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ABSTRACT

In this paper, we investigate the femtosecond-optical-pulse-induced strain dynamics in relatively thin (100 nm) and thick (10 000 nm) silicon
plates based on finite-element simulations. In the thin sample, almost spatially homogeneous excitation by the optical pulse predominantly
generates a standing wave of the lowest-order acoustic resonance mode along the out-of-plane direction. At the same time, laterally propagat-
ing plate waves are emitted at the sample edge through the open edge deformation. Fourier transformation analysis reveals that the plate
waves in the thin sample are mainly composed of two symmetric Lamb waves, reflecting the spatially uniform photoexcitation. In the thick
sample, on the other hand, only the near surface region is photo-excited and thus a strain pulse that propagates along the out-of-plane direc-
tion is generated, accompanying the laterally propagating pulse-like strain dynamics through the edge deformation. These lateral strain
pulses consist of multiple Lamb waves, including asymmetric and higher-order symmetric modes. Our simulations quantitatively demon-
strate the out-of-plane and in-plane photoinduced strain dynamics in realistic silicon plates, ranging from the plate wave form to pulse trains,
depending on material parameters such as sample thickness, optical penetration depth, and sound velocity.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/4.0000059

I. INTRODUCTION

Ultrafast light-induced strain dynamics in solid materials have
attracted significant attention since the development of femtosecond
laser sources. The generation and propagation of strains have been
investigated in simple metals and semiconductors since the 1980s by
employing ultrafast pump–probe measurements.1,2 Microscopically,
strains in metals and semiconductors are mainly generated via two
major mechanisms: thermoelasticity and deformation potential.3

When a material is irradiated by a pulsed light, the lattice temperature
in the photo-excited region is increased by the electron–phonon cou-
pling. As a result, thermoelastic strains are generated by instantaneous
thermal expansion in many metals4–8 and semiconductors.4,9

Additionally, in semiconductors with band gaps, light also generates
electron–hole pairs, thereby modifying interatomic forces. This means
that the equilibrium positions of atoms are modified and strains are
generated.10,11 Depending on the photo-excited electron distribution,
the strain caused by the deformation potential can be either compres-
sive or expansive, whereas thermoelasticity can only expand the lattice
in usual materials that show positive thermal expansion coefficients.

In general, the dispersion of acoustic waves in finite size systems
is modified compared to that in bulk samples by the traction-free
boundary conditions at sample surfaces.12 For example, in plates made
of isotropic media, longitudinal and transverse acoustic branches are
transformed into two infinite sets of plate waves, which are referred to
as symmetric and asymmetric Lamb waves.12 Because of the low-
attenuation and high sensitivity to defects, these guided acoustic waves
have been used for nondestructive inspection. In particular, the photo-
excited acoustic waves have great advantage because they can be used
without transducers that have to be attached to the sample.13 A pio-
neering experiment using time-resolved optical microscopy allowed
researchers to visualize plate waves emanating from a point-source
photoexcitation.14 Similar experiments on nano-fabricated materials
(e.g., phononic crystals) have further revealed characteristic phenom-
ena, such as acoustic rectification15 and the emergence of a phononic
band gap.16 Furthermore, a zero-group-velocity Lamb wave, which
can be used for many applications,17 was also observed at micrometer
resolution.18 However, a point-source excitation generates pulsed
acoustic waves that are composed of multiple modes and the interfer-
ence between various modes with strong dispersion inevitably induce
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difficulty in the data interpretation in defect detection.13 In addition,
sensitivity to the nanometer-size defect is severely limited by the wave-
length of acoustic waves (i.e., the laser spot size,�1lm).19 In contrast,
as described below, single- and few-mode acoustic waves can be pho-
toexcited in the nanometric objects such as thin plates where the wave-
length is determined mainly by the sample size (e.g., sample thickness
in plates).

Here, let us focus on nanometric thin plates. When thin plates
are excited by optical pulses, complicated strain dynamics occur
depending on their thickness. In the case where the optical penetration
depth a is much greater than the sample thickness d, samples are
approximately homogeneously excited, as shown in Fig. 1(a). The
ultrafast carrier excitation and temperature increase induce stress and
strain via deformation potential and thermoelasticity mechanisms.
Depending on the sign of the stress, a sample may expand or contract
in the out-of-plane direction [Fig. 1(b)]. Subsequently, the thickness of
the sample periodically changes with the lowest-order acoustic reso-
nance frequency v/2d in the form of a standing wave,6,8 where v is the
sound velocity. Detailed Fourier transformation analysis of transient
reflectivity measurements revealed that higher-order acoustic reso-
nance modes with the frequencies of mv/2d (m¼ 3,5,7,…) are also
excited in free-standing silicon membranes.20 In thick samples that
satisfy d� a, on the other hand, carriers are only excited near the sur-
face region [Fig. 1(c)]. It thus induces the strain dynamics significantly
different from those in thin samples. Due to the localized stress, a
strain pulse is generated at the surface and begins to propagate along
the out-of-plane direction [Fig. 1(d)]. At the bottom surface of the
sample, this strain pulse is reflected. Consequently, the pulse travels
back and forth with the sound velocity v, referred to as “acoustic ech-
oes,” whose time intervals are determined to be T¼ 2d/v.4,9

Theoretically, these out-of-plane strain dynamics can be modeled by
temperature-carrier-strain equations, as described in the Methods
section. The analytical/simulated solutions of these equations are
known to agree well with experimental results presented in the
literature.4,6–11,20

The photoinduced out-of-plane strains in plates are further con-
verted into the in-plane strains when samples have any edges.21

Poisson’s ratio of a material is typically positive; thus, the expansion
(contraction) along the out-of-plane direction induces contraction
(expansion) along the in-plane direction at the sample edges and

defects [see Figs. 1(b) and 1(d)]. Simply speaking, the wavelengths of
photogenerated acoustic waves in thin plates can be determined by the
sample thickness and thus can be nanometer scale in very thin films.
Nonetheless, the direct detection of acoustic waves in nanometer scale
had been difficult due to the lack of experimental methods with nano-
meter and picosecond resolutions. Recent development of ultrafast
electron microscopy enables us to investigate acoustic phenomena in
this region. Indeed, in-plane acoustic waves with wavelengths of a few
hundred nanometers have been observed in thin films by using ultra-
fast electron microscopy,21–23 in which only a few Lamb wave modes
are excited. Therefore, the combination of short-pulse photoexcitation
with nano-fabrication techniques could potentially facilitate the
nanometer-scale contactless inspection. However, the detailed nature
of photoinduced strains in plates, such as their wave shapes, ampli-
tudes, and frequency characteristics, is still unknown due to the lack of
theoretical and experimental investigations fully considering the effect
of photoexcitation, as well as the velocity dispersion and the multiple-
mode properties of plate waves. In particular, it is important to quanti-
tatively analyze how the sample thickness and the optical penetration
depth affect the transient characteristics of total strain dynamics.

In this study, we investigated carrier-strain dynamics in silicon
plates with thicknesses of d¼ 100 and 10 000nm through finite-
element simulations. For the thin sample (d¼ 100nm), it was deter-
mined that the sample was approximately homogeneously excited and
that the out-of-plane standing waves were dominated by the lowest-
order acoustic resonance mode because the optical penetration depth
a (’1000nm) was much greater than d. The laterally propagating
plate waves generated at the edge of the sample via the out-of-plane
standing waves were mainly composed of two symmetric Lamb waves
at the lowest-order acoustic resonance frequency. In contrast, for the
thick sample (d¼ 10 000 nm), only the near-surface region was excited
based on a mismatch between the optical penetration depth and sam-
ple thickness. As a result, the out-of-plane strain pulse propagating
perpendicular to the sample surface was generated. The laterally prop-
agating strains in the thick sample exhibited various branches and fre-
quencies, including both asymmetric and symmetric Lamb waves.

II. METHODS

The elastodynamic wave equation in isotropic and homogeneous
materials, which is referred to as Navier–Cauchy equation, is written
as

q
@2u
@t2
¼ lr2uþ lþ kð Þr r � uð Þ þ rrext;

where u ¼ ðux; uy; uzÞ are the atomic displacements, q is density, k
and l are Lamè constants, and rext is a photoinduced stress term. We
define the x and z axes as the axes perpendicular and parallel to the
thickness direction, and the origin is defined as the bottom-left edge of
each sample [see Fig. 1(a)]. Therefore, z¼ d and z¼ 0 correspond to
the top and bottom surfaces, respectively. We assume that the sample
is infinite along the y direction. By assuming uy ¼ 0 and @ui=@y ¼ 0
(i¼ x, y, z), the two-dimensional elastodynamic wave equation is
expressed as follows:12

q
@2ux
@t2
� kþ 2lð Þ @

2ux
@x2
¼ k

@2uz
@x@z

þ l
@

@z
@ux
@z
þ @uz
@x

� �
þ @rext

@x
;

(1)

FIG. 1. Schematics of photoinduced strain dynamics. (a) Approximately homoge-
neous stress distribution in the thin sample. The thickness d is much smaller than
the optical penetration depth a in (a) and (b). (b) Out-of-plane standing wave.
Contraction and expansion of the sample occur alternatingly as indicated by the
thick black arrows. (c) Photo-generated stress localized near the surface region in
the thick sample (a� d). (d) Out-of-plane strain pulse generated at the surface
that propagates along the thickness direction. The wave is reflected at the bottom
surface of the sample as represented by the blue arrow.
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(2)

In isotropic semiconductors, a stress rext is mainly composed of two
contributions from thermoelasticity and deformation potential. These
contributions can be calculated from time-dependent lattice temperature
Tlðx; z; tÞ and electron–hole pair (carrier) density n(x,z,t). Light initially
excites electron–hole pairs with an excess energy of h� � Eg, where h�
is the excitation photon energy and Eg is the band gap. We assume that
the energy of such electron–hole pairs is released to the lattice through
carrier–lattice coupling and Auger recombination processes.24,25 Based
on previous studies,4,6–11,20 we define the following equations:

C
@

@t
Tl � KTr2Tl ¼

Eg
sR

nþ h� � Eg
h�

P z; tð Þ; (3)

@n
@t
� Knr2n ¼ � n

sR
þ P z; tð Þ

h�
; (4)

where P(z, t) is a source term. The definitions and values of other
parameters are listed in Table I. The first terms on the right sides of
Eqs. (3) and (4) denote Auger recombination processes, where energy
is released to a third carrier and subsequently to the lattice. We assume
that the electron–phonon and phonon–phonon relaxations are much
faster than Auger recombination, and thus the lattice temperature Tl is
instantly increased after Auger recombination. It should be noted that
the recombination time sR is dependent on the carrier density
(s�1R / n2).24 The stress term rext is the sum of those by the thermo-
elasticity rTE and deformation potential rDP:

3

rTE ¼ �3Bb Tl � T0ð Þ;
rDP ¼ �dehn:

The coefficients B; b; deh are described in Table I. T0¼ 297K is the
temperature before photoexcitation. It should be noted that positive

and negative rext values correspond to contraction and expansion of
the lattice, respectively. We assume a simple profile for the source
term Pðz; tÞ, which is defined as follows:26

P z; tð Þ ¼
AF=affiffiffiffiffi
2p
p

Dt
exp � t2

2Dt2

� �
exp

z � d
a

� �
;

where F, Dt, and a are the fluence, temporal width, and optical pene-
tration depth of light, respectively. By using reflectivity Rref and trans-
mittance Tref, we define optical absorption rate A¼ 1 � Rref � Tref. It
should be noted that we use AF¼ 1 mJ/cm2 for all calculations despite
the transmittance being dependent on thickness. This enables us to
directly compare the calculation results for different thickness samples
because the carrier and temperature distribution become almost iden-
tical. In addition, we ignore non-linear light absorptions such as two-
photon and free-carrier absorptions in this model since these effects
are weak and do not affect the calculation results under the present flu-
ence of 1 mJ/cm2.27 By solving Eqs. (1)–(4) using the finite-element
method, we investigated carrier-strain dynamics in silicon plates.

A time-domain finite-element simulation was performed using
the COMSOL Multiphysics software (version 5.4) with a partial differ-
ential equation module. To approximate semi-infinite silicon flat
plates, we used two-dimensional models consisting of 16lm� 100nm
and 1600lm� 10lm plates of isotropic silicon for the thin and thick
samples, respectively. The strains generated at one edge of each sample
did not affect the results at another edge based on the adopted tempo-
ral scales. We used tetragonal mesh sizes of 2� 2 nm and
200� 200nm for the thin and thick samples, respectively. The tempo-
ral discretization values were set to maximum values of 0.5 ps and 50
ps for the thin and thick samples, respectively. In the first 1 ps, where
pulsed light with a duration of 300 fs was irradiated onto the sample,
we used a maximum time step of 10 fs. The accuracy of the simula-
tions, particularly during the first 100 ps for the thick sample, was
carefully verified by testing different discretization values. All parame-
ters used for our simulations are listed in Table I.

TABLE I. Parameters used for our simulations.

Symbol Parameter Value for Si Unit Ref.

q Density 2.329 g/cm3 …
k Lamè constant 63.94 GPa 34, 35
l Lamè constant 50.85 GPa 34, 35
C Heat capacity 2:24� 106 J/(m3 K) 36
KT Thermal diffusion coefficient 1:5� 105 � T�1:226 W/(K m) 36
Kn Carrier diffusion coefficient 1:25� 10�5 � T m2/s 37
Eg Band gap 1.12 eV …
sR Auger recombination time n�2=ð3:8� 10�43Þ S 24, 37
B Bulk modulus 97:8 GPa 34, 35
b Linear expansion coefficient 2:6� 10�6 K�1 38
deh Deformation potential parameter �2:3� 10�24 � B J 10
T0 Temperature before photoexcitation 297 K …
a Optical penetration depth 971 nm 39
h� Photon energy 2.4 eV …
AF Absorbed fluence 1 mJ/cm2 …
Dt Optical pulse width 300 fs …
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III. RESULTS AND DISCUSSIONS

Figure 2 presents the time dependence of the temperature Tl,
photoexcited carrier density n, and stress rext for a silicon plate with a
thickness of d¼ 100nm. As shown in Figs. 2(a) and 2(d), n rapidly
increases to 2.5� 1026 m�3 within the first 1 ps. The sample is approx-
imately homogeneously excited since the sample thickness (100 nm) is
much thinner than the optical penetration depth (’1000nm), as
shown in Fig. 2(a). Following the first carrier excitation, the carrier
density n gradually relaxes toward zero by the carrier recombination.
The temperature Tl increases to approximately 320K within the first
1 ps [Figs. 2(b) and 2(e)] because we assume that the excess energy h�
� Eg is instantaneously transferred to the lattice in Eqs. (3) and (4).25

On a longer timescale, the temperature increases gradually, which is
associated with the carrier recombination. The resulting temporal pro-
files of the stresses rDP and rTE are presented in Figs. 2(c) and 2(f). It
should be noted that positive and negative stresses cause contraction
and expansion, respectively. In the case of silicon, rDP is positive, as
indicated in previous studies.10,28 Therefore, the total stress rext ¼
rDP þ rTE is positive within approximately 80 ps following photoexci-
tation and then changes to negative due to the thermal elasticity.

In Fig. 3(a), we present the time dependence of the atomic dis-
placement uz in the x–z plane. Because the stress term rext is positive
and homogeneous, the sample is contracted at 12 ps following photo-
excitation, which is consistent with previous optical pump–probe
experiments on silicon.10,29 Subsequently, alternating expansion and
contraction, i.e., standing wave along the z axis, can be observed at
t¼ 24, 36, and 48 ps. In a longer timescale, one can also see laterally
propagating plate waves generated at the edge of the sample. We focus
on the uz oscillation at x¼ 1000nm and z¼ d (top surface) in Fig.
3(c), where the plate waves do not affect the uz dynamics until �300
ps. The obtained oscillation period of 24 ps corresponds to the lowest-
order acoustic resonance mode under traction-free conditions, which
satisfies T¼ 2d/mv (m¼ 1, 2, 3, …). The Fourier-transformed data of

Fig. 3(c), which is shown in Fig. 3(d), reveal relatively weak contribu-
tions from higher-order (m¼ 3, 5, 7) resonance modes, as compared
to the lowest (m¼ 1) mode. Since the sample is almost homoge-
neously excited, resonance modes with even m values, which exhibit
asymmetric atomic displacement with respect to z¼ d/2, cannot be
observed. Previous pump–probe experiments on free-standing silicon
thin films (d¼ 221 and 346nm) have also indicated the excitation of
acoustic resonance modes with odd m values (1, 3, …, 19), where the
amplitude was significantly suppressed as a function of frequency
(/ 1=x2).20

Figure 3(b) presents the time dependence of dux/dt for the thin
sample. We use the time derivative of ux to eliminate contributions of
rather slow dynamics related to the thermal expansion in the lateral
dimension. In the first 100 ps, the sign of dux/dt is mainly positive,
indicating the presence of compression waves along the lateral direc-
tion driven by the positive stress @rext=@x. Similar to the case of out-
of-plane standing waves, this positive stress is derived from deforma-
tion potential (carrier excitation), which also causes stress in the hori-
zontal direction. Additionally, after t> 200 ps, periodic expansion and
shrinkage of ux can be observed. These results are confirmed by the
space–time contour of dux/dt for the top surface (z¼ d) in Fig. 3(e).
Above the dashed line in Fig. 3(e) (region A), dux/dt is largely domi-
nated by the periodic modulation with a period of 24 ps. Because this
period is consistent with the lowest-order acoustic resonance fre-
quency observed in Fig. 3(c), the periodic modulation of ux can be
interpreted as plate waves coupled to the out-of-plane standing waves.
In region B, dux/dt appears to be the superposition of several waves
with different wavelengths but with oscillation periods equal to those
in region A. These results indicate that the out-of-plane standing
waves are converted into several branches of Lamb waves with differ-
ent group velocities. By applying Fourier transformations along both
the x and t axes, the distribution of photogenerated Lamb waves in the
frequency–momentum space can be obtained, as shown by the gray

FIG. 2. [(a)–(c)] Distributions of the carrier density nðx; z; tÞ, temperature Tlðx; z; tÞ, and stress rextðx; z; tÞ at 1, 30, and 200 ps for the thin (d¼ 100 nm) sample. The sample
is photo-excited by a pulsed light propagating from the þz to �z direction with an absorbed fluence of 1 mJ/cm2 and 300 fs duration. Positive and negative rext values corre-
sponding to expansion and contraction, respectively. [(d) and (e)] Time dependence of n, Tl , and rext at the top surface (z¼ d). rTE and rDP in (f) indicate the stresses caused
by thermoelasticity and deformation potential, respectively.
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color-scale in Fig. 3(f). Based on the frequency-Lamb equations,12 the
analytical dispersion curves of the Lamb waves for isotropic silicon are
also calculated and overlaid (green and magenta curves). Considering
that the out-of-plane acoustic resonance modes are symmetric with
respect to z¼ d/2 and cannot couple to asymmetric Lamb waves, it is
natural that the intensity of the asymmetric Lamb waves (A0, A1)
should be very weak. Therefore, the excitations at a frequency of
approximately 40GHz should be interpreted as the so-called lowest-
and first-order symmetric Lamb waves (S0, S1) although it is difficult
to distinguish S1 and A1 from Fig. 3(f). In addition to the strong exci-
tation at 40GHz, higher-order symmetric Lamb waves are also excited
at 120GHz, but their intensity is much weaker than those at 40GHz,
as also revealed in the frequency characteristics of the out-of-plane
standing waves in Fig. 3(d). We note that the S0 mode excited in the
low-frequency region (<25GHz) is generated by the compressional
waves driven by the stress term @rext=@x. These results indicate that
the distributions of photogenerated Lamb waves are significantly
affected by the amplitude of the out-of-plane acoustic resonance mode
in Fig. 3(d) and their symmetry along the z direction.

We now investigate the carrier-strain dynamics of the thick sam-
ple (d¼ 10 000nm). We note that the spatial and temporal scales are
significantly different from the case of d¼ 100nm. Since the optical
penetration depth of silicon is approximately 1000nm, carriers are
generated only near the top surface of the sample, as shown in
Fig. 4(a). The excited carriers then relax to a quasi-equilibrium state
via carrier recombination and carrier diffusion along z. The carrier
recombination time is not significantly different from that of the thin

(d¼ 100nm) sample, and the time dependence of the carrier density
at the top surface in Fig. 4(d) exhibits a sharp peak near t¼ 0.
Similarly, the temperature near the top surface rapidly increases
around t¼ 0 and then relaxes to a quasi-equilibrium state via thermal
diffusion, although the temperatures at the top and bottom surfaces
are still significantly different at t¼ 20 000 ps [Figs. 4(b) and 4(e)]. In
Figs. 4(c) and 4(f), we present the profiles of the stress rext. At the top
surface, a positive sharp peak in the stress can be observed around
t¼ 0. The stress then rapidly drops to a negative value based on carrier
recombination, which is similar to the case of the thin sample in Fig.
2(f). In contrast, the stress at the bottom surface is always small in this
timescale. Such a strongly localized and asymmetric photoinduced
stress with respect to z¼ d/2 induces the strongly pulse-like strain
dynamics.

Regarding the z direction, the localized stress term rext causes
acoustic echoes. As shown in Fig. 5(a), a strain pulse is generated near
the top surface and then propagates toward the bottom surface with
the bulk longitudinal sound velocity. At the bottom surface, the strain
pulse is reflected and travels back toward the top surface (t¼ 1200 ps).
Consequently, the uz value at the top surface shown in Fig. 5(c) exhib-
its periodic echo signals. The period of the acoustic echoes (2400 ps) is
consistent with that of the lowest-order acoustic resonance mode
(T¼ 2d/v), although it is determined by the round trip travel time in
this case. We note that uz shows the strong x-dependent signals after
9600 ps in Fig. 5(b), in addition to the x-independent strain pulse. It
suggests that the plate starts to bend because of the thermal expansion
dominantly occurring at the top surface. In the frequency domain, the

FIG. 3. (a) Time dependence of uz(x,z,t) for the thin (d¼ 100 nm) sample. (b) Time dependence of @ux=@t. The positive and negative values correspond to the contraction
and expansion of the lattice along the horizontal direction, respectively. (c) uz(x,z,t) at x¼ 1000 nm and z¼ d¼ 100 nm. (d) Fourier-transformed version of the data in (c). The
vertical axis is multiplied by 10 in the high-frequency region. (e) Space–time contour of @ux=@t at the top surface (z¼ d). The black dashed line is a guide that divides regions
A and B. (f) Fourier-transformed version of the data in (e). The solid curves indicate the dispersion of the symmetric (green) and asymmetric (magenta) Lamb waves calculated
using the frequency-Lamb equations. Strongly excited symmetric modes are highlighted by circles. The region indicated by the black rectangle is magnified in the inset.
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Fourier-transformed data in Fig. 5(d) exhibit acoustic resonance peaks
for both even and odd m values due to the asymmetric stress rext.
Additionally, the amplitude of the higher-order modes is not significantly
suppressed compared to the thin (d¼ 100nm) sample in Fig. 3(d).

Figure 5(b) presents the time dependence of dux/dt for the thick
sample. Within the first 500 ps, a compression wave, which is

characterized by positive dux/dt values, is generated at the upper-left
edge of the sample via the instantaneous positive stress @rext=@x and
then propagates in the form of a cylindrical wave. This wave is gradu-
ally dephased because it is composed of a superposition of Lamb waves
with different sound velocities. At 1200 ps, the compression wave is
reflected at the bottom surface. The motion of the wave can be traced

FIG. 4. [(a)–(c)] Distributions of the carrier density nðx; z; tÞ, temperature Tlðx; z; tÞ, and stress rextðx; z; tÞ at 1, 30, and 200 ps for the thick (d¼ 10 000 nm) sample. The
sample is photo-excited by a pulsed light propagating from the þz to �z direction with an absorbed fluence of 1 mJ/cm2 and 300 fs duration. Positive and negative rext values
correspond to expansion and contraction, respectively. [(d) and (e)] Time dependence of n, Tl , and rext at the top surface (z¼ d). rTE and rDP in (f) indicate the stresses
caused by thermoelasticity and deformation potential, respectively.

FIG. 5. (a) Time dependence of uz(x,z,t) for the thick (d¼ 10 000 nm) sample. After 14 400 ps, the color scale is multiplied by 1/10. (b) Time dependence of @ux=@t. The posi-
tive and negative values correspond to contraction and expansion of the lattice along the horizontal direction, respectively. (c) uz(x,z,t) at x¼ 100 lm and z¼ d¼ 10 000 nm.
(d) Fourier-transformed version of the data in (c). (e) Space–time contour of @ux=@t at the top surface (z¼ d). (f) Fourier-transformed version of the data in (e). The solid
curves indicate the dispersion of the symmetric (green) and asymmetric (magenta) Lamb waves calculated using the frequency-Lamb equations. Strongly excited symmetric
and asymmetric modes are highlighted by green and magenta circles, respectively.
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by following the positive (red) distributions. After 9600 ps, while the
compression wave is almost completely suppressed by dephasing, dux/
dt is dominated by the periodic changes induced by the out-of-plane
strain pulse. It should be noted that thermal expansion generates a
negative offset in dux/dt because the stress rext is negative in this time-
scale [see Figs. 4(c) and 4(f)]. The periodic signal exhibits the series of
triangular patterns in the x–z plane, which is synchronized with the
reflection of the out-of-plane strain pulse at the top and bottom surfa-
ces. The complicated space–time contour at the top surface (z¼ d) in
Fig. 5(e) indicates that the laterally propagating strain pulses are com-
posed of various Lamb wave modes. The Fourier-transformed data in
Fig. 5(f) indicate that various modes are excited at the out-of-plane
acoustic resonance frequencies, which are indicated by the circle
markers. Unlike in the thin (d¼ 100nm) sample, asymmetric Lamb
waves are also generated at approximately 0.8 and 1.7GHz. It should
also be noted that the symmetric (asymmetric) Lamb waves are excited
at the frequencies of odd (even) acoustic resonance modes, which are
symmetric (asymmetric) with respect to z¼ d/2. Finally, the amplitude
of the Lamb waves at the high frequencies is not significantly sup-
pressed compared to the thin sample. These results agree with the fre-
quency characteristics of the out-of-plane strain pulse. However, the
signals from the in-plane strain pulses in Fig. 5(b) are much weaker
than those from the thin sample [Fig. 3(b)], whereas the out-of-plane
strain pulse has a larger amplitude. This is because the waveform of
the strain pulse is significantly distorted by the velocity dispersion of
Lamb waves.

The present finite-element simulations on thin and thick silicon
plates demonstrate the transient dynamics of the out-of-plane and in-
plane strains excited by pulsed light. Regarding the out-of-plane
strains, the present results reveal the acoustic resonance mode in the
thin plate, whereas the echoes of strain pulse traveling in the thick
plate. These are more or less consistent with the previous model calcu-
lations.4,6–11,20 For the in-plane strains, we can now directly discuss
the frequency- and wavenumber-profile as shown in Figs. 3(f) and
5(f), by explicitly considering the effect of optical penetration depth in
our model. Such a discussion had been difficult in the previous finite-
element simulation of in-plane strain on the WSe2 thin plate,21 which
solely assumed the pulsed strain at the surface as the initial condition.
In both the thin and thick plates, the distributions of the excited Lamb
waves strongly reflect the symmetry and frequency characteristics of
the out-of-plane strains, which is originally determined by photogen-
erated stress. The present calculation reveals that the plane wave like
Lamb waves with the nanometer scale wavelength can be exited in a
100-nm sample. Such Lamb waves are difficult to be generated by the
conventional point-source excitation and have great advantage in con-
tactless and nondestructive inspection with nanometer spatial resolu-
tion. We expect that the present theoretical calculation in thin sample
is verified experimentally by electron microscopy techniques in the
future. Our model can be easily extended to more complicated sys-
tems, such as anisotropic, three-dimensional, and nano-fabricated sys-
tems, and thus will play an important role for future development of
contactless nondestructive testing and development of ultrafast acous-
tic devices in nm scale.

IV. CONCLUSION

We investigated the ultrafast carrier-strain dynamics of silicon
thin (d¼ 100nm) and thick (d¼ 10 000nm) plates using the finite-

element method. Approximately homogeneous photoexcitation in the
thin plate sample generated an out-of-plane acoustic resonance mode
at 40GHz. As a result, the generated plate waves were largely domi-
nated by two types of symmetric Lamb waves (S0 and S1) at 40GHz
and the contributions of asymmetric Lamb waves and higher fre-
quency modes were heavily limited. In the thick (d¼ 10 000nm) sam-
ple, only the near-surface region was excited based on the mismatch
between the optical penetration depth and sample thickness. Localized
stress generated echoes of the strain pulse in the out-of-plane direc-
tion, which were composed of multiple acoustic resonance modes over
a wide frequency range. The resulting in-plane strain pulse in the thick
sample was composed of various Lamb waves, including asymmetric
and higher-order symmetric modes. These results indicate that photo-
generated in-plane strains are significantly affected by the symmetry
and frequency characteristics of out-of-plane strains, which was origi-
nally determined by the spatiotemporal profile of the photoinduced
stress. Further investigations of additional microscopic strain genera-
tion mechanisms based on inverse piezoelectric effects,30,31 electro-
striction,32 and the structural instability23,33 of anisotropic materials
are promising research directions for controlling acoustic strains in
nanometer and picosecond scales.

ACKNOWLEDGMENTS

This work was partially supported by Grant-in-Aid for
Scientific Research (KAKENHI) (Grant Nos. JP19H05826,
18H01818, 19K22120) and MEXT Quantum Leap Flagship
Program (MEXT Q-LEAP) (No. JPMXS0118067246).

DATA AVAILABILITY

The data that support the findings of this study are available
within the article.

REFERENCES
1C. Thomsen, JStrait, Z. Vardeny, H. J. Maris, J. Tauc, and J. J. Hauser, Phys.
Rev. Lett. 53, 989 (1984).

2R. W. Schoenlein, W. Z. Lin, J. G. Fujimoto, and G. L. Eesley, Phys. Rev. Lett.
58, 1680 (1987).

3P. Ruello and V. E. Gusev, Ultrasonics 56, 21 (2015).
4C. Thomsen, H. T. Grahn, H. J. Maris, and J. Tauc, Phys. Rev. B 34, 4129
(1986).

5G. L. Eesley, B. M. Clemens, and C. A. Paddock, Appl. Phys. Lett. 50, 717
(1987).

6O. B. Wright, Phys. Rev. B 49, 9985 (1994).
7G. Tas and H. J. Maris, Phys. Rev. B 49, 15046 (1994).
8A. A. Maznev, J. Hohlfeld, and J. G€udde, J. Appl. Phys. 82, 5082 (1997).
9O. B. Wright, T. Hyoguchi, and K. Kawashima, Jpn. J. Appl. Phys., Part 2 30,
L131 (1991).

10O. B. Wright and V. E. Gusev, Appl. Phys. Lett. 66, 1190 (1995).
11N. V. Chigarev, D. Y. Paraschuk, X. Y. Pan, and V. E. Gusev, Phys. Rev. B 61,
15837 (2000).

12J. Rose, Ultrasonic Waves in Solid Media (Cambridge University Press,
Cambridge, 1999).

13Q. Xie, C. Ni, and Z. Shen, Appl. Sci. 9, 459 (2019).
14Y. Sugawara, O. B. Wright, O. Matsuda, M. Takigahira, Y. Tanaka, S. Tamura,
and V. E. Gusev, Phys. Rev. Lett. 88, 185504 (2002).

15S. Danworaphong, T. A. Kelf, O. Matsuda, M. Tomoda, Y. Tanaka, N.
Nishiguchi, O. B. Wright, Y. Nishijima, K. Ueno, S. Juodkazis, and H. Misawa,
Appl. Phys. Lett. 99, 201910 (2011).

16O. B. Wright and O. Matsuda, Philos. Trans. R. Soc. A 373, 20140364 (2015).
17C. Prada, O. Balogun, and T. W. Murray, Appl. Phys. Lett. 87, 194109 (2005).

Structural Dynamics ARTICLE scitation.org/journal/sdy

Struct. Dyn. 8, 024103 (2021); doi: 10.1063/4.0000059 8, 024103-7

VC Author(s) 2021

https://doi.org/10.1103/PhysRevLett.53.989
https://doi.org/10.1103/PhysRevLett.53.989
https://doi.org/10.1103/PhysRevLett.58.1680
https://doi.org/10.1016/j.ultras.2014.06.004
https://doi.org/10.1103/PhysRevB.34.4129
https://doi.org/10.1063/1.98077
https://doi.org/10.1103/PhysRevB.49.9985
https://doi.org/10.1103/PhysRevB.49.15046
https://doi.org/10.1063/1.366382
https://doi.org/10.1143/JJAP.30.L131
https://doi.org/10.1063/1.113853
https://doi.org/10.1103/PhysRevB.61.15837
https://doi.org/10.3390/app9030459
https://doi.org/10.1063/1.3662930
https://doi.org/10.1098/rsta.2014.0364
https://doi.org/10.1063/1.2128063
https://scitation.org/journal/sdy


18Q. Xie, S. Mezil, P. H. Otsuka, M. Tomoda, J. Laurent, O. Matsuda, Z. Shen,
and O. B. Wright, Nat. Commun. 10, 2228 (2019).

19K. H. Lin, C. T. Yu, S. Z. Sun, H. P. Chen, C. C. Pan, J. I. Chyi, S. W. Huang, P.
C. Li, and C. K. Sun, Appl. Phys. Lett. 89, 043106 (2006).

20F. Hudert, A. Bruchhausen, D. Issenmann, O. Schecker, R. Waitz, A. Erbe, E.
Scheer, T. Dekorsy, A. Mlayah, and J.-R. Huntzinger, Phys. Rev. B 79, 201307
(2009).

21D. R. Cremons, D. A. Plemmons, and D. J. Flannigan, Struct. Dyn. 4, 44019
(2017).

22D. R. Cremons, D. A. Plemmons, and D. J. Flannigan, Nat. Commun. 7, 11230
(2016).

23A. Nakamura, T. Shimojima, Y. Chiashi, M. Kamitani, H. Sakai, S. Ishiwata, H.
Li, and K. Ishizaka, Nano Lett. 20, 4932 (2020).

24E. J. Yoffa, Phys. Rev. B 21, 2415 (1980).
25J. R. Goldman and J. A. Prybyla, Phys. Rev. Lett. 72, 1364 (1994).
26When the thickness of a plate is comparable to the wavelength of light. The
energy distribution caused by the photoexcitation could be deviated from
the simple exponential function due to the interference effect. We estimated
the energy distribution by solving Maxwell equations and confirmed that
the interference effect. should not affect the present calculation results in the
100-nm sample.

27P. C. Heisel, W. I. Ndebeka, P. H. Neethling, W. Paa, E. G. Rohwer, C. M.
Steenkamp, and H. Stafast, Appl. Phys. B 122, 60 (2016).

28W. B. Gauster and D. H. Habing, Phys. Rev. Lett. 18, 1058 (1967).
29Y. Hayashi, Y. Tanaka, T. Kirimura, N. Tsukuda, E. Kuramoto, and T.
Ishikawa, Phys. Rev. Lett. 96, 115505 (2006).

30O. Matsuda, O. B. Wright, D. H. Hurley, V. E. Gusev, and K. Shimizu, Phys.
Rev. Lett. 93, 95501 (2004).

31G. Catalan and J. F. Scott, Adv. Mater. 21, 2463 (2009).
32V. Gusev, P. Picart, D. Mounier, and J. M. Breteau, Opt. Commun. 204, 229
(2002).

33A. Nakamura, T. Shimojima, M. Matsuura, Y. Chiashi, M. Kamitani, H. Sakai,
S. Ishiwata, H. Li, A. Oshiyama, and K. Ishizaka, Appl. Phys. Express 11,
092601 (2018).

34H. J. McSkimin, W. L. Bond, E. Buehler, and G. K. Teal, Phys. Rev. 83, 1080
(1951).

35J. J. Hall, Phys. Rev. 161, 756 (1967).
36C. K. Ong, H. S. Tan, and E. H. Sin, Mater. Sci. Eng. 79, 79 (1986).
37C. Phipps, Laser Ablation and Its Applications (Springer US, Boston, MA,
2007).

38Y. Okada and Y. Tokumaru, J. Appl. Phys. 56, 314 (1984).
39G. E. Jellison and F. A. Modine, Appl. Phys. Lett. 41, 180 (1982).

Structural Dynamics ARTICLE scitation.org/journal/sdy

Struct. Dyn. 8, 024103 (2021); doi: 10.1063/4.0000059 8, 024103-8

VC Author(s) 2021

https://doi.org/10.1038/s41467-019-10085-4
https://doi.org/10.1063/1.2234723
https://doi.org/10.1103/PhysRevB.79.201307
https://doi.org/10.1063/1.4982817
https://doi.org/10.1038/ncomms11230
https://doi.org/10.1021/acs.nanolett.0c01006
https://doi.org/10.1103/PhysRevB.21.2415
https://doi.org/10.1103/PhysRevLett.72.1364
https://doi.org/10.1007/s00340-015-6308-5
https://doi.org/10.1103/PhysRevLett.18.1058
https://doi.org/10.1103/PhysRevLett.96.115505
https://doi.org/10.1103/PhysRevLett.93.095501
https://doi.org/10.1103/PhysRevLett.93.095501
https://doi.org/10.1002/adma.200802849
https://doi.org/10.1016/S0030-4018(02)01211-7
https://doi.org/10.7567/APEX.11.092601
https://doi.org/10.1103/PhysRev.83.1080
https://doi.org/10.1103/PhysRev.161.756
https://doi.org/10.1016/0025-5416(86)90389-7
https://doi.org/10.1063/1.333965
https://doi.org/10.1063/1.93454
https://scitation.org/journal/sdy

	s1
	s2
	d1
	f1
	d2
	d3
	d4
	s2
	t1
	s3
	f2
	f3
	f4
	f5
	s4
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39

