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Substrate influence on the vibrational response of gold nanoresonators:
Towards tunable acoustic nanosources
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The development of applications based on metallic nano-objects requires an extensive knowledge of their
vibrational properties. Its size, shape, materials, or even crystallinity have a strong influence on the vibrational
frequencies of a nano-object. It is also known that the coupling with environment has a strong effect on the
lifetime of its resonating modes. However, the impact of the contact between a nano-object and its substrate still
requires further investigation. Here we report on the vibrational response of gold disks for different contact area
with a silicon substrate. The investigation of the quality factor of the first thickness mode of the disks highlights
an important energy transfer from the disks to the substrate. The impact of the size of the contact area on the
frequencies of the radial eigenmodes is also reported both experimentally and numerically. Finally, it is shown
that such objects can be excited by acoustic waves propagating from the substrate. These findings display the
possibility to use nanodisks to develop acoustic microscopy at the nanoscale.
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I. INTRODUCTION

Metallic nano-objects (mNOs) have received an increasing
interest during the past decades due to their high appli-
cation possibilities. The confinement deeply modifies the
properties—optic [1,2], plasmonic [3,4], elastic [5–7]—of a
nano-object compared to its bulk counterparts. Therefore,
their vibrational properties, which provide information on
the thermal or elasticity phenomena at the nanoscale, have
been widely studied [8,9]. Several techniques have been
proposed to that purpose [10–12]. Developed as a tool to
study phonons [13,14], picosecond ultrasonics has quickly
been used in order to investigate the vibrational response of
mNOs [15–17]. This technique, which allows to measure the
vibrations on ensemble [15–17] but also on a single nanopar-
ticle [18–20] have proven to be a very efficient way [21–24].
Therefore, it has been employed in order to study the shape-
, size-, or material-dependence of the vibrational response
for a large variety of mNOs [15,18,19,25–35]. In particular,
it has been shown that the environment greatly affects the
vibrations of a mNO, notably the damping rate [34,36–38].
For this reason, prestructured substrates are usually used to
study the vibrations of suspended mNOs [23,33,34,39–41].
On an other hand, it has also been highlighted that nano-
objects vibrating could be used as sources to generate acoustic
waves in the GHz range [20,35,40,42,43]. Such acoustic
sources with suboptical sizes are of great interest to perform
acoustic imaging. In order to use mNOs as either nanores-
onators or acoustic sources, the interaction between these
objects and their substrates must be taken into account.

In this paper, we investigated the vibrational response of
gold disks with a nanometric thickness for different con-
tact area with their silicon substrate. During the last couple
of years, several studies have investigated the vibrations of

similar nanodisks numerically [44–46] and/or experimen-
tally [11,45,47,48]. For example, the crucial role played by the
crystallinity of the nanoparticle in the damping process have
been highlighted [11,46] and several ways to modulate the
frequency or quality factor have been proposed [11,44,47,48].
This paper is complementary to previously published results.
A very high diameter-to-thickness ratio implies that both ra-
dial and thickness modes can be found in different frequency
ranges, allowing to study them independently. Taking ad-
vantage of the important diameter, an etching of the silicon
substrates allows to investigate partially supported disks. The
quality factor of the thickness mode is examined across the
radius for different contact area highlighting the energy trans-
fer to the substrate. The generation of acoustic waves in this
substrate is shown. The investigation of the radial modes of
the disks is also performed and the influence of the etching of
the silicon substrate on those modes is examined. Numerical
simulations using finite element method (FEM) are performed
and a good agreement is obtained between the results ob-
tained experimentally and numerically. Finally, it is shown
that acoustic waves propagating from the substrate can be used
to excite additional modes of the disk.

II. SAMPLE SYNTHESIS

Using a standard lift-off approach driven by direct laser
writing on a positive photosensitive polymer, a network of
gold disks with a nominal thickness of hD = 100 nm and a
nominal radius of rD = 1.7 μm spaced out by 20 μm have
been obtained on a SOI(100) wafer. Thereby these disks ex-
hibit a high diameter-on-thickness ratio η = 2rD/hD = 34. A
10-nm chromium layer is added to improve the adhesion of
the gold nanostructures. Figure 1(a) introduces an image of
this network obtained using a scanning electron microscopy
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FIG. 1. SEM images of (a) a network of disk, (b) a disk with an
etching radius of rG = 0.9 μm, and (c) a disk with an etching radius
of rG = 1.5 μm

(SEM). In order to obtain partially suspended disks, the
sample can be immersed a couple of seconds in a bath of
nitric acid HNO3, phosphoric acid H3PO4, and hydrofluoric
acid HF. The mixing allows to etch the silicon isotropically
and create under the disk a silicon cone supporting partially
the latter. The contact surface can easily be modulated by
changing the immersion time of the sample in the acid bath.
Figures 1(b) and 1(c) show SEM images of two disks with
different etching. Partially self suspended disks are therefore
characterized by their etching radii rG as drawn in Fig. 1(b).
These images allow to determine the etching radii to be equal
to 0.9 and 1.5 μm respectively. To be able to study the gener-
ation of waves within the substrate, the silicon wafer has also
been wet chemically etched using potassium hydroxide KOH
in order to obtain a 30-μm thick membrane. An additional
layer of 40 nm of aluminum is deposited on the surface of the
sample free of disks to optimize the detection and generation
processes.

III. EXPERIMENTAL SETUP

Two experimental setups based on a mode-locked
Ti:sapphire (MAI-TAI Spectra) laser source operating at
800 nm with a pulse duration below 100 fs at the laser output
and a repetition rate of 78.8 MHz have been used. Syn-
chronous detection on the sample reflectivity is performed by
modulating the pump beam at 1.8 MHz.

In the first configuration, both pump and probe beams are
focused on the sample by means of a microscope objective
with a numerical aperture of NA = 0.95. This leads to a laser
spot size smaller than the disks, of the order of 1 μm at
1/e2. A two-color experiment is performed by doubling the
pump frequency with a nonlinear crystal made of Beta barium
borate (or BB0). Therefore, this beam displays a wavelength
of 400 nm. The power on the sample of the pump and probe
beams are reduced to respectively 1 and 20 mW in order to
prevent any damage on the disks. This setup will be referred
as the reflection geometry.

In the second setup, both beams are focused on either side
of the sample and thereby will be referred as the transmission

FIG. 2. Variations of reflectivity measured on a gold disk sup-
ported on a silicon substrate during (a) 10 ns and (b) 1 ns. (c) Design
of the measurement geometry. (d) High frequency oscillations de-
tected just after the excitation and extracted from (a). (e) PSD of the
oscillations displayed on (b) and (d) exhibiting a unique component
at 16.9 GHz. (f) Low-frequency oscillations detected during several
nanoseconds extracted from (a). (g) PSD of these oscillations high-
lighting 3 components at 1.2, 1.9, and 2.5 GHz.

setup. In that case, the pump is focused using an objective with
a numerical aperture of NA = 0.9 while we use an objective
with a numerical aperture of NA = 0.5 for the probe beam.
The laser spot size of the pump and probe at 1/e2 are respec-
tively around 0.5 and 2.0 μm. The frequency of the pump is
not doubled in this case. For both configurations, the sample
as well as the objective used to focus the probe beam are
installed on top of piezoelectric stages.

A Michelson interferometer allows to detect mainly the
normal displacement at the surface.

IV. RESULTS AND DISCUSSIONS

Figure 2(a) exhibits the typical variations of reflectivity
�R/R measured when both beams are focused at the center of
a fully supported disk using the reflection geometry. A zoom
on the first 1 ns of the signal is introduced in Fig. 2(b). The
important peak at 0 ps corresponds to the quick change of the
optical properties of gold induced by the absorption of the
pump photons. This peak indicates the time of arrival of the
pump pulse on the sample. It is followed by a slow variation of
the transient reflectivity caused by the cooling of gold. Super-
imposed on this background, two sets of oscillations are also
detected. The first one exhibiting high frequency component
is measured right after the excitation. A second set with lower
frequencies is detected later in the signal.

A. Thickness mode

Power spectrum density (PSD) of the first set of oscilla-
tions is shown in Fig. 2(e). Only one component of frequency
f = 16.9 GHz is identified. These oscillations can be asso-
ciated to the first eigenmode of the disk along its thickness.
Since the acoustic impedance of gold is higher than that of the
substrate, we expect a frequency for the thickness mode equal
to cL/(2hD). Considering a velocity of cL = 3.4 × 103 ms−1

in gold, we obtain a frequency of 17 GHz very close to the
experimental frequency. The signal exhibited in Fig. 2(d) can
be reproduced considering a sinusoidal function decreasing
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FIG. 3. [(a),(d)] Variations of reflectivity measured respectively
on the center and the edge of a gold disk partially supported on
a silicon substrate. [(b),(e)] Design of the measurements geome-
tries (c) and (f) PSD of the oscillations extracted from (a) and
(d) respectively.

exponentially

g(t ) = A cos(2π f t + φ) exp
(
− t

τ

)
(1)

where A is the amplitude, f the frequency, φ the phase, and
τ the lifetime of the oscillations. All of these parameters can
be extracted from the signal using a minimization algorithm.
The quality factor of the oscillations can also be determined
as Q = πτ f . For the particular case of the signal in Fig. 2(d),
we obtain Q = 5.0 ± 0.2. It should be noted here that previ-
ous experimental results [44] using objects with lower aspect
ratios can result in much higher quality factors (around 100).
The authors also demonstrated that if aspect ratio increases
the quality factors drop drastically.

The same measurement is realized on both the center
and the edge of a disk partially suspended (rG = 0.9 μm).
The measured transient reflectivity signals are displayed in
Figs. 3(a) and 3(d) respectively and the corresponding PSD
are introduced in Figs. 3(c) and 3(f). On the center, the signal
obtained is similar to the one in Fig. 2(b) and almost identical
values are obtained for the frequency and quality factor of the
oscillations : f = 16.6 GHz and Q = 5.1. The slight differ-
ence in frequency can be caused by a small variation of the
gold layer thickness during the synthesis process. On the edge
of the disk, the same frequency is measured but with a much
more important lifetime leading to an increased quality factor
Q = 27.6.

In order to interpret these results, we remind that the qual-
ity factor corresponds to the energy stored over the energy
lost in one period. Considering the same excitation, a higher
quality factor means fewer losses. Moreover, the quality factor
can be decomposed in order to introduce the different chan-
nels of relaxation. In our case, the oscillations are decreasing
due to intrinsic phenomena as well as radiation towards the
environment of the disk. The latter can also be divided in
two parts: the air and the silicon substrate contributions. A
quality factor can be associated to each process of energy-
loose and the global quality factor of the oscillations is thereby
decomposed as

1

Q
= 1

Qint
+ 1

Qsub
+ 1

Qair
. (2)

with Qint, Qair, and Qsub being respectively the contribu-
tion from the intrinsic phenomena, the radiation towards the

FIG. 4. Values of the quality factor of the first order of the
thickness mode obtained experimentally along the radius on three
disks displaying different etching times. Values obtained on a self-
suspended gold membrane as well as on a film of gold on top of a
wafer of silicon are also reported for comparison. Values in the grey
area outside the disk are not relevant.

air and the silicon substrate [21,32,34,37,49]. Due to high
impedance mismatch between gold and air, radiation is usu-
ally neglected implying 1/Qair = 0 [21,34].

As shown in the diagrams in Figs. 3(b) and 3(e) the disk is
not in contact with the substrate at the edge due to the etching
of the silicon. Therefore, the acoustic radiation in the silicon
is limited and lead to a higher quality factor at the edge.

In order to investigate the influence of the etching of the
substrate on the quality factor of this mode, measurements are
performed along the radius of the disks for several etching
time. The same frequency is obtained for this mode at dif-
ferent locations. Concerning the quality factor, the obtained
results are displayed in Fig. 4. On the sample not etched, the
quality factor measured along the radius is nearly constant
with a mean value of 4.9 and a standard derivation of 0.2.
However, in the case of etched sample, strong variations of
the quality factor are exhibited and higher values are obtained
closer to the edge than at the center. In the case of rG =
1.5 μm, the contact area becomes smaller than the probe beam
size, so the transient signal tends to show an increase of the
quality factor due to the suspended areas.

A similar measurement performed on a 100-nm thick self-
suspended gold membrane, signifying that Q = Qint, exhibits
for the same mode the same frequency and a quality factor
of 73.9. This value can be considered as the upper limit of
the quality factor associated with the intrinsic phenomenon
mixing anharmonic decay and diffusion related to gold
crystallites.

A measurement is also realized on 100-nm thick gold film
on top of a silicon wafer. The mode is once again detected with
a frequency of 16.5 GHz and a quality factor of 5.6 ± 0.1. The
slightly larger value detected on the film may be related to
fluctuations in the size of the gold crystallites [11,46]. This
value is similar to those obtained on the disk on the substrate.

035422-3



R. DELALANDE et al. PHYSICAL REVIEW B 105, 035422 (2022)

Using the value of Qint determined on the free-standing mem-
brane and the mean value of Q measured on a fully supported
disk, it is possible to determine Qsub from the expression (2)

Qsub = QQint

Qint − Q
. (3)

We obtained thereby the value of Qsub = 5.2. This value char-
acterizes the interface between gold and silicon. It can be
used to determine experimentally the reflection coefficient for
a longitudinal wave with a normal incidence at interface be-
tween gold and silicon. Indeed, this coefficient can be simply
defined as the ratio of amplitude at two time separated by a
period of the oscillations. Considering expression (1), the ratio
can be simplified to

R = exp

(
− π

Qsub

)
. (4)

The obtained value is R = 0.55. It is slightly higher to the
one calculated using the acoustic impedance Zc of the two
materials

R =
∣∣∣ZcSi − ZcAu

ZcSi + ZcAu

∣∣∣, (5)

which is equal to 0.54 when taken the impedance ZcAu =
65.5 × 106 kg s−1m−2 and ZcSi = 19.5 × 106 kg s−1m−2 re-
spectively for the gold and silicon. It means that the interface
is not perfect which was anticipated notably because we have
a polycrystalline gold. The role played by the thin layer of
chromium can be neglected here because its thickness is much
smaller than the acoustic wavelength.

Measuring the quality factor at different positions along
a disk with an etched silicon substrate can also be used to
determine the radius of the contact. Considering that the qual-
ity factor can be described by a step function between two
values Q1 = 5 or Q2 = 74 corresponding respectively to the
part in contact or suspended, the profiles presented in Fig. 4
can be described by the convolution product of this function
with a Gaussian profile of the probe. Taking into account
a width at half-height of about 0.6 μm for the probe beam,
we obtain two etching radius equal to 0.85 μm and 1.41 μm.
These values are in good agreement with those measured in
Figs. 1(b) and 1(c).

B. Acoustic generation

We notice from the measurement realized on the supported
membrane that Qsub � Qint. It means that much more energy
is lost by acoustic transmission into the silicon substrate than
due to the intrinsic phenomena. To investigate the generation
within the substrate, we use the second experimental setup
in transmission geometry. The pump beam is focused on the
surface exhibiting the disks while the probe is focused on
the aluminum layer on the other side as drawn in Fig. 5(b).
The variation of reflectivity measured when the pump beam
is focused on the silicon surface exhibit several echoes due to
the acoustic waves propagating within the membrane. In par-
ticular, we identify a step due to the longitudinal wave which
have crossed the silicon once, Fig. 5(a). When the pump beam
is placed on top of a disk, the longitudinal echo exhibit a tran-
sient signature shifted in time around 84 ps. The delay leads

FIG. 5. (a) Variation of reflectivity measured for a pump ex-
citation located on a disk and on the silicon. (b) Design of the
measurement geometry. [(c),(d)] Cartography of the variation of
reflectivity with separation time equal to 60 ps.

to an estimation of the cone height of 0.71 μm. The etching of
the silicon being isotrope, it implies that rG = hD = 0.71 μm
and rC = 0.99 μm. Moreover, as shown in Fig. 5(a), oscilla-
tions displaying a frequency of 16.8 GHz and a quality factor
of 5.2 ± 0.1 are identified. Those oscillations correspond to
the waves generated from the disk by the thickness mode
at each period. The acoustic snapshots around the epicenter
shown in Figs. 5(c) and 5(d) at two different times separated
by 60 ps exhibit a quasi-isotropic emission in good agreement
with the very low anisotropy of the silicon longitudinal sound
velocity around an 4th order symmetry. Those results demon-
strate the possibility to use such resonators as acoustic sources
at the nanoscale. The frequency of these longitudinal waves
being fixed by the thickness and the nature of the disk, it is
thus possible to obtain tunable acoustic sources. In the case
presented in Fig. 9, the size of the emission zone is about
2.0 μm. Nevertheless, in a near future it will be possible to
study the emission of a source presenting sizes comparable
or lower than the emitted wavelength, making possible to
modulate the diffraction of the latter. It will also be possible
to obtain sizes of sources much smaller than what is usually
possible by simple focusing of the excitation which is still
limited by optical diffraction.

C. Radial modes

The second set of oscillations extracted from signal 2(a)
and after removing the thermal response are shown in Fig. 2(e)
and its PSD is represented in Fig. 2(f) exhibiting three compo-
nents at 1.2, 1.9, and 2.5 GHz. Each of them can be associated
to a radial eigenmode displaying a normal displacement de-
tected by the Michelson scheme.

The vibrational response of the disk taking into account
the substrate can also be investigated numerically. For that
purpose, finite element simulations using the commercial
software Comsol Multiphysics are performed. A frequency
domain study is realized using the Solid Mechanics module.
A 2D axisymmetry geometry is considered in order to reduce
the computational cost. The geometry used is displayed in
Fig 6(a). A gold disk with a radius of rD = 1.7 μm and a
height of hD = 100 nm is considered. Substrate is simulated
by a half-sphere with a radius of rD + 0.5λL where λL is the
wavelength of a longitudinal wave in the silicon. In order to
simulate an half-infinite domain for the substrate and get rid
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FIG. 6. (a) Drawing of the geometry use during our simulations.
(b) Spectrum obtained by a simulation for a disk in contact with
silicon substrate. Mode shape of the modes identified at (c) 1.32,
(d) 1.98, and (e) 2.52 GHz expressed by the displacement along the
z axis.

of the reflections, a second half-sphere is used with a radius of
rD + 1.5λL and is considered as a perfectly match layer. Both
half-spheres are defined as silicon. Properties for both gold
and silicon are loaded from the material library provided by
Comsol and given in Table I. The maximal size of the element
in the gold disk is define as hD/5 = 20 nm and as λT /5 for
the silicon parts where λT is the wavelength of the transverse
wave in silicon which is coherent with [44]. The etching of the
silicon is considered by adding a bloc of silicon with a height
of rG and a length of rD between the disk and the spheres. A
sphere of radius rG centered at the extremity of the disk at the
interface between the disk and the bloc is then removed from
this bloc. No initial field are applied to the silicon nor the disk.
A load defined FP is applied on the superior frontier on the
disk to simulate the excitation by the pump pulse beam. The
rest of the frontier are considered free. Spectrum are obtained
by integrating the normal component of the displacement
field on the superior surface of the disk. This displacement is
weighted by FS simulating the effect of the probe pulse beam.
Both pump and probe spatial distribution are simulated by the
function

Fi(r) = A exp

[
−

((
r − ri

0

)2

2
(
σ i

r

)2

)]
(6)

where i = P, S depending if we considered the pump or the
probe, A = 1 is the amplitude of the function, r0 = 0 μm

TABLE I. Values of the elastic properties used for the finite
element simulations.

Young Density ρ

Material modulus E (GPa) Poisson ratio ν (103 kg/m3)

Silicon [100] 130 0.28 2.33
Gold 78 0.44 19.3

FIG. 7. (a) Spectrum obtained by a simulation for a disk in con-
tact with silicon substrate. (b) Frequency obtained by simulations
and identified as modes for different values of rG. Experimental
values are also reported for comparison. (c) Spectrum obtained by
a simulation for a free disk without silicon substrate

is the central position of this gaussian function, and σR =
0.25 μm its width.

The spectrum obtained on a supported disk using those
simulations is introduced in Fig. 6(b). It displays three main
components at 1.32, 1.98, and 2.52 GHz that are in good
agreement with the experimental frequencies observed in
Fig. 2(f). The mode shapes of those three modes calculated
by finite element simulations are represented in Fig. 6. These
shapes displayed a number of nodes and antinodes increasing
with the frequency of the modes. Using similar model, the
influence of the chromium adhesion layer on the frequency
of the modes have been investigated. A slight shift of these
frequencies was observed but it remains very weak, of the
order of 0.1 GHz or even less, due to the small thickness of
this layer compared to the dimensions of the disk.

The results obtained using simulations being coherent with
those acquired experimentally, different simulations were per-
formed for several values of the etching radius rG from 0.1 to
1.6 μm with a step of 0.1 μm. For each value of rG, mode
frequencies are identified and the results are displayed in
Fig. 7(b). Frequency of modes with different values of rG

exhibiting similar mode shapes—number of nodes—are iden-
tified by a line. The spectra obtained on a disk fully supported
and on a free disk are also introduced in Figs. 7(a) and 7(c).

Figure 7(b) highlights that the modes frequencies of the
modes decrease as the radius rG increases. Additionally, the
spectra 7(a) and 7(c) clearly show that the quality factor in-
crease as the substrate is removed. The substrate thus leads
to an apparent increase in stiffness and as a relaxation chan-
nel in the same way as observed on the thickness modes.
Figures 8(a) and 8(b) introduce the PSD of the transient re-
flectivity obtained experimentally at the center of two disks on
samples with etching radii of rG = 0.9 μm and rG = 1.3 μm
respectively. On the first spectrum, a main component is iden-
tified at 0.6 GHz in addition to several others components
at 0.2, 1.0, and 1.6 GHz. As for the spectrum in Fig. 8(b),
the main component is identified at 0.3 GHz in addition to
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FIG. 8. PSD measured (a) at the center of a disk with rG = 0.9 μm, (b) at the center on a disk with rG = 1.3 μm, and (c) the edge on a disk
with rG = 1.3 μm.

two components at 0.6 and 1.0 GHz. FEM simulations gives
modes with similar frequencies for those values of rG. The fre-
quencies determined experimentally are reported in Fig. 7(b)
and thereby are associated with frequencies and modes deter-
mined numerically. One can notice that the main frequency for
both disks can be associated to the same mode, the frequency
decrease being due to the increase of the etching radius.

The spectrum in Fig. 8(c) is obtained on the edge instead
of the center of a disk with an etching radius of rG = 1.3 μm.
It displays different components at 0.1, 0.8, and 1.4 GHz in
addition to the components at 0.3 and 0.6 GHz. The compari-
son between the two spectra in Figs. 8(b) and 8(c) indicates
a spatial dependence of the vibrational response measured
on the same disk. This spatial dependence is also observed
on disks with different etching radius as well as disk with-
out etching. Despite the symmetry breaking induced by an
off-axis excitation, no additional modes seem to appear, the
experimental frequencies correspond perfectly to the modes
with 2D symmetry (see Fig. 7). 3D finite elements simula-
tions, integrating this symmetry breaking, would be likely to
confirm this point.

D. Excitation by the substrate

Finally, the possibility to excite a disk through the silicon
substrate is investigated. Therefore, the pump beam is focused
on the aluminum layer in order to generate waves into the
silicon substrate, Figs. 9(b) and 9(c).

Figures 9(a) and 9(d) show the variations of reflectivity
�R/R measured when the beams are aligned on the silicon
or the disk respectively. On the first one, echoes due to lon-
gitudinal waves which have propagated m round trip in the
substrate after the initial crossing are identified by Lm. Echoes
due to transverse waves are identified similarly by Tm. Several
of those echoes are also identified on the spectrum measured
on the disk, see Fig. 9(d). Additional oscillations are observed
after the echo L0. These oscillations as well as the correspond-
ing DSP are displayed in Figs. 10(a) and 10(b) respectively.
The spectrum displays two components at 16.3 and 36.6 GHz.
Similar oscillations are measured after L1. It indicates that
the longitudinal waves excites not only the thickness mode
of the disk but also its first harmonic. Such oscillations are not
found after the peaks corresponding to the transverse waves,
proving that the latter does not excite thickness modes. Large

FIG. 9. Variations of transient reflectivity measured on (a) the silicon (d) the gold disk after generation of waves by transmission on
the aluminum layer. Design of the measurements geometries on the silicon (b) and the disk (c). The time delay between the Ln echoes give a
membrane thickness equal to 28.9 μm. Using such membrane thickness, the difference in propagation time between longitudinal and transverse
waves exhibiting cL = 8.4 × 103 ms−1 and cT = 5.8 × 103 ms−1 is estimated at 1542 ps in good agreement with the time delay between L0 et
T0 measured at 1596 ps.
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FIG. 10. (a) Oscillations of the transient reflectivity detected af-
ter L0 on signal 9(d). (c) Low-frequency oscillations detected and
extracted after T0 on signal 9(d). [(b),(d)] PSD respectively of signals
(a) and (c).

oscillations are also observed in Fig. 9(d), particularly after
T0 as well as T1. The spectrum 10(d) of the extracted oscil-
lations 10(c) after T0 displays a main component at 1.0 GHz
and others smaller components at 0.5, 1.8, and 2.3 GHz, each
of them corresponding to a radial mode of the disk. However,
we were unable to clearly determine if those radial mode
are excited by the longitudinal wave, the transverse wave or
even both. Due to the additional height of the silicon cone
and the thickness of the disk, echoes are measured with a
small delay on the disk. Using the delay between the echo
L0 the etching radius, which is equal to the height of the cone,
can be determined to be equal to 0.97 μm. Knowing rG, the
values of the frequency identified are reported in Fig. 7(b).
The spectrum obtained by a simulation for rG = 1.0 μm dis-
plays components at similar frequencies : 0.46, 0.96, 1.81, and
2.25 GHz.

It is displayed here that it is possible to excite the
eigenmode of such resonator by acoustic waves propagating
through its substrate. It must be underlined that some of
these modes are located on branches which are not neces-
sarily excited by a direct laser excitation. Indeed, due to the

strong electronic scattering in gold, such excitation generates
a volume excitation leading to a different selectivity of excited
modes. Therefore, substrate excitation paves the way to a
more accurate elastic characterization.

V. CONCLUSIONS

In this study we have investigated the vibrational response
of gold disks with a nanometric thickness for different contact
area with their silicon substrate using picosecond ultrason-
ics. Both thickness and radial modes have been identified
while measurements are performed directly on the disk. It
has been highlighted that the thickness mode loose most of
its energy by radiation in the silicon substrate by determining
its quality factor on different disks and membranes. We have
also demonstrated that the energy radiation in the substrate
of this mode generates acoustic wave at the same frequency.
This latter depending of the thickness of the disk and of
the elastic properties of the material, tunable acoustic wave
generation can be achieved by careful design of the disk.
We have also demonstrated that the frequencies of the ra-
dial modes of the disk are strongly affected by the contact
surface area. Indeed, those frequencies decrease importantly
when the etching radius increase. These results have been
observed experimentally and confirmed using finite element
simulations. Finally, we have shown that the eigenmode of
the studied disk can be excited thanks to acoustic wave propa-
gation from the substrate. The longitudinal waves were found
to excite the thickness mode of the disk as well as its first
harmonic. Radial modes have also been excited. The ability
to use these disks to generate acoustic waves of nanoscale
wavelength associated to the fact that acoustic waves propa-
gating from the substrate can also excite the disks paves the
way for the use of these structures to perform nondestruc-
tive testing and evaluation and acoustic microscopy at the
nanoscale.
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