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ABSTRACT

Short pulse laser irradiation of a substrate can generate pulses of surface acoustic waves (SAWs) capable of propagating long distances along
the surface of the irradiated substrate. In this work, we use thermoelastic modeling of the generation of SAWs on a Si substrate to explore
the effect of irradiation parameters, i.e., pulse duration, laser spot size, absorption depth, and spatial profile of the laser energy deposition,
on the strength of the SAWs. A particular goal of this study is to establish the optimum conditions for maximizing the strength of the
surface waves generated in the nonablative, thermoelastic irradiation regime. The simulations demonstrate that the highest strain amplitude
of the laser-generated SAWs can be achieved for a laser spot size comparable to the characteristic length of the SAW propagation during the
laser pulse. The amplitude of SAWs increases with the increase in the characteristic laser energy deposition depth, and laser pulses with
sharper spatial energy deposition profiles (flat-top laser beams) produce stronger SAWs. For the optimal set of irradiation parameters, the
strain amplitude of a SAW generated in Si in the thermoelastic regime can reach the levels of 10−4–10−3, which are sufficiently high for
causing nonlinear sharpening of the wave profile and the formation of a shock front during the wave propagation from the laser spot. The
computational predictions suggest the feasibility of a continuous generation of strong nonlinear pulses of SAWs, which may be utilized for
driving the surface processes in thin film deposition, growth of two-dimensional materials, heterogeneous catalysis, and other applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0071170

I. INTRODUCTION

The generation of acoustic waves in solids by short pulse laser
irradiation is at the basis of a number of practical applications, par-
ticularly in the area of nondestructive evaluation of material prop-
erties1,2 and the detection of heterogeneities and crystal defects.3–5

Moreover, there is emerging evidence that the acoustic waves can
be used not only for probing the material structure and properties,
but also for material modification and the acoustic activation of
atomic- or molecular-level surface processes.6 In particular, the
ability of strong photoacoustic pulses to cause the desorption/ejec-
tion of atoms, molecules, and thin molecular overlayers from the
surface has enabled the development of Laser-Induced Acoustic
Desorption (LIAD) mass spectrometry technique.7–13 The ejection
of submicrometer nanoparticles driven by laser-generated surface
acoustic waves (SAWs) has been suggested as an effective surface
cleaning approach suitable for integration into microcircuit manu-
facturing technologies.14,15 Strong laser-generated SAWs have also
been observed to produce quasi-periodic arrays of cracks in brittle

materials, such as Si16–18 and fused silica,18 to facilitate crystalliza-
tion in amorphous MoS2 films,19 and to produce a large enhance-
ment of surface diffusion of Au clusters on a Si substrate.20,21

The ability of an acoustic wave to cause the material or surface
modification often relies on the sharpening of the wave profile and
eventual shock front formation during the wave propagation in a
material exhibiting nonlinear elastic properties.22,23 In particular, a
recent computational study of acoustic desorption has identified
the resonant coupling of high-frequency harmonics of the nonlin-
ear bulk acoustic waves with the vibrational modes of the surface
adsorbates and thin overlayers as the key process responsible for
the desorption of atomic clusters and exfoliation if thin graphene
multilayers.24 A similar mechanism based on the nonlinear sharp-
ening of laser-generated SAWs has been suggested21 as an explana-
tion of the experimentally observed acoustic enhancement of
surface diffusion of atomic clusters.20,21 The nonlinear transforma-
tion of the SAW pulses has also been observed to increase the
surface acceleration and to facilitate the acoustic cleaning process.14
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Moreover, for a sufficiently strong laser-generated SAW, the nonlin-
ear sharpening and cusping of the wave profile25,26 can lead to a
gradual increase in the surface strain above the initial strain ampli-
tude of the wave, up to the levels high enough for the generation of
subsurface defects27 or the onset of surface cracking at some dis-
tance from the wave source.16–18

The formation of a shock front and, more generally, the extent
of nonlinear sharpening of the wave profile are defined by the non-
linearity of the elastic properties of the substrate material, the
initial wave amplitude, and the distance traveled by the wave
through the substrate. The shock front formation distance for an
initially harmonic (sinusoidal) wave is commonly described27,28 as
Lsh ¼ 1/(βe0k), where β is the effective nonlinearity parameter of
the material, e0 is the initial surface strain amplitude, k ¼ 2π/λ is
the spatial angular frequency (wavenumber), and λ is the wave-
length. For SAWs, the nonlinearity parameter β is usually on the
order of unity,27–29 the minimum wavelength of a wave generated
by a short laser pulse is on the order of 100 μm (about twice the
size of the laser spot),2 and the wave amplitude e0 required for
the generation of the shock front at 1–100 mm from the source can
be estimated to range from 10−2 to 10−4. Note that a weaker acous-
tic wave may never develop the shock front, since the frequency-
dependent dissipation of the higher-order harmonics25–27 may
balance the nonlinear frequency up-conversion and suppress the
sharpening of the wave profile.

The strong SAWs with strain amplitudes up to 10−2 can be
readily produced by direct laser ablation of the substrate or by
using a sacrificial ablating layer, such as a liquid suspension of
carbon particles.14,16–18 The ablative generation of SAWs, however,
limits the number of laser pulses that can be applied for the reliable
generation of SAWs30 and can produce undesirable surface con-
tamination by ablation debris. The generation of the SAWs in the
nonablative irradiation regime has obvious advantages, particularly
for applications that rely on continuous utilization of acoustic
energy. One example of such applications is the acoustic activation
of surface diffusion,20,21,31,32 proposed as a possible solution to a
challenging problem of thin film growth on heat-sensitive sub-
strates.21,31 Since the mechanism of the diffusion enhancement sug-
gested by the results of atomistic simulations21 is relying on the
nonlinear sharpening of SAWs, it is important to confirm that the
amplitudes of SAWs generated in the experimental studies of the
diffusion enhancement20,21 are sufficiently high for inducing the
nonlinear sharpening of the waves at a distance of about 10 mm
from the laser spot. While the common notion is that SAWs gener-
ated in the nonablative regime are usually too weak for exhibiting a
pronounced nonlinear behavior,2,29 the estimations of the
maximum normal surface displacement produced by a SAW gener-
ated in an aluminum substrate in the thermoelastic regime1 suggest
that the strain amplitude of the wave can approach ∼10−3 with an
appropriate choice of the width of the laser beam.

In this article, we report the results of a systematic computa-
tional analysis of the ability of short pulse laser irradiation to gen-
erate SAWs with strain amplitudes that are sufficiently high for
causing nonlinear sharpening and shock front formation during
the wave propagation along the surface of the substrate. The condi-
tions of the experiments on the acoustic activation of surface diffu-
sion20,21 are considered first, and the feasibility of the generation of

strong nonlinear SAWs in these experiments is confirmed. The
investigation is then extended to the analysis of the effect of irradia-
tion parameters, such as pulse duration, laser spot size, absorption
depth, and the shape of the laser beam profile, with the goal of
identifying the conditions that maximize the efficiency of the SAW
generation in the nonablative irradiation regime.

II. COMPUTATIONAL MODEL

The computational description of the laser-induced generation
of stress waves and the dynamic evolution of thermoelastic stresses
is provided in this work in the framework of the thermoelasticity
model that combines the thermal model based on the heat diffu-
sion equation with the thermoelastic wave equation,33–38
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where T, cp, ρ, kth, ui, σ ij, αL, and Cijmn are temperature, heat capac-
ity, density, thermal conductivity, displacement, stress tensor, linear
thermal expansion coefficient, and stiffness tensor, respectively.
The source term S describes the laser energy deposition as
explained below. The transient heating/cooling induced by adia-
batic compression/expansion of the material during wave propaga-
tion is accounted for by a term �αLTCiimn

@2um
@t@xn

in Eq. (1), although
the effect of this term on the temperature distribution is negligible
for the irradiation conditions considered in the present study (the
temperature variation due to this term does not exceed 1 K for the
wave amplitudes below 10−3). Since the simulations are performed
for a highly anisotropic material, single crystal silicon, the general
expression of the stress tensor is used in Eqs. (1)–(3) in lieu of a
commonly used formulation for isotropic materials.34,35

The simulations are performed for a computational setup
illustrated in Fig. 1. The equations are formulated for the two-
dimensional (2D) Cartesian coordinate system, with a uniform
temperature and zero strain assumed along the third direction.
This setup is motivated by the common use of rectangular laser
spots (the length of the laser spot in one direction is much longer
than in another one) in experimental studies where straight-crested
SAWs are produced by focusing laser pulses by cylindrical
lenses.2,16–21,26,30,39,40 The source term S in Eq. (1) reproduces a
Gaussian temporal profile of the laser pulse and an attenuation of
the deposited laser energy with depth, along the y axis, described
by the Beer–Lambert law. To investigate the effect of the spatial
energy deposition, the simulations were performed with either
Gaussian or flat-top spatial laser beam profiles.

Since Si substrates are used in many experimental studies of
laser-induced SAWs,16–18,20,21,30,39,40 the simulations are performed
for a single crystal Si (100) substrate described by the following
parameters: elastic moduli C11 ¼ 165:78GPa, C12 ¼ 63:94GPa,
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C44 ¼ 79:62GPa, density ρ ¼ 2328 kg/m3, heat capacity
cp ¼ 702 J kg�1 K�1, thermal conductivity kth ¼ 124 Wm�1 K�1,
and linear thermal expansion coefficient αL ¼ 2:49� 10�6 K�1.41

With the elastic moduli listed above, the speed of SAWs on the
(100) Si substrate along the [001] direction is found to be 4920 m/s
through an analytical solution to the elasticity equation for the Si
substrate with a free surface.27,42 This velocity is close to the ones
measured experimentally43,44 and derived analytically44 for the
same system.

The use of the constant room-temperature material parame-
ters and the linear nature of Eqs. (1)–(3) [except for the last term
in Eq. (1), which, as noted above, has a negligible contribution to
the generation and evolution of SAWs] makes it possible to directly
map the results of the simulations obtained at a given laser fluence
to other fluences in the thermoelastic regime by linearly scaling the
values of strain with the laser fluence. Meanwhile, the temperature
dependences of the heat capacity (cp increases to 1030 J kg−1K−1 at
T = Tm = 1687 K)45 and the thermal expansion coefficient (αL

increases to 4.56 × 10−6K−1 at T = 1500 K)46 have opposite effects
on the strength of the laser-generated SAWs and can be expected
to partially compensate each other.

For the heat transfer equation, thermally insulating boundary
conditions are applied in all four directions. For the displacements,
rigid boundary conditions are applied at the bottom, left, and right
sides of the system, while free boundary condition is imposed at
the top surface. The system size is selected so that the stress waves
do not reach the rigid boundaries during the time of the simula-
tions. The number of cells is 10 000 in the x-direction, and 5000–
6000 cells in the y-direction, depending on conditions considered
in the simulations. The spatial resolution of the mesh is defined
based on the size of the laser spot to ensure an accurate description
of the acoustic wave generation.

The equations for the displacement, Eq. (2), are solved using
an explicit Euler method, with the timestep of integration set based

on a condition of θ ¼ C11Δt2/ρΔx2 ¼ 0:6. While implicit schemes
are not limited by a condition of θ � 0:6, they introduce strong
numerical dispersion and require special consideration in 2D and
3D simulations. For the thermal part, Eq. (1) is solved with explicit
Euler or Alternating Direction Implicit (ADI) algorithms, with the
former imposing the condition of ζ ¼ kthΔt/cpρΔx2 , 0:25. The
ADI algorithm, applied when ζ � 0:25, is slightly slower than
the explicit Euler but enables simulations with ζ ¼ 25� 50, which
shortens the overall time of the simulation. The free boundary con-
dition is implemented in an implicit formulation suggested in
Ref. 47, which provides a stable solution in the whole range of sim-
ulation parameters used in the present study.

III. RESULTS AND DISCUSSION

In the first application of the model described in Sec. II, we
consider the generation of SAWs under conditions similar to those
of an experimental study of the acoustic activation of surface diffu-
sion.21 Specifically, a Si substrate is irradiated at a wavelength of
355 nm by a laser pulse with a duration of τL ¼ 6 ns, where τL is
defined as the full width at half-maximum (FWHM) of the
Gaussian temporal profile. To ensure complete deposition of the
laser pulse energy to the target, the maximum of the Gaussian tem-
poral profile is shifted with respect to the start of the simulation
(zero time) by 2:5 τL, i.e., the peak intensity of the laser pulse corre-
sponds to a time of 15 ns.

The width of the laser beam in the x-direction (defined as
FWHM of the Gaussian spatial profile and denoted as d) is 16 μm,
which is close to the width of a rectangular laser spot produced by
a cylindrical lens in the experiments.21 The FWHM definition of
the spot size is used here in lieu of a more common 1/e2 definition
to facilitate the comparison of the results obtained with the
Gaussian and flat-top laser beam profiles. As revealed in the simu-
lations discussed below, the characteristic width of the laser energy
deposition has a substantial effect on the amplitude of the laser-
generated SAWs. With the 1/e2 definition of the Gaussian laser
spot width, the energy deposition profile is much narrower, and
the maximum laser fluence at the center of the laser spot is much
higher (by ∼60% for a rectangular spot) as compared to the
flat-top laser beam of the same nominal width and the same laser
pulse energy. The FWHM definition of the spot size, on the other
hand, yields an energy deposition profile comparable to that of the
flat-top laser beam and the maximum laser fluence at the center of
the laser spot that is only 6% less than the fluence of the flat-top
pulse of the same width and energy. As a result, the physical inter-
pretation of the computational predictions is more straightforward
when the FWHM definition of the Gaussian laser spot width is
used. The much longer 5 mm length of the experimental rectangu-
lar laser spot in the direction perpendicular to the plane of the plot
in Fig. 1 justifies the 2D representation of the system in the simula-
tions. The total system size, Lx × Ly, is 2 × 1.2 mm2, the spatial reso-
lution of the mesh is 0.2 μm, and the time step is about 18.4 ps.

The characteristic depth of material heating during the laser
pulse, λdep, is defined by the optical penetration depth or the depth
of the thermal energy redistribution by the heat diffusion into the
target, whichever is larger. For irradiation at a wavelength of
355 nm, the optical absorption depth is only 9 nm, and λdep is

FIG. 1. Schematic illustration of the computational system used in 2D thermo-
elastic modeling of laser irradiation of a Si substrate.
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largely defined by heat diffusion during the laser pulse, i.e.,
λdep �

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2DthτL

p � 0:9 μm, where Dth ¼ kth/(ρcp) � 7:5910�5 m2/s
is thermal diffusivity. The experimental incident laser fluence of
0.75 J/cm2 is converted to the absorbed fluence of 0.315 J/cm2

using the reflectivity of 0.58 at a wavelength of 355 nm.48 The
absorbed fluence used in the simulations is further reduced to
0.25 J/cm2 to bring the maximum temperature reached in the sub-
strate to 1650 K, just below the melting temperature of silicon,
Tm = 1687 K.41

This reduction of laser fluence can be justified as follows.
According to the calculations performed with the model described
in Sec. II, the maximum temperature reaches ∼2000 K at the exper-
imental absorbed fluence of 0.315 J/cm2 (assuming Gaussian spatial
beam profile with width defined as FWHM). These calculations,
however, do not account for the melting process, and, given the
large heat of melting of Si, ΔHm = 50 kJ/mol,45 the melting depth
can be expected to be very shallow under the experimental condi-
tions. Indeed, with Cp(Tm) = 29 J/(mol K),45 one can estimate the
temperature variation equivalent to the complete melting of Si as
ΔT = ΔHm/Cp(Tm) = 1724 K, which is more than 5 times larger than
the level of superheating above Tm predicted in the simulations.
Moreover, the onset of melting in Si has been observed to result in
the saturation and even a small decrease in the amplitude of SAWs
generated by nanosecond pulse irradiation of Si substrates.30,40

These observations have been explained by the negative volume of

melting of Si, the loss of shear rigidity upon melting that dimin-
ishes the contribution of the molten layer to the generation of
SAWs, and the decrease in the heat flux into the solid part of the
substrate due to the partial transformation of the deposited laser
energy into the heat of melting.40 Further increase in the laser
fluence leads to a sharp increase in the amplitude and changes in
the shape of the laser-generated SAW pulse at the onset of the col-
lective material ejection (ablation) triggered by the explosive
boiling of Si49 heated to the levels comparable to the critical tem-
perature, Tc = 5159 K.50 Since the experimental conditions of
Ref. 21 are substantially below the ablation threshold, the scale down
of the fluence to just below the melting threshold should provide a
reliable order of magnitude estimate of the SAW amplitude while
avoiding the complications and uncertainty related to the introduc-
tion of the description of melting into the thermoelastic model.

The simulation of the laser-induced generation of the acoustic
waves is performed for a time sufficiently long for the formation of
well-defined SAWs propagating away from the laser spot but
shorter than the time needed for the waves to reach the boundaries
of the computational system. A snapshot from the simulation taken
at a time of 100 ns and illustrating the distribution of the density of
thermoelastic energy is shown in Fig. 2. The energy density
includes the contributions from the longitudinal and shear bulk
waves, SAWs, and quasistatic stresses in the vicinity of the laser
spot related to the temperature gradients. It does not include the

FIG. 2. The distribution of the thermoelastic energy density at a time of 100 ns predicted in a simulation of a silicon substrate irradiated by a 6 ns laser pulse at a wave-
length of 355 nm and an absorbed fluence of 0.25 J/cm2. The irradiation conditions are comparable to those used in the experiments described in Ref. 21. The laser beam
has a Gaussian spatial profile along the x axis with a width d of 16 μm, the characteristic depth of the laser energy deposition/redistribution during the laser pulse, λdep, is
about 0.9 μm, and the characteristic length of the SAW propagation during the laser pulse, d0, is about 29.5 μm. The laser-induced longitudinal and shear bulk waves are
schematically marked by black and yellow lines, respectively. The labels denote the surface acoustic waves (SAW), the compressive (L1) and tensile (L2) components of
the longitudinal wave, the shear waves generated by the rapid laser heating (S), and the interaction of the longitudinal wave with the free surface of the substrate (S1). The
quasistatic thermal stresses related to the temperature gradients produced by laser energy deposition are also present in the vicinity of the laser spot.
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contribution of the thermal energy deposited by the laser pulse.
Although the laser irradiation leads to the generation of a variety of
waves propagating into the bulk of the substrate, the focus of the
present study is on the two broadband SAW pulses launched from
the laser spot and propagating in the opposite directions along the
surface of the substrate. The strain produced by the SAW pulses
ranges from −2.45 × 10−5 to 0.95 × 10−5 for exx and from
−0.75 × 10−5 to 1.0 × 10−5 for eyy components. The maximum level
of strain is reached at the surface of the substrate for exx and at
some depth under the surface for eyy .

To check the effect of the shape of the spatial profile of the
laser beam on the SAW generation, we have performed an addi-
tional simulation under the same conditions as the simulation dis-
cussed above but with a flat-top laser energy distribution profile
along the x axis instead of the Gaussian one. With the flat-top laser
beam, the amplitude Axx of the SAW pulse is found to increase by
about 16%, from 2.45 × 10−5 to 2.85 × 10−5. This observation sug-
gests that the sharpness of the spatial profile of the laser energy
deposition may lead to a moderate increase in the efficiency of the
SAW generation. A typical profile of surface strain exx obtained in
the simulation of laser generation of SAW pulses is shown in Fig. 3
for the conditions similar to those used in the simulation illustrated
in Fig. 2, but for a twice larger width of the laser beam, d = 32 μm,
and the flat-top laser beam. These conditions are close to the
optimal ones for the generation of strongest SAW pulses by 6 ns
pulses at a wavelength of 355 nm.

Since Eqs. (1)–(3) do not account for the nonlinearity of elastic
properties of the material, the SAW pulse propagates without sharp-
ening of the wave profile and formation of a shock front in the simu-
lations. The SAW amplitude Axx = 2.45 × 10−5 predicted for the
experimental conditions of Ref. 21 or Axx = 3.17 × 10−5 predicted for
a twice wider flat-top laser beam (Fig. 3), however, may be suffi-
ciently high to expect a substantial nonlinear distortion of the SAW
pulse profile during the pulse propagation in a real Si substrate
exhibiting a pronounced nonlinear behavior.16–18,30 Moreover, it has
been noted51 that the nonlinear evolution of a broadband laser-
generated SAW pulse can be expected to be more pronounced than
that of a sinusoidal wave, as the nonlinear frequency up-conversion
occurs in a large spectral range. Nevertheless, a further increase in
the strength of the SAW pulses generated in the thermoelastic
regime would benefit the applications. Thus, the optimization of the
irradiation conditions focused on increasing the strength of the SAW
pulses is discussed next.

The dependence of the wave amplitude and energy on the size
of the laser spot is explored next in a series of simulations
where the width of the flat-top laser beam d was varied from 0.5 to
256 μm, while all other irradiation parameters are kept the same as
in the simulations discussed above. The results of the simulations
are shown in Fig. 4, and the interpretation of the results can be

FIG. 3. The profile of surface strain exx of a laser-generated SAW pulse pre-
dicted in a simulation performed at τL ¼ 6 ns, Fabs = 0.25 J/cm

2, d = 32 μm,
and a flat-top laser beam profile. These conditions correspond to λdep≈ 0.9 μm
and d0≈ 29.5 μm. The horizontal arrow shows the direction of the SAW pulse
propagation. The strength of the SAW pulse is characterized by the amplitude
Axx marked on the plot.

FIG. 4. The laser spot size depen-
dence (flat-top laser beam profile) of the
amplitude (a) and the energy per unit
length of the wave front (b) of a SAW
pulse generated in simulations of laser
irradiation of a Si substrate. The laser
pulse duration of τL ¼ 6 ns corre-
sponds to the thermal diffusion length
λdep≈ 0.9 μm and wave propagation
distance of d0≈ 29.5 μm during the
laser pulse. The black solid line in (a)
shows the result of fitting the scaling
law Axx � (d þ d0)

�1 to the three data
points with d � 64 nm.
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guided by the conclusions of an analytical study of elastic waves
emitted from circular elements vibrating normally to the surface of
a semi-infinite substrate.52 According to this study, the scaling of
energy of a SAW emitted from a circular laser spot with the spot
diameter d depends on whether the spot diameter is smaller or
larger than the characteristic length of the SAW propagation
during the time of laser irradiation, d0 ¼ τLvSAW. The energy scales
as ESAW � d2 for d � d0 and as ESAW � d for d � d0. A similar
analysis based on the consideration of a rectangular laser spot as a
linear arrangement of point sources gives ESAW � d2 for d � d0
and ESAW � const for d � d0. At distances smaller than the SAW
wavelength λ, the interference of a set of coherent point sources leads
to a square increase of the total energy, while a destructive interference
of sources separated by a distance comparable to (or larger than) λ
gives a constant value. For d � d0, the SAW wavelength λ is mostly
dictated by the pulse duration and does not depend on the spot diam-
eter. Meanwhile, for d � d0, the SAW wavelength increases propor-
tionally to the spot size, i.e., λ � d þ d0. Since the energy
localization near the surface is proportional to λ for SAWs,
ESAW � e2xxλ

2, and one can obtain the following scaling of the wave
strain amplitude and energy on the spot size:

Axx � d, ESAW � d2 for d � d0
Axx � (d þ d0)

�1, ESAW � const for d � d0:

�
(4)

These analytical scaling laws are in good agreement with the
dependencies obtained in the simulations and depicted in Fig. 4.
With τL ¼ 6 ns and vSAW ¼ 4920m/s, the length of the SAW

propagation during the laser pulse can be evaluated as
d0 ¼ τLvSAW � 29:5 μm. The wave amplitude Axx exhibits a
close-to-linear increase for d � d0, reaches its maximum of about
3.17 × 10−5 at d � d0, and decreases as Axx � (d þ d0)

�1 upon
further increase in d. The theoretical scaling and the computational
predictions are also in agreement with the experimental data on the
laser spot size dependence of the efficiency of the SAW generation
in Al samples.53

To investigate the effect of pulse duration on the generation of
SAWs, an additional series of simulations is performed for a pulse
duration of 10 ps. Since the purpose of these simulations is to
check how more than two orders of magnitude reduction of the
pulse duration affects the generation of SAWs, we do not incorpo-
rate a detailed description of the kinetics of laser energy redistribu-
tion during the equilibration of the optically excited states in Si54–56

into the model but simply assume the same Beer–Lambert laser
energy deposition profile with the optical absorption depth of 9 nm
as used in the simulations of nanosecond laser irradiation described
above. The laser fluence is selected to be 0.01 J/cm2, which gives
approximately the same maximum temperature in the target as in
the simulations performed with the longer 6 ns pulse. For small
laser beam widths of d < 250 nm, the simulations are performed for
systems with dimensions of Lx × Ly = 8 × 4 μm2, the spatial resolu-
tion of the mesh of 0.8 nm, and the time step of about 73.3 fs. To
ensure that SAWs pass a sufficient distance from the irradiated area
and the measured strain profiles are not affected by the static strain
produced by the temperature increase in the region of laser energy
deposition and by the laser-generated bulk waves, we increase Lx to

FIG. 5. The distribution of the thermoelastic energy density at a time of 403 ps predicted in a simulation of a silicon substrate irradiated by a 10 ps laser pulse at a wave-
length of 355 nm and an absorbed fluence of 0.01 J/cm2. The laser beam has a Gaussian spatial profile along the x axis with a width d of 400 nm, the characteristic depth
of the laser energy deposition/redistribution during the laser pulse, λth, is about 39 nm, and the characteristic length of the SAW propagation during the laser pulse, d0, is
about 49 nm. The laser-induced longitudinal and shear bulk waves are schematically marked by black and blue lines, respectively. The labels denote the surface acoustic
waves (SAW), the compressive (L1) and tensile (L2) components of the longitudinal wave, and the shear waves (S) generated by the laser energy deposition and the inter-
action of the longitudinal wave with the free surface of the substrate (S1). The quasistatic thermal stresses related to the temperature gradients produced by laser energy
deposition are also present in the vicinity of the laser spot.
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28 μm in simulations performed with wider laser spots,
d≥ 250 nm.

A representative example of the distribution of thermoelastic
energy density in a Si target irradiated by a 10 ps pulse with a
width of the Gaussian spatial profile in the x-direction of 400 nm is
shown in Fig. 5 for a time of 403 ps. The strain exx produced by the
SAW pulses ranges from −1.45 × 10−4 to 4.25 × 10−5. The gener-
ated acoustic pattern is qualitatively similar to the one shown in
Fig. 2 for the longer laser pulse. The much more rapid energy
deposition, however, creates the conditions close to the stress con-
finement,49,57 when the heated material does not have time to fully
expand in the vertical direction during the laser pulse, leading to
the buildup of compressive stresses that, in turn, drive the emission
of more intense longitudinal waves into the bulk of the substrate.

The fraction of the total energy deposited by the laser pulse
that goes into the generation of the acoustic waves is about
1.1 × 10−4 in this simulation, and approximately 10% of the total
acoustic energy is carried by SAWs. For comparison, in the simula-
tion performed with 6 ns pulse and illustrated in Fig. 2, less than
10−5 of the deposited energy goes into the generation of the acous-
tic waves, but more than 70% of the acoustic energy corresponds to
the SAWs.

Similar to the results obtained with longer 6 ns pulses, the
irradiation by a 10 ps pulse with a flat-top laser beam profile along
the x axis leads to the generation of stronger SAW pulses. In partic-
ular, for the simulation with d = 400 nm illustrated for the
Gaussian beam profile in Fig. 5, the amplitude of the SAW pulses
Axx increases by more than a factor of two, from 1.45 × 10−4 to
3.8 × 10−4, when the flat-top beam of the same width is applied.

The dependence of the amplitude and energy of a SAW pulse
generated by a 10 ps laser pulse on the laser spot size is shown in
Fig. 6. Similar to the longer 6 ns laser pulse irradiation considered
above, the spot size dependence exhibits the two distinct regimes, a
close-to-linear increase of Axx for d � d0 and Axx � (d þ d0)

�1

decrease for d � d0, with the strain amplitude going through the
maximum at the transition between the two regimes. The
maximum value of strain amplitude, 4.6 × 10−4, is more than an
order magnitude higher than that observed in the simulations per-
formed with 6 ns pulse, Fig. 4, and the spot size corresponding to

the maximum strain is shifted from d � d0 in Fig. 4 to
d � 1:22d0 in Fig. 6. Both the increase in the maximum strain
amplitude and the shift of the optimal laser spot size to d . d0
may be partially attributed to a depth of laser heating, λth≈ 39 nm,
being comparable to the characteristic length of SAW propagation
during the laser pulse, d0≈ 49 nm. As a result, the integral source
cannot be considered as an infinitely thin plane of point sources,
and the three-dimensional distribution of point sources must be
accounted for. We note that the predicted optimal size of the laser
spot for the generation of SAWs with the maximum amplitude is
too small for practical applications. Even if the laser energy deposi-
tion is localized down to tens of nanometers, e.g., through the near-
field enhancement techniques,58–60 the energy of the produced
SAW pulses [compare Figs. 4(b) and 6(b)] will still be too low for
exhibiting any nonlinear effects during their long-range propaga-
tion. Indeed, since the laser spot size defines the wavelength λ of
the SAW, the SAW energy is proportional to λ2, and the active dis-
sipation of the wave is localized at the shock front,27 the rate of the
wave decay during the nonlinear propagation increases with
decreasing laser spot. Nevertheless, the results obtained for the
short laser pulses suggest that the increase in the depth of the laser
heating can substantially strengthen the laser-generated SAW
pulses.

The effect of the laser energy deposition depth λdep on the
characteristics of SAWs is investigated in an additional series of
simulations performed with 6 ns laser pulse and a width of the
spatial laser beam profile in the x-direction fixed at d = 32 μm,
which is close to the optimum width for the generation of strong
SAWs, as identified in the simulations discussed above. The laser
fluence in each simulation is selected to ensure that the maximum
temperature is the same as in the simulations discussed above, i.e.,
close but still below the melting temperature Tm. In contrast to the
simulations performed for a fixed optical absorption depth of
9 nm, however, the optical absorption depth is used in the present
series of simulations to control the laser energy deposition depth
λdep. The absorption depth in Si exhibits a strong dependence on
the laser wavelength and exceeds 1 and 100 μm as the wavelength
increases above 510 and 980 nm, respectively.48,61 In the present
parametric study, we do not describe the results in terms of the

FIG. 6. The laser spot size depen-
dence (Gaussian laser beam profile in
the x-direction) on the amplitude (a)
and the energy per unit length of the
wave front (b) of a SAW pulse gener-
ated in simulations of laser irradiation
of a Si substrate. The laser pulse dura-
tion of τL ¼ 10 ps corresponds to the
thermal diffusion length λdep≈ 39 nm
and wave propagation distance of
d0 ≈ 49 nm during the laser pulse.
The black solid line in (a) shows
the result of fitting the scaling law
Axx � (d þ d0)

�1 to the data points
with d � 120 nm.
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laser wavelength but systematically change the absorption depth
instead. To simplify the interpretation of the results, we neglect the
contribution of the heat diffusion to the laser energy deposition
depth and define λdep to be equal to the optical penetration depth,
even though the heat diffusion does make a noticeable contribution
to the temperature profile at the end of the laser pulse in the simu-
lations performed with the shortest optical penetration depths of
1.3, 3.3, and 7.3 μm.

The dependence of the strain amplitude of the laser-generated
SAW pulses on λdep is shown in Fig. 7. For a small depth of laser
energy deposition relative to d0, the energy of the generated SAWs
is proportional to λ2dep, since the point sources located at different
depths contribute coherently to wave generation. For the strain
amplitude, this leads to Axx � λdep. At large energy deposition
depths, when λdep � d0, the energy of the emitted waves is limited
by the destructive interference of the point sources, which also sug-
gests a saturation of Axx , since ESAW � e2xxλ

2, and the wavelength of
the generated wave is only weakly affected by the energy deposition
depth. Importantly, the level of the strain amplitude saturation is
above 6 × 10−4, demonstrating that the laser-induced SAW pulses
generated in the thermoelastic regime can be sufficiently strong for
the shock front formation and nonlinear coupling to surface
processes.

The general character of the observed trends can be illustrated
by mapping the conditions of simulations performed with 6 ns
pulses (Fig. 7) to those discussed above for 10 ps pulses (Fig. 6). In
the simulations performed with 10 ps pulses, the maximum strain
amplitude is ∼4.6 × 10−4, and the effective heat deposition depth,
largely defined by the heat diffusion, is λdep≈ 0.8d0. For a longer

6 ns laser pulse and 32 μm laser spot, λdep≈ 0.8d0 gives the
maximum SAW strain of ∼3.8 × 10−4. The good agreement of the
strain amplitudes obtained for comparable laser energy deposition
conditions, but more than two orders of magnitude different pulse
durations, supports the general character of the scaling laws
revealed in the present study. The relatively small quantitative dif-
ference between the two values of Axx may be attributed to the dif-
ference in temperature distributions, which are mainly produced by
the heat diffusion in simulations illustrated in Fig. 6 and are
defined by the Beer–Lambert optical absorption law in the simula-
tions illustrated in Fig. 7.

IV. CONCLUSIONS

The results of the computational analysis of the generation of
SAW pulses in a Si substrate irradiated by short laser pulses reveal
the general scaling laws describing the dependence of the ampli-
tude and energy of the SAW pulses on the width of the laser beam
and suggest the following guidelines for the optimization of the
irradiation parameters (pulse duration, spot size, and absorption
depth) aimed at the generation of strong SAWs in the thermoelastic
regime:

(1) The maximum amplitude of a laser-generated SAW pulse can
be achieved when the laser spot size d is comparable to the
characteristic length of SAW propagation during the laser irra-
diation d0, i.e., d � d0 ¼ νSAWτL, where τL is the laser pulse
duration and νSAW is the speed of the SAW. For spot sizes
smaller than the optimum value, the SAW pulse amplitude
exhibits a close-to-linear decrease with decreasing d, while for
larger spot sizes, the decrease in the wave amplitude follows
the Axx � (d þ d0)

�1 scaling.
(2) The amplitude of SAW pulses increases with the increase in

characteristic laser energy deposition depth λdep and saturates
at λdep � 2� 4 d0. Moreover, at λdep . d0 , the optimal laser
spot size for the maximum strength of the SAW pulses shifts
to the values somewhat higher than d0.

(3) The laser pulses with sharp spatial energy deposition profiles
(flat-top laser beams) produce stronger SAWs, and the effect of
the beam profile is more pronounced when the depth of the
laser energy deposition is large.

At the quantitative level, the results of the simulations demon-
strate the ability of nonablative short pulse laser irradiation to gen-
erate SAWs with strain amplitudes that are sufficiently high for
causing the nonlinear sharpening and shock front formation
during the wave propagation in the substrate. In particular, the
optimization of irradiation conditions (pulse duration, laser spot
size, absorption depth, and the shape of the laser beam profile) can
lead to the thermoelastic generation of SAW pulses in a Si substrate
with strain amplitudes at the level of 10−4–10−3. The computational
predictions support the interpretation of experimental observations
of the acoustic activation of surface processes in terms of the
dynamic coupling of high-frequency SAW harmonics generated
during the nonlinear propagation of SAWs to surface species. More
generally, the feasibility of a continuous generation of strong nonlin-
ear acoustic pulses in the thermoelastic regime encourages the explo-
ration of the utilization of acoustic energy for driving various surface

FIG. 7. The dependence of the amplitude of a SAW pulse on the characteristic
depth of laser energy deposition. The SAW pulses are generated by 6 ns laser
pulses with a flat-top beam profile in the x-direction and the laser spot size of
d = 32 μm. The wave propagation distance during the laser pulse is
d0≈ 29.5 μm.
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processes in thin film deposition, growth of two-dimensional materi-
als, heterogeneous catalysis, and other applications.
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