

The pre-processing input data were stored and loaded once at the beginning of the
coupled thermal–mechanical analysis described in Figure 1. The criteria (flags) used are
strictly related to the resulting temperature fields, as shown in the decision rhombus boxes
of the flow chart. At the end of a particular step, if the temperature of an element is higher
than the melting temperature (Tm), phase change occurs, which is considered by including
the latent heat of melting (Lm) in the model.
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Figure 1. Pre-processing and processing flow chart.

3. Results and Discussion
3.1. Thermomechanical Response

The knowledge of the matter’s change from elastic to plastic and to a melted regime
is a consistently intriguing research problem due to its significant potential in various
emerging applications, such as nondestructive material characterization. To study the
dynamic response of the Si target in the thermoelastic, plastic, and melting regimes, the
laser fluences of 0.45 J/cm2, 0.75 J/cm2, and 1.35 J/cm2, respectively, were considered by
the FEM model and simulated. The selection of the input energy range was guided by
temperature considerations, specifically tailored to facilitate the transition of the Si sample
through distinct phases—from its solid state to a plastic state and ultimately to a molten
phase. Thus, the stated values of laser fluence were selected after numerous runs. In the
thermoelastic regime (laser fluence 0.45 J/cm2), the highest temperature achieved was
1125 ◦C, and as a result, only elastic deformations were observed. For the laser fluence of
0.75 J/cm2, the maximum temperature value was 1250 ◦C, observed at the center of the
sample, and thus, plastic deformations in the area of the laser spot occurred. When laser
fluence became 1.35 J/cm2, the energy absorbed by the Si target led to temperature values
greater than the melting point (1412 ◦C) of Si, and a small volume within the region of the
laser spot melted.

For all three regimes, a bulge was initially created at the center of the target due to
the intense heating, and an ultrasonic wave was generated at the edge of the bulge’s ends
and propagated in the solid target. The left column of Figure 2 shows a 150 × 150 µm2
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rectangular area in the center of the model, where the SAW was clearly observable 22 ns
after the laser irradiation, in every regime, within a distance ranging from 58 µm to 60 µm
from the center of the laser spot. A lineout of the vertical displacements is enclosed in
the lower right corner of each figure, with an inset of zoomed details around the SAW.
The minimum value of the colormaps is set to −50 pm for the SAW to be clearly visible.
Therefore, in the right column of Figure 2, a 40 × 40 µm2 square area around the focal
spot depicts the zoomed center of the target, including the colormap in a full range, for a
complete description of the target’s response. Specifically, in the case of the thermoelastic
regime, the SAW at the 22nd ns had a width of 6.5 µm and an amplitude of 22 pm. At this
time, the bulge formed at the center of the target had a diameter of 38 µm and an amplitude
of 18 nm, and a maximum Von Mises stress value of 0.73 GPa was computed within the
bulge volume where the temperature was approximately 1100 ◦C. It should be noted that
in the thermoelastic regime, the maximum temperature and Von Mises stress values of
1125 ◦C and 0.80 GPa, respectively, were both achieved in the 17th ns. In the case of laser
fluence 0.75 J/cm2, plastic deformations occurred. The SAW in the 22nd ns had a width of
5 µm and an amplitude of 35 pm. The bulge at the center of the target had a diameter of
40 µm and an amplitude of 30 nm. The maximum Von Mises stress had a value of 0.87 GPa,
computed within the bulge volume where the temperature approximates 1245 ◦C. It is
noticed that in the plastic regime, the maximum Von Mises stress had a value of 0.95 GPa,
overcoming the yield stress of Si (890 MPa) in the 15th ns, when the temperature is 1230 ◦C,
while the temperature reaches its maximum value of 1250 ◦C in the 18th ns. The formation
of plastic strains began in the 15th ns, within the area of the laser spot. When laser fluence
was increased to 1.35 J/cm2, the SAW in the 22nd ns had a width of 4 µm and an amplitude
of 90 pm. The bulge in the center of the target had a diameter of 41 µm and an amplitude
of 60 nm. At this time, the maximum Von Mises stress had a value of 0.92 GPa, computed
within the bulge volume where the temperature was approximately 1815 ◦C. The maximum
Von Mises stress had a value of 1.01 GPa at 15 ns when the temperature was 1730 ◦C, while
the maximum temperature value of 1970 ◦C was reached in the 17th ns. The formation of
plastic strains began in the 12th ns within the area of the laser spot, while in the 15th ns,
melting started. In the inset of Figure 2c (right side), it is evident that for radial distances of
4 µm to 6 µm, nonlinearities occur due to the melting effect. The smooth transition becomes
rough due to the high temperature gradients and the phase change from solid to melted.

Representative simulation results of the temperature, the vertical displacements, the
Von Mises stresses, and the plastic strain distributions for the three fluences are demon-
strated in Figure 3, at the crucial temporal time of the 17th ns after the laser irradiation,
when the maximum temperature values of 1125 ◦C, 1250 ◦C, and 1970 ◦C were computed,
respectively, for each regime.

The vertical displacement results show that the bulge created in the area of the laser
spot in the melting regime had an amplitude of 51 nm, three times greater compared to
the thermoelastic and two times greater compared to the plastic regime amplitudes. The
maximum Von Mises stress value in the thermoelastic regime was 790 MPa, lower than
the yield stress of Si; thus, plastic strains did not exist. The maximum Von Mises stress
value in the case of fluence 0.75 J/cm2 was 910 MPa, slightly greater than the yield stress
(896 MPa [27]); thus, a small region in the center of the target entered the plastic regime.
The plastic strain results indicate that permanent deformations within an area of a radius
of 6 µm developed, since stresses overcome the yield stress of Si. The maximum Von Mises
stress value in the melting regime, for the fluence of 1.35 J/cm2, was 1 GPa in the area of the
laser spot in the center of the target where permanent deformations occur. In this regime,
an area of a radius of 12 µm was permanently deformed.
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Figure 2. Simulation results of the vertical Y displacement of the Si target surface at 22 ns for (a) the
thermoelastic (laser fluence 0.45 J/cm2), (b) the plastic (laser fluence 0.75 J/cm2), and (c) the melting
regime (laser fluence 1.35 J/cm2), within a 150 × 150 µm2 square area in the center of the model. The
inset graphs show the displacement lineouts from the origin, in the center of the focal spot, along the
radial X axis where zoomed graph details provide the SAW generation characteristics from 54 µm to
66 µm (left column). Zoomed details of the bulge within a 40 × 40 µm2 square area in the center of
the model are also depicted (right column). Also, for the colorbar range of the contour plot 1.0e-06 is
equivalent to 1 × 10−6.
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Since heat conduction governs this coupled thermomechanical problem, four collinear
nodes with (x,y,z) coordinates (in µm) x0 = (0,0,0), x1 = (4,0,0), x2 = (8,0,0), and x3 = (12,0,0)
were selected to monitor the thermal and stress response of the target in the area of the bulge
in relation to time, as shown in Figure 4. For all three regimes, a maximum temperature
was computed at the peak of the Gaussian laser pulse at 17 ns. In the thermoelastic regime
for both temperature and stress distributions, a similar behavior was observed, following
linearly the Gaussian heat source term distribution. In the plastic regime, a nonlinear
behavior was observed for both temperature and stress distributions for distances lower
than 5 µm from the center of the laser spot, and in this region, temperature values above
1000 ◦C lasted for about 0.1 µs. Moreover, in this region, residual stresses developed.
At 0.1 µs, the maximum temperature and the maximum Von Mises stress values were
lower than the melting point and the yield strength, respectively. In the melting regime,
within an area of a radius of less than 5 µm in the center of the target, a plateau in the
temperature distribution was developed with varying duration that depended on the
distance from the laser spot. Residual stresses with values greater than 890 MPa developed
600 ns after the laser initiation. The initial zero stress values are attributed to the phase
change of the irradiated material. For distances greater than 5 µm from the focal spot, the
thermomechanical dynamics follow the same behavior as described in the plastic regime.

Figure 5 presents four characteristic temporal moments of temperature (left column)
and vertical displacement (right column) in relation to distance from the center of the
irradiation for the model in thermoelastic, plastic, and melting cases. At 9 ns for all
three different cases, a smooth Gaussian distribution is evident for both temperature
and displacement, since the temperature was below the melting point and only elastic
phenomena occurred. From the 13th ns and later on, the temperature distribution became
nonlinear for both plastic and melting cases and influenced the mechanical behavior of
the Si sample. The radial extension of the temperature nonlinearity in space was less than
15 µm in the melting regime and less than 10 µm in the plastic regime. These radial distance
values are in agreement with the developed plastic strain regions, as previously discussed
regarding the results presented in Figure 3. Moreover, the displacement distribution for
the melting case was affected by the temperature distribution, and this is evident from
the 13th ns and later, where an irregular envelope bulge was created, characterized by
geometrical nonlinearities extended at a distance of 10 µm in the 24th ns. At 17 ns, the
highest temperatures developed for all three cases, while at 24 ns, a maximum amplitude



Computation 2023, 11, 240 9 of 13

for the generated SAW of about 30 pm, 40 pm, and 95 pm was observed for the elastic,
plastic, and melting cases, respectively.

Computation 2023, 11, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 4. The dynamic evolution of stresses and of temperature in relation to time for the thermoe-
lastic, plastic, and melting regimes. 

Figure 5 presents four characteristic temporal moments of temperature (left column) 
and vertical displacement (right column) in relation to distance from the center of the ir-
radiation for the model in thermoelastic, plastic, and melting cases. At 9 ns for all three 
different cases, a smooth Gaussian distribution is evident for both temperature and dis-
placement, since the temperature was below the melting point and only elastic phenom-
ena occurred. From the 13th ns and later on, the temperature distribution became nonlin-
ear for both plastic and melting cases and influenced the mechanical behavior of the Si 
sample. The radial extension of the temperature nonlinearity in space was less than 15 µm 
in the melting regime and less than 10 µm in the plastic regime. These radial distance 
values are in agreement with the developed plastic strain regions, as previously discussed 
regarding the results presented in Figure 3. Moreover, the displacement distribution for 
the melting case was affected by the temperature distribution, and this is evident from the 
13th ns and later, where an irregular envelope bulge was created, characterized by geo-
metrical nonlinearities extended at a distance of 10 µm in the 24th ns. At 17 ns, the highest 
temperatures developed for all three cases, while at 24 ns, a maximum amplitude for the 
generated SAW of about 30 pm, 40 pm, and 95 pm was observed for the elastic, plastic, 
and melting cases, respectively. 

Figure 4. The dynamic evolution of stresses and of temperature in relation to time for the thermoelas-
tic, plastic, and melting regimes.

Computation 2023, 11, x FOR PEER REVIEW 10 of 14 
 

 

 
Figure 5. Temperature (left column) and vertical displacement (right column) in relation to distance 
from the center of the irradiation for the model in thermoelastic, plastic, and melting cases. 

3.2. Ultrasound Evolution 
Figure 6 shows the spatial evolution of the vertical displacement for six different tem-

poral moments (a)–(f) in the melting regime. For each of the graphs, a zoomed detail inset 
from 50 µm to 225 µm is provided to demonstrate the spatial characteristics and the dy-
namic evolution of the generation and propagation of the SAW. Observing the zoomed 
insets, it is evident that next to the deformed central bulge within the focal spot, a second-
ary bulge starts to form, having an initial amplitude of 0.1 nm and a width of 0.022 µm at 
23 ns. This secondary bulge evolves in time with a mean velocity of 500 m/sec, and in the 
51st ns, its amplitude approximates 0.2 nm with a width of 0.037 µm. At the same time, an 
ultrasound having an irregular envelope shape is generated. In the 23rd ns, the generation 
of two peaks on the top of the secondary bulge is observed, and the generation of the SAW 
is initiated. These peaks become three in the 27th and gradually in the 51st ns take the 
form of the SAW envelope presented in the inset of Figure 6f, consisting of seven peaks 
which propagate the surface of the Si target. This feature is only evident in the melting 
regime due to the high nonlinear thermal stresses developed within a circle area of 50 µm 
radius at 22 ns and the influence of thermal expansion. The computed mean envelope 
velocity of this SAW was computed as ~5000 m/s, while using the following analytical 
equations [39], the SAW velocity was found to be 5200 m/s. 

𝐶௦ = ඨ𝐸𝜌 ඨ 12(1 + 𝜇) , 𝐶ோ = 0.87 + 1.13𝜇(1 + 𝜇) 𝐶௦ 
(11) 

where Cs is the shear velocity and CR is the SAW velocity. Due to the low thermal expan-
sion coefficient of Si and its high penetration depth, the generated SAW has a small am-
plitude, and a long distance and time range is needed for the ultrasound to be generated, 
evolve, and propagate, in contradiction to our previous research works’ results [25,26], 
wherein the same laser source was used to irradiate Au, Al, and Cu. Compared to Si, the 
metallic film targets have a small penetration depth and greater thermal expansion coef-
ficients, and thus, more than one SAW was generated. Moreover, the results of this study 
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3.2. Ultrasound Evolution

Figure 6 shows the spatial evolution of the vertical displacement for six different
temporal moments (a)–(f) in the melting regime. For each of the graphs, a zoomed detail
inset from 50 µm to 225 µm is provided to demonstrate the spatial characteristics and the
dynamic evolution of the generation and propagation of the SAW. Observing the zoomed
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insets, it is evident that next to the deformed central bulge within the focal spot, a secondary
bulge starts to form, having an initial amplitude of 0.1 nm and a width of 0.022 µm at 23 ns.
This secondary bulge evolves in time with a mean velocity of 500 m/sec, and in the 51st
ns, its amplitude approximates 0.2 nm with a width of 0.037 µm. At the same time, an
ultrasound having an irregular envelope shape is generated. In the 23rd ns, the generation
of two peaks on the top of the secondary bulge is observed, and the generation of the SAW
is initiated. These peaks become three in the 27th and gradually in the 51st ns take the form
of the SAW envelope presented in the inset of Figure 6f, consisting of seven peaks which
propagate the surface of the Si target. This feature is only evident in the melting regime
due to the high nonlinear thermal stresses developed within a circle area of 50 µm radius at
22 ns and the influence of thermal expansion. The computed mean envelope velocity of
this SAW was computed as ~5000 m/s, while using the following analytical equations [39],
the SAW velocity was found to be 5200 m/s.

Cs =

√
E
ρ

√
1

2(1 + µ)
, CR =

0.87 + 1.13µ

(1 + µ)
Cs (11)

where Cs is the shear velocity and CR is the SAW velocity. Due to the low thermal expansion
coefficient of Si and its high penetration depth, the generated SAW has a small amplitude,
and a long distance and time range is needed for the ultrasound to be generated, evolve,
and propagate, in contradiction to our previous research works’ results [25,26], wherein
the same laser source was used to irradiate Au, Al, and Cu. Compared to Si, the metallic
film targets have a small penetration depth and greater thermal expansion coefficients, and
thus, more than one SAW was generated. Moreover, the results of this study qualitatively
agree with the results of Liu et al. [40], where molecular dynamic simulations showed that
SAWs undergo nonlinear sharpening during propagation due to the elastic nonlinearity of
single-crystal Si, which may lead to material fracture. To the authors’ knowledge, this the
first time that these nonlinear phenomena were monitored via FEM simulations.

1 

 

 

Figure 6. Spatial evolution of the normal displacement for six different temporal moments (a–f) for
the melting regime. Insets of zoomed details are also shown.
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Moreover, Figure 7 shows the contour plots for the spatial evolution of the vertical
displacement for the same temporal moments presented in Figure 6. The SAW generation
and propagation in the form of concentric circles are in accordance with the line-out
graphical results described in Figure 6 and correspond to the propagation of the SAW
envelope, traveling with a mean velocity of 5000 m/s.
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4. Conclusions

The dynamic behavior of solid Si targets irradiated by nanosecond laser pulses is
here studied with transient, thermomechanical 3D FEM simulations. The dynamic phase
changes of the irradiated target and the generation and propagation of a SAW are provided
using a FEM model of a very fine uniformly structured mesh. The new findings indicate
that: (a) due to the low thermal expansion coefficient and the high penetration depth
of Si, the amplitude of the generated SAW is small, and the time and distance needed
for the ultrasound to be generated is higher compared to metals such as Au, Cu, and
Al and (b) in the melting regime, the development of high nonlinear thermal stresses
leads to the generation of an irregular bulge and a secondary bulge of small amplitude,
along with the generation and formation of an irregular and nonlinear ultrasound which
propagates the solid Si target. The multiphysics simulation model presented herein allows
for the determination of the spatiotemporal details of the SAW generation based on the
thermomechanical properties of Si and simultaneously is used to monitor its propagation
dynamics. The results are important for applications such as nondestructive material
characterization, industrial applications for accurate material inspection, medical imaging,
laser material processing, metallization, wafering, and dewetting.

More insights into the generation mechanism and the formation of the irregular SAW
envelope may be provided by future simulations and experiments focusing on the influ-
ence of the laser fluence and spot characteristics on the SAW generation. The developed
high-resolution multiphysics simulation model of Si allows for further modeling of unsym-
metric features and multiscale studies since the crucial areas of high gradient temperatures
and stresses are identified here. These findings are of crucial importance, especially for
experimental diagnostics regarding the material properties and laser machining process
evaluations of Si, in relation to the laser fluence used.
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