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Abstract

Optomechanical (OM) micro-cavities are object of intense tudy, as a possible source
of new functionalities, concepts, and opportunities beyond standard technology, with
regard to microwave phonon propagation, generation, and processing at micro and
nanoscale. In this framework, nonlinear OM interaction is being intensively inves-
tigated, with a view to advanced device modulation. The above kind of research is
highly interdisciplinary, moving along the frontier of many fields, i.e. microwave
Surface Acoustic Wave (SAW) filters, photonics, and electronics, and at the bound-
ary between nanophysics and quantum optics. In particular, some recent achieve-
ments of OM ground state cooling promise coherent control of the quantum motion
of mechanical resonators. A relevant example is provided by the recent coupling of
a superconducting qubit to the mechanical vibrations of a piezoelectric resonator, i.e.
microwave mechanical resonators operated at the quantum limit. Fundamental mech-
anisms of OM systems, such as the radiation pressure and the electrostrictive force
exerted by electromagnetic fields on the matter, and, reversely, photoelastic modu-
lation of electromagnetic fields, are responsible for strong interactions occurring in
resonant cavities. In fact, huge pressures can act in the cavity region, owing to the
high Q-factors achievable both for the optical and mechanical modes that coexist in
the cavity. The above mechanism yields useful vibrational transduction and actua-
tion at the µ- to m-watt power levels. Also it potentially leads to the development of
phonon laser and detectors. Such development is likely to enable processing phonon
signal at room temperature and integration of phononic elements on a silicon platform,
capable of generating novel ways of information processing. The final objective is us-
ing phonons, instead of electrons, as vectors of information and building chips that
work at room temperature, analogously to the operation of SAW-based devices, for
filtering and sensing applications. Important advantages of this new technology are
given, for example, by possible high frequency operation and low power consump-
tion. In addition, comparing with pure nano-electromechanical actuation, the optical
approach is less sensitive to capacitive and impedance mismatch issues.

Given the above, the first part of this thesis deals with the theoretical interpretation
of the OM phenomenon taking place in high-Q µ-cavities, having the aim of providing
a reliable and rigorous approach for maximize the performances of a coherent phonon
generator. If to consider the future development and progress of the OM circuitry,
having a method capable of providing both the exact phononic population generated
in a given cavity and the evaluation of the optical and mechanical forces that play

xiii
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their role in the interaction between the two physics, will be of fundamental impor-
tance. Together with the aforementioned numerical model, that has additionally been
ported to a user-friendly application, original cavity designs exhibiting high degrees
of confinement of both the optical and the mechanical resonating modes are given.

The second part of this thesis focuses on the optical excitation of the coherent
phonon generator, proposing a design made of a Si-slab that is first blended and then
selectively etched, so that the evanescent tail of the E-field can be enhanced and,
consequently, the EM energy transfer between such slab and the OM cavity can be
maximized. This solution not only guarantees better performances in respect to the
standard fiber-loop approach, but it is also suitable for an on-chip integration of the
phononic generator, given its improved stability and reliability.

Additionally, efforts are put in the investigation of i) the extraction of the coherent
phonons generated in the OM cavity, with special focus on the balance between having
the need of a high Q-factor (essential for enabling the self-pumped behavior) together
with the necessity of generating some mechanical energy leak, and ii) the design of a
low-loss waveguide, capable of carrying the phononic information along the chip.

The third part of the thesis introduces the SAW as a valid solution for the phonon
processing. At first, the integration between a generic SAW launcher (generally made
of a combination of InterDigitated Transciever (IDT), a thin piezoelectric material
and a Si-sustrate) and the targeted OM cavity is investigated. A novel design in which
the electrical terminals, e.g. where the SAW is generated, have been radially curved
for facilitating, from a geometrical point of view, the focus of the mechanical wave
towards a certain region is given. Successively, the issue of modeling such curved IDT
fingers is addressed. For ensuring a correct calibration of the SAW-launcher, aimed
to isolate the latter from the rest of the OM circuitry, a numerical method making use
of both the Scattering Matrix (SM) representation and the TRL approach is developed
and tested against its analytic counterpart.

xiv
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MST Maxwell Stress Tensor
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Chapter 1

Introduction

Recently, the interfacing between optical cavities and mechanical systems has given
rise to a rapid development of the research branch called cavity optomechanics, which
aims to confine light into small volumes, by the means of an high-Q resonant re-
circulation [1, 2]. The purpose of an optomechanical system is to investigate the
interaction of light with a mechanical oscillator, and its higly interdisciplinary na-
ture leads to several potential applications in various fields of research, expecially in
quantum processing. Although the electromagnetic radiation has historically been the
primary experimental tool for controlling a quantum system and for transmitting and
distributing quantum informations, a growing interest in using acoustic or mechanical
waves for inspecting quantum control and on-chip quantum communication of artifi-
cial atoms has been found. In the recent past, experimental and theoretical analyses
have included coherent coupling of Surface Acoustic Waves (SAWs) or mechanical vi-
brations to superconducting qubits [3], SAW-based universal quantum transducers [4],
mechanical quantum control of electron spins in diamond [5], phononic QED [6] and
phonon-mediated spin squeezing [7]. The most successful exploitation of mechanical
vibrations for quantum control, however, combines both optical and mechanical in-
teractions through phonon-assisted optical or sideband transitions, as demonstrated in
trapped ions [8, 9] and, more recently, in cavity optomechanics [10, 11]. Focusing on
the latter, optomechanical micro-cavities can also serve as a possible concept to pro-
vide new functionalities, applications and opportunities, beyond standard technology,
owing to phonon propagation, generation, and processing [12]. Such an application
would require low power consumption and, making a comparison with pure nano
electromechanical actuation, the optical approach ensures less impedance mismatch
issues. Additionally, phonons are an excellent interface to coherently transfer infor-
mation, for instance, between microwaves and optical photons, between magnons and
photons, etc.

In this thesis, which has been developed within the EU FET-OPEN project PHE-
NOMEN, various theoretical approaches and methods have been used for both investi-
gating their efficiency in simulating OM devices and designing novel structures aimed
to push the OM-based technology towards its integration with the standard Si tech-
nology. The long term vision of PHENOMEN is to harness the potential of combined

1
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Chapter 1 Introduction

phononics, photonics and radio-frequency electronic signals to lay the foundations a
new information technology based on the manipulation of phonons and their coupling
to photons and RF electronics. To this end, PHENOMEN will exploit cavity opto-
mechanics to prove the concept of GHz- frequency phononic circuits in a silicon chip
working at room temperature and consuming lowpower.

To this aim, a main action plan has been created for what concerns the theoretical
branch of the project working plan, which can be summarized in three main points:

• to investigate the efficiency of the OM coupling taking place in a Si-based res-
onant cavity by mean of advanced numerical methods. Since the ultimate goal
of the research is to deliver a phonon-based Si-chip, a phononic laser, e.g. a
generator capable of pumping coherent phonon at the desired frequency, is a
device of fundamental importance. That said, OM cavities are know to be the
best candidates for coherent phonon generation, and even though extensive ef-
forts have been put in order to maximize their efficiency [12,13], much remains
to be done to pump phononic devices in any extended circuits.

• to extract the phononic signal from the OM cavity, by developing a proper
phononic waveguide in which the wave is able to propagate in the millimeter
scale range. For efficiently extracting coherent phonons from an OM cavity, a
compromise between the level of confinement of the mechanical signal inside
the cavity (e.g. its Q-factor) and the outgoing flow of coherent phonons must
be found. Successively, a phononic waveguide in which the generated coher-
ent phonons (at a given frequency) can propagate by suffering acceptable losses
must be designed.

• to process the generated phononic information in order to enable a fully phononic
driven circuit. Another fundamental aspect of creating a technology that relies
completely on mechanical waves in matters for transferring information is the
possibility of processing such information. To this aim, novel techniques for
manipulating the coherent phononic signal must be found that are, at the same
time, integrate with the micro-environment of a Si-chip.

The same logic applied to the three following chapters of this thesis:

• In chapter II, a fully-coupled numerical approach which, combining the two ex-
erted physics of mechanics and optics, accurately predicts the optomechanical
dynamics in micro-structured resonant cavities is presented [13]. The rigor-
ousness of such analysis is ensured by considering all the four main energy-
transduction contributions [15]. Referring to the two inserts of Fig. 1, the ra-
diation pressure and the electrostriction constitutes the forces wielded by the
E-field on the matter, whereas the photoelasticity describes the perturbation of
the electromagnetic radiation caused by the presence of the mechanical wave.
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Figure 1.1: Visualization of an OM interaction: the incident electromagnetic radiation
generates the two force-like optic contributions of (a) radiation pressure
and (b) electrostriction, here presented as the force exerted by the E-field
on a molecule [27].

Special considerations are then required for what concerns the so called mov-
ing boundary effect, i.e. the boundary deformation caused by the space-time-
varying pressure field that perturbates the eletromagnetic boundary conditions.
Specifically, the Eulerian coordinates in which the Maxwell equations are solved
are not able to take into account for the mechanical displacement, defined, in
turn, in Lagrangian coordinates. As a matter of fact, the just reported limitation
can be numerically significant in case of nano-scale cavities. The Transforma-
tion Optics (TO) [14, 17] method represents an elegant and efficient solution
to the addressed problem. According to its original concept, TO is an analyti-
cal tool that facilitates the design of a variety of optical devices (lenses, phase
shifters, deflectors, etc.) by deforming the coordinate system, warping space
to control the trajectories of the electromagnetic radiation. Such alteration then
turns into a change of the electromagnetic material parameters such as the per-
mittivity ε and the permeability µ. For the special case of optomechanics, TO
is used to take into account for the time-varying boundaries of the domain un-
der investigation [16], making then possible to consider the moving boundary
effect by means of a modified version of the standard Helmholtz equation. Af-
ter having verified the proposed numerical method with experimental results,
novel high-Q OM cavity designs will be discussed. In addition to that, the nu-
merical method has been embedded in a user-friendly application, enabling a
much simplified investigation of the OM phenomenon.

• In the first section of chapter III, the focus is still put on the coherent phonon
generator, yet shifted from the evaluation of the OM interaction taking place

3



i
i

“output” — 2020/2/14 — 10:40 — page 4 — #28 i
i

i
i

i
i

Chapter 1 Introduction

in the Si-crystal to the design of a novel way for optically excite the resonant
cavity. For overcoming the limitations imposed by the optical fiber loop excita-
tion, where the resulting evanescent field tail (caused by the fiber deformation)
couples with the nearly placed cavity, a rigid Si-slab, that exploits the same
energy-transfer principle, is preferred. In this way, a more stable structure is
made, and apart from an higher generated coupling between the slab and the
OM cavity, the designed device can now be easily integrated on a Si-based
chip. The optimization of the combined system slab-cavity has been carried
out by exciting such structure by mean of multiple numeric ports (one for every
terminals), and the mesh has been optimized (by keeping constant the number
of mesh elements in between the slab and the cavity) in order to minimize the
inevitable numerical errors. For what concerns the optimization variables, it has
been chosen to vary i) the slab-cavity distance and ii) the position of the Bragg
mirror that has been implemented on the slab for enhancing the EM energy
transfer. The second section of chapter III researches on the coherent phonon
extraction from the OM cavity, evaluating the efficiency of the proposed cav-
ity design by looking at the Pointing vector of the outgoing mechanical field.
Basing upon the work developed in [28], where a phononic waveguide has been
build by combining a Si-slab with acoustic-shielding blocks (opportunely tuned
to the phononic frequency of interest), a design for a waveguide based upon the
proposed OM cavity is presented and tested. It has been found that, thanks to
the not excessive Q-factor of the cavity, the leaking of mechanical energy guar-
antee a good level of coherent phonon generation, that can then be further used
as the information-carrying signal in the phononic-based device.

• The first section of chapter IV tackles the issue of processing the state vari-
able of an OM circuit, e.g. the coherent phonon signal, by introducing SAWs
in the system. In other words, this work aims to investigate the efficiency of
inserting a SAW in an OM cavity. For maximizing the coupling between the
mechanical modes of a cavity and the electrically excited SAW, a curved fin-
gers solution for the IDT has been found so that the generated wave could be
geometrically focused towards the cavity. The SAW-generator consists on a
multilayer structure composed of a Si-substrate, a thin piezoelectric AlN layer
and the aforementioned IDT fingers. Apart from representing a valid solution
for phonon processing (as demonstrated by [35, 36, 37], where SAW were used
for manipulating a 2.4 GHz phononic mode), SAW can serve also as a phonon
generator: as first demonstrated by [34], the RF modes of a two-dimensional
quasi-periodic phononic cavity made of GaAs have been experimentally ex-
cited by mean of SAWs. This additional benefit introduced by the SAW could
help considerably in overcoming situation in which the optical excitation of a
OM cavity is inconvenient, extending the range of applicability of an OM-based
system. The second section of chapter IV focuses on the IDT and on their char-
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acterization. A rigorous modeling of the IDTs may be achieved by recurring to
numerous analytic methods: circuit models [38, 39] and hybrid electrical and
mechanical impedance representation [40] are just two of the many models that
can be found in the literature. On the other hand, when the needed level of de-
tail is particularly high, or even when it comes to consider non-conventional IDT
geometries, the usefulness of the aforementioned analytic methods may be lack-
ing. For example, one may need to take into account for the metal roughness in
miniaturized devices, or, as in our case, the IDT geometry has been engineered
for achieving maximum performances in the SAW-OM modes energy transfer.
Such issue can be exceeded by mean of a full-wave numerical simulation, and
in the present section a calibration of the IDT, based on both the SM representa-
tion and the TRL method will be discussed. The importance of developing such
procedure lies in the necessity of isolating and de-embedding the acoustic com-
ponents of SAW-based devices, which in our case are OM cavities, waveguides,
and so on.
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Chapter 2

The rigorously coupled model

2.1 Theoretical background

From an analytical point of view, optomechanics is described by the combination be-
tween the continuum mechanical physics and the classic electrodynamics. The foun-
dations of such a phenomen rely on the relation [18]

ω1 = ω2 ±Ω, (2.1)

where Ω is the mechanical frequency and ω1,2 are the optical ones, respectively of the
pumped and of the scattered light. Such relation states the exchange of energy between
the provided electromagnetic radiation and the mechanical motion, also defining the
matching condition for the time-dependent source terms that, as we shall see shortly,
enter in the ruling equations of the physics of interest.

A general mechanical wave, whether is it confined in a mechanical cavity or free
to propagate, is efficiently described in terms of the displacement u, i.e. the deforma-
tion of a considered elementary cell of the medium under investigation in respect of
the relaxation point. The displacement u satisfies the conservation law of the linear
momentum [19]

ρ0Ω2u + ∇X · (FS ) = −FRP − FES ,V − FES ,B, (2.2)

where ρ0 the mass density of the undeformed configuration, F the deformation gra-

dient tensor, S the second Piola-Kirchhoff tensor and ∇X indicates the nabla operator
expressed in Lagrangian coordinates. The right-side of eq. (2) introduces two of the
four aforementioned coupling parameters of an optomechanical phenomen, i.e. the ra-
diation pressure FRP and the electrostrictive forces FES ,V , FES ,B, splitted for numerical
purpose in their volumetric and perimetric contributions [20]

FES ,V = fx
ES ,V x̂ + fyES ,V ŷ + fzES ,V ẑ, (2.3)
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Chapter 2 The rigorously coupled model

FES ,B = (σ1i j − σ2i j)n j, (2.4)

FRP = −
1
2
ε0Et,1Et,2

∗(ε2 − ε1)n+

+
1
2
ε0
−1Dn,1Dn,2

∗(ε2
−1 − ε1

−1)n, (2.5)

where Et,i is the tangential E-field, Dn,i the electrical displacement field, ε0 the relative
permittivity on vacuum and the individual force components appearing in eq. (3) are
given by

fx
ES ,V = −∂xσxx − ∂yσxy − ∂zσxz, (2.6)

fyES ,V = −∂xσxy − ∂yσyy − ∂zσyz, (2.7)

fzES ,V = −∂xσxz − ∂yσyz − ∂zσzz, (2.8)

and the components of the so called electrostrictive tensor σ are defined as

σi j = −
1
2
ε2 pi jklEkEl, (2.9)

in which we find the strain-optic tensor pi jkl.

Two additional mechanical quantities must be taken into account: the effective mass
me f f (so that is possible to study the non-ideal oscillating system as a simple harmonic
oscillator) and the thermally-caused initial displacement u0. For any considered res-
onating mode, a numerical estimation of the effective mass is given by [21]

me f f =

∫
ρ0|u|2dV, (2.10)

where the displacement u is made dimensionless by normalizing it over its maximum
value. At a given temperature T the phonon occupation related to a particular resonant
mechanical mode can be estimated, in terms of an initial displacement u0, as [22]

u0 =

√
4kBT

me f f Ω2 . (2.11)

The effective mass me f f and the resonant mode frequency Ω clearly define the entity of
the initial displacement u0: The lower they are, the larger is the thermal displacement.

For the general case of an anisotropic and inhomogeneous medium, the electromag-
netic field can be efficiently described, as usual, by means of the Helmholtz equation

8
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2.1 Theoretical background

∇2E1 = −µ0ω1
2P1 =

µω1
2

2

∑
kl

ε2
i j pi jklεklE2, (2.12)

∇2E2 = −µ0ω2
2P2 =

µω2
2

2

∑
kl

ε2
i j pi jkl

∗εkl
∗E1, (2.13)

opportunely splitted in the two harmonic components of interest ω1,2 and in which we
find the relative permeability µ0. The term on the right-hand side of Eq.s (13,14) intro-
duces the mechanical perturbation of the dielectric permittivity due to the photoelastic
effect, represented by the strain tensor εkl.

As aforestated, further considerations are needed in order to take into account for
the moving boundary effect since Maxwell equations, solved by the full-wave simula-
tor in Eulerian coordinates, are not automatically able to account of the effect of the
displacement on the boundaries.

Transmission Optics (TO) [14] offers a valid solution to overcome such a problem.
In fact, by considering the general formulation of the TO method where the Jaco-
bian related to the desidered coordinate transformation is replaced with the previously

introduced deformation gradiend F, we have

ε
′

=
FF

detF
ε = gε, µ

′

=
FF

detF
µ = gµ, (2.14)

where we defined g as the metric tensor, which is composed by six terms of different
harmonics

g =

3∑
n=−3

gneinΩt. (2.15)

By the mean of eq. (15) and eq. (16), it is possible to take into account for both the
photoelasticity and the moving boundary effects in the Maxwell equations

−∇ × Ẽ =
∂

∂t
(gµH̃), ∇ × H̃ =

∂

∂t
[g(ε + ε0∆ε)Ẽ], (2.16)

then, it is straightforward to derive the corresponding modified version of the Helmholtz
equations for the considered harmonics

∇ × A
−1
∇ × E1 − ω1

2CE1 =

= ω1
2[KE1 + (D + L)E2] − iω1∇ × (A

−1
BH2). (2.17)

∇ × A
−1
∇ × E2 − ω2

2CE2 =

9
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Chapter 2 The rigorously coupled model

Figure 2.1: Spatial E-field distribution of the considered optical mode with a focus
(see the insert) on the unit cell of the OM crystal. The nominal geometrical
values of the latter are a = 500 nm, r = 150 nm and d = 250 nm, with a
thickness of 220 nm [27].

= ω2
2[KE2 + (D

∗

+ L
2
)E1] − iω2∇ × (A

−1
B
∗

H1). (2.18)

In order to derive a more compact form of the equation, we introduced in the Eq.s
(21,22) the following second rank tensors:

A = g0µ, B = g1µ, C = g0ε, D = g1ε,

K =
ε0

2
(g1∆ε

∗

+ g1
∗

∆ε), L =
ε0

2
(g2∆ε

∗

+ g2
∗

∆ε).

2.2 The validation of the model

In what follows, a validation of the proposed predictive model, pursued by qualita-
tively regaining and expanding the experimental results obtained in [23] concerning
the observation of a breathing mechanical mode at 5.5 GHz in a 1D corrugated S i-
based nanobeam, will be given.

Such mechanical mode optomechanically interacts with the optical resonance, of
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2.2 The validation of the model

which the E-field norm is shown in Fig. 2.1, through a strong dynamical back-action
effect at a room temperature. The unit cell of the OM crystal is a Si parallelogram
which presents a cylindrical hole in the center and two symmetric stubs on the side.
Such a structure exhibits a full phononic band gap around 4 GHz, as verified in [24].
The geometry of the OM cavity is composed of two mirror regions on the right and
on the left sides of the structure which enclose a section where the pitches, the radius
and the stubs length of the unit cells have been scaled in a quadratic way towards
the center, with a maximum geometrical reduction with respect to the mirror cells of
17%. Both doping and resistivity ρ of the crystalline silicon layer of which the cavity
is made (respectively of ∼ 1 − 10 Ωcm−1 and ∼ 1015 cm−3) have been incorporated
into the conductivity σ, while the anisotropy is modelled by mean of a non-diagonal
elasticity matrix. In addiction, as aforesaid, an isotropic loss factor of ξ = 0.001 has
been considered.

A first remarkable difference between the experimental observations and our pre-
dictive model is the frequency in which the chosen optical resonance falls: according
to the measurements taken by [23], the latter happens to be at fopt,measured ∼ 190 THz,
whereas, according to our calculations, fopt,calculated = 149.17 THz. Such a differ-
ence is due to the 2D-environement in which our simulations are carried out, since the
loss of the electromagnetic fields confinement in the missing third dimension causes
a shift in all the optical resonance frequencies. As we shall see in what follows, such
frequency-mode shifting also happens when it comes to consider the mechanical res-
onances, although not as marked as in the optical case.

The reason why the validation of the coupled OM model was carried out in a 2D-
environment must be sought on the computationally convenient cost of the latter. Ac-
cording to the limitations in terms of the mesh maximum element size (which be-
comes particularly stringent when it comes to resonating phenomena), together with
the lack of data comparable in quantitative terms coming from the measurements, it
has been chosen to base the qualitative validation on the coupling strength between
the mechanical and the EM resonating modes by regaining, for them both, the same
field configurations observed experimentally. In other words, the focus of the analysis
has been put on the evaluation of the coupling effectiveness between the two selected
modes in respect to the others, which may give a practical indication when it comes
to chose the working frequencies for both the mechanical and the EM domains. That
said, since there are no strict requirements for matching the resonating frequencies in
play, in this case the 2D-environment has been preferred.

From the experimental point of view, as a result of the excitation of the considered
optical mode, a strong RF transduced signal is observed corresponding to mechani-
cal modes distributions over a spectral range between 10 MHz and 9 GHz [23]. The
numerical analysis gives, in turn, the effective enhancement of the displacement asso-
ciated to the considered mechanical resonances. Although the extrapolated data are
not comparable in absolute terms, the juxtaposition of their trends on three different
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Figure 2.2: Qualitative comparison between theoretical (red dots, m) and experimental
(blue triangles, arb.units) data, as reported in [23], for three different range
of frequencies: (a) 2.35−2.7 GHz, (b) 5.36−5.56 GHz and (c) 6.65−6.95
GHz [27].
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2.2 The validation of the model

Figure 2.3: Spatial displacement field distribution and parameters of OM interest (ef-
fective mass me f f , quality factor Qm and OM coupling rate gOM) of the
mechanical modes resonating at (a) 2.08 GHz, (b) 5.02 GHz, (c) 6.07 GHz
and (d) 6.17 GHz related to the peaks shown in Fig. 2.2a, Fig. 2.2a and
Fig. 2.2c [27].

intervals of the frequency spectrum of the mechanical modes, as reported in Fig. 2.2,
clearly shows a good resemblance. In particular, the four measured peaks in the RF
power density spectrum [23] falling at the frequencies of fm,1 ∼ 2.5 GHz, fm,2 ∼ 5.5
GHz, fm,3 ∼ 6.65 GHz and fm,4 ∼ 6.75 GHz are acceptably matched by the ones nu-
merically computed. As afore stated, also in this case a frequency compensation of
∆ f = 0.5 GHz has been considered in order to get rid of the limiting bidimensional
environement in which the calculations have been conducted.

Focusing on the mechanical mode under investigation, if we consider the thermal
displacement u0 = 3.21 · 10−13 m (T = 300 K) and an exciting optical power of
Popt = 20 mW, the OM interaction carried out by means of our numerical simulations
leads to a final displacement of u = 1.55 · 10−12 m, as shown in Fig. 2.2b.

For the sake of completeness, the spatial displacement field distribution associated
to the four mechanical modes taken into consideration is plotted in Fig. 2.3, which
also indicates the related parameters of the quality factor Qm, the effective mass me f f

and the OM coupling rate gOM , derived from the classical perturbative approach [25].
Fig. 2.4 shows the modulus of two forces, exerted by the electromagnetic field, of

electrostriction (considered both on the boundaries and on the whole volume of the
cavity) and radiation pressure and also the displacement u, generated from the OM
interaction. It is evident that the highest optically exterted forces occur in correspon-
dence of abrupt discontinuities, which is actually where the displacement field of the

13
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Chapter 2 The rigorously coupled model

Figure 2.4: Evaluation and visualization of the optical contributions related to the cho-
sen mechanical resonating mode ( fm = 5.02 GHz): the electrostrictive
force acting on both (a) the boundaries and (b) the volume of the OM
cavity and c) the radiation pressure [27].
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Figure 2.5: Displacement generated from the single components (x and y) of the three
force contributions FES ,B, FES ,V and FRP taken individually [27].
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2.3 The original OM cavity design

mechanical mode under analysis reaches its maximum values. Such congruency con-
stitutes the main reason why the OM coupling between the the two resonating modes,
i.e. the optical and the mechanical one, is particularly high.

Further considerations can be made on the effective contribution exterted by the
three aforementioned forces by simply taking them individually, as done in Fig. 2.5.
By evaluating the single effects of the various force components FES ,B

x, FES ,B
y, FES ,V

x,
FES ,V

y, FRP
x and FRP

y weighed by a scale factor, i.e. a multiplier coefficient going
from 0 to 1, it is in the first instance possible to notice that the transversal polarization
of the optical mode makes the y-contributions much more effective than the x- ones.
Secondly, given the field configuration of the mechanical resonance under analysis,
the boundary forces generate higher values of the displacement u in respect to the vol-
ume ones. According to our calculations, the electrostrictive boundary force results to
be considerably higher than the radiation pressure one: the peak values are found to
be of, respectively, 7.22 and 2.78 Pa.

Additionally, by observing the values of the maximum displacement Max(u) re-
sulting from the application of the aforelisted individual contributions (especially
the one coming from the y-component of the electrostrictive boundary force FES ,B

y;
Max(u) = 2.08 · 10−12 m) and the one coming from the fully-coupled OM approach
(Max(u) = 1.55 · 10−12 m), It turns out that there is no visible cumulative effect, but
rather that the electrostrictive and the radiation pressure forces seem to compensate
for the effects of each other [26].

2.3 The original OM cavity design

In what follows, an original design foran OM cavity will be presented. In the first part
of this section, the results obtained in [28] concerning the observation of an optome-
chanical breathing mode localized in the ∼ 5 GHz range will be first regained and
then expanded by a slight modification of the original cavity design, aimed to reduce
the insertion loss of the EM pumped into the OM system [13]. For what concerns the
second part of this section, a brand-new design for an highly-efficient OM cavity will
be presented.

2.3.1 Single OM cavity

By following the same line of the previous section, the consistence of the numeri-
cal approach here adopted will be further proven by providing simulated results hav-
ing direct link to the experiment. More specifically, basing on the design proposed
in [28], the following example presents the results obtained by evaluating the OM
coupling of an optical/phononic cavity where the resonating modes exhibit both an
high-confinement and an high Q-factor (as proven by the dispersion curves shown in
[28]).
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Figure 2.6: (a) OM cavity fabricated on a suspended Si beam; (b) optical scattering pa-
rameters through the cavity, (c) spectrum of mechanical-mode resonances
around 5 GHz, and corresponding effective masses [13].
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2.3 The original OM cavity design

(a)

(b)

Figure 2.7: (a) electromagnetic field distribution of the probe signal, (b) magnitude of
mechanical displacement u. Pump and probe input powers are assumed as
in Table I [13].

The original design of [28] has been slightly modified by applying a tapering ob
both sides of the cavity: moving towards the outer regions of the structure, the hole
diameter of the unit cell have been gradually reduced (see Fig. 2.6), so that the optic
signal can penetrate easily through the cavity since there’s not an abrupt discontinuity
anymore, and so make its way to the inner region.

A first marked difference between the simulations and the experiments comes from
the nature of the excitation. If in the experiments the light is pumped at one frequency,
in our case two signals (having different frequencies) are launched in both sides of the
cavity. The double excitation constitutes a first, marked difference in respect to the
study presented in the previous section, where the probe signal (to which we referred
as scattered) is not effectively pumped in the OM cavity, but rather spontaneously
generated by the interaction between the EM pump and the thermally excited phonons
oscillating at Ω. The OM phenomenon is simulated by assigning to the probe signal
a frequency fOpt which corresponds to the exact resonating frequency of the cavity
and to the pump a frequency fOpt + fMech, where fMech is the frequency of the chosen
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Chapter 2 The rigorously coupled model

Table 2.1: Parameters to which the maximum OM coupling has been observed for the
single cavity configuration.

fMech fOpt IPump IProbe QMech QOpt

5.67 · 109 Hz 191.549 · 1012 Hz 30 µW 1 µW 103 ∼ 0.5 · 105

mechanical mode.
All the main parameters of the OM cavity here investigated, namely the optical

transfer function and the mechanical spectrum of resonances around a fMech of 5 GHz
(together with their related parameters of interest as the Q-factor and the effective
masses) are reported in Fig. 2.6b and Fig. 2.6c.

The parameters to which the maximum OM coupling has been observed are listed
in Table 4.1, e.g. both the input pump and prove powers IPump and IProbe, the exact
resonant frequencies (coming from the effective excitation of the cavity) and both the
optical and mechanical quality factors QOpt and QMech. It is worth to mention that the
maximum coupling has been numerically achieved by keeping the same experimental
setup, e.g. by using the given optical and mechanical modes.

The outcomes of the numeric simulations are presented in Fig. 2.7, where both the
probe signal and the mechanical displacement (optically generated) for the maximum
coupling settings are shown. In this case the pump signal has not been plotted since
its spatial distribution of the E-field resembles the one related to the probe signal, and
furthermore, given the higher pump input power, the OM effect is rather weak.

Also the OM-generated forces are shown in Fig 2.8. The electrostriction bulk force
density FES ,V (which, as expected, reaches its maximum in proximity of the dielectric
discontinuities), associated to the TE y-polarized mode resonating in the cavity, is
reported in Fig. 2.8a, while the boundary forces FES ,B and FRP in Fig. 2.8b and Fig.
2.8c.

Given the high values of the generated displacement u, one may conclude that
the applied tapering doesn’t considerably affect the overall coupling strength, which
means that both the optical and mechanical fields remain well confined in the inner
region of the cavity. On the other hand, the gradual growing of the circular disconti-
nuities has caused a significant reduction in the insertion loss.

2.3.2 Double OM cavity

In what follows, by extending the results obtained in the last section, two optically
coupled cavities will be considered. The main goal of putting together two OM cavi-
ties may be resumed in creating the right conditions for controlling the coupling rate,
and this is done by geometrically tuning the region in which the two cavities have been
connected.

The degeneracy of the optical resonance of the individual cavities is broken by the
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(a)

(b)

(c)

Figure 2.8: Source terms of the mechanical equation, assuming the parameters of Ta-
ble I: (a) electrostriction contributes in the surface boundaries FES ,V,B (Pa),
(b) radiation pressure FRP (Pa), (c) electrostriction contributes in the vol-
ume FES ,V (N/m3) [13].
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Chapter 2 The rigorously coupled model

(a)

(b)

Figure 2.9: (a) OM cavity made of two cascaded cavities similar to the cavity sim-
ulated in section A. (b) optical scattering parameters through the cavity
[13].
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2.3 The original OM cavity design

Table 2.2: Parameters to which the maximum OM coupling has been observed for the
double cavity configuration.

fMech fOpt,1 fOpt,2 QMech QOpt,1 = QOpt,2

5.686 · 109 Hz 191.645 · 1012 Hz 191.585 · 1012 Hz 103 ∼ 0.5 · 105

mutual coupling when the spatial distance between the cavities is reduced: two dis-
tinct optical resonances are obtained, corresponding to the two frequencies of the un-
degenerate resonances. For numerical purposes, different resonance separations are
set by changing the distance between cavities. The proper distance is set by matching
he optical frequency separation with the resonant frequency of a specific mechanical
mode, as stated in Eq. (6). In a backward SBS configuration, the higher of the two un-
degenerate frequencies is populated by the pump field, and the lower frequency gets
populated as long as the stimulated scattering is effectively mediated by the phonon
amplification. The above effectiveness depends on several factors, namely, the me-
chanical effective mass, the spatial overlap between the optical beating signal and the
mechanical field, as well as their cumulative coupling over the cavity, which general-
izes the relation (10) of plane waves [13].

The principal parameters of the double-cavity configuration are listed in Table 4.2,
including both the mechanical and the optical frequencies/Q-factors in play.

Fig. 2.9 shows both the geometry and the optical transfer function, in the frequency
spectrum of interest, of the investigated OM cavity. Focusing on Fig. 2.9a, it is
immediately clear that the two optic resonances are significantly overlapping each
other, and that in respect to the peak observed in the single cavity case (see Fig. 2.6b),
there has been a downshift in the frequencies at which the resonances fall. The reason
for that must be sought in the slight modification of the geometry, which has been
reshaped a little bit in order to ensure the same Q-factor as the one of the single
cavity. The latter is indeed a key point for correctly evaluating the performances of
the proposed double-cavity: the main goal of this analysis was to observe an increase
in the overall coupling effect due to the maximization of the optical field intensity
of both the pump and the probe signals, made possible by engineering two different
resonance peaks at both fOpt,1 and fOpt,2.

Fig. 2.10 and 2.11 represent the main outcomes of this section, e.g. the comparison
between the results obtained with the single OM cavity configuration (in which only
the probe signal falls exactly at the resonating frequency of the cavity) and the results
obtained with the double OM cavity configuration (in which both the pump and the
probe signals are centered at the resonance).

Fig. 2.10 compares the |S 11|
2 of the probe in the two cases. It is clearly shown that,

for regaining the same OM coupling efficiency, the needed input power considerably
decrease when passing from the single to the double cavity design.

Together with the reflection, also the generated mechanical displacement is evalu-
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Figure 2.10: Maximum value of the mechanical displacement, as a function of the fre-
quency, both for single cavity (Probe signal reflection (|S 11|

2) as a func-
tion of the frequency, for different values of pump power, both for single
cavity (triangles, pump power: [0.01, 0.02, 0.03] mW) and double cavity
(circles, pump power: [0.005, 0.01, 0.02] mW) [13].
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Figure 2.11: Maximum value of the mechanical displacement, as a function of the
frequency, both for single cavity (triangles, pump power: [0.01, 0.02,
0.03] mW) and double cavity (circles, pump power: [0.005, 0.01, 0.02]
mW) [13].

ated, and once again the difference between the two configurations is quite marked.
The phononic mode intensity is significantly higher when the double cavity design is
considered, and this confirms that, if to fulfill the selection rule fOpt,1 − fOpt,2 ∼ fmech

by making so that both the optical frequencies fall in a resonance peak, the OM am-
plification is maximized.

As a conclusive note, it must be underlined that although the trends of both Fig.
2.10 and 2.11 are clear (meaning that the main concept of the conducted analysis has
been numerically proven), serious convergence issues have been faced when the OM
coupling gets too strong. As a consequence, it was not possible to give an optical
excitation of more than 0.02 mW for the double cavity configuration.

2.4 The user friendly application

In order to facilitate the usage of the herein-above model, capable of rigorously simu-
late the interlacing physics of mechanics and EM for a generic dielectric structure, the
latter has been transferred to a user-friendly application. Such application is intended
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Chapter 2 The rigorously coupled model

to serve as an interface between the "lab-reality" and the theoretical investigation, thus
allowing researchers having different backgrounds the access to an objectively chal-
lenging design tool.

Given the completely customizable geometry, the user can achieve the maximum
coupling between the mechanical and EM resonating modes by tuning the most char-
acteristic geometrical parameters of a generic OM cavity such as its length, width,
etc.

It must be underlined that, since the application has been completely realized in
COMSOL Multiphysics R©, an active license of such full-wave simulator is indeed
needed.

As shown in Fig. 2.12, the developed application has been organized in four differ-
ent sections: i) Material Properties, ii) Input Parameters, iii) Geometrical Properties
and iv) Computation and Results.

• Material Properties: in this section, all the electromagnetic (relative perme-
ability εr, relative permittivity µr and electrical conductivity σe), mechanical
(Young’s modulus E, mass density of the not-deformed configuration ρ0 and
Poisson’s ratio U) and purely OM (photoelastic tensor pi jkl) parameters of the
material cavity are incorporated.

• Geometrical Properties: this section guides the user in designing and optimizing
the desired OM cavity. It is possible to engineer both the fundamental (cavity
length, cavity width, cavity height, wing width etc.) and the advanced geomet-
rical parameters. Focusing on the latter, for both the discontinuities and wing
height curvature coefficients is possible to define a number between 0 and 1 that
will model the growth gradient between the first and the last elements of the
array.

• Input Parameters: In this section, the mechanical and the electromagnetic fre-
quencies (obtained by running a preliminary eigen-analysis for both the physics),
together with the electromagnetic input power, can be defined in order to simu-
late the OM-coupling in the designed resonant cavity. It must be underlined that
only the electromagnetic signal needs to be pumped in the OM-cavity since the
application, for a given mechanical eigen-frequency Ω, automatically evaluates
its effective mass for then computing (at the given temperature of 273 K) the
phonon occupation in terms of an initial displacement u0.

• Computation and Results: this section presents a list of sixteen buttons in total,
conceptually divided into three categories: the geometry visualization buttons,
the evaluation buttons and the result buttons. The geometry visualization but-
tons shows the geometrical entities which are relevant from a computational
point of view, as the boundaries in which the surface forces (i.e. the radiation
pressure and the boundary electrostrictive forces) are defined and the volume in
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Figure 2.12: Snapshot of the graphic user interface of the developed application. Four
sections can be easily distinguished: The Material Properties section, in
which it is possible to specify the physical characteristics of the sample
taken into examination, the Geometrical Properties section, the Input Pa-
rameters section, in which frequencies (both optic and mechanical) and
the laser input power are defined and the Computation and Results sec-
tion [29].
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Chapter 2 The rigorously coupled model

which the OM coupling takes place. The evaluation buttons allow the user to
choose between three different studies: two eigenfrequency studies defined for
both the electromagnetical and the mechanical modules, so that is possible to
identify the various resonances of the resonant cavity under investigation, and
one study which solves for the actual fully-coupled OM phenomenon. The re-
sult buttons display the previously computed quantities of interest such as the
fields distributions and the OM coupling forces. Focusing on the latter, two
different sub-categories of result buttons can be distinguished.

– The E-field: Pumped, E-field: Scattered, Displacement, ES: Volume, ES:
Boundaries and Radiation Pressure result buttons plot, in a secondary
window, the fields computed by the fully-coupled OM phenomenon, so
that is possible to evaluate their entities.

– o The E-field: Resonances and Displacement: Resonances result buttons
plot, in a secondary window, the resonating modes founded by the two
eigen-frequency studies defined for both the EM and the mechanical mod-
ules, as shown in Fig. 2.13 and Fig. 2.14. The quality factor correspond-
ing to each resonating mode can also be evaluated for both the electro-
magnetical and mechanical modules, while the effective mass can only be
computed for the mechanical one.
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Figure 2.13: Snapshot of the secondary window related to the Displacement: Res-
onances result button, where for each mechanical resonating mode, it
is possible to evaluate its corresponding i) field distribution (selectable
from the drop-down menu positioned above the field plot), ii) quality
factor and iii) effective mass [29].
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Chapter 2 The rigorously coupled model

Figure 2.14: Snapshot of the secondary window related to the E-field: Resonances
result button, where for each electromagnetic resonating mode, it is pos-
sible to evaluate its corresponding i) field distribution (selectable from
the drop-down menu positioned above the field plot) and ii) quality fac-
tor [29].
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Concerning coherent phonons
detection and generation

3.1 Optical characterization of the coupling between
a slab waveguide and an OM cavity

After having presented, in the herein-above chapter, the fully coupled numerical model
capable of rigorously simulate the OM phenomenon in resonant µ-cavities, in what
follows foundations will be laid for what concerns the optical excitation of an OM
cavity and the generation, as well as the detection, of coherent phonons.

Typically, an OM cavity is excited by mean of evanescent light coming froma ta-
pered optical fiber [23] (which works, in our particular context, at room temperature
and at atmospheric pressure): a µ-loop is formed by manually twisting the fiber, giv-
ing rise to an evanescent tail of the E-field in close proximity to the section in which
the curvature of the loop reaches its minimum, as shown in Fig. 3.1. Although such
method has been tested numerous times in multiple environments and excels for sim-
plicity and pragmatism, if to consider a context in which the OM cavity should serve as
an integrated component capable of both generating and detecting coherent phonons,
an alternative solution must be found. The precarious balance of the fiber loop would
constitute a serious limitation when transferring a general OM apparatus from a lab-
environment to an industrial reality, in terms of both mechanical stability of the thin
optical fiber itself and strong variability the one would have in the entity of the EM
coupling between the fiber and the OM cavity.

A possible solution for overcoming such issues is to create an embedded device in
which a slab waveguide is placed alongside the OM cavity, as shown in Fig. 3.2. In the
proposed configuration, the light would still be injected be mean of an optical fiber,
but rather than being the evanescent light source itself, the latter would be connected
to the aforementioned slab waveguide. The EM energy transfer now occurs between
the OM cavity and the slab, and thanks to the mechanical stability of the latter (which
totally cancel the manual tuning of the fiber µ-loop position), the variability of the
EM coupling between two different samples considerably drops. Furthermore, having
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Chapter 3 Concerning coherent phonons detection and generation

Figure 3.1: Experimental details of a generic OM setup. (a) SEM image of an OM
crystal, here in shape of a suspended Si nanobeam. Scale bar is 2 µm. (b)
Optical image showing a top view of the OM crystal with the fiber below
and the pump laser spot. (c) Schematic of the evanescent fiber coupling
measurement system [23].

the aim of maximizing the EM energy transfer, the slab waveguide has been tapered
at the same height as the center of the OM cavity (e.g., where the chosen optical
resonating mode is supposed to be trapped), so that a quasi-static wave arises. This
causes a consistent drop of the overall slab transmission (S21) in the region of interest,
meaning that, if to neglect the radiation losses, the slab-OM cavity coupling will be
maximized when the reflection (S11) will be minimized.

3.1.1 Setting up the model

This section provides hints on how the model for performing a rigorous analysis of
the optical coupling between a suspended Si nanobeam optical waveguide and a sus-
pended Si resonant cavity, defined by a quasi-periodic structure consisting on repeated
holes and wings, with proper taper in its central region. Such taper is needed to pro-
vide a considerable optical confinement with high resonant quality. The objective of
the present simulation run is to maximize the strength and the efficiency of the optical
coupling between the OM cavity and the slab waveguide, also referred to as nanobeam
given the presence of numerous discontinuities. To this aim, two main parameters are
being considered for optimization, namely the distance D between the nanobeam and
the OM cavity and the position of the mirror (measured from the center of its smaller
hole) with respect to the center of the OM, indicated by W. It is worth to mention that
the width of the nanobeam has been chosen to be identical to the one of the OM cavity,
so that the fundamental propagating mode has the same degree of confinement. Both
the herein-above introduced optimization parameters are shown in Fig. 3.3.

In the following, a qualitative view of the general numerical trend of the optical
coupling is reported as a function of D and W, with a view to the quality factor and the
resonance frequency. In order to provide an estimation of the coupling, it is important
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Figure 3.2: Snapshot of the simulated optical structure, where the different excitation
ports a), b), c) and d) have been indicated.

Figure 3.3: Geometric parameters D (nanobeam-OM cavity distance) and W (mirror
longitudinal position) swept for the numerical optimization of the optical
coupling.
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Chapter 3 Concerning coherent phonons detection and generation

Figure 3.4: Focus on the advanced mesh configuration adopted for the air gap between
the nanobeam and the OM cavity.

to check the maximum strength of the electromagnetic field of the resonant mode in
the cavity. The higher the field, the larger the expected OM coefficient calculated from
the field overlap with the mechanical modes resonating in the cavity. Importantly, it
should be noted that experimental conditions can slightly differ from ideal simulations,
and this is due to mechanical tolerances, fabrication limits, statistical fluctuations of
the electromagnetic parameters, material roughness, dielectric discontinuities.

Moreover, the above simulations are quite challenging as they present at least three
different but concurring problems, which we are strongly amplified (numerically) by
the high Q resonance of the cavity:

• The mesh: the geometrical sweep, aimed to maximize the coupling strength,
necessarily passes from creating a different mesh configuration for every opti-
mization step, and this may cause, in the worst case, a change in the output vari-
ables that may overcome the one caused by the behavior of the E-field itself. As
mentioned above, such undesired effect is generally amplified when it comes to
analyze structures in which the gradient of the optical field is sufficiently high.

In order to overcome such issue, advanced mesh considerations must be given
to the air gap existing between the nanobeam and the OM cavity (which clearly
is the most delicate region, in terms of field distribution, in the entire model),
and each performed geometrical sweep should be addressed singularly.

The W sweep, e.g. the longitudinal sweep of the nanobeam discontinuities, is
not expected to create considerable problems in terms of mesh. If to apply a
fine, standard mesh composed of tetrahedrons, the holes shift shouldn’t affect
too much the overall mesh configuration in the critical region of the air gap.

The same argument does not apply when treating the D sweep, e.g. the sweep of
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the distance between the nanobeam and the OM cavity. In this case, the reduc-
tion (as well as the increment) of the mesh elements in the air gap may lead to
misleading configurations for the optical fields, and such a change is definitely
not easy to control since it directly comes from the mesh optimization algo-
rithm implemented in any EM-simulator. If, for example, the distance between
the wings of the OM cavity and the holes of the nanobeam (which are known to
be regions where the mesh element size is squeezed down to its minimum limit)
is reducted, the tetrahedrons placed in the air gap will be relatively small be-
cause of the maximum element grow rate setting, making the region of interest
densely populated in terms of mesh elements.

The opposite result would be achieved when the two optical devices are set at a
larger distance from each other. In this case, the mesh optimization algorithm
will let the tetrahedrons to grow as much as both the maximum element grow
rate setting and the effective distance D allow, resulting in a scarcely populated
region.

Clearly enough, the E-field may be considerably affected by these changes be-
cause, in the unfortunate case in which the gradient of the field is high, different
mesh configuration will provide different description of the optical evolution
along the region of interest, and some of them may simply not provide enough
elements to properly describe such evolution.

A possible solution to overcome such critical issue is shown in Fig. 3.4. Basi-
cally, the gap region is demarcated from the overall air domain, and only here,
instead of meshing freely with the standard tetrahedral option, a sweep of the
boundary mesh from the upper OM cavity region down to the lower nanobeam
one is performed. In such way, the number of mesh element in the gap can
be easily managed, and most importantly, even if the distance D changes, this
only results in a stretching of the elements themselves, which keeps their overall
density constant.

• The excitation ports: when exciting a structure such as an optical waveguide,
a waveport (also referred to as numeric port in COMSOL) is by far the best
choice. While a lumped port only considers an area in which the E-field is as-
sumed to be constant, a waveport automatically runs an eigen-analysis for iden-
tifying the allowed modes for a certain geometrical configuration at a certain
frequency, and excites only the desired ones. Another remarkable difference
between the two kind of ports is that the lumped one cannot detect higher-order
modes (both in transmission and in reflection), which leads to a wrong interpre-
tation of the overall reflection caused by both the nanobeam and the OM cavity
mirrors, while the waveport does it naturally.

That said, the waveport comes with few downsides, and among them, the most
critical for the present analysis is that the area on which the port is defined
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should be big enough to correctly catch the slab guided mode. Although such
obligation does not particularly affect most of the optical modeling, in our par-
ticular case, given the presence of two nearby ports, the issue becomes rather
significant. Additionally, the distance D is to be swept, which further restricts
the potential extension of each port side.

That said, it is noted that there is no guarantee that a good compromise for the
port size is possible, but in the worst case scenario, different approaches are
possible. For example, one may think to extend the computational domain to
allow a proper calibration of the EM field excitation coming from the waveports.

• radiating boundary: even a small reflection from the radiating boundary (let say,
even 1% or less) could strongly impact the final results due the high Q of the
cavity, so PML thickness and distance can become critical parameters. In order
to overcome this issue, several tests have been made varying PML thickness and
position, until consistent and repeatable results have been obtained.

3.1.2 The nanobeam-OM cavity modes investigation

Before going deep in the optical optimization of the coupled configuration nanobeam-
OM cavity, it is mandatory to perform a preliminary analysis aimed to identify the
high-Q optical modes such structure can support. Even though the OM cavity has been
extensively characterized in multiple occasions from both a theoretical and an exper-
imental point of view, the resonant frequency of the targeted mode may be slightly
shifted due to the presence of the nanobeam, which is capable of perturbing the EM
characteristics of the isolated OM cavity system.

In this section, a systematic study of the optical response of several resonating
modes related to the structure under investigation will be done. Such study has been
carried out in collaboration with the phononic research team of Prof. Yan Pennec,
from Lille University of Science and Technology (USTL). Most of the calculations
have been voluntarily performed in a totally independent manner, so that their out-
comes could be directly compared. In general, a good accordance has been found:
small numerical differences (for instance, < 1% for the resonant frequency) are due to
different mesh strategies and different boundary settings, that can vary from study by
study but do not void the main results of the analysis.

With reference to Fig. 3.2 and Fig. 3.3, the optical device that has been considered
in this analysis consists of the OM cavity and of the slab waveguide, also referred to
as nanobeam, with the latter used to excite the resonant eigenmodes. The previously
introduced optimization parameters D and W, which refer, respectively, to the distance
between the nanobeam and the OM cavity and to the distance between the first hole of
the Bragg mirror and the center of the nanobeam, will be considered in the following
analysis. The optical and elastic properties used in the calculation are exactly the same
as the one used in the fully-coupled analysis presented in the previous chapter, and are
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Table 3.1: Optical and elastic properties used in the calculation.
Ct(m/s) Cl(m/s) ρ0(kg/m3) p11 p12 p44 n

S i 5845 8440 2330 −0.1 0.01 −0.051 3.48

also shown in Table 3.1 for convenience. In this study, the USTL research team
calculated the following quantities: the optical quality factor, the optical transmission
and the OM coupling by using the standard first-order perturbation method.

Fig. 3.5a presents the electric field modulus associated to the eigenmodes of the
cavity, which are symmetric with respect to the xy plane. In this case, the following
geometrical parameters have been considered: D = 450 nm and w = 0 nm. Clearly, the
mode 5, which resonates at a frequency ∼ 188 THz, represents the best choice when
aiming to maximize the OM coupling because of both its significantly high Q-value
(as shown in Fig. 3.5b) and the field configuration, which remains confined in the
inner region of the resonating cavity.

By sweeping the optimization parameters, it has been noted that as the distance D
between the OM cavity and the nanobeam increases, the values of the quality factor
and the frequency of the photonic modes increase as well, as shown in Fig. 3.5c. This
may be caused by the simple fact that by putting the nanobeam as far as possible from
the OM cavity the perturbation effect gets negligible, which results in an increase of
the overall performances of the cavity since the latter may now be assumed as ideally
isolated. Nevertheless, although an increase of the D-parameter is beneficial in terms
of Q-factor, one must not forget that such parameters also plays a fundamental role
when it comes to effectively excite the OM cavity: if the distance between the latter
and the nanobeam gets too large, it is expected that the evanescent tail of the E-field
would become too weak for properly transfer the EM energy from one configuration
to the other.

Concerning the effect related to the sweep of the parameter W (Fig. 3.5 (d)), it has
been noticed that the frequency of the optical modes remains almost constant while
the quality factor presents a non-linear variation (Note: the calculation of the effect of
w on the quality factor and the frequency was performed with D = 550 nm).

Fig. 3.6 shows the optical transmission/reflection (Fig. 3.6a) and the energy density
(Fig. 3.6b) related to the mode 5 in respect to a sweep of the optimization parameter
D. A first difference between the analysis conducted above and the one of which the
results are shown in Fig. 3.6 lies in the nature of the numerical simulations itself: while
in the first case an eigen-analysis has been carried out, in the second case waveports
defined at the edges of the computational domain have been effectively excited. In this
case, the reflection is related to the port 1 (e.g. the excited port) and the transmission to
the port 4, so that is possible to evaluate the efficiency of the coupling. Fig. 3.6a shows
both the transmission and reflection for different values of the D-parameter, while the
red numbers related to each step of the sweep represents the overall radiation losses.
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Figure 3.5: (a) Localized modes of the OM cavity, (b) optical quality factor related to
each mode, optical quality factor as a function of the optimization param-
eters (c) D and (d) W.
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(a)

(b)

Figure 3.6: (a) Transmission curves obtained for an optical frequency of 188 THz and
(b) related EM energy density. The colors indicate the distance between
the photonic cristal and the optical waveguide.
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Chapter 3 Concerning coherent phonons detection and generation

As aforesaid, even though large values for the distance between the nanobeam and the
OM cavity ensures an high-Q mode, there’s a specific D-parameter range in which the
coupling is maximized, and such a range is observed to fall around the value of 450
nm (e.g. where the transmission is maximized). A further confirmations comes from
the evaluation of the EM energy density stored into the OM cavity (see Fig 3.6b): also
in this case, the peak is reached when D = 450 nm.

3.1.3 The sensitivity analysis

In what follows, a sensitivity analysis on the optical performances of the coupled sys-
tem OM cavity/nanobeam will be performed, and the results gained above concerning
the mode 5 will be extended and deepened.

By keeping the same simulation setup that generated the outcomes shown in Fig.
3.6, the input reflection only is reported in 3.7, and in this case both the D- and the
W-parameters are swept. Fig. 3.7a extends the results of 3.6a by reducing further
the D-parameter, while Fig. 3.7b focuses on the reflection variation in respect to a
sweep of the W-parameter. One can think that, in general, is preferable to keep the
longitudinal shift of the Bragg mirror to 0: it actually seems that if to slightly vary the
W-parameter, either in the positive or in the negative values of the x-axis, the reflection
gets dramatically worst. However, as it will be shown in what follows, the evaluation
of the reflection alone is not enough for having a clear understanding of the overall
coupling phenomenon.

For completeness, Fig. 3.8 shows the EM-field distribution in the whole compu-
tational domain, in correspondence of the resonant frequency, for the particular case
where D = 230 nm and W = 0 nm. The pedices of the scattering parameters Sij are set
in accordance to the port definition of Fig. 3.2.

A more complete overview of the trend of the optical response of the system with
respect to the optimization parameters is provided in Fig. 3.9, where both reflection
and transmission peaks, for different values of the D-parameter, are reported together
for having a better comparison.

In order to estimate the best conditions for the optical coupling we need to take into
account two main effects: 1) the lower the distance D the better the coupling, but,
consequently, 2) the lower the quality factor Q of the cavity, due to optical leak from
the OM cavity to the nanobeam. In general, an optimum distance D can be found,
as reported in Fig. 3.10. As also shown in the latter figure, the optimum distance
changes for different values of W. As a matter of fact, a higher transmission (S12)
corresponds to a higher resonant field inside the optical cavity. In conclusion, for the
considered cavity, and for the considered resonant mode, the best condition in terms
of field strength in the cavity is given by W in the range 200 – 300 nm, D ∼ 550 nm.
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3.1 Optical characterization of the coupling between a slab waveguide and an OM cavity

(a)

(b)

Figure 3.7: Reflection at port 1 (see Fig. 3.2) as a function of the frequency: a) dif-
ferent values of D are assumed while W is kept fixed at 0 nm, b) different
values of W are assumed, while D is kept fixed at 230 nm.
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Chapter 3 Concerning coherent phonons detection and generation

Figure 3.8: Numerical results for the scattering parameters and normalized EM field
distribution (zoom on the OM cavity) assuming D = 290 nm and W = 0
nm.

Figure 3.9: Frequency dependence of the scattering parameters, e.g. reflection (S11)
and transmission (S21), for different values of D (W = 0 is assumed).
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3.1 Optical characterization of the coupling between a slab waveguide and an OM cavity

Figure 3.10: Maximum transmission (S21), falling at the resonant frequency, as a func-
tion of the distance D for different values of W, namely W = 0 nm (blue)
and W = 40 nm (red). It is evident that a higher effect (e.g. maximum
transmission) is obtained as W increases.
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Chapter 3 Concerning coherent phonons detection and generation

Figure 3.11: Optomechanical coupling ratio between the five optical modes and seven
phononic modes.

3.1.4 The OM driven phonon resonator

Basing on the results that have been given in the previous section, where a deep under-
standing of the optical behavior of the system composed by an OM cavity coupled to a
nanobeam (e.g. a slab waveguide in which a Bragg mirror has been applied) has been
pursued, in what follows the proper OM phenomenon will be investigated for both
the chosen optical mode and the optimized geometrical configuration. By considering
both Fig. 3.10 and Fig 3.6b), which refer, respectively, to the overall transmission
evaluated on the port 2 and to the EM energy density confined into the resonating
cavity, it is observed that an eligible geometrical configuration for the analysis of the
effective OM coupling is the one where the D = 450 nm and W = 0 nm. Even though
it was numerically proven that by slightly increasing the W-parameter the presence of
the E-field in the cavity is accentuated, it is preferable, from a merely technological
point of view (e.g. for not developing an additional mask for the lithography), to select
the W = 0 nm configuration.

The OM phenomenon will be addressed by mean of two different method: i) the
standard first-order perturbation method and ii) the fully-coupled method already dis-
cussed in the previous chapter. As a first step, the standard perturbative approach has
been used for identifying the mechanical modes having an acceptable coupling factor
with the chosen optical mode, e.g. the previously discussed mode 5. As shown in Fig.
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3.1 Optical characterization of the coupling between a slab waveguide and an OM cavity

Table 3.2: Coupling rates related to the MI effect, the PE and the overall OM. for the
five optical modes of interest related to the phononic mode at fphon = 2.41

Opticalmode MI(MHz) PE(MHz) OM(MHz)
1 0.3611 0.6164 0.9760
2 0.4240 0.6173 1.0403
3 0.6589 1.0752 1.7342
4 0.6454 1.1340 1.7766
5 0.7082 1.2914 1.9941

Table 3.3: Coupling rates related to the MI effect, the PE and the overall OM. for
the five optical modes of interest related to the phononic mode at fphon =

2.0595.
Opticalmode MI(MHz) PE(MHz) OM(MHz)

1 −0.0139 −0.1252 −0.1391
2 0.2016 −0.0638 0.1378
3 −0.2471 −0.0174 0.2645
4 −0.0467 0.0387 −0.0081
5 0.0584 0.0507 0.1091

3.11, the OM coupling rates between the phononic mode located at fmech = 2.41 GHz
and the optical modes found in the usable range are significantly high, and as expected,
given the fact that both the mechanical and the optical field are strongly confined in
the inner region of the cavity, the coupling rate peak is reached by considering the
mode 5.

For the sake of clarity, the coupling rates related to the MI effect, the PE and the
overall OM one are displayed in the Tables 3.2 and 3.3 for the five optical modes
of interest and for two different phononic modes at, respectively, fphon = 2.41 and
fphon = 2.0595 GHz.

After having identified, for the given system, the two modes that guarantees the
strongest OM coupling by computing the various coupling rates, the effective entity
of such interaction can be quantified by adopting the fully-coupled model. The im-
portance of such analysis is not limited to the acknowledgment of the real entity of
the mechanical deformation, which can indeed be a fundamental information in order
to design an adequate phononic communication system, but also to step closer to the
experiments in respect to the perturbative approach. While the latter only relies on
eigen-analysis for evaluating the efficiency of the OM coupling in a given configura-
tion, the coupled approach effectively excites (both in the optical and in the mechan-
ical senses) the structure, meaning that the constitutive equation of the two physics
involved are rigorously solved in their coupling and so that the two kind of fields are
condition each other.

A first example of what has just been said may be found in Fig. 3.12. Here, only
the phononic excitation is considered (meaning that only the mechanical physics is
solved, while the EM one has been switched off), and the maximum displacement
detected in the inner region of the cavity is plotted against the excitation frequency,
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Chapter 3 Concerning coherent phonons detection and generation

Figure 3.12: Max displacement (nm) vs. frequency (Hz) for the investigated mechan-
ical resonating mode.

performed by mean of a boundary load. It is observed that the selected phononic mode
( fphon = 2.41 GHz) is, in truth, slightly shifted (∼ 25 MHz) with respect to what the
eigen-analysis has shown in the previous studies. As we shall see in the next section
of the present chapter, such shift may constitutes a serious problem when it comes to
design additional phononic structures as, for example, a phononic waveguide aimed
to carry out from the cavity the OM-generated phononic signal.

Fig. 3.13 evaluates the maximum value of the norm of the scattered component
of the E-field (generated from a fully-coupled analysis) in respect to the optical fre-
quency. Although, in principle, the model setup is the same as the one discussed in
section 1.2, where an optical pump and a mechanical excitation have been set up hav-
ing as objective the observation of the optomechanically generated scattered signal,
it is worth to mention that in this case the optical waveport that has been switched
on is the number 1 (having the input power of 20 mW), e.g. the one related to the
nanobeam. The mechanical excitation, on the other hand, has been kept as a boundary
load on the edge of the cavity, and it has been opportunely tuned for matching the ther-
mal phononic population at the given frequency. For generating the trend of Fig. 3.13,
the mechanical frequency fphon has been varied so that the maximum OM coupling
could be observed in the peak of the intensity of the scattered E-field. Interestingly
enough, such peak doesn’t fall at 2.434 GHz, e.g. the phononic resonant frequency
observed in Fig. 3.12, but rather at 2.426 GHz. The reason for this lies in the coupled
nature of the phenomenon itself: if in Fig. 3.12 the phononic mode was left unper-
turbed, when also the optical pump is turned on both the electrostriction force and
the radiation pressure play their role in deforming the geometry of the resonant cavity.
This means that the domain in which the phononic mode resonates is slightly modified
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3.2 The phononic waveguide

Figure 3.13: Scattered E-field (V/m), generated by the fully-coupled method, vs. fre-
quency (Hz). The resonance peak falls here at 2.426 GHz, which is
slightly shifted from the resonating frequency of the mechanical mode
observed in Fig. 3.12 of 2.434 GHz. Such difference is due to the optical
forces (e.g. electrostriction and radiation pressure) acting on the cavity.

in respect to the case in which there are no optical forces exerted, and this causes a
shift of the mechanical resonating frequency.

For the sake of completeness, the distribution of both the phononic (Fig. 3.14a) and
EM fields are shown in Fig. 3.14.

3.2 The phononic waveguide

After having extensively talked about the phonon-light interaction that has been in-
duced in a resonating cavity by an external optical source (either by a blended optical
fiber or by a slab waveguide in which a Bragg’s mirror has been designed),and also
about how such interaction can be treated from a theoretical point of view (either by an
approximate, perturbative approach or by a rigorous one, capable of effectively couple
the two fields involved), in what follows a brief introduction on the extraction of the
phononic signal will be given.

This section,from the perspective of the main action plan, is placed at the second
main point, e.g. to extract the phononic signal from the OM cavity, by developing a
proper phononic waveguide in which the wave is able to propagate in the millimeter
scale range.

Although there are a large variety of aspects involved when it comes to structure
and optimize a generic wave-like propagation on a solid medium, going from the
strictly theoretical point of view of engineering the shape of the mode in propagation,
to technologically-oriented issues like fabricating a mostly-suspended Si-device in
order to get rid of the mechanical losses related to the bulky-waves, because of severe
non-disclosure restrictions related to the still on-going European project this work is
developed in, only a rather general overview of the state of art will be given here.
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Chapter 3 Concerning coherent phonons detection and generation

(a)

(b)

Figure 3.14: Plot of the a) displacement field (nm) and b) scattered electric field (V/m)
generated by the fully-coupled method.
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3.2 The phononic waveguide

Figure 3.15: Evaluation of both the phononic and optical modes, by mean of the
fully-coupled model, for the OM configuration as proposed by [28]. A
phononic waveguide composed of a standard slub joined by a phononic
shielding is connected, for detection/generation purposes, to one of the
two terminals of the OM cavity.
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Chapter 3 Concerning coherent phonons detection and generation

Figure 3.16: Evaluation of both the longitudinal and transverse components of the
phononic wave resulting from the OM cavity ([28]) excitation.

Figure 3.17: Dispersion curves and geometrical parameters of the phononic shield as
proposed by [28].

Firstly, the outcomes of [28], where an OM crystal (designed for exhibiting a cou-
pling phenomenon at 5.1 GHz) has been integrated to what has been defined as an
acoustic shield, will be regained and extended, and further evaluation on the effi-
ciency of the phonon extraction and on the magnitude of the phononic wave itself
will be given.

Secondly, the same acoustic shield design concept will be applied to the OM cavity
that has been largely investigated in the previous chapters, and its highest operating
frequency will be exploited.

Fig. 3.15 shows the model setup (with a focus on the meshing) and both the optical
and mechanical resonating modes computed, rigorously, by mean of the fully-coupled
approach. The significantly high quality factors of the modes related to this particular
cavity design (Qopt ∼ 1 · 106 and Qphon ∼ 6 · 105, both experimentally observed),
although beneficial for the overall coupling process, has several downsides from both

48



i
i

“output” — 2020/2/14 — 10:40 — page 49 — #73 i
i

i
i

i
i

3.2 The phononic waveguide

Figure 3.18: Punctual mechanical excitation aimed to evaluate the behavior of the
phononic wave coming our of the OM cavity.

theoretical and practical points of view. An high quality factor means high values of
the resonating fields in play, so the mesh setting and, primarily, the criticality of the
OM coupling represent great challenges for the numerical simulation.

The meshing issue, in principle, may be solved by simply adopting a finer mesh
strategy, but such an increase of the element density may lead to an unmanageable
model from the computational cost point of view. Additionally, the mesh element
population should be denser only in particular region of the cavity, e.g. the ones in
which the resonating field reaches its maximum values, and this requires preliminary
studies aimed to deeply understand the mode configuration.

A second theoretical issue one must consider is the one related to the well known
convergence problems that arise when dealing with particularly strong couplings. The
non-linear nature of the equations analyzed in the previous chapter, together with the
several bridges existing between the two physics in play (e.g. the electrostriction and
the radiation pressure forces, the photoelasticity and the moving boundary effect),
make the convergence process extremely difficult. As a proof of that, for limiting the
magnitudes of the resonating fields, the optical pump excitation has been kept to 20
µW, which still generates considerably high values of the scattered E-field.

The practical downside of having such an high quality factor is related to the mode
confinement itself: while, as aforesaid, having a good mode confinement is preferable
in terms of coupling efficiency because of the magnitudes in play, when it comes to
carry the signal (the phononic one, in this case) out of the resonating structure, severe
limitations must be taken into account. As shown in Fig. 3.17, the magnitude of
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Chapter 3 Concerning coherent phonons detection and generation

Figure 3.19: Dispersion curves and geometrical parameters of the phononic shield op-
portunely designed for the frequency in use.

Figure 3.20: Evaluation of both the longitudinal and transverse components of the
phononic wave resulting from the OM cavity excitation.

the displacement-wave extracted from the cavity is attenuated, whit respect to the one
resonating in the inner region of the cavity, by several orders of magnitude (∼ 4.5·103).
Although such analysis cannot be declared as a quantitative one since the excitation of
20 µW provides down-scaled values of the fields, has been given as a pump signal, the
ratio between the magnitudes of the two considered waves is not expected to change
in a real-case scenario.

Fig. 3.16 focuses on both the geometrical parameters (taken directly from [28])
and the dispersion curves of the acoustic shielding that has been used for confining
the phononic wave. A total band-gap is observed between 5 and 6 GHz, which also
defines the working range of the waveguide. In general, it has been observed that three
repetitions of the acoustic shielding unit cell are enough for providing an acceptable
level of phononic confinement. This means that the complete design for a phononic
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3.2 The phononic waveguide

waveguide must consider a slab (having the same size of the OM cavity in which the
signalis generated/detected) and three repetitions of the acoustic shield unit cell for
each side, which leads to an overall width of the suspended Si-domain of, approxi-
mately, 6.5 µm.

By modulating the side of the shielding unit cell, e.g. by passing from a value of
1 µm to a value of 0.955 µm, one can shift the band-gap to lower frequencies, and so
target the maximum working frequency of the cavity design here treated (∼ 4.7GHz),
as shown in Fig. 3.19.

The re-designed acoustic shield has then to be integrated with the OM cavity, as
shown in Fig. 3.18, allowing for the phonon extraction. In this case, a versatile
mechanical-only simulation has been preferred to the fully-coupled approach since
the target of the study is the phononic behavior alone, which permits to get rid of use-
less computational efforts. The phononic mode has in this case been excited by mean
of punctual application of harmonic loads (oscillating at the same frequency of the
mechanical mode), which has been opportunely tuned in their magnitude to generate
the same maximum mode displacement as the one that would be found by performing
a rigorous OM simulation.

By comparing the maximum of the phononic mode resonating in the inner region of
the cavity to the maximum of the extracted displacement-wave of Fig. 3.20, one may
notice a considerably lower difference in magnitude in respect to the one related to the
previous design [28]. In fact, if before such ratio reached a value of ∼ 4.5 · 103, in this
case, because of the lower values of the quality factors in play, the ratio drops down
to ∼ 102. Having such an improvement in the generated phononic wave magnitude
is extremely beneficial in terms of signal propagation, pushing the design scale of
the phononic waveguide up to the millimeter-range. Additionally, by recurring to
the definition of the mechanical energy flux, also the mechanical losses due to the
non-ideal efficiency of the phononic shielding have been taken into account. The
mechanical energy flux is a vector formed by the multiplication of the stress tensor
and the velocity vector

Ii = −σi jν j. (3.1)

The reason to have the minus sign in the definition is that if to put a pressure on an
external boundary for then moving it in the direction of the load, then a positive power
input in the direction of the load is obtained. When it comes to perform an analysis in
the frequency domain, then we have

Ii =
1
2

Re(−σi jν j
∗). (3.2)

In the case under investigation, the mechanical energy flux associated to a phononic
wave shoot in an ideal suspended slab (where the only mechanical losses are the one
related to the non-ideal material the slab is made from) is 6.78 · 10−11 W/m2, whereas
the one related to the real case, in which the acoustic shielding has been applied, is
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Chapter 3 Concerning coherent phonons detection and generation

6.39 · 10−11 W/m2, confirming the efficiency of the developed phononic waveguide.
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Chapter 4

SAWs as a phonon processing
alternative

In the last two chapters, various solution for addressing issues such as i) the generation
of coherent phonons at various frequencies and ii) the wave-confinement in efficient
waveguides capable of carrying the phononic information for hundreds of µ have been
given.

In particular, in chapter 2 the focus has been put on the introduction of a model en-
abling the rigorous simulation of the OM interaction, and several examples of original
resonating phononic cavities have been given.

Chapter 3 unfolded the relevant problematics of optically exciting an OM cavity
without recurring to the unstable optical fiber loop, and also studying a convenient
way for extracting the phononic information out of the resonating element. It has
been proposed, respectively, a design in which a nanobeam (e.g. a slab waveguide
optically terminated by a Bragg’s mirror) is put close to the OM cavity, and a waveg-
uide completed by an acoustic shielding capable of confining the phononic signal at
the targeted frequency.

In what follows, SAW will be used in order to pave the road for the third, final point
of the main action plan, e.g. to process the generated phononic information in order
to enable a fully phononic driven circuit.

In the first part of this chapter, a theoretical study on how to efficiently convert a
SAW, generated on a substrate by mean of an electric signal, into the acoustic modes
of a phononic waveguide/cavity will be presented. Such analysis has the double out-
come of i) providing an alternative way of exciting a phononic cavity instead of recur-
ring to an optical fiber and ii) testing the way a SAW launched towards a breathing OM
cavity affects the pre-existing phononic population. At first, the possibility of convert-
ing a SAW (generated on a Si-based medium that also considers a thin piezoelectric
AlN layer) into the guided mechanical modes allowed in a phononic waveguide will
be studied, and to this aim an original configuration, enabling the maximization of
the mechanical energy transfer, has been developed. Furthermore, the nature of the
modes created inside the phononic waveguide by mean of the SAW-based excitation
will be analyzed. In addiction, as mentioned herein-above, the SAW-based approach
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Chapter 4 SAWs as a phonon processing alternative

will also be used for exciting an OM cavity, and the related transmission properties,
together with the induced-modes analysis, will be discussed.

In the second part of this chapter, the more practical issue of calibrating a SAW-
based device is tackled: a rigorous numerical calibration is proposed in order to char-
acterize the excitation of propagating mechanical waves by IDT, where the transition
from such integrated transducers terminals to phonon waveguides is modeled, for con-
venience, by means of a general circuit representation that makes use of the SM for-
malism. The calibration approach that has been chosen for carrying out such analysis
is the well-established TRL, which is proven to be capable of extract/de-embed gen-
eral acoustic components from the terminals (e.g. the IDT), regardless of complexity
and size of the latter. For ensuring the solidity of the numerical approach, the latter
has been validated by mean of an independent analytic calculations.

4.1 Conversion between SAW and guided modes of
a quasi-periodic structured nanobeam

4.1.1 Electromechanical coupling in the system of IDT on
piezoelectric layer deposited on Silicon membrane

A SAW excited by mean of several IDT placed on top of a piezoelectric material
(layered on a Si-substrate, as shown in Fig. 4.1) is here used for transmitting/detecting
mechanical waves to/from a Si-membrane. For accomplishing the task of evaluating
both the transmission and the reflection of the mechanical wave, two sets of IDT are
opposing one another, and a Si-membrane is placed in the middle. For alternative
investigations, the latter could be opportunely engineered in order to become a proper
phononic cavity.

Starting from the top of the structure, the investigated multilayer is composed of
i) an array of Al IDT’s placed on top of a ii) piezoelectric material (AlN), iii) a Si-
membrane that goes all the way through the sample, iv) a SiO2 layer and v) the Si-
substrate.

For avoiding any mechanical reflection coming from the bottom limit of the sub-
strate (which, in the measured device is much thicker than the simulated one), mechan-
ical PML have been inserted. It is worth to mention that all the numerical simulations
have been carried out by mean of COMSOL, where both the mechanical and the elec-
trical modules have been used in order to investigate the piezoelectric phenomenon.

As a first step of our analysis, the generation of SAW having high transfer rate from
the multilayer structure (e.g. where they have been generated by mean of the IDTs) to
the Si-membrane must be achieved. To this aim, the unit cell (meaning that periodic
conditions have been applied to the sides of the considered domain) shown in Fig.
4.2a has been considered, whereas Fig. 4.2b shows the related dispersion curves for
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Figure 4.1: Schematic representation of a prototype device for the phonon generation
and detection by electrical means using IDT on a piezoelectric AlN film
deposited on the Si membrane. The surface acoustic wave generated by
the IDT propagates through the Si-membrane (or through the nanobeam,
where optomechanical effects can occur) and can be detected by another
IDT system [30].

Table 4.1: Elastic constants (GPa) and mass density (kg/m3) for materials used in the
simulation.

ρ c11 c12 c13 c33 c44 c66

Si 2330 166 64 - - 79.6 -
Al 2695 111.84 60.08 - - 25.88 -

SiO2 2200 78.3 15.7 - - 31.3 -
AlN 3260 345 125 120 389 118 110

few values of the lattice parameters LIDT. The chosen geometrical parameters are:

• hAl = 100 nm, wAl = LIDT/4: thickness and width of Al-electrodes,

• hAlN = 0.5 µm: thickness of the piezoelectric layer,

• hSi = 220 nm: Si-membrane thickness,

• hSiO2 = 560 nm: thickness of the Si-dioxide

• hSi(wafer) = 7 µm: wafer thickness bounded by a PML layer from bottom,

while the excitation has been kept constant at 1 V. For what concerns the material prop-
erties of the considered materials, only the AlN has been considered as anisotropic (Al,
Si and SiO2 have been, instead, considered as cubic materials), and all the used values
are reported in Tab. 4.1:

The electric physics also consider the presence of air, that surrounds the investigated
SAW-based device and allows the E-field to propagate unperturbed.

In the dispersion curves shown in 4.2b, only the modes which are strongly confined
in the piezoelectric region are shown. For evaluating such degree of localization, the
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Chapter 4 SAWs as a phonon processing alternative

ratio between the integrals of the square modulus of the displacement field have been
calculated: the integral at the numerator has been evaluated on the top region, e.g.
in the AlN/Si-membrane domains, while the one at the denominator over the whole
domain (including the PML region). In this way, both bulky and artificial PML modes
can be canceled from the analysis.

For comparison purposes, also the sound velocity (more specifically, its longitudinal
component) of Si and SiO2 are reported in the dispersion curves of Fig. 4.2b. Given
the fact that the investigated configuration is placed on a Si-substrate, the dispersion
curves related to the SAW are found below the sound lines belonging to both the
transverse and longitudinal waves in Si (the transverse component is not shown in
Fig. 4.2b since it overlaps with the SiO2 longitudinal component). At the Brillouin
zone boundaries, we can notice that the dispersion curves are folded into the radiative
frequency region.

Fig. 4.2c and Fig. 4.2d show the spatial distribution of the displacement field (e.g.
its absolute value) for the case of intersection of two dispersion curves localized at 2
GHz. One can notice that the two identified modes are well confined in the AlN/Si-
membrane region of the SAW-based device.

After having optimized the structure so that a well confined acoustic mode can be
used at 2 GHz, the transmission/reflection over a semi-infinite Si-membrane can be
evaluated. From the physical point of view, the SAW generated by mean of the struc-
ture investigated above should now be turned into lamb waves in the Si-membrane.
Such Si-membrane is connected to the SAW-generating region naturally, e.g. without
any geometrical optimization and/or tapering for helping the SAW conversion into the
lamb wave: the Si-layer placed under the AlN is kept while all the others (apart from
the Si-substrate) are etched away. Additional PML domains are added both on the left
and on the right sides for absorbing the incoming mechanical waves. Fig. 4.3a shows
shows the generated displacement at 2 GHz.

As expected (see Fig. 4.3b), the maximum achievable values for the mechanical
energy flux evaluated at the right-end of the Si-membrane, falls for a wavevector ∼
0, meaning that a stationary, resonating mechanical mode is established in the Si-
membrane. It has also been observed that the optimized lattice parameter for the
unit cell width is 2.21 µm, whereas for what concerns the optimized thicknesses of the
various layers in play: hAlN = 580 nm, hSiO2 = 560 nm (assuming the Si slab thickness
to be fixed at 220 nm).

Along with the evaluation of the mechanical energy flux, also the SAW-lamb wave
conversion efficiency has been considered, and according to what’s shown in Fig.
4.3b, the peak value of −21 dB falls at 2 GHz (e.g. the targeted frequency). For
computing the conversion efficiency, the ratio between i) the time-averaged Pointing
vector integrated over the section of the nanoplate and ii) the apparent electric power
consumption calculated as an integral of a product of the normal component of the
current density of the anode and the applied voltage over the lines of the IDT anode
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Figure 4.2: (a) Schematic presentation of the unit cell of IDT. (b) Dispersion curves
corresponding to the generation of SAW for different lattice lengths:
LIDT = 2; 2.2 and 2.5 µm. Other geometrical parameters are hAl= 100 nm
and wAl = LIDT/4; hAlN = 500 nm; hSi = 220 µm; hSiO2 = 560 nm;
hSi(wafer) = 7 µm (see text for description of geometrical parameters). (c,d)
Spatial distribution of the absolute value of the displacement field (in nm)
at 1.977 GHz (c) and 1.997 GHz (d) for a lattice length of 2.2 µm [30]

.
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Figure 4.3: (a) Calculated real parts of the components ux (top) and uy (bottom) of
the displacement field (in pm) at 2 GHz. (b) The power flux averaged
over the nano-plate section at the right side (just before the PML). (c)
Efficiency of conversion of RF signal into nanoplate modes. (d) Spatial
Fourier transform for symmetric and anti-symmetric waves for a linear
cross-section through a nanoplate in the direction of propagation at a fre-
quency of 2 GHz. The resulting wave vectors coincide well with those of
the Lamb modes of the 220 nm Si nanoplate at 2 GHz, as shown in panel
(e) [30].
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4.1 Conversion between SAW and guided modes of a quasi-periodic structured nanobeam

Figure 4.4: The spatial distribution of the absolute value of the displacement field (in
pm) for IDT terminated by a slab at 2 GHz. Three different IDT structures
have been tested. The same scale of the displacement field is used for these
cases.

contacts [30].
For a deep understanding of the nature of the waves in play, the Fourier spatial

transform of the x-component of the displacement field inside the Si-membrane is
evaluated in Fig. 4.3d (for both the symmetric and antisymmetric lamb curves).

Fig. 4.3e shows the dispersion curves of the allowed modes in the 220 nm Si-
membrane. If to consider a frequency of 2 GHz, the two peaks of Fig. 4.3d (e.g. q =

1.6 µm−1 for symmetric and q = 5.4 µm−1 for antisymmetric cases) agree acceptably
with the values observed in the dispersion curves of Fig. 4.3e.

4.1.2 Efficiency of the conversion from RF electrical signal into
the guided modes of a straight slab

After having investigated both the maximization of the SAW excitation efficiency in
an heterogeneous multilayer structure and the conversion of the SAW to a lamb wave
confined in a thin Si-membrane, in what follows the possibility of inserting a SAW
into a slab will be examined. To this aim, the herein-above studied Si-membrane will
be replaced by a straight slab, meaning that the allowed modes changes from the ones
related to an infinite thin membrane to the ones of a thin/narrow structure. It is also
clear that the geometry of the problem requires a full-3D simulation: as it will be
shortly shown, both the SAW-generating structure and the slab present configurations
that cannot by described by a 2D environment any longer.
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Chapter 4 SAWs as a phonon processing alternative

As a first step, Fig. 4.4 shows the investigated structures for what concerns the ex-
citation of a slab by mean of an IDT array. In particular, the spatial distribution of the
absolute value of the displacement field in the transition region is shown. Concerning
the IDT, three different configuration have been numerically tested, namely i) standard
parallel fingers, ii) radially curved fingers with a straight slab roughly connected to the
SAW-generating multilayer and iii) radially curved fingers with a tapered slab (which
should allow the SAW to be more efficiently converted to the propagating modes of
the slab). In this case, the chosen geometrical parameters are:

• hAl = 100 nm and wAl = 550 nm (chosen according to fabrication-related im-
positions)

• hAlN = 250 nm (chosen according to fabrication-related impositions)

• hSi = 220 nm

• hSiO2 = 1 µm

• hSi(wafer) = 4 µm.

The two configurations of IDT have been designed by considering 31 fingers with
an aperture of 20 µm for what concerns the standard parallel setup, while the radially
curved ones has 15 fingers with an aperture angle of 40 degrees, having the center
point of the circles as the middle-point of the base of the taper. As for the investiga-
tions presented before, the electric excitation of the IDTs has been kept at 1 V, while
the considered Si-slab has the same thickness of the Si-membrane (e.g. 200 nm) and
a width of 500 nm.

Fig. 4.4 clearly shows that the parallel IDT (e.g. what has been defined as the stan-
dard configuration) doesn’t provide a sufficiently good SAW-slab modes conversion:
due to the wide wavefront of the generated SAW, only a fraction of it commutes to
a confined mode of the slab, while the remaining portion is located at the edges of
the SAW-generating multilayer. The structures presenting the radially curved fingers
provide a much more efficient mechanical energy transfer, and this is due to the SAW-
focusing of the region where the slab is connected. Between Fig. 4.4b and Fig. 4.4c,
a small improvement of the SAW-slab modes conversion is observed when the addi-
tional taper on the slab is considered. In fact, the latter has the ability of adiabatically
pulling the right edge of the Si-layer into the slab [30]. The taper is 4 µm long and its
base width (e.g. the one opposite to the slab) is 3.41 µm.

Fig. 4.5 shows the dispersion curves related to the slab under investigation, so that
a deep understanding of the very nature of the SAW-slab modes conversion may be
pursuit. Considering that the slab doesn’t present any discontinuity, a rectangular unit
cell of section 500 × 200 nm has been studied. Four propagative branches, having
different phase velocities, can be clearly recognized in the dispersion curves for low
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Figure 4.5: Dispersion curves of the silicon slab of rectangular section (a × e) =

(500 nm × 220 nm). The branches are labelled as symmetric (S′ and S) or
antisymmetric (A′ and A) with respect to the two symmetry planes Π′ and
Π.

Table 4.2: Symmetry of the first four low frequency modes of the rectangular slab.
The parity even (e) and odd (o) are defined with respect to the plane Π′

and Π respectively (see Fig. 4.5). Spatial distribution of the displacement
field for the first four low-frequency modes at a frequency of 2 GHz (only
non-zero real and imaginary parts of components are presented) [30]

.

mode Π′ Π
Parity

(Symmetry)
Spatial dist. of the norm. disp. field
<(ux) =(uy) =(uz)

1 even even
ee

(S′S)

2 odd odd
oo

(A′A)

3 odd even
oe

(A′S)

4 even odd
eo

(S′A)
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Chapter 4 SAWs as a phonon processing alternative

frequency values, and the relative parity of such modes with respect to the symmetry
planes Π and Π′ (shown in the inset of Fig. 4.5) can be found in Table 4.2.

The latter lists both the nature of the mode and their mechanical field spatial con-
figuration, considering all its spatial components ux, uy, and uz, coming from the form
ũn(x, y, z, t) = un(y, z)e−ikmode x+iωt, where kmode is the wave vector of the considered
mode. No coupling between the modes is possible since they are all orthogonal to
each other.

By considering the herein-above discussed field distribution of the four modes, the
wave excited in the slab by mean of the SAW can be seen as a linear superposition

u =

N∑
n=1

cnun, (4.1)

where un is the mechanical displacement of each mode, cn is the weighting factor and
N the mode number (N = 4 for the frequency region under investigation).

According to the orthogonal nature of the modes, the coefficients cn can be easily
found by integrating over the slab section

cn =

!
S Slab

u†nudS!
S Slab

u†nundS
, (4.2)

where "†" refers to the complex conjugate of transposed vector.
Additionally, to analyze the conversion efficiency of the electric energy into me-

chanical energy of slab modes we use the ratio between the time-averaged Poynting
vector integrated over the section of slab and the apparent electric power consumption
in the following form

CE =

!
S Slab

PavxdS!
S anode

|J∗nV |dS
, (4.3)

where "∗" is the complex conjugate, Pavx is the time-averaged x-component of the
Poynting vector that is normal to the slab section with the area, S Slab, Jn is the normal
component of the current density of the anode (or ground), V is the applied voltage
(assumed to be 1 Volt), S anode is the surface of the IDT anode contacts [30].

By making use of (4.3), the SAW-slab modes conversion efficiency has been eval-
uated for each of the four targeted modes and plotted in Fig. 4.6. Such evaluation is
calculated for the time-averaged x-component of the Poynting vector in the T-section
of slab (see Fig. 4.6a) taking into account the decomposition coefficients (4.2) of the
displacement field []. Amaximum of −22.6 dB is achieved for the mechanical energy
conversion by considering a frequency of 2 GHz. It is also worth to mention that, due
to symmetry reasons, in the investigated system only modes with in-plane symmetry
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Figure 4.6: (a) Spatial distribution of the x-component of the Poynting vector at
2 GHz. (b) Efficiency of the conversion from the electric signal into me-
chanical modes of a straight slab [30].

can be effectively excited.

4.1.3 Excitation of cavity modes in a phononic cavity

By extending the work done in the previous sections, in what follows the investigated
slab, placed after the SAW-generating structure, will be replaced by the phononic
cavity introduced in the previous chapter. The aim of this work is to evaluate the
outcomes, in terms of the entity of the resonating modes inside the cavity, of exciting
the latter by mean of a SAW. As stated before, the tuned geometrical parameters of the
phononic cavity (e.g. the hole diameters and the stubs width) ensure an high Q-factor
for both the optical and the mechanical modes, and an efficient OM coupling for GHz
phonons has also been proven.

Fig. 4.7a shows the band diagram of the unit cell of the outer regions of the
phononic cavity: the following analysis will be limited to the two modes which are
symmetrical (referred to as S′) with respect to the xOz-plane (Π′ plane in Fig. 4.5).
These two types of modes are respectively symmetrical and anti-symmetrical with re-
spect to the Π plane in Fig. 4.5 and for this reason we refer to them as S′S and S′A.
One can observe in Fig. 4.7a the existence of a full band gap in the range of 1.8-
2.0 GHz for these two types of modes, since there is a band gap of 1.8-2.2 GHz for
the S′S mode and a band gap of 1.6-2 GHz for the S′A mode [30].

The conversion efficiency between the electric energy given to the IDT terminals
and the mechanical modes effectively excited in the phononic cavity has been pre-
sented for each of the two modes in Fig. 4.7b. For the sake of completeness, also
the conversion efficiency related to the previously investigated straight slab (dashed
line) and the total conversion of the two modes together are shown. The simulation
was carried out in two steps. The first step includes the generation of SAW until their
insertion into the straight slab as explained in Fig. 4.5. The second step considers the
scattering of the modes generated in the straight slab and discussed in the previous
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Figure 4.7: (a) Band diagram for periodically structured NB with the unit cell pre-
sented in the inset. Parameters of the structured NB: a = 500 nm is the
lattice parameter of a quasi-periodic structuration of NB, e = 0.44a is the
thickness of the NB, r = 0.3a is the radius of the holes, and d = 0.5a and
l = a are the width and the length of one rectangular stub, respectively.
(b) Spectrum of the SAW conversion efficiency for each NB modes and
the SAW conversion into all NB modes with S′ symmetry. (c) Displace-
ment field distribution (in arbitrary units) for three S′S cavity modes at
frequencies of 1.943 GHz ("+"), 1.947 GHz ("×") and 2.023 GHz ("∗")
[30].
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4.2 TRL Calibration of SAW-based devices

section with the structured 1D phononic crystal and its cavity. In Fig. 4.7b, we can
observe the formation of the band gap for the slab modes with the xOz-plane symme-
try with extremely sharp peaks corresponding to the cavity modes of the structured
slab inside the bandgap. The spatial distributions of the absolute value of the dimen-
sionless displacement fields are presented in Fig. 4.7c for three S′S cavity modes near
2 GHz [30].

4.2 TRL Calibration of SAW-based devices

4.2.1 Preliminary considerations about SAW calibration

In what follows, a new calibration approach, for the emulation of experimental condi-
tions related to SAWs propagating in mechanical circuits that are not direct accessible
will be presented. In this framework, the transition from electromagnetic source to
mechanical waves, propagating in periodic crystal structures, is rigorously simulated
by means of a general circuit representation, that makes use of the SM formalism.
Forward and backward waves are defined at the transmitting and receiving IDTs of a
SAW-based device (see Fig. 4.8).

Our de-embedding of acoustic components of SAW-based devices can include not
only passive and linear elements like filters, phononic crystals/metamaterials, but also
non-linear and active devices such as OM cavities, and could be extended, in prin-
ciple, to multimodal (mechanical) elements, and to non-reciprocal devices (phonon
amplification). The computational domain is restricted to the minimum required by
rigorous multiphysic simulation, i.e. it is large enough to include the metal fingers of
the IDT. In order to further reduce space, Perfectly Matched Layer (PML) are used
where appropriate. From the side of the numerical simulation, the present contribution
provides a procedure for the characterization of mechanical circuits excited by IDT.
The de-embedding procedure also reduces the need of direct mechanical excitation.
The latter usually implies preliminary eigenmode or boundary mode analysis in order
to correctly define mechanical input and output ports, in general multimodal, and to
implement port transparency, which means no back reflection. A rigorous analysis
requires numerical description of mechanical displacement and stress at port sections,
even in fully anisotropic materials, to define forward and backward waves, and to en-
sure their ortho-normality, in the sense of the mechanical power. This task becomes
even more demanding in case of periodic mechanical waveguides, when super-modes
are to be calculated by unit cell analysis. On the contrary, a de-embedding procedure
makes possible to define only electromagnetic ports, notablly the IDT terminals, typ-
ically easy to handle, and commonly available or pre-implemented in multiphysics
tools. Our method does not exclude the use of unit cell analysis, circuit parametriza-
tion, couple mode theory, or perturbative techniques, but could be integrated with
them in a modular approach where single simulation blocks can be cascaded or prop-
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erly combined.

Some typical situations, e.g. transition from periodic to uniform waveguide, and
transition from IDT to periodic waveguide (including abrupt substrate discontinu-
ity), are investigated and characterized by TRL calibration, without limiting the gen-
erality of the study. Interestingly, frequency dependence of the scattering param-
eters, mechanical losses, directionality of the discontinuity, have been commented
and discussed. This approach provides alternative point of view and way of think-
ing about mechanical-electrical systems, with potential fallout in the experimental
domain, where calibration and de-embedding are usually key steps. Concerning the
simulation of evanescent/higher order modes, with the reference is to SAW diffrac-
tion problems where wave profiles can be decomposed into their angular spectra, the
proposed approach is automatically including modes on any diffraction order, in cor-
respondence of the IDT terminals and of all the discontinuities (transition to the peri-
odic membrane, edge boundaries, etc.). Indeed, evanescent reflected modes, as well
as stray mechanical modes or substrate modes, are absorbed by virtual transparent
ports, which are made, in our case, by PML, properly set in terms of mesh and thick-
ness. From the electromagnetic point of view, the IDT terminals, being very small as
compared to the wavelength, are clearly supporting only their TEM mode.

The reason why circuit representations are so attractive is twofold: on one hand,
for the fact that the physics of mechanical waves can strongly benefit from a well-
established and mature technique, as circuit theory clearly is, and from tools/models
already developed for Maxwell’s equations and e.m. fields in frequency regime. On
the other hand, for the possibility to make use of a unified formalism able to describe
simultaneously, in a hybrid formulation, both electrical and mechanical physics.

A variety of concepts involved in circuit representations can be applied to SAWs,
such as calibration, de-embedding of 2-port and n-port RF circuits, algebraic invari-
ants, etc. We believe that our effort to take advantage of the high potential of the above
techniques is the added value of the present report. For instance, up to our knowledge,
SM representation combined with TRL calibration has never been reported so far in
the literature. Standard methods for IDT analysis, like equivalent circuit models and P
matrix models, start from proper parametrization of the equivalent circuit of IDT fin-
gers. Analogously, the Coupled Mode Theory, which is a powerful approach largely
used to model optical and microwave devices, needs the knowledge of coupling pa-
rameters, which include all the underlying physics and propagation/reflection effects.
All models need appropriate parametrization and it is generally difficult to include all
physical effects with sufficient accuracy.

Moreover, the above methods are certainly useful but could be not easily applied -
or at least they get more complicated after proper generalization - for fine description
of general or arbitrarily shaped IDT geometries, abrupt discontinuities and boundary
finite terminations, real electrode shape, surface roughness (random deformation of
the surface mesh), multilayer complex structures, multimodal conditions with many
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propagating/attenuating surface waves, rigorous diffraction analysis of the coupling to
substrate modes (and related acoustic radiation pattern towards the substrate).

Nonetheless, the above issues can be rigorously addressed by means of numeri-
cal simulators. Multiphysic FEM are capable of including all above effects, with the
possible cost of meshing and computer time and memory. However, it should be
remarked that presently available full-wave FEM simulators can provide accurate re-
sults even in case of complex computational domains, as they usually feature highly
effective sub-griding, iterative/adaptive mesh refinement, smart domain decomposi-
tion, and iterative numerical solving tools. In the end, relatively low computational
load and memory occupation are typically required. In addition, as we point out in the
manuscript, TRL is intrinsically robust against systematic and repeatable numerical
errors, as a consequence of the fact that calibration involves simulations which differ
from each other only in a limited region (in our case, part of the suspended mem-
brane), and the IDT and its underlying regions are not changed when passing from
one calibration step to another.

Fig. 4.8 shows that a global (2x2) S-matrix includes the effects of three cas-
caded blocks (Fig. 4.8a): the left transition IDT-to-mechanical waveguide, an internal
SAW component, e.g. an acoustic resonator, and the right transition from mechanical
waveguide-to-IDT. The first and third blocks can be characterized by using a number
n+1 of ports: one external port is the electric terminal, the other n internal ports model
mechanical excited waves, and depend on the size of their waveguide. Another set of
ports can be virtually associated to the mechanical modes radiated into the substrate
and surrounding regions (Fig. 4.8b), but they just are terminated to their matched
loads, and accounted in the simulation by PML.

4.2.2 TRL Theory

The TRL procedure is a well-established and well known technique for experimental
calibration of 2-port microwave devices. The approach can be extended to multi-port
circuits, characterized by many physical ports and/or by ports with many accessible
modes. The aim of the standard TRL calibration is to extract information, namely
the scattering matrix S over the frequency band of interest, about a Device Under
Test (DUT), which is not directly accessible by the available measurement tool, typ-
ically a Virtual Network Analyzer (VNA). In fact, a linear error box is usually inter-
posed between the VNA and the DUT, due to the presence of connectors, adapters
etc. The S-matrix of this linear error box must be removed, as it causes undesired dis-
tortion of the DUT response. In the context of the present work, we refer to the error
box as embedding circuit, and to the DUT as embedded circuit. In particular, look-
ing at Fig. 4.8b, the embedding is clearly given by the transition from the electrical
terminal to the suspended membrane, and the embedded circuit is given by a possible
patterned mechanical circuit. The latter may consist of resonators, filters, metamateri-
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(a)

(b)

(c)

Figure 4.8: (a) Two port circuit, with two electromagnetic ports, plus n mechanical
internal ports, (b) detail of the transition from IDT to periodic mechanical
waveguide and (c) simulated and structure, with transitions from IDT fin-
gers to periodically patterned mechanical waveguide (central suspended
membrane); geometric parameters: h= 0.2 µm; k= 1 µm; p= 2.35 µm;
q=p/2; W= 16p; e= 0.65 µm; t= 2.65 µm; r=t/2; s= 0.75 µm; d= 0.22
µm; i= 0.24 µm; m= 0.77 µm; o= 0.72 µm [31]
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Figure 4.9: Schematic design of the Thru, Reflection, and Line simulations [31].

als, phononic crystals, OM cavities (in this case, active elements also), and mechanical
sensors. Filtering out the embedding circuit means removing the effect of whole IDT
structure together with its piezoelectric action, as well as the complicated effects of
parasitic mechanical waves, mechanical radiation losses, and absorption by the sub-
strate, by the underline layers, and by any region physically connected to the IDT.
Thus, the TRL calibration provides a direct way to de-embed an acoustic/mechanical
circuit (DUT) by making use only of electrical measurements from the input/output
IDT terminals. There is no need to access the internal mechanical waveguide connect-
ing the DUT, or to know other parameters than the geometry and size of the simulated
structure. Clearly, this could be of great help in the design and synthesis of acoustic
devices, and/or in the physical characterization of the material forming the mechanical
waveguide.

In detail, the TRL calibration consists of three independent measurements (here
simulations), under known (but different) conditions, namely Thru, Reflection, and
Line, as shown in Fig. 4.9. The embedding circuit is assumed to be reciprocal, which
implies that S21 = S12. The final goal is to find the following five circuit parameters:
the scattering coefficients of the embedding circuit (S11, S12, S22), the propagation
constant of the mechanical transmission line (β) of the Line simulation, and the me-
chanical reflection from the unknown load (Γ-load) in the Reflect simulation. The
following assumptions are made: i) mono-modal mechanical waveguide, ii) knowl-
edge of all geometrical parameters, in particular the transmission line length L in the
Line simulation, and iii) perfect symmetry of the whole computational domain, which
is guaranteed by proper mirroring of the computational mesh. Basing on these as-
sumptions, TRL simulations provide the five equations needed to solve for the five
unknown complex parameters in terms of known ones (Thru11, Thru12, Ref11, Line11,
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Line12):

Thru11 = S 11 +
S 22S 12

2

1 − S 22
2 = Thru22, (4.4)

Thru12 = S 11 +
S 12

2

1 − S 22
2 = Thru21, (4.5)

Re f12 = S 11 +
S 12

2ΓLoad

1 − S 22
2ΓLoad

= Re f21, (4.6)

Line11 = S 11 +
S 22S 12

2e−2βL

1 − S 22
2e−2βL

= Line22, (4.7)

Thru12 = S 11 +
S 12

2e−2βL

1 − S 22
2e−2βL

= Thru21. (4.8)

Of course, if one, or more, among the five targeted parameters, is actually known in
advance, the above system of equations can be simplified accordingly. For instance,
if the propagation constant β is known Eq. (3) can be solved separately from the
others. In close analogy with the electromagnetic theory of periodic structures, the
propagation constant β of the mechanical transmission line is simply provided by the
usual Floquet periodic condition for the unit cell.

In the present work, we considered periodically patterned suspended membrane as
mechanical waveguide, namely the waveguide considered in Fig. 4.8c. This may
seem to complicate the analysis, but it actually makes the calibration possible in the
form of equations (7-9), since the periodic waveguide is designed to support only one
propagating mode. Otherwise, with two or more propagating modes, an extended cal-
ibration procedure is needed, to combine more than three independent simulations,
in order to find an increased number of unknown parameters. The assumption of a
periodic structure also allows to better fit practical situations where the mechanical
waveguides are constituted by phononic crystals/metamaterials and nano/micro pat-
terned beams or layers.

4.2.3 Numerical test of SAW calibration by TRL

In the following simulations, a length L (see Fig. 4.9), equal to about the length of
the unit cell of the periodic membrane, is assumed for calibration: by this choice, the
corresponding induced phase delay of the mechanical mode is about a quarter of its
wavelength, which is the best numerical condition for calibration purpose.

In Fig. 4.10, the resulting scattering parameters of the Thru simulation are plotted
as a function of frequency and source impedance. The source impedance, which is
assumed to be the same at the two electric terminals, is set to 17.5 Ω to minimize the
back electromagnetic reflection at the IDT terminals. Accordingly, this choice pro-
vides a maximum for the transmittance Thru12 (Fig. 4.10a), which means having the
highest coupling between the two IDT terminals in terms of electrical power. Apply-
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(a)

(b)

(c)

Figure 4.10: (a) Simulated Thru11 (= Thru22); (b) simulated Thru12 (= Thru21), and
(c) power lost in Thru configuration, as a function of the frequency and
of the source impedance [31].
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Chapter 4 SAWs as a phonon processing alternative

ing equations (7) and (9), and considering that β is known from parallel analysis, not
reported here for the sake of readability, we obtain the scattering parameters S11, S12

(=S21 by reciprocity) and S22, of the IDT-to-waveguide transition (Fig. 4.10b, with
n=1): subscripts 1 and 2 refer to electrical and mechanical ports respectively.

Final results are shown in Fig. 4.11 cases (I), (II), and (III) in the legend refer
to different conditions for the calibration procedure: in (I) and (II) L= 2.65 µm and
L= 5.3 µm respectively, with reference section (see Fig. 4.8b) for the mechanical port
at W= 16 unit cells; in (III) L= 2.65 µm, but the mechanical section is at W= 17
unit cells. These repeated (I, II, III) simulations served to check the numerical consis-
tency of the calibration approach. Some numerical discrepancies among them start to
appear at the edges of the considered frequency band, due to the almost complete re-
flection S11 (∼ 0 dB), and to the almost vanishing transmission S12 (< −40 dB), which
make the calibration potentially inaccurate. Such low transmission follows from the
frequency bandgaps of the periodic membrane, that appear as moving away from the
central frequency of 1 GHz.

The power lost in the IDT-to-waveguide transition is reported in Fig. 4.11b. Inter-
estingly, losses are much higher when the transition is excited from the mechanical
port (red curve): in this case, the back scattering is small (S22), and the mechani-
cal power is mostly lost due to transmission to substrate waves. In comparison, the
high reflection experienced by the electromagnetic signal at port 1 (S11) implies low
transmission, but also low losses (blue curve). In close analogy with experimental
TRL calibration, which is intrinsically robust against systematic errors, namely re-
peatable errors due to imperfections/connectors/etc., also the numerical emulation of
TRL is not too much impacted by systematic numerical errors, as apparent from Fig.
4.11b. This is an important consequence of the fact that calibration involves simu-
lations (Thru, Reflection, and Line) which differ from each other only in the limited
region of the suspended membrane: in particular, the IDT and its underlying regions
are not changed when passing from one calibration step to another. Regarding the
mechanical waveguide under test, namely the suspended periodically patterned mem-
brane, its mode spectrum is known by dispersion analysis: all higher modes, which
are evanescent in the present study, are properly and rigorously calculated in the sim-
ulation. It is noted that, if the evanescent modes were not properly accounted, the
calibration procedure would not provide consistent results, expecially when the length
of the Line test (L) and the reference section for TRL calibration (W) are purposely
changed - providing that the latter is placed at a proper distance away from disconti-
nuities. The repeated (I, II, III) simulations served to check the numerical consistency
of the calibration approach, also in terms of evanescent mode contribution.
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(a)

(b)

Figure 4.11: (a) Calibrated parameters of the embedding IDT-to-waveguide transition:
S11, S22, S12 (= S21); (I) W= 16 unit cells and L= 1 unit cell, (II) W= 16
unit cells and L= 2 unit cells, (III) W= 17 unit cells and L= 1 unit cell;
(b) net power lost in case of excitation from the mechanical waveguide
(red), and from the IDT (blue): losses are due to radiation of mechanical
waves into the substrate [31].
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Chapter 5

Conclusions

In this thesis, an extensive analysis of the theoretical approaches aimed to investigate
the intersection of photonics, RF signal processing and phononics has been presented.
The concept is based on cavity OM to develop GHz-frequency on-chip phononic cir-
cuit for room temperature operation. The work that has been discussed here is framed
within the (still on-going) EU FET-Open project PHENOMEN.

The main action plan concerning the theoretical description and design of OM-
based systems, can be summarized in three points, that have been addressed in the
previous chapters:

• to investigate the efficiency of the OM coupling taking place in a Si-based reso-
nant cavity by mean of advanced numerical methods.

• to extract the phononic signal from the OM cavity, by developing a proper
phononic waveguide in which the wave is able to propagate in the millimeter
scale range.

• to process the generated phononic information in order to enable a fully phononic
driven circuit.

5.1 Numerical methods for the rigorous prediction
of an OM based system

In chapter II, a fully-coupled numerical approach which accurately predicts the op-
tomechanical dynamics in micro-structured resonant cavities has been presented. The
results coming from the method have been tested with respect to the experimental
ones from the literature, and a good agreement between the two has been showed.
Our method considerably differs from the standard perturbative analysis [25] by giv-
ing the effective final displacement of the mechanical resonating mode under investi-
gation caused by the optical excitation and, also, the possibility to evaluate the various
optomechanical interaction forces as the electrostriction and the radiation pressure. A
further addition concerns the possibility of conducting a multi-modal analysis and tak-
ing into account for the material losses, both in mechanical and optical terms, which is
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of key importance in order to correctly characterize the optomechanical phenomenon
[27].

Although the accuracy of Transformation Optics (TO) has been already proven
elsewhere by means of relevant examples [16], the novelty factor of this work is
represented by porting the Stimulated Brillouin Scattering (SBS) analysis from a
propagative-like environment like that of a waveguide to a resonant one like that of
an high-Q OM cavity [27, 13]. Typically, the SBS is due to the interaction of trav-
elling waves, like in waveguides, or in structures where waves can freely propagate,
such as azimuthally traveling waves in micro-disks [41]. In the present study, opti-
cal/mechanical modes are localized, but still travelling, as confirmed by the dispersion
curves - not reported for compactness - of the photonic/phononic crystal forming the
OM cavity. Thus, the above modes can lead to SBS effect, by travelling back and
forth in the cavity after multiple reflections (like in simple Fabry-Pérot) [23]. The
underlying physicals is not different from micro-disk or related structures, and the
mathematical treatment can be unified thanks to TO [13].

In general, the present approach is thought to include the effect of i) moving bound-
aries ii) multimodal optical/mechanical propagation„ and iii) spatial tansients. How-
ever, extremely high quality factors may pose numerical issues due to the fact that
the intrinsic nonlinear character of the problem may be strongly emphasized. Such
numerical limits are the object of current work and simulations [13].

Opto-mechanical (OM) coupling in micro- and nano-cavities could help in develop-
ing a new generation of microwave photonic devices with extremely small foot-print,
sub-mW power consumption and tunable frequency. Here, full-wave modeling of cou-
pled OM cavities has been addressed by extended TO, in order to include the effects
of strong mechanical and EM resonances, that enhance non-linearity and make the
analysis numerically challenging. In the future, this kind of analysis could also help
to explore the quantum world in a convenient way: in particular, OM cavities, at a
sub-micron scale, may be used to test the ultimate limits of quantum physics when the
entanglement of EM radiation and mechanical waves takes place [13].

In addition, the numerical model that accurately predicts the opto-mechanical dy-
namics in micro- and nano-structured resonant cavities has been embedded in a COMSOLTM-
based application [29]. Such application aims to serve as a user-friendly tool for any
researcher/student (without a strong background on computational physics) willing to
investigate the OM phenomenon in a generic resonant cavity.

5.2 Design and optimization of phonon generators
and phonon waveguides

In chapter III, the focus of the analysis has been shifted from the evaluation of the
OM coupling strength that takes place in the resonating cavity to two of the main
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issues related to the design of a coherent phonon source, namely i) a proper solution
for the optical excitation of the cavity and ii) the most efficient way for extracting the
generated coherent phonons.

In order to overcome the current limitations imposed by the fiber-loop based optical
excitation of a general optical cavity, mainly related to the difficulties in integrating
such a solution with an on-chip environment, a Si-slab has been placed alongside the
cavity, aiming to achieve an high EM energy transfer by keeping the approach of the
evanescent E-field tail coupling. The design process has been particularly problematic
for mainly two reasons. Firstly, the high-values of the E-field generated by the high-
Q factor of the targeted cavity requires a considerably fine mesh, and the resulting
increased computational effort affects a lot the overall optimization process. Addi-
tionally, the mesh must also be carefully designed in order to maintain, in those re-
gions where the gradient of the E-field is particularly high, the same number of mesh
elements when evaluating two different configurations. Secondly, the system under
investigation requires four numeric ports to be set, and this simple facts creates nu-
merous geometrical issues since such ports tend to overlap. Once the optimal solution
has been found, a fully-coupled OM analysis has been performed on the cavity-slab
system. Even though the geometry of the cavity has not been changed since the one
presented in chapter II, the above mentioned analysis had to be repeated because the
presence of the slab acts as a perturbation to the optical resonating mode, slightly
changing the resonating frequency.

For what concerns the coherent pohonons extraction, basing on [28] a structure
made of a Si-slab (acting as a phonon waveguide) surrounded by phonon shielding
block, which have been tuned to the selected operating frequency for stopping any
mechanical leaking, has been proposed and investigated. It has been observed that, in
comparison with the design of [28], the proposed system cavity-phononic waveguide
provides a much higher population of coherent phonons flowing out of the resonating
cavity, and this is due to the lower Q-factor of the latter that provides a weaker level
of confinement.

5.3 SAW as a phonon processing alternative

Chapter IV tackles the issue of defining a device capable of shooting SAWs either into
an i) OM cavity or ii) slab, e.g. the conversion of electrically generated RF mechanical
waves into either confined mechanical or guided phononic modes.

The main outcome of the study is the design of a structure presenting radially curved
fingers of IDT capable of reaching a conversion efficiency of ∼ -22 dB, which is a
value perfectly reasonable to be experimentally observed [32]. The results that have
been obtained are in line with the ones related to a ZnO-based piezoelectric system,
where an efficiency of 1% was reached [32]. It must be anyway underlined that,
contrary to [32], i) the investigated system converts SAW into guided modes in a Si-
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slab, and such conversion surely affects the efficiency of the overall system, and ii) it
is, in theory, possible to reduce the return loss either by applying a Bragg mirror to
the slab section or by increasing the complexity of the IDT fingers geometry (one may
think, for example, of using double fingers).

For what concerns the injection of mechanical energy into an OM cavity by using
a SAW, this study numerically demonstrated the possibility of doing so with an ac-
ceptable level of efficiency, which sets a key-point that may pave the road for multiple
possibilities. For example, one may think on electrically pumping phonons into a me-
chanical cavity when the standard OM-approach is not feasible for either technological
or design-like reasons. The electrically-driven OM cavity can then by mechanically
coupled to other cavities [33], which would form a complex on-chip excitation sys-
tem. Another possible usage for the SAW/OM configuration is the incoming phonons
detection: if the considered cavity is supposed to act as the recipient for coherent
phonons traveling along a phononic waveguide, SAWs could transfer such informa-
tion to an electrical system, which may subsequently interface the OM system to a
standard Si-based technology chip.

The second part of chapter IV presents a novel numerical approach for character-
izing the electrical excitation of SAW, where the transition from IDT terminals to
mechanical waves in matter has been described by mean of a general circuit represen-
tation that makes use of SM formalism [31]. By using the TRL approach, which is
largely spread among the RF community thanks to its efficiency and simplicity, the
numerical simulations successfully emulates the experimental conditions of a SAW
based device when measured, allowing for the de-embedding of numerous acoustic
components as filters or resonators from the outer IDT structure (regardless of com-
plexity and size of the latter). For a first verification of the obtained results, an inde-
pendent analytic approach has also been developed, and the outcomes have been sat-
isfactory matched with the numerical ones. The proposed approach has been tested on
the rather simple example of a suspended Si-membrane used as a mechanical waveg-
uide, which has been carefully designed to support only the propagating mode. Given
its versatility, the developed numerical method may serve as an efficient tool for both
the synthesis and optimization of SAW-based devices.

5.4 Final conclusions

In this thesis, the theoretical investigation of various OM-based components has been
performed by mean of both analytic and numerical methods. In particular, this re-
search focuses on the design of i) phonon generators, ii) phonon detectors and iii)
phonon waveguides, having the aim of proposing numerical tools capable of rigor-
ously predict the behavior of an OM system rather than simply predict, in a qualitative
way, the strength of the coupling between the two physics of EM and mechanics. In
order to create a complete simulation environment, capable for example of simulating
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an entire OM circuit (and therefore to reach the level of a Cadence or an ADS for a
circuit designer), further efforts must be put on the simplified description of the OM
behavior of each component, e.g. from its circuital representation.
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