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Résumé

Le concept des résonateurs hybrides SAW/BAW (HSB) a été introduit en 2013. 11 se base sur un
arrangement périodique de transducteurs piézoélectriques sur un substrat, combinant les avantages
des dispositifs a ondes de volume et des dispositifs a ondes de surface. Une étude initiale portant sur
I'AIN a permis d'optimiser deux modes de résonance et a été confirmés par deux cycles de fabrication
atteignant respectivement des coefficients de couplage électromécanique de 1.6% et 1,8% a environ
600 MHz et 1.8 GHz. Ces résultats mettent en évidence des facteurs de qualité élevés, allant jusqu'a
3700 a la résonance et 3300 a l'antirésonance pour le premier mode a 600 MHz, et jusqu'a 1900 a la
résonance et 1700 a l'antirésonance pour le second mode a 2,8 GHz.

Afin d’améliorer ces coefficients de couplage électromécanique, nous avons évalué 1’utilisation
de matériaux piézoélectriques tels que le AIScN et le niobate de lithium (LNO). Une étude théorique
a été réalisée, montrant la possibilité d’atteindre un coefficient de couplage électromécanique de
38% a 500 MHz et de 14% a 1,5 GHz pour le LNO. De nouveaux procédés de fabrication sont
introduits, et des résultats préliminaires sont présentés. Enfin, nous avons mis en évidence 'existence
d'un nouveau mode qui peut atteindre, sous certaines conditions spécifiques, des fréquences supé-
rieures a 4 GHz avec des coefficients de couplage électromécaniques de 7% pour I'AIN et 16% pour
le LNO.

Synopsis

The concept of hybrid SAW/BAW (HSB) resonators was introduced in 2013. It is based on a
periodic arrangement of piezoelectric transducers on a substrate, combining the advantages of bulk-
and surface-wave devices. An initial study on AIN optimized two resonance modes and were con-
firmed by two manufacturing cycles to achieve electromechanical coupling coefficients of 1.6% and
1.8% respectively at around 600 MHz and 1.8 GHz. These results demonstrated quality factors up
to 3700 at resonance and 3300 at anti-resonance for the first mode at 600 MHz, and up to 1900 at
resonance and 1700 at anti-resonance for the second mode at 2.8 GHz.

In order to improve the electromechanical coupling, we have investigated other piezoelectric ma-
terials such as scandium-doped AIN and lithium niobate (LNO). A theoretical analysis have shown
that an electromechanical coupling coefficient of 38% at 500 MHz and 14% at 1.5 GHz can be
attained with LNO. A new manufacturing process is introduced, and preliminary results are pre-
sented. Finally, we demonstrate the existence of a new mode that can reach frequencies above 4
GHz with electromechanical coupling coefficients of 7% for AIN and 16% for LNO, under certain

specific conditions.
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General Introduction

The RF front-end module serves as a critical gateway in modern telecommunication systems,
acting as the interface between the antenna and the digital baseband processing components. It plays
a pivotal role in the efficient transmission and reception of wireless signals. As the demand for faster
data rates and increased connectivity continues to surge, the importance of RF filters, a key element
within the RF front-end module, cannot be overstated. These filters are tasked with selectively pass-
ing certain frequency bands while attenuating unwanted interference, ensuring the integrity of wire-

less communications.

In the past three decades, the landscape of RF filters has witnessed a transformative shift with the
introduction of Surface Acoustic Wave (SAW) and Bulk Acoustic Wave (BAW) technologies.
These innovations have revolutionized the field of resonator technologies, enhancing the perfor-
mance and versatility of RF filters. SAW and BAW devices were introduced as a response to the
escalating demand for higher frequencies, increased miniaturization, and improved overall filter per-
formance. By harnessing the unique properties of acoustic waves on piezoelectric materials, SAW
and BAW technologies have added a new dimension to resonator-based devices, enabling engineers
to achieve unprecedented levels of selectivity, miniaturization, and bandwidth control in RF filters.
This evolution has not only paved the way for more compact and powerful wireless devices but has

also opened new frontiers in telecommunications and beyond.

Surface Acoustic Wave (SAW) resonators have undergone significant advancements in recent
years, driven by the need for enhanced performance in various applications. One notable progress
involves the development of novel SAW resonator structures and the utilization of advanced mate-
rials. Engineers and researchers have explored complex designs such as interdigitated transducers
(IDTs) with varying electrode geometries and multi-layered structures to achieve improved fre-
quency responses and reduced insertion loss. These innovations have not only expanded the opera-
tional frequency range of SAW devices, now up to 2.5 GHz, with prospects towards 4 GHz, but
have also allowed for the creation of highly sensitive sensors and precise frequency control compo-
nents. However, SAW resonators still face certain limitations. The miniaturization of SAW devices,
although achieved to a great extent, presents fabrication challenges, particularly as feature sizes

reach nanoscale dimensions.

Bulk Acoustic Wave (BAW) resonators traditionally exploit the thickness vibration of thin films
of aluminum nitride (AIN), or more recently scandium-doped AIN (AIScN). These materials exhibit
excellent piezoelectric properties, enabling BAW devices to achieve low loss, critical for applica-
tions like RF filtering at frequencies beyond 2.5 GHz. The utilization of novel fabrication techniques
has allowed for precise control over BAW resonator dimensions, resulting in improved frequency

stability and miniaturization.

Despite their remarkable progress, BAW resonators are not without challenges. Fabrication com-
plexity increases as the operating frequency rises, making it challenging to achieve the desired per-
formance at higher frequencies (above 5 GHz). To address these challenges, researchers continue to
explore new materials and manufacturing techniques to further improve BAW resonators' perfor-

mance.

Hybrid Surface Acoustic Wave-Bulk Acoustic Wave (SAW/BAW) Resonators (HSBR) represent
an emerging class of acoustic devices that attempts to merge the advantages of both SAW and BAW
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technologies. These resonators leverage the surface-confined nature of SAW and the high frequency
capabilities of BAW, offering a unique blend of miniaturization, high-Q factors, and photolitho-
graphic tunability. Their development was proposed to open up exciting possibilities as they com-
bine the strengths of each technology to address the increasingly complex demands of modern elec-

tronics.

Despite their theoretical promising attributes, challenges to explore these structure exist in the
design and fabrication of HSB resonators. These include the need for complex manufacturing pro-
cesses, precise control over materials, and the potential for increased device complexity compared
to conventional SAW or BAW resonators.

The primary aim of this thesis is to thoroughly explore the practical capabilities of hybrid
SAW/BAW devices and assess their true potential in comparison to established SAW and BAW
technologies. Given the initial suboptimal results reported in the existing literature, a critical need
arose to establish a robust fabrication process for these structures. This process serves a dual purpose:
firstly, to enable the initial assessment of resonator performance, and secondly, to unveil any tech-
nological limitations. Once these limitations are identified, they can be incorporated into theoretical
models, helping to define the design parameters for hybrid SAW/BAW resonators within the bounds
of physical feasibility.

This research was conducted as part of a collaborative effort involving frec|n|sys (now Soitec
Besangon), CEA-LETI, and IEMN. Members of frec|n|sys were among the pioneers in the explora-
tion of hybrid SAW/BAW structures. CEA-LETI contributed its extensive knowledge and clean-
room expertise in developing acoustic devices based on piezoelectric thin films, initially using AIN
and later expanding to AIScN or LiNbOs. This expansion was made possible through the develop-
ment of Piezoelectric-On-Insulator substrates, a joint endeavor between CEA and Soitec. IEMN
played a crucial role in deepening the understanding of the physics behind periodic piezoelectric
structures and the mechanisms governing the hybridization of surface and bulk modes, employing

advanced simulation methods.

In Chapter 1, we provide a comprehensive introduction to the concept of hybrid SAW/BAW
resonators. We delve into the expectations associated with these structures and explore early at-

tempts to implement them.

Chapter 2 centers on the establishment of a periodic finite element model tailored for simulating
AIN hybrid SAW/BAW resonators while considering technological limitations. This model is em-
ployed to examine how resonator metrics, such as frequency and electromechanical coupling factor,
depend on the transducer geometry as well as the substrate and electrode materials. This analysis
aims to define the attainable frequency ranges and electromechanical coupling factors for these de-

vices.

Moving on to Chapter 3, we shift our focus to the experimental realization of AIN hybrid
SAW/BAW resonators. We detail the developed process flow and outline the electrical characteri-
zation methodology. The performance of various resonator designs is presented and compared

against the theoretical expectations outlined in Chapter 2.

Chapter 4 investigates the enhancement of electromechanical coupling factors in hybrid
SAW/BAW resonators through the utilization of lithium niobate thin films as opposed to AIN. We
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discuss the necessary adjustments to the periodic finite element model to account for new wave
polarizations induced in lithium niobate transducers. Furthermore, we examine the crystal orienta-
tion dependence of various modes and optimize resonators for the most promising crystal cuts. This
chapter concludes with a preliminary process flow for implementing lithium niobate hybrid
SAW/BAW resonators and provides initial trial results.

Finally, Chapter 5 focuses on the frequency scaling of hybrid SAW/BAW resonators. We partic-
ularly explore a novel mode resulting from the hybridization of bulk modes in thin film transducers
with surface modes of the substrate when transducers are excited in phase. This investigation con-
siders the performance dependence on transducer geometry using both AIN and lithium niobate pi-
ezoelectric films.

A final conclusion is added to highlight the main results of this thesis and to discuss future pro-
spects. Further theoretical and manufacturing investigations of similar structures would be possible
beyond this work either by changing key geometrical features or changing the piezoelectric material
of the transducer.
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This chapter is made up of two parts; the first part describes RF acoustic filters and how they
make up the largest portion of the RF-front end market. We then provide an introduction to piezoe-
lectricity followed by an introduction to the physics of Surface Acoustic Waves (SAW) and Bulk
Acoustic Waves (BAW) and how they are utilized to build resonators. The description of these phe-
nomena and physics allow us to define the performance indices for a resonator especially the elec-
tromechanical coupling factor (k?). We are then able to provide a summary of the state of the art of
available SAW and BAW resonators.

We then present the basic concept of HSBR. We highlight how the idea of etched pillars was first
presented and the expectations from it. We discuss different design parameters and show how they
were explored theoretically in the literature to increase performance including the aspect ratio, re-
flective layers, and the use of reflectors for the addition of acoustic cavity. The discussion is ex-
tended to cover different materials such as AIN, AIScN, ZnO and LiNO:s.
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We finally discuss the attempts to physically fabricate HSBR and discuss the different process
flow charts followed by different research groups. These attempts can be grouped based on the pie-
zoelectric material used starting with AIN and AlScN and then based on lithium niobate or grouped

based on the research group and their distinct process flow.

1 Context

1.1 RF front-end module and RF filters

The telecommunications industry has witnessed an unprecedented surge in demand for wireless
communication in recent times, driven by the ever-increasing data traffic. This rapid growth has
brought forth the need for advanced technologies to support higher data rates and ensure seamless
connectivity. As a result, the industry has turned its attention towards the development of the fifth

generation of wireless communication (5G) and beyond.

The electromagnetic spectrum encompasses various bands, each designated for specific applica-
tions such as WiFi, military communication, cellular communication, consumer radio, and other
applications. These bands consist of smaller sub-bands known as channels and are standardized to
be adhered to by wireless communication system users. The RF front-end module is a vital compo-
nent that enables the transmission and reception of wireless signals, ensuring the seamless integra-
tion of smartphones, tablets, and other wireless devices into the telecommunications infrastructure.
As the frequency spectrum dedicated to mobile communication becomes overcrowded, there are

more requirements on the RF Front-End devices and in particular on filtering technologies.

A sample of a front-end module is presented in Figure 1. Input signal received by the antenna
carries various frequencies. A band selection filter is then used to isolate the desired frequency band
from the received signals. The selected signal is then amplified to boost its strength. Next, an oscil-
lator generates a local oscillation signal that is mixed with the amplified signal. The mixer produces
intermediate frequencies, which are then passed through a channel filter to further isolate the specific
frequency channel of interest. Finally, the treated signal is ready for further processing and utiliza-

tion in the wireless communication system.

P P
Antenna l \1

\‘/ Eﬁr;fpass (b) \f Channel (€] f

mixer filter /‘
\1 Q W > % é treatment
v —

P N
Pf\ A p
oscillator “‘ @ ? I

A

f (d) f

Figure 1: description of a Front-end module (redrawn adapted from [1])
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RF filters serve as the backbone of RF front-end modules, providing the essential function of
isolating and filtering different frequency bands. RF filters selectively pass or reject specific fre-
quency bands as demonstrated in Figure 2. Band-pass filters allow signals within a certain frequency
range to pass through while attenuating frequencies outside this range. High-pass filters, on the other
hand, permit frequencies above a certain threshold, blocking lower frequencies. Conversely, low-
pass filters pass signals below a specified frequency while attenuating higher frequencies. Lastly,
band-reject filters, also known as notch filters, reject a specific frequency range while allowing all

other frequencies to pass through unaffected.

g Q

c A E A

o o

o o

O \ o | /

o ~ o ~
~ ”~

(a) low-pass f (b) high-paSSf

[«}]

Q )]

: 5

o Q

, i

o o N

—_—

(c) band-passf d) band-rejectf

Figure 2: Basic RF filter types

Several challenges facing RF filter technologies are listed below and highlighted in Figure 3.

1- Center frequency range demands: RF filters are designed to operate within specific frequency
ranges. This parameter is crucial as it defines the applications and environments in which the
filter can be employed. Challenge: The ever-increasing demand for higher data rates and the
proliferation of wireless devices require RF filters operating on bands spread from 600 MHz
to currently near 6 GHz. Designing filters that can operate efficiently in the sub-6 GHz range
while maintaining low losses and a high selectivity (see below) is a significant challenge.

2- Insertion loss is a measure of the reduction in signal power that occurs when a signal passes
through a device or component, such as an RF filter, as shown in Figure 3. Challenge: Lower
insertion loss is desirable, as it indicates that the filter efficiently transmits the desired signal
without significant power loss. In contrast, higher insertion loss can degrade signal quality
and limit the effective range of RF communication systems.

3- Bandwidth and Selectivity: Bandwidth refers to the range of frequencies over which an RF
filter allows signals to pass with minimal attenuation or loss. Selectivity measures an RF
filter's ability to discriminate between desired signals within its passband and unwanted sig-
nals outside its passband. Challenge: RF filters need to provide sufficient bandwidth to ac-
commodate the desired frequency range, while also offering excellent selectivity to reject
unwanted signals. This is particularly challenging because a wider bandwidth often leads to
reduced selectivity, and vice versa. The ability of the filter to reject unwanted frequencies
outside its passband is crucial to avoid interference from neighboring frequency bands or
other sources of electromagnetic interference. High out-of-band rejection is vital for main-
taining the signal integrity and preventing interference.

4- Miniaturization refers to the reduction of the component size being integrated to the circuit.
Challenge: With the trend towards smaller and more compact electronic devices, RF filters
need to be miniaturized without sacrificing their performance. Achieving high performance

in a small form factor is a complex engineering challenge.



Chapter1: Introduction to HSBR 12
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Figure 3: typical filter response highlighting the meaning of insertion loss, bandwidth and stopband rejection
(2].

Other challenges include temperature stability, production cost and integration in the RF module.
Overcoming these challenges is essential for advancing RF filter technologies. Various filtering
technologies with distinct characteristics, including operating frequencies, bandwidths, power han-
dling, and insertion losses, can be employed. These technologies encompass Multi-Layered Ceramic
(MLC), Integrated Passive Devices (IPD), Surface Acoustic Wave (SAW) filters (standard SAW,
Temperature-Compensated SAW, and Multi-Layer SAW), and Bulk Acoustic Wave (BAW) filters
(Film Bulk Acoustic Resonator and Solidly Mounted Resonator).

2025
9179 $M

- -

B Standard SAW 484 Shnll
EE FBAR (BAW) +39.4%
N SVR (BAW) ,
. MLC /

3517 $M

1393 $M
+122%

1538 $M 1837 $M
+19.5%

_______

Figure 4: RF Filter Market value Forecast. For each year, the area circle is proportional to the market value [3].

The respective market portion of each of these technologies and their market volume forecast by
2025, based on data from Yole group [3], is depicted in Figure 4. SAW and BAW devices appear as
the most important components in the RF filters market, representing more than a half of the market
value. In 2022, standard SAW devices captured 45% of the value while BAW technologies (FBAR
and SMR) captured 36% of the value. In 2025, the market value is expected to grow around 19%,
with standard SAW filters likely still dominating the market but BAW technology growing at a
faster pace The new requirements induced by the development of new wireless communication
standards should lead to a higher growth of BAW technologies since it is currently the only viable
acoustic approach able to operate at high frequency (today up to 5 GHz). BAW devices unfortunately
have their own limitations including higher cost, and complex fabrication.
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1.2 Acoustic wave filters

In the past three decades, SAW and BAW technologies have been continuously capable of pro-
ducing filters with satisfying performances to follow the evolution of RF Front Ends [4]. Resonators
play a crucial role in the design and construction of RF filters. They are devices designed to exhibit
an electrical resonance at a specific frequency. Even though there are various other types of resona-
tors such as mechanical, electrical, optical and magnetic resonators, acoustic resonators dominate
the RF filter technologies. These resonators are composed of piezoelectric materials, such as AIN or
lithium niobate. Discussions on the meaning of piezoelectricity and some major piezoelectric mate-
rials are added to Appendix A

The electric admittance of a single acoustic resonator response is plotted as a function of fre-
quency in Figure 5(a). The base line of the admittance is a capacitive contribution Y =jCow, where
Co is the static capacitance of the resonator. The resonator displays a resonance frequency f, and

antiresonance frequency f, at which the admittance becomes respectively very large or very small.

In ladder circuits, such as the one shown Figure 5(b), one exploits these large admittance varia-
tions to reorganize the electric signal flow as a function of frequency. The series components SO1
and S02 have the same resonance and antiresonance frequencies f;;, ) and fa ) identified by the
green curve in Figure 5(c). The parallel components P01 and P02 have the same resonance and anti-
resonance frequencies f,, ®) and fa ®) identified by the blue curve in Figure 5(c). The resonators are
selected in order to have fm ] fn(P). As a result of this assembly, filters can be constructed with
characteristic bandwidths (red curve) that depend on these resonance and anti-resonance frequencies.

S, (red line) is the s transmission parameter (T) between input and output. It is expressed in decibel
(dB).

>
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Frequency
Figure 5: principle of a filter using an acoustic resonator as an impedance element. Typical admittance response

of a resonator (a), ladder type filter circuit (b) and typical filter response showing the contributions of the

parallel and series resonators (c).

As a consequence, when designing a resonator, we are primarily interested in its resonance and
antiresonance frequencies, since they define the center frequency and bandwidth of the filter.
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Electromechanical coupling

The electromechanical coupling factor (k?) is a key parameter that characterizes the efficiency
with which a piezoelectric material can convert electrical energy to mechanical energy and vice
versa. In the context of RF resonators, the electromechanical coupling factor is defined as the ratio
of the power converted from electrical to mechanical form during one oscillation period over the
sum of the energy stored inside the resonator in mechanical and electrical form [5]. It is expressed
as a dimensionless quantity between 0 and 1. k? translates in practice into the strength of the electri-
cal resonance of an acoustic resonator, and affects therefore the insertion loss and bandwidth of a
filter made of such resonators [6]—[8].

Its expression depends on the type of resonance mode (thickness or width resonance of a plate,
resonance of a disk or a rod, etc.) and does therefore differ according to the technology. In specific
cases, such as BAW resonators with infinitely thin electrodes, for instance, it can be expressed in
terms of material properties when the acoustic wave propagates along the thickness of the piezoe-
lectric layer (longitudinal mode). Piezoelectric thin films have a small thickness relative to their
lateral dimensions, which makes their expression simpler [9]. In practice, it is more common to
define the electromechanical coupling factor k¢ in terms of the resonance and anti-resonance fre-

quencies [8]

2 _Th =l
kt—zfstan(2 7 ), (1)

where f; is the series resonance frequency (the frequency at which the conductance of the resona-
tor is maximum) and f,, the parallel resonance frequency (the frequency at which the resistance is
maximum) [10]. It is common to assume that the difference between f; and f,, is small, enabling to

approximate this expression to

, Th (—h) " (h-f) ?)
T4 f f 4 f,

The later expression is customary for BAW resonators. In the general case, one calculates the

k

effective coupling factor [10]
keps” = b f
—.
fo

Quality factor and FOM

The quality factor (Q) is another performance index to consider for piezoelectric resonators. It is
a measure of the damping or energy loss in the resonator. It is defined as the ratio of the energy
stored in the resonator to the energy dissipated per cycle of oscillation [11].

Q =2 Estored .
Elost (3)
The higher the quality factor, the lower the energy loss per cycle and the more efficient the
resonator. As a consequence, it impacts directly the insertion loss of a filter, as visible in Figure 6,

which shows the attenuation characteristics for an acoustic filter for four different values of resona-

tor Q.
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Figure 6: Attenuation characteristics of an acoustic RF filter with different resonator Q factors [12].

Quality factors (Q factors) of resonators can be evaluated using different methods, with two com-
mon approaches being the full width at half maximum (FWHM) and phase measurements [13], [14].

The full width at half maximum method involves measuring the width of the resonance peak at
half of its maximum amplitude. A narrower resonance peak indicates a higher Q factor, signifying
a more precise and selective resonance at the resonant frequency. This method is widely used for

quick and practical Q factor estimations in various resonator systems.

i
Qs = o ——. 0
s FWHMTESOTIG.TLCB

Another approach, proposed by Lakin et al. [15] involves analyzing the phase response of the
resonator admittance:

fs

QS:E*

d
- (<p(Y))| . (5)
df f=rs

The same is repeated to calculate @y, at f,. These methods can be used depending on the available

data and their accuracy will depend on the resolution of the measurement.

The Figure of Merit (FOM) is a criterion to compare different devices that might be using differ-

ent mechanisms or designs. The IEEE Standard on Piezoelectricity suggests [10]:

2
Qkesr
=—. (6)
1 - keff
For filtering applications, we are often interested in the maximum and minimum admittances

reached by a resonator. This is calculated from the impedance ratio:

7 _ Zmax _ Ymax
ratio — -

= QsQpkesst . (7)

Zmin Ymin

For this reason, one often consider the square root of the impedance ratio as the figure of merit:

FOM = ko ;* /QSQp . ®)



Chapter1: Introduction to HSBR 16

1.3 Acoustic Waves Resonators

In elastic wave components, electromagnetic waves are replaced by elastic waves to achieve the
same function. Piezoelectric materials are the most popular solution for these devices. Due to the
relative slowness of elastic waves (a few km/s) compared to electromagnetic waves (some 100 km/s),
structures such as waveguides or resonant cavities can be considerably miniaturized. As a result,
resonators operating in the GHz range can be produced with micrometric dimensions using manu-
facturing techniques inherited from microelectronics. This makes them the elements of choice for
miniaturized radio frequency systems.

An acoustic wave is a vibrational perturbation which propagates through time and space in a
material carrying along its travel mechanical energy that can be transformed into electrical energy
through the piezoelectric effect. There are two types of plane acoustic waves (Figure 7): longitudinal
and transverse waves. The longitudinal waves or the compressive mode waves travel and carry en-
ergy in the same direction as the direction of its media oscillation. The transverse waves or the shear
waves exhibit displacements in an orthogonal direction with respect to the propagation direction [7].
Most waves are combinations of longitudinal and transverse waves. In piezoelectric media, the
strains associated with these waves induce a polarization of the material, which in turns results in an

electric field which propagates along the wave.
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Figure 7: Displacement of a rectangular grind during propagation of bulk acoustic waves. Longitudinal wave
(a) and transverse (shear) wave (b).

Surface Acoustic Waves Resonators

There are various types of Surface acoustic waves [1]. The most classic type was first discovered
by Rayleigh back in 1885, and is depicted in Figure 8 (a). The displacement of these waves is ellip-
tical. They result from the coupling of a longitudinal wave and a quasi-transverse wave with vertical
polarization due to the stress-free boundary condition on the surface [16]. These waves are trapped
on the surface, travel parallel to it and decay exponentially within depth [17]. SAWs are commonly
used in electronic devices for filtering, sensing, and signal processing applications.
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Figure 8 Rayleigh wave propagation: The displacement of these waves is elliptical (a) [7] Displacement for

shear-horizontal surface acoustic waves [18] (b)

Another type is the Shear horizontal surface acoustic waves (SH-SAW) depicted in Figure 8 (b).

These waves are transverse waves polarized horizontally with respect to the surface. When an elec-
tric field is applied to the surface of a piezoelectric material, the SH-SAW is generated by the cou-
pling of an elastic shear wave with the electric field [19]. The displacement of the SH-SAW is mostly

transverse horizontal, and the energy is confined to the surface of the substrate material.

In

1965, the invention of the Inter-Digital Transducer (IDT) by White and Voltmar [20] made

Rayleigh surface acoustic waves popular as SAW resonators were used for a wide diverse range of

sensors and filters. SAW devices are primarily made of a set of interdigitated metallic electrodes

deposited on the surface of a piezoelectric material, as shown in Figure 9.
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Surface Acoustic Wave
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Piezoelectric substrate
(LiTa0;, ...)

Figure 9: Typical SAW devices with IDT electrodes [12] (a) and operational schematic of SAW resonator
with IDT on top (b).

The operation of SAW resonators can be divided into three main stages [21]:

1-

Generation: An external electrical signal is applied to one of the IDTs. The alternating volt-
age creates an electric field that induces mechanical deformation in the piezoelectric material.
This mechanical deformation generates surface acoustic waves that propagate along the sur-
face of the substrate.

Propagation: The surface acoustic waves propagate along the surface of the piezoelectric
substrate, carrying the mechanical vibrations induced by the IDTs. These waves travel at a
specific velocity, which depends on the material properties of the substrate and the frequency
of the applied signal.

Detection: The second IDT, located at a certain distance from the first one, acts as a receiver
(in case of a delay-line). When the surface acoustic waves reach this IDT, they induce a
voltage in the metal electrodes. This voltage signal corresponds to the mechanical vibrations
of the waves and is detected as an electrical output. SAW devices can also either by standing

waves or delay lines devices.
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SAW devices are either one-port or two-ports devices. In a one-port configuration the drive or
excited and sensing or emitted surface waves go through the same IDT. In a two-port device these

waves are uncoupled and processed by two different IDTs [21].

Different special types of surface acoustic waves arise in resonators with metal electrodes IDT
on top. Surface Transverse Waves (STW) arise from the slowing down of a bulk wave propagating
near the surface (Surface Skimming Bulk Wave, SSBW) [22]. Love waves are another type of trans-
verse wave that propagate along the surface of a substrate. Their displacement is purely horizontal
and perpendicular to the direction of propagation. Love waves are guided by the substrate and are
sensitive to the properties of the substrate [23]. The different types of surface acoustic waves have
different properties and are used for different applications. For example, Rayleigh waves are com-
monly used in surface acoustic wave devices for filtering and sensing applications, while Love
waves are used for sensing applications that require high sensitivity.

The fabrication process of SAW devices typically starts with the deposition of thin films of pie-
zoelectric and conductive materials on a substrate, which is often made of quartz, lithium tantalate
or lithium niobate. The next step is photolithography, where a patterned photoresist mask is created
on top of the thin films to define the desired shape of the IDT. This mask is then used in the etching
process, where the unwanted metal is removed, leaving behind the desired IDT pattern. After etching,
additional layers may be added, such as the passivation layer, to protect the resonator from environ-
mental factors [24], [25].

SAW devices exhibit excellent performance, small size and low cost since they are fabricated on
wafers in large volumes, but are traditionally limited to applications up to 2 GHz. Beyond that fre-
quency, the width and spacing of the interdigitated electrodes become sub-micron, which increases
the complexity of fabrication, raises concerns regarding yield, losses and power handling and de-
grades filter performance. In addition, fabrication problems may arise due to the very thin and deli-
cate IDT electrode pattern. Nevertheless, SAW devices currently lead the market share of electric

acoustic components.

Bulk Acoustic Wave Resonators

Bulk acoustic waves (BAW) can be excited by an alternating electrical signal applied perpendic-
ularly to opposite surfaces of a piezoelectric layer. The acoustic wave propagates through the entire
thickness of the material, giving rise to a stationary wave at specific frequencies [26], [27]. Depend-
ing on the crystalline orientation of the material, BAW can be generated in different modes of prop-
agation. One mode is the thickness-extension mode (Figure 10 (a)), in which the piezoelectric ma-
terial can expand and contract perpendicularly to the surface. The wave polarization is longitudinal,
as the mechanical displacement is parallel to the propagation direction. Another mode is the thick-
ness-shear mode (Figure 10 (b)), in which the piezoelectric material deforms in a direction parallel

to the surface.
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Figure 10: thickness-extensional mode (a) and thickness-shear mode (b) of a BAW device

The limitations of SAW devices have motivated the research for BAW components operating at
high frequency above (2 GHz). At higher frequencies, BAW devices, which take the form of a pie-
zoelectric thin film sandwiched between two planar electrodes, are preferred for their traditionally
higher quality factors (exceeding Q= 1500) and larger power handling capabilities compared to con-
ventional SAW devices [28], [29].
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Figure 11: A typical BAW device made up of a piezoelectric material sandwiched between two electrodes
[12].

To reach such high quality factors in this structure, waves need to be kept from escaping beyond
the bottom electrode through one of two methods conventionally: film bulk acoustic wave resonators
(FBARSs) and solidly mounted resonators (SMRs). SMR utilize a Bragg reflector to trap the acoustic
wave, preferably with stacked thin-film layers featuring alternating low and high acoustic imped-
ances [30]. The layers usually have thicknesses equal to a quarter of the wave wavelength. Two to
four alternations are usually enough to achieve a reflection coefficient of 99%. This technology is
considered superior to FBARSs in terms of power handling and mechanical durability since it is less
fragile to handle than the membrane technology. However, the drawback of SMRs is an increase in
the number of fabrication process steps that need precise control over film thickness and properties
[31],[32].

The second method which relies on the creation of air cavity under the bottom electrode is known
as Film Bulk Acoustic Resonator (FBAR). The cavity can be created through the etching of the back
side of the substrate or through the use of a sacrificial layer that is later removed before the end of
the process forming a gap under the active area. This configuration allows the air/electrode interface
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to trap more acoustic waves between the electrodes compared to the Bragg quarter-wavelength
acoustic mirror in SMRs, resulting in improved effective electromechanical coupling (keg?). Addi-
tionally, FBAR provides slightly higher Q (quality factor) than SMR due to the absence of additional
reflector layers that could attenuate or escape the acoustic wave [33]-[35].

Top electrode

Active Area Piezoelectric

|
— -
' 0

Bottom
electrode

Brag Mirror {

(b)

Figure 12: structure of the film bulk acoustic resonator (FBAR) formed over an air gap (a) and solidly mounted
resonator (SMR) formed over a Bragg reflection layer (b).

Recent trends for SAW and BAW devices

According to the Microwave Journal [36], there are multiple major competitors in the world of
RF filters. For BAW, Qorvo and Qualcomm are the biggest manufacturer of SMR, while Avago,
muRata and SKYWORKS dominate the FBAR market. At low frequencies, SAW filter technologies
are well established and manufacturers include smaller companies like WiSOL, Sawnics, Shoulder
and Kyocera. Other note-worthy commercial technologies include Incredibly High Performance
(ILH.P) SAW devices which operate at the range of 2.5 GHz with good performance and the single
crystal (AIN and AIScN) BAW devices otherwise called XBAW which are exclusively manufac-
tured by Akoustis. .LH.P SAW devices can trap the leaky SAW by using a Bragg mirror, and achieve
a higher quality factor and coupling factor of SAW resonators [37] while XBAW is a single crystal
BAW resonator suspended on an air cavity and is optimized to address frequencies in the sub-6 GHz

range [38] .

In the past decade, research on thin film Lithium Niobate (LNO)-based components [39]-[44]
has gained significant momentum due to its exceptional properties, such as its large electromechan-
ical coupling coefficient. Additionally, the performance of resonators and filters can be efficiently
tailored by varying the direction of wave propagation due to the material's strong anisotropy and
different stiffness, coupling factor, temperature dependency, etc. along different crystal orientations
and cuts [45]. LiN O5 has been used to increase the coupling in FBAR devices based on their longi-
tudinal waves. Gorisse et al. [46] were the very first ones to publish on LNO FBARs to be followed
by others later [47], [48].

Aside from the I.H.P. SAW devices mentioned above, the possibility to bond single crystal lith-
ium niobate or lithium tantalate layers on high velocity substrates offers possibilities to exploit
guided waves. For example, Zhang et al. [49] demonstrated the feasibility of the SHo-mode of
LiNbO3; mounted on SiC substrate.

LiNbO; has also been used to increase the electromechanical coupling factor of FBAR or SMR
devices up to 40% [46]-[48]. An alternative structure, called XBAR, exploits laterally excited (i.e.
through interdigitated electrodes located on top of the piezoelectric substrate) bulk wave. These
devices have the highest operational frequencies and are developed by Resonant Inc.
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As shown in Figure 13, SAW filters operate at low ranges while BAW filters are the standard for
applications higher than 3 GHz. A conventional SAW resonator fabricated on LiTa0; has k* ~ 6 —
8 % [51] and Q ~ 800, while the new generation of Incredibly High Performance SAW (IHP SAW)

has k2~ 9 — 10 % and Q = 4000 [52].
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Figure 14: qualitative comparison of different SAW and BAW technologies in terms of application, cost of

fabrication and process complexity [36].

Comparatively, a state of the art BAW resonator exhibits an electromechanical coupling factor
of close to 8 % and Q between 2000 and 3500 close to 2 GHz, however at the expense of a very
complex and expensive fabrication process. Figure 14 shows how the BAW technologies compare

to SAW devices in terms of cost and complexity of manufacturing. A summary of k¢ and Q-factor

of the available SAW and BAW solutions at 2 GHz is provided at Table 1.
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Table 1: State of the art of SAW and BAW resonators at 2 GHz

State of the art resonators ke
Classical SAW (bulk LiTaO3) 8%
Temperature-compensated SAW (bulk 7%
LiNbOs / SiO2)

LiNbO3; BAW 20%
IHP SAW (bulk Si/ SiO2 / LiTa03) 10%
AIN BAW 6%
AlScN BAW 15%

Q-factor
800
1500

250
4000
3000
700

FOM
64
105

125
400
18

105

There is still an ever-growing need to expand the range of operation frequency while maintaining

the maximum possible electromechanical coupling factor (k?) and quality factor (Q). Specifications

of 5G filters for example (n77, n78, and n79) demand high frequency (3-5 GHz) and very large
bandwidth (13-24%), beyond the limits of conventional SAW or FBAR technologies [53].
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2 Hybrid SAW/BAW resonators

2.1  Initial concept

Aside from this very competitive context, a new mode of propagation was proposed a few years
ago, combining both operation concepts of SAW and BAW resonators in a so-called Hybrid
SAW/BAW device [54].

Top Elecirode

Piezoeleciric piliars
Bottom Electrode

Non-piezoelectnc subsirate

Figure 15: A simplified 3D drawing of Hybrid SAW/BAW resonators with key parameters and structures indi-
cated.

The goal was to combine low wave attenuation and high wave velocity at the surface of stiff but
non-piezoelectric substrates like silicon or sapphire while taking advantage of a high quality piezo-

electric material like AIN to maintain a relatively large coupling factor (k?).

2.2 Theoretical analysis based on AIN/ AIScN and ZnO

The structure proposed is made of a substrate suitable for surface wave propagation, a metal layer
deposited on the substrate and followed by micro acoustic transducers in the shape of bars. These
transducers are made of AIN and arranged in an array spaced out evenly at a distance equal to a half
of the propagating wavelength. Unlike standard FBAR where the piezoelectric material is deposited
as a continuous layer of thin film, bar shaped transducers benefit in theory from a larger coupling

kKE .
factor than planar transducers (k2; = 1—;2), since they are free to extend or contract as the transducer
—t

elongates or shrinks according to Rouffaud et al. [55] These individual transducers are connected
mechanically via the substrate. Thus, the array is composed of individual piezoelectric elements
with interdigitated top electrodes (IDTs). The authors considered sinusoidal potential of opposite
phase on neighboring fingers while the continuous bottom surface deposited on the substrate is kept
at the zero electric potential.
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Figure 16: Proposed SAW/BAW device (a) new resonance at 1 GHz (b) [54]

Their simulations identify different resonance modes and locate their approximate frequency
ranges. They find that the resonance mode related to the surface wave on top of the silicon substrate
(its Rayleigh wave) appears at | GHz when covered by a plane AIN layer. Alternatively, it appears
at 350 MHz when covered by a patterned AIN layer (Figure 16 (b)) but a new mode occurs at 1 GHz
corresponding to the fundamental bulk longitudinal wave in the AIN. They show its admittance

without showing the mode shape.
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Figure 17: Electric response of the patterned AIN configuration, new mode, k? = 4.0% [54]

While they demonstrate the concept of micro-machined pillars, their simulations also consider
variation of different parameters like the thickness of the transducers (e.g 2.5 ym or 5 um) at a fixed
width, and the material of the substrate (e.g silicon or sapphire). Their study concludes that the
surface wave propagating under the array of transducers does in fact provide an electromechanical
coupling factor 3.5 times larger than the one of a surface wave propagating on a planar AIN/Si
substrate. For a piezoelectric layer thickness of 2.5 um, k? reaches 0.29% for a continuous piezoe-
lectric layer and 1% for machined pillars (3.5 times bigger).

It also mentions that the new resonance mode exhibits an electromechanical coupling factor at
least 10 times larger than the surface wave on the same layered substrate. This new mode only
appears under the condition that the longitudinal bulk resonance of the piezoelectric transducers
occurs at a frequency below the bulk radiation threshold of the substrate. For a thickness of 5 um,
k? is equal to 0.26% for a continuous piezoelectric layer and increases to 2.33% for mode 1 and
4% for mode 2 (Figure 17) in the case of machined pillars.

In 2016, Pashchenko et al. [56] provided new simulations considering new electric configurations
using alternating IDTs on top and out-of-phase potentials on the bottom as shown in Figure 18 (a).
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Figure 18 Unbalanced design: with top and bottom IDTs connected in crossed polarity [56] (a) Mode shape of
quasi-SAW mode (ab) and Quasi-BAW mode (c) [57]

e They identified 5 resonance modes and selected the two desirable modes which are shown
in Figure 18 (b, ¢) called “Quasi-SAW” and “Quasi-BAW” modes.

e  The effective electromechanical coupling factor for the Quasi-BAW mode was found higher
than for the Quasi-SAW mode, reaching a maximum of 6.8% at h/A=0.6 (ratio of AIN film
thickness to wavelength) and t/h=0.75 (etching ratio) with the proposed electric configura-
tion, on Si substrate.

e For all simulated electrical configurations the best k? were always observed for both modes
when the piezoelectric layer was only partially etched over between 60 and 80% of its thick-
ness (Figure 19). This result suggests the existence of an interaction between the pillars ben-
eficial to the electromechanical coupling and that contributes to wave confinement in the

transducers.
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Figure 19: Effective coupling factors varied with the etching ratio for HSBR with IDT/AIN/Pt/Si. Solid lines
correspond to the pseudo-SAW mode and dashed lines correspond to the pseudo-BAW mode [56]

Improving wave confinement

Integrating an acoustic reflective layer beneath the pillars of HSBR offers a significant engineer-
ing advantage. These layers, with their elevated acoustic velocity, effectively curtail the radiation of
high-frequency waves into the substrate, effectively entrapping and concentrating the energy within
the resonator structure. This suggests that such an approach can substantially augment the quality
factor, and to some extent also the electromechanical coupling factor, leading to more efficient res-
onator performance. While these considerations would suggest a high acoustic velocity substrate
could be all together advantageous like demonstrated below, Silicon remains a reasonably stiff sub-
strate and much less expensive than other substrates such as sapphire or diamond. Si was thus a

reasonable substrate to start with.
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Pashchenko et al. [58] investigated the effect of the acoustic impedance mismatch between the
transducer and the non-piezoelectric substrate on the travelling surface acoustic wave. As they were
also interested in delay lines, their goal was to maximize the coupling between the transducers ex-
citation and the surface waves travelling on top of the substrate. Thus, they attempted to match the
acoustic impedance between the transducers and the Si substrate by inserting an acoustic matching
multilayer consisting of 200 nm of SiO, and 1100 nm of SizN, below the 200 nm of Pt bottom elec-
trode. Their results show the possibility to achieve k* of 7% (considering AlScN instead of AIN)
and were able to increase it to 10.3% by appropriately matching the piezoelectric film and substrate.
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Figure 20: Calculated reflection and transmission coefficients of the delay line with acoustic matching layers
Pt/ Si3N4/Si02 using hybrid SAW/BAW resonators [58]

In 2019, Qamar et al. [59] considered a GaN layer inserted between the silicon substrate and the
transducers. In their simulations, they consider a 4.3 um thick layer of GaN grown on Si (111), a
100 nm-thick Mo bottom electrode, an AIN thickness of 1 um and 150 nm-thick Ni top electrode of
Ni. The advantage of Ni is that it acts as a hard mask for the patterning of the AIN layer. They
consider transducers width of 500 nm, 100 IDT with an aperture of 100 pm. The top electrodes are
alternately connected to signal and ground while the bottom electrode is kept floating. Their device
is arranged as a delay line, with a length of 50 um. All design parameters are shown in Figure 21
(a). This show that the pseudo-SAW mode is observed both on samples with or without the GaN
layer (Figure 21 b).

Etched AIN - i
/ AIN /i
. )

(b)

Figure 21: Schematic of the coupled BAW/SAW resonator with a GaN substrate (a), excited mode of vibration,
which induces a SAW in Si (b) and in GaN (c) [59]

They consider also the influence of the depth of etching in between transducers: they show the
evolution of the coupling factor as the etching depth changes. A maximum of k? = 2.4% is obtained
for the AIN/Mo/Si arrangement and k? = 3.2% for the AIN/Mo/GaN/Si arrangement at approxi-
mately an etching depth of 70 % to 80 % of the AIN thickness. These results are less than the ones
reported by Pashchenko et al. since they consider a different geometry and electrode materials but
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they confirm the same trend concerning the need for optimization of the etching ratio at 0.6 to 0.8
(Figure 22).
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Figure 22: Effective coupling factor reported by Qamar et al. [59] marked stars show the experimental results

In 2020, Liu et al. [57] considers the same stack as Qamar et al. Positive and negative potentials
are alternately applied to IDT fingers, while the bottom electrode keeps a floating potential. They
however investigate other layers than GaN, focusing on high velocity layers, more capable of con-
fining waves in the transducers than Si or GaN: diamond, SiC and AIN.
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Figure 23: SAW/BAW device with an inserted reflective layer [57].

Two results may be highlighted:

1. when the thickness of the reflective layer is increased beyond one wavelength, k? and wave
velocity reach a maximum, and then show no change (Figure 24).
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Figure 24: Electromechanical coupling ki of pseudo-SAW mode (coverage a/p = 50%, 6=90°, etching d/h=1
and aspect h/A=0.5).

2. increasing the depth of the trenches separating the transducers (parameter d in Figure 21)

decreases the wave velocity, but also increases k? for the quasi-SAW mode. For the quasi-
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BAW mode, on the contrary, the wave velocity increases, while the electromechanical cou-
pling factor has a more complex dependency, and is maximum for an etching depth 80%
of the initial AIN layer, which is consistent with the previous studies (Figure 25). This is
also confirmed by other groups [60].

b Quasi-SAW(Diamond)
i Quasi-SAW(6H-SIC)-
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Figure 25: Electromechanical coupling (k:?) variation with etching ratio d/h

With multiple optimization and a reflective layer having a high acoustic velocity material such as
diamond, they simulate a resonator reaching k?>= 7% at 1.7 GHz and k?= 4% at 4.2 GHz.

Lateral reflectors

In 2021, Liu et al. [61] expanded their work by extending the array of transducers with a series
of short-circuited transducers acting as reflectors. The proposed structure is shown in Figure 26.

AIN Ni

High acoustic speed layer
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Figure 26 Cross-section view of the proposed structure of the resonator, which consists of the IDT and reflectors
[61]

Two designs of the reflectors are being investigated: a synchronous reflector with a periodicity
matching the one of the transducers (p = 1 um) and an asynchronous reflector structure with p = 1.4
um, optimized so that the resonance frequency falls in the middle of the stop-band of the reflector
array. They evaluate the reflection coefficients to reach 86.3% without reflector, 94.8% with the
Bragg reflector and 99.9% with the asynchronous reflectors. These reflection coefficients are calcu-
lated using domain probes in comsol to evaluate Ec: the mechanical elastic strain energy around the
active pillars (including the IDT) and E: the total mechanical elastic strain energy in the whole
device. The reflection coefficient is taken to be the ratio of these two quantities: n = E./E;. Figure

27 shows the calculated surface displacement at the top of the high velocity layer at resonance.

Under the same excitation, the reflectors clearly enhances the vibration in the IDT region while
reducing it strongly elsewhere. Thus, the quality factors show significant improvement: without any
reflector, k?=5.69%, Q,=1436 and Qp=448 without reflector, k?=5.91%, Qs=1780 and Qp=1310

with synchronous reflector and k?=5.41%, Q,=3146 and Qp=2166 with asynchronous reflector.

These Q factor calculations are inferred from the same eigenfrequency analysis mentioned before
giving rise to questions concerning
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Figure 27: vertical displacement at the surface of the high velocity layer with for different reflector designs.

Lateral field excitation of hybrid SAW/BAW resonators

Another approach to improve the electromechanical coupling factor is to modify the excitation
of the piezoelectric transducers. Sandwiching the piezoelectric film between two electrodes leads to
excitation of waves by a vertical electric field, which mostly favors longitudinal strains in AIN or
similar materials. However, exciting these piezoelectric layers with a horizontal electric field favors
the excitation of shear waves.

Santosh et al. [62] presented in 2015 the first theoretical analysis of a ZnO-based structure similar
to a HSBR, but with a structure having electrodes located in between the piezoelectric pillars (Figure
28). Under such an excitation, they identify two families of resonance modes i.e. transverse wave
modes and longitudinal wave modes. Figure 28 (c,d,e) show the displacement fields of these modes.
The first two modes result from shear deformation of the piezoelectric pillar, while the second group

bears some similarity with the typical quasi-SAW mode.
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Figure 28: Laterally excited hybrid SAW/BAW resonators. Schematic of the device structure (a), geometry
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considered with periodic boundary conditions (b) for the simulation of the first transverse mode (c) the second
transverse mode (d) and the first longitudinal mode (e) [62].

As was done for thickness-excited transducers by the other group, the authors investigated the
evolution of k? as a function of the ZnO thickness to wavelength ratio. They also evidence an opti-
mum k? of 8.37% at h/A= 0.13 for the first transverse mode and k?= 6.4% ath/A= 0.19 for the

second transverse mode. These electromechanical coupling factors are twice the value reported for

conventional ZnO/Si layered SAW devices for similar stacks.

The same group extended this work [63] providing experimental results and focusing their theo-
retical analysis on the transverse mode shown in Figure 29 (b) for a metallization ratio of 0.5 and
A= 8um. They also considered the addition of a SiO, layer of thickness of hg;o, /A = 0.2 on top of

the silicon substrate. Unlike what could be observed for thickness excited longitudinal modes, k2
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is found to decrease from 8.37% at hg;o, /A =0.12.to 3.2% for hg;g, /A = 0.3. In the meanwhile, very

little variation of phase velocity is observed.
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o

Figure 29: Displacement profile of the first order transverse mode surface acoustic wave generated in the silicon
substrate. [63]

Xu et al. [64] simulated a structure with ZnO pillars on SiC substrate shown in Figure 30 (a). Top
electrodes are located above the pillars restoring somehow the original design of the HSBR research-
ers used in ALN and AlScN studies. But no bottom electrode is located under the piezoelectric film.
However, due to the channeling of the electric field inside the piezoelectric pillars, the excitation
relies primarily on a vertical field, as is conventional. They identify therefore the same: pseudo-
SAW and pseudo-BAW modes as for AIN shown in Figure 30 (b, ¢). They also reported that the
quasi-SAW mode appears at 1.12 GHz while the quasi-Sezawa mode appears at 2.77 GHz which is
in agreement with studies on AIN. With this configuration, they obtain for the quasi-SAW mode a
maximum k? of 11.82% with Cu electrodes and V,=1975 m/s. For the quasi-BAW mode, the max-

imum k? is 9.26% with Al electrodes and V,=4754.8 m/s.
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Figure 30: Schematic of the structure made up of IDTs, partially etched ZnO/ SiC (a) pseudo-Rayleigh mode

(a)

(b) pseudo-Sezawa mode (c)

As in [63], but unlike what was observed on AIN or AIScN devices, k? drops significantly and
the velocity decreases slightly when the thickness of a SiO» layer (t2) located under the piezoelectric

layer increases as demonstrated in Figure 31.
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Figure 31 Schematic (a) and k? of pseudo-SAW and pseudo-BAW modes as functions of bottom electrode
material and thickness t2/1 based on the partially etched ZnO/metal/SiC structure (b) [64]

Finally, Han et al. [65] published a parametric study on the same structures, with ZnO, AIN or
lithium niobate, but on a diamond substrate, and with the piezoelectric pillars located atop another
continuous piezoelectric layer (in red in Figure 32), also either ZnO, AIN or lithium niobate. Their
paper analyses different HSBR stack arrangements. They found that the use of the two layers of
piezoelectric films of different sizes increases k2. They theoretically show the possibility to reach a
k% of 8.26% was achieved at a high frequency of 3.4 GHz using ZnO/ZnO/Diamond with hg/A =

hgecond/A = 0.5 which is basically the same as one ZnO layer with a 50% etching ratio.
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Figure 32: schematic of the “tree shape” structure proposed by [65]

In 2020 Zhang et al. [60] were the first to present an extended theoretical discussion on HSBR
using AIScN. They investigated several structures (Figure 33), and discussed the effect of doping

Figure 33 Different designs considered by Zhang et al. [60]
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The maximum achievable k? reaches 10.49% and 13.69% for the quasi-SAW _and the quasi-
BAW modes respectively with Alg¢Sco4N in the configuration of Figure 33(a). This is higher than
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the 7 and 10.3% reported by Pashchenko et al. [S8] when using Al gsSco.1sN we reported earlier,
confirming that an increase in Sc concentration improves the piezoelectric properties of the film and

benefits to the electromechanical coupling factor of the resonators (Figure 34).
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Figure 34: k? of the pseudo-SAW (denoted quasi-Rayleigh) (a) and the pseudo-BAW (denoted quasi-Sezawa)
(b) of the Mo/AIScN/Mo/6H-SiC structure as a function of the normalized bottom Mo thickness.

Zhang et al. also consider filling the trenches separating the transducers with Si0, [60], as shown
in Figure 33(b). This increases the maximum k? of the quasi-BAW mode to 14.55%, but decreases
the one of the quasi-SAW mode to 6.84%. In the meantime, filling the trenches with SiO; increases
the velocity of the quasi-BAW mode while it decreases the one of the pseudo-SAW mode (Figure
35). Either with or without Si0, filling, the velocity of both the quasi-Rayleigh and the quasi-
Sezawa modes are above 5000 and 7500 m/s respectively which makes them suitable for high-fre-
quency devices. Since the shear wave velocity in Si is 5680 m/s, it means only the pseudo-SAW

mode is confined and that the pseudo-BAW mode will experience radiation losses.
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Figure 35: k? of the pseudo-SAW (denoted quasi-Rayleigh) and the pseudo-BAW (denoted quasi-Sezawa) for
HSBR with and without SiO: filling.

Lang et al. [66] studied a structure using AlosSco4N as the piezoelectric material and SiC as a
high acoustic velocity substrate. They confirmed that the large shear wave velocity of SiC allows
to confine the mechanical energy in the piezoelectric material at 1.3 GHz. Their optimal design
(AIScN thickness to pitch ratio of 0.6 and etching ratio of 0.95) set a new reference in term of figure
of merit (FOM): k? = 23.72%, Q = 2130, FOM=504

The theoretical studies that considered AIScN confirmed that an increase in the intrinsic piezoe-
lectric properties of the pillar material would lead to significantly higher k* for HSBR.
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23 Alternative structures based on lithium niobate

Plessky et al. [44], [53] considered an alternative to their XBAR (mentioned in section 1.3) which
rely on the vertical field excitation of shear-horizontal modes in rotated Y-cut lithium niobate mem-
branes, which they called YBAR. This device may be considered as a set of series-and-parallel con-
nected FBARs, operating on shear mode in Y-cut of LN membrane. It has a floating bottom elec-
trode, and alternating top side electrodes, which simplifies manufacturing. They suggested partially
etching the piezoelectric film, as shown in Figure 36, to suppress spurious lateral modes. This con-
fines the main mode (the shear horizontal mode) in the region between trenches, essentially stopping
any travelling waves in the piezoelectric plate [67]. This produces structures very close to hybrid
SAW/BAW resonators, except that they are suspended. The interest of these structures is that they
are capable of exhibiting extremely large electromechanical coupling factors of above 50% at fre-

quencies close to 4 GHz.
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Figure 36: YBAR structure [53].

3 Fabrication of HSBR

The previous section reviewed theoretical expectations for hybrid SAW/BAW or similar devices.
The promises offered by these structures have motivated works towards their implementation into

practical devices. We review here the major attempts reported in the literature.

3.1  HSBR fabrications based on sputtered films
The relatively high k? of AIN (6.5% for longitudinal bulk waves) has made it the material of

choice for the bulk acoustic wave resonators and filters used in radio frequency communication
systems [68], while low insertion loss and high-quality factor resonators realized using AIN have
greatly advanced time reference applications [69]-[72]. Scandium doped Aluminum Nitride (AIScN)
[73], [74] is a thin film alloy that has been developed to offer a higher electromechanical coupling
coefficient compared to AIN but potentially at the cost of quality factor [75]. This unique combina-
tion of properties makes AIScN an ideal choice for RF front-end applications. Because of their wide
use in acoustic devices, most works on hybrid SAW/BAW resonators considered this material as the

piezoelectric layer.

The most popular deposition techniques for AIN include physical vapor deposition (PVD), in
particular reactive sputtering, and chemical vapor deposition (CVD) [76]. Reactive sputtering is a
thin film deposition technique that involves ionizing and accelerating inert gas atoms to bombard a
target material, namely aluminum, and form a thin film in the presence of a reactive gas, namely
nitrogen. The choice of deposition technique depends on factors such as the desired film thickness,

quality, and substrate material.

Etching techniques used for AIN typically involve wet etching with basic solutions (KOH,
H3POs), reactive ion etching. Wet etching is a cost-effective and efficient method for etching AIN,
but can result in a rough surface finish if the film contains disoriented grains [77], [78]. Dry etching,
on the other hand, produces smoother surfaces and allows for finer control over etch depth and shape,
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but is more expensive and time-consuming [78]. Dry etching techniques include Reactive Ion Etch-
ing (RIE), Inductively Coupled Plasma (ICP) and lon Beam Etching (IBE) are three commonly used
techniques for etching AIN in the microfabrication of SAW and BAW resonators. RIE couples an
ion bombardment with chemical reactions made possible by the introduction of chlorine gases in the
plasma along with neutral gases such as Argon. ICP is a variation of the previous technique that
increases the density of the plasma through the use of an RF electromagnetic field. IBE, on the other
hand, uses only a beam of neutral ions to physically etch the AIN material [79]. The choice of etching
technique usually depends on the desired resolution, aspect ratio, and surface finish. Overall, the
deposition and etching techniques for AIN have been well-established and optimized over the years,
making them relatively mature processes in the fabrication of SAW and BAW resonators and thus
a natural first step material for the realization of hybrid SAW/BAW devices.

Initial realizations

The first attempt at an experimental implementation of HSBR devices was provided by Pash-
chenko et al. [56] from the Ecole Polytechnique Fédérale de Lausanne (EPFL). They used polycrys-
talline AIN and AlossSco.15N as piezoelectric material deposited using reactive magnetron sputtering.
They used (111)-oriented Platinum as the bottom electrode on which AIN grows with preferential
(0001) orientation. The patterning of the AIN pillars was performed using an Inductively Coupled
Plasma (ICP) with Clo/Ar gases, while the patterning of the AIScN pillars was performed using Ion
Beam Etching (IBE) with an Argon plasma. IBE can result in some damage to the AIN material due

to the ion bombardment, which can affect its piezoelectric properties [80].

S

T EWT - 300KY  Sgma A - SE2
i — WO= 181 mm  Sge st = 150° Feri

(b)
Figure 37: SEM view of the patterned AIScN film by IBE (a) and AIN film by ICP (b) growth on Pt/Sapphire
[56].

Frustum shaped damaged electrodes and pillars were observed, resulting probably from the etch-
ing of the photoresist mask during the ion beam exposure.

In 2017, the same authors reported the manufacturing of new HSBR AIScN based resonator on
sapphire (001) substrates [81]. The thickness of AIScN was 3 um and it was etched using inductively
coupled plasma. The resulting patterned transducers and the resulting electric response are shown in
the SEM image in Figure 38. Two resonances appear at around 642 MHz and 796 MHz, with elec-
tromechanical coupling factors of respectively 1.1% and 4.3%.
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Figure 38: SEM image of the patterned AlScN film by ICP etching, grown on Sapphire (a) Electrical re-
sponse of a SAW/BAW device of AIScN on Sapphire (b) [81]

Finally, the same authors manufactured and tested delay lines using AlossSco.1sN (2.5 pm)/Pt (200
nm)/Si3N4/Si0,/Si structures [58]. They manufactured two identical transducers containing each 20
pillars, 1.25 um wide and with a pitch of 2.5 um and separated by 1 mm. IDTs (electrode aperture
of 300 um) were patterned using Ion Beam Etching. However, Argon ion bombardment damaged
the transducers and roughened surface in between, leading to SAW scattering and signal attenuation,
as shown in Figure 39. Moreover, some over-etching resulted in the thinning of the electrodes lead-

ing to irregular shapes and increased electrical resistance.
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Figure 39: (a) SEM image of the AIScN pillars. Roughening is shown due to Ar ion bombardment. Etching
depth ~ 1 um (b) Experimental measured data of delay line [56]

The observed transmission lobe is centered around 1.2 GHz, 200 MHz higher than expected by
simulation. The authors attribute it to a lower etching depth than expected (1 instead of 1.5 um). The
passband width is 16.3 MHz and k? reaches 3%. They suggested that manufacturing could be im-

proved by using ICP despite its unfavorable etching ratio.

Use of a hard mask for the patterning of the piezoelectric film

Damages to the electrodes can be prevented by employing a metal which acts as an etch mask
when patterning the piezoelectric layer, such as Ni. Actually, Ni is resistant to Cl, based dry etching
of AIN: Ni is etched at 4.5 nm/min, while AIN is etched at 100 nm/min.

Qamar et al. [59] employed this technique to manufacture in 2019 a set of AIN hybrid SAW/BAW
devices on GaN/Si and Si substrates. The crystallinity of AIN grown on GaN was confirmed by X-
Ray diffraction with a rocking curve full width at half maximum of close to 1.3° for the AIN (0002)
diffraction peak. This intermediary verification step is important to confirm the good crystalline
quality of the grown AIN since AIN deposed on Mo and on GaN/Si may exhibit lower crystalline
quality than AIN grown on Si.
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Figure 40 shows the electrical response of delay lines fabricated on top of Si and GaN/Si sub-
strates, with insets showing SEM images of the transducers. Clearly, the patterning of these trans-
ducers seems cleaner than those obtained by Pashchenko ez al. on AlScN [56] (see section 4.2.1).
Especially, the edges are better defined compared to the rough edges visible in Figure 37 and Figure
38. The reported coupling factors (3.2%) are in line with theoretical expectations, although they
remain well below the initial theoretical expectations (~7%) [54], [56].
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Figure 40: Transmission response and SEM images of (a) conventional SAW AIN/Si (b) AIN/Mo/Si and (c)
AIN/Mo/GaN/Si hybrid SAW/BAW delay lines

The coupling factor obtained for the conventional SAW devices on Si was 0.3% and their inser-
tion loss 35 dB while the coupling factor and insertion loss for the coupled SAW/BAW on the same
Si substrate were significantly improved at 2.4% and 16 dB respectively. Finally, the coupling factor
for the coupled SAW/BAW device on the GaN/Si substrate was 3.2% with insertion losses of 13 dB,

which represents the best performance among the developed devices.

Xie et al. [82] relied instead on the wet etching of AIN, and use Ag top electrodes as a hard mask.
They fabricated AIN based HSBR with an acoustic aperture of 802, and IDT with 30, 60 or 90 pairs
of electrodes. The Ag/AIN/Mo/Diamond multi-layer films were deposited on 10x10 mm silicon dies,
with the 30.02 pm thick polycrystalline diamond (PCD) film deposited by DC arc jet plasma CVD
method. The rough diamond film was smoothed by polishing down to a roughness Ra lower than 2
nm. Mo (190 nm-thick) and AIN (0002) (3.04 pm-thick) were then deposited. A thin (111) oriented
Ag film with thickness of 306 nm was deposited using DC sputtering method. The Ag IDTs were
patterned by ion beam etching. The AIN film was fully etched to the surface of Mo layer by wet
etching, with the Ag IDT serving as the hard mask of wet etching, and Mo layer serving as the
etching stop layer.

The fabricated device exhibited a smooth Mo/Diamond surface between IDTs after AIN wet etch-
ing, and eroded AIN IDT line profile showing 500-800 nm thick white sidewalls on both sides due
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to inevitable side reaction in etchant. However, the authors reported an electromechanical coupling
coefficient of 2.16% and quality factor of 913 for a resonance at 913 MHz.

Figure 41: SEM top view of resonator IDT lines after Ag etching (a) and after AIN etching (b) [82]
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Figure 42: process flow proposed at EPFL for the fabrication of HSBR using AIScN [83]

Gollapudi et al. [63] used nearly the exact same process to fabricate their laterally excited ZnO
hybrid SAW/BAW resonators on a Si substrate. They start by the deposition of Chromium (10 nm)
/ gold (100 nm) electrodes using electron beam evaporation. Gold is used since it is insensitive to
the etchants used for ZnO. Then, (002) oriented ZnO thin film is deposited using RF magnetron
sputtering on these electrodes. The thickness of the ZnO layer was respectively 3.8-4.3 pum for de-
vices where on Si substrates and 3-3.2 um for devices on SiO»/Si. A SiO; hard mask is employed
to pattern the ZnO transducers by wet etching of ZnO using dilute acetic acid of 0.2 M. A dominant
vertical etching and reduced lateral etching are obtained by forcing a convection flow of the etchant
perpendicular to the sample surface. A SEM view of the transducers, shown Figure 43(a), indicates
relatively vertical sidewalls. Overall, the fabrication process involves only two UV lithography steps,
one for IDT development and the other to have a hard mask for the patterning of ZnO film.
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Figure 43: (a) SEM view of the resulting ZnO pillars. (b) Electric response without SiO2 layer and (c) electric
response with SiO; layer, both showing S12 in modulus and phase [63].

Electrical measurements of the fabricated devices are shown Figure 43 (b, ¢).On the devices lo-
cated directly on silicon, they reveal four resonance modes, the first three of them corresponding to
the modes depicted Figure 28(c-e):

e Mode 1, at 93 MHz with -26 dB insertion loss (IL)

e Mode 2 at 136 MHz, corresponding to the mode depicted Figure 28 (d), with IL =-31 dB

e Mode 3, corresponding to the pseudo-SAW mode, at 285 MHz with IL= -29 dB exhibits
an effective coupling of k?=15.2%

e Mode 4 at 320 MHz with IL = -31 dB

When adding the SiO; layer, all modes become slightly faster and their insertion losses decrease.

A more conventional approach relies on using a thick SiO; layer as a hard mask independent of
the electrodes. This was used for example to pattern relatively small holes with almost vertical side-
walls in AIN films [84]. This approach was used in a new process flow carried at EPFL, for the
fabrication of HSBR based on AIScN [83]. It involves using a hard mask for the patterning of the
top electrodes and the piezoelectric layer, instead of only photoresist which gets easily consumed.

The process flow thus consists in several steps (Figure 42):

- substrate preparation,

- photolithography,

- bottom electrode sputtering over the photoresist,

- lift-off

- deposition of the piezoelectric layer

- top electrode and hard mask sputtering

- hard mask and top electrode dry etching to pattern large features of the top electrode,
- e-beam photolithography

- dry etching of the hard mask,

- dry etching of the top electrode and piezoelectric layer at a depth of 50/300 nm,
- hard mask removal using an HF bath or dry etch.
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Figure 44 shows a microscope image of a resonator after fabrication. It shows that the bottom
electrodes exhibits some defects, attributed to the poor lift-off conditions of the bottom electrode
during the fabrication process. Therefore, no acoustic response was recorded when the manufactured

devices were measured.

Figure 44: Optical observation of test devices resulting from the process flow sketched in Figure 42 [83]

3.2 HSBR fabrications based on LNO

This process flow is suitable for suspended resonators. In the case where one needs a bottom
electrode while remaining attached to the substrate, one can no longer deposit it through a backside
opening. One has then to rely on more elaborate process flows, such as for example the ones em-
ployed for LiNbOs. Recently, our group at CEA-LETI presented a process flow for the fabrication
of solidly mounted BAW filters, starting from an existing Piezoelectric-On-Insulator (POI) wafer
[85], [179]. This process, shown Figure 45, starts by depositing and patterning the bottom electrode
on the POI substrate. SiO; is then deposited and planarized by chemical-mechanical polishing. In
the meantime, a carrier silicon wafer sees the deposition of Bragg mirror layers. The last layer of
this mirror, SiO,, is smoothed. The two wafers are then bonded using hydrophilic direct bonding at
room temperature. The Si substrate and SiO; layer of the POI wafer are then removed. The fabrica-
tion of the resonators can then resume by depositing and patterning the top electrode, and by pat-

terning the piezoelectric film.
Figure 46 shows a SEM cross section of a resonator after fabrication: both electrodes sandwiching

the piezoelectric film are patterned. It also shows the electric filter of a filter based on such a reso-

nator, highlighting the functionality of these devices.
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Figure 45: Fabrication of a LINbO3 solidly mounted BAW resonator starting from a POI substrate [85]
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Figure 46: LiNbO;3 solidly mounted resonator [85] (a) SEM cross section of the resonator stack and (b) electric

response of a band-pass filter.

4 Conclusions

In this chapter, we presented the concept of Hybrid SAW BAW Resonators, and reviewed studies
reported on the influence of the nature of the piezoelectric material and the dependency of their
performances, namely operation frequency and electromechanical coupling factor, as a function of
the piezoelectric material employed (AIN, AIScN, ZnO and LiNbOs3), the geometric parameters of
the transducers (periodicity, thickness) and the nature of the substrate. We also presented the exper-
imental attempts at implementing these structures and discussed their fabrication processes. A sum-
mary of the reported performances is provided in Table 2 and demonstrated in Figure 47 grouped
by the piezoelectric material used. To synthesize the table, only the best coupling factors reported
by each paper are listed. If a paper report on different stacks, both stacks are listed.

Table 2: Summery of the reported theoretical and experimental results in literature on HSBR using AIN, AIScN,

and ZnO

Source

Theoretical results

Patterned Structure

Plessky 2013 [54] Al/AIN/AV/SI 1 4

Pashchenko 2016 [56] Pt/AIN/Pt/Si 1 6.8

Qamar 2019 [59] Mo/AIN/Mo/Si 1 2.4

Qamar 2019 [59] Mo/AIN/Mo/GaN/Si 0.8 3.2

Liu 2020 [57] AlN/diamond/Si 4.2 4

Liu 2021 [61] Ni/AIN/Mo/Si 1.7 5.41 2610
Pashchenko 2017 [81] Pt/AIScN/Pt/(Si or Sapphire) 0.98 7

Pashchenko 2017 [58] Pt/AIScN/Pt/Si3N4/Si0/Si 0.98 10.3

Zhang 2020 [60] Mo/AlScN/Mo/SiC 2.3 13.69

Lang 2021 [66] Mo/AlScN/Mo/SiC 1.358 23.72 2130
Santosh 2015 [62] ZnO/Si (no electrodes) 0.332 8.37

Santosh 2019 [63] Zn0/Si0,/Si (no electrodes) 0.332 3.2

Xu 2021 [64] Al/ZnO/Si 2.77 9.26

Han 2022 [65] Al/ZnO/Diamond 34 8.26

Pashchenko 2016 [56] Pt/AIN/Pt/sapphire 1 0.6

Qamar 2019 [59] Ni/AIN/Mo/Si 0.9 2.4

Qamar 2019 [59] Ni/AIN/GaN/Mo/Si 0.8 3.2

Xie 2023 [82] Ag/AIN/Mo/Diamond/Si 0.9 2.16 913




Chapter1: Introduction to HSBR 41

Pashchenko 2016 [56] Pt/AIScN/Pt/sapphire 0.613 3.8
Pashchenko 2017 [81] Pt/AIScN/Pt/sapphire 0.796 43
Pashchenko 2017 [58] Pt/AIScN/Pt/Ti/Si3N4/Si0,/Si 1.2 3
Santosh 2019 [63] Au/(c-axis)ZnO/Cr/Si 0.285 15.2

Figure 47 shows how the HSBR structures are yet to fill the gap over 3 GHz with k? higher than
10%.
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Figure 47: Summery of the reported theoretical and experimental results in literature on HSBR using AIN,
AlScN, and ZnO.

As discussed in section 1, the filtering technologies in the 600 MHz — 2.5 GHz range are now
very mature and well established. Current needs focus on applications above 3 GHz and for wide
bands. We are therefore interested in the investigation of structures capable of reaching high fre-
quency (more than 4 GHz) and high electromechanical coupling factors (at least 10%). The solutions
to reach frequencies above 4 GHz reported in [57], [86] consider using stiff substrates to increase

the operation frequency, such as diamond or a confinement layer of AIN.

In this manuscript, we will first focus on the investigation of AIN hybrid SAW/BAW resonators.
This is the most mature material available at CEA-LETI, having been introduced nearly two decades
ago. Its modelling and its integration constraints are well known. Therefore, in Chapter 2 we will
revisit the theoretical investigations performed on AIN hybrid SAW/BAW resonators to evaluate
realistic geometries in order to establish the necessary tradeoffs between manufacturability, reacha-
ble frequencies, and achievable electromechanical coupling factors and quality factors. This will be
also the occasion of analyzing and building an understanding on the mechanisms of hybridization
between modes of bulk wave transducers and the surface waves propagating on top of a semi-infinite
substrate, which can guide the investigation.

Then, in Chapter 3, we will focus on the fabrication of prototypes. For the first realizations, we
will consider relatively conservative structures, making use of the materials already available in the
clean room of CEA-LETI. The goal will be both to validate the process flow developed for the
fabrication of hybrid SAW/BAW resonators, to confirm experimentally the performances expected
from the models developed in chapter 2.
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Chapter 4 will address the issue of improving electromechanical coupling factors through the use
of lithium niobate thin films. We will investigate theoretically the capabilities of LiNbO; hybrid
SAW/BAW resonators, considering again realistic structures and the impact of technological con-
straints on the frequency/performance tradeoffs. In the meanwhile, we will discuss a possible im-
plementation of such devices and present some first experimental validations for this process.

Eventually, in Chapter 5, we will address high frequency applications. While the literature sug-
gests relying on other substrates than silicon, we will maintain or relatively conservative technolog-
ical approach, but rather exploit a new hybrid SAW/BAW mode, of higher order than the conven-
tional pseudo-SAW and pseudo-BAW modes, which appeared on electrical responses under some
particular condition. We will investigate the conditions to exploit it on purpose using AIN and
LiNbO; HSBR and again try to identify the necessary tradeoffs in realistic implementations.



Chapter 2: Theoretical analysis of AIN based HSBR 43

Chapter 2: Theoretical analysis of AIN based HSBR

INETOAUCTION . ...ttt ettt ettt ettt e bt et esbe et e ntesaeens 43
1 Finite Element Model.........cocooiiiiiiiiiieieeee et 44
1.1 Implementation in Comsol MUltiphySiCs ........cccerererininieiiienieeeeeee e 44
1.2 GeomMEtry CONSIACTEA ......ovieeiieeieiieiieieeie ettt et et este e eenseenseennesanes 46
1.3 Hybridization between surface waves and modes of a transducer ...........cc.cccceeueuee. 50
2 DeSign OPtIMIZATION ..ec.veeeieeeieeiieieeiieieereesaeeteeteesteessaesssessseesseesseesseesssesssessses 55
2.1 Transducers thiCKNESS .........coeiiiiiiriiiiii e 56
2.2 Electrodes thiCKNeSsS . .....c..eoiiiiieiiiie e e 57
2.3 Electrodes mMaterial...........coiveiiiiiriiiiiiieceeeee e 58
2.4 COVEIAZE TALIO ....eeuveetienieeie et etieetee it e e te et e s ete st e e see e et e te e et eneeeseeeseenae e beeneeenseeneesneas 59
2.5 Partial etching of the piezoelectric layer..........cooeeriiierierieieeeeeeeee e 60
2.6 SideWall NI .......eeiieiieiee et 61
2.7 SIlicON DIOXIAE LAYCT ....eueeiiiitieiieiee ettt e e 62
2.8 SUbSLrate MAaterial........c.eeouiriiiieiiei e 63
3 CONCIUSIONS ..ttt ettt ettt sttt ettt s bt e st et e bt et e bt e sateeneeeneean 65
Introduction

In this chapter, our primary objective is to investigate what kind of performances in terms of
frequencies, electromechanical coupling factor, and potentially quality factors, can be achieved with
reasonably realistic and simple hybrid SAW/BAW resonators. We initially consider Aluminum Ni-
tride (AIN) as the piezoelectric material, as its properties are well known, unlike those of the less
mature Sc-doped AIN. The trends derives for AIN HSBR can be later transposed to the more piezo-
electrically coupled AIScN, which exhibits similar crystal symmetries. To achieve this, we employ

a combination of theoretical tools to gain a comprehensive understanding of these resonators.

The first section of this chapter focuses on describing a periodic Finite Element Model (FEM)
used to study the acoustic wave propagation in hybrid SAW/BAW structures. The aim here is to
identify the different acoustic modes that can be excited and get insights into their behavior and
characteristics, in particular their velocities, electromechanical coupling factors and propagation

losses.

Moving on to the second section, we investigate the impact of different geometric parameters and
materials on the characteristics of these modes. These parameters are interconnected and can have
contrasting effects on the different acoustic modes. The dependency of each mode on each parameter
is therefore discussed independently for the different acoustic modes. Through this analysis, we can

determine the most promising HSBR structures to explore.
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1 Finite Element Model

The finite element method (FEM) is a numerical technique used to solve partial differential equa-
tions and analyze the behavior of systems with complex geometries. For systems that exhibit perio-
dicity, where the entire system is built by repeating a pattern or a unit cell, periodic FEM is usually
well suited. By modeling and analyzing a single unit cell, the behavior of the entire periodic structure
can be understood. This approach is especially useful when studying waves, vibrations, and reso-
nances in periodic systems, as it allows for the efficient analysis of their properties.

1.1 Implementation in Comsol Multiphysics

COMSOL® Multiphysics [87] is a software platform that provides capabilities for multiphysics
FEM simulations. It is widely used in the field of MEMS to simulate and analyze various physical
phenomena such as filter resonators as well as gyroscopes and sensors for example [84], [88]-[90].
One of the key physics interfaces used for the purposes of HSBR within COMSOL Multiphysics is
the Structural Mechanics module. It implements a finite element formulation for elastic solids based

on Hooke’s law:
Tij = CijiaSkn 9

where T}, c;u and Sy are respectively components of the stress, elastic and strain tensors, where they
adopt conventional tensor notation, in particular Einstein’s convention for the implicit summation
over repeated indices. When considering small displacements and strains, the mechanical strain

writes as a function of the displacements u;:

S, = 1 (auk aul> 10
kL 2 axl axk ' ( )
The dynamic behavior of the solid is described using Newton’s law:
azui aTU
p 9t2 = _W'i'Fi,ext' (11)

)

where Fj.. are the components of external forces applied to the volume considered. Merging the
three previous relationships and taking into account the symmetries of the elastic tensor, one obtains

the differential equation for displacements:

0w 0 +F (12)
p = —C-. —_— .’ .
atz ijkl ax]axl iext

Comsol also implements an electrostatic formulation for solving Poisson’s equation in dielectric

media:

oD;
— =0, 13
o, (13)

where
DL' = EUE] (14)
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D is the dielectric displacement and E the electric field. We consider here the electrostatic behavior
rather than a full electromagnetic problem because electromagnetic waves propagate about 10° times
faster than acoustic waves. This means that one can consider that at the time scales of acoustic waves,
any transient electromagnetic phenomenon has reached equilibrium. Hence, the quasi-static approx-
imation for electromagnetic fields is sufficient and one can write that the electric field derives from

the electric potential [91]:

E; = 0% 1

Again, merging the three previous relations leads to

o' =0 16
Sij axiaxj o ( )

Eventually, HSBR are piezoelectric devices. Piezoelectricity is represented in Comsol Multiphys-
ics as a multi-physics coupling between elastic solids and dielectric media in the electrostatic ap-
proximation. In agreement with classical equations for piezoelectricity [10], the equations are mod-
ified so that mechanical stresses result also from the application of an electric field, and conversely

that the electric displacement has also an additional contribution resulting from mechanical strains:

— E

Tij = ¢ijrSi — exijEx (17)
— .S

D; = €3 Ex + €Sk

where ey; are components of the piezoelectric tensor. Introducing Newton’s and Poisson’s laws, the

set of differential equations solved in the piezoelectric case become:

0%y, 0%uy, 2
at? UK Gy B, KU oy | bext
S Jok (18)
azuk 6243
0=

u= . (19)

and to write the differential equations as

Cijur Cijo1 Cijsi €y

0 0 0 0

Coju Cojat Cojmi €zj | 9w [0 p 0 0)0u_ o 20

C3ju Cajar Csja €3 |ax;dx; (0 0 p 0] aez (20)
0 0 0 O
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Considering a variational formulation, the interpolation of fields from their values at nodal points,
and time harmonic fields, one assembles the differential equation into the generic finite element
matrix [93]:

(K — w?M)u =F,y . 2n

where K is the generalized stiffness matrix, M the generalized mass matrix, u the vector of the gen-
eralized nodal displacements and F,,, the vector of generalized external forces.

Boundary conditions are added to this finite element equations and either force directly the value of
some unknowns in U, or introduce relationships between them and therefore modify the K and M

matrices.

Once the problem is assembled into a finite element matrix, it can be solved in two ways:

1. The calculation of the (generalized) eigenvalues of the finite element problem (Equation
(21)) provides the eigenfrequencies w;, which represent the natural frequencies at which a
structure or system can enter in resonance. The corresponding eigenvectors U, provide the

spatial distribution of displacement fields and electric potentials defining the mode shapes.

The eigenfrequency analysis is particularly useful when one wants to analyze the modal

properties of a structure.

2. Solving the finite element system for nodal field values U, on the other hand, allows for the
investigation of the response of the model under harmonic excitation at specific frequencies
w. It is particularly useful when one wants to understand how the structure responds to

different excitations.

Mathematically, the two approaches are complementary. The solution to the frequency domain
analysis can write as a linear combination of the eigenvalues of the finite element system. This
combination takes into account how much power each eigenmode gets under the excitation
specified by the F,,, term, although the distribution of power among the various modes is not
explicit.

1.2 Geometry considered

Hybrid SAW/BAW resonators are made of piezoelectric pillars arranged in a periodic array and
deposited on top of a non-piezoelectric substrate. This geometry leads to the following assumptions:

1. The interdigitated transducers are characterized by a much greater aperture compared to
their width or height. Therefore, the pillars are assumed to extend infinitely in the aperture
direction, allowing the model to be simplified to a two-dimensional simulation with plane
strain conditions. Under such conditions, the strains in the out of plane direction are as-
sumed to be zero. This implies that mechanical displacement and electric fields are assumed
uniform along the out of plane direction. Considering these fields in the two-dimensional
plane only is sufficient to characterize the behavior of the structure [94] when dealing with
c-axis oriented AIN as the piezoelectric material, as it does not cause the excitation of shear
horizontal modes that would not be represented under plane strain condition with the cur-
rent implementation of Comsol Multiphysics.
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2.

The substrate, considered to be semi-infinite, is represented by a section of material aug-
mented with a Perfectly Matched Layer (PML). A PML is a computational technique used
in numerical simulations as an artificial absorbing medium that is added to the edges of the
computational domain. The primary purpose of a PML is to mimic an infinite domain by
effectively absorbing any outgoing waves before they reach the end of the computation
domain, where they would be reflected otherwise. It achieves this by gradually attenuating
and absorbing the waves as they approach the boundary, ensuring minimal reflection and

preventing them from reflecting back into the computational domain [95].

To account for the periodic nature of the system, we make the simplifying assumption that
the array of pillars is infinite. This is achieved through the application of periodic boundary
conditions at both edges of the computational domain along the periodicity axis of the
structure, which is regarded as the propagation direction of the acoustic waves.

We apply more particularly Floquet conditions between the lateral edges of the computa-
tion domain. These conditions are derived from the Floquet theorem, which states that the
solutions to a linear ordinary differential equation with periodic coefficients can be written
as a product of a periodic function and a complex exponential term [96]:

U + d) = e*Pd y(x). (22)

In this equation, Yi(x) represents the periodic function, x the spatial coordinate, d is the pe-
riod of the system, and k;, is the Bloch wave vector. The Floquet boundary condition states
accordingly that the calculated mechanical or electric fields Y(x) must satisfy (Equation
(22)), which essentially says that for the calculated fields to be solution of the periodic
problem, they must be phase-shifted by e'r9 when moving by one period. The Bloch wave
vector k, determines the spatial variation and propagation properties of the periodic solu-

tions.

The structures we consider exhibit a structural periodicity p, corresponding to the periodic-
ity of transducers. These transducers are usually excited with alternate polarities. Hence,
only one every two transducers has the same excitation. Therefore, we have an electrical
periodicity of 2p. If we choose to simulate only one transducer, the behavior of the infinite
array is considered by applying k;, = 1/p in order to represent the fact that the excitation
of two adjacent transducers is in opposite phase. To ease the visualization of the solution,
it is sometimes convenient to simulate two adjacent transducers. In this case, the unit cell
made of these two transducers exhibit both the mechanical and the electrical periodicity. It
is therefore repeated as is in the infinite array, and one should therefore consider k, =0, or
equivalently k, = 211/2p (the exponential term being 2m-periodic). It is interesting to note
that the later corresponds to the same Bloch wavenumber as in the previous case, meaning
that the calculation is equivalent and will provide the same Bloch mode.
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Figure 48: Unit cell considered for the analysis of hybrid SAW/BAW resonators.

Under these considerations, Figure 48 shows a slice made up of two pillars constituting a unit
cell for representing this periodic structure. It comprises six domains. Domain 1 represents the pie-
zoelectric material, enclosed between the top and bottom electrodes (domains 2 and 3, respectively).
The pillars have a width a on their top, and are repeated with a spatial periodicity p. The piezoelectric
pillars may not be fully patterned. Therefore we define an etching depth heih and leave some residual
piezoelectric material at the bottom. For technological reasons, the pillars are usually not patterned
with perfectly vertical sidewalls [84]: hence, the pillars sidewalls are considered slanted, with a
sidewall angle 0. Finally, domains 4 and 5 encompass the substrate material (e.g., Silicon) which is
extended by a Perfectly Matched Layer (PML), whose role is to avoid any reflection of acoustic
waves at the bottom of the geometry, and thus to consider the substrate as semi-infinite.

Domain 6 encompasses the vacuum or air region around and between the pillars. This domain
does not support mechanical fields and stress-free boundary conditions are therefore applied at the
interface between the pillars and the vacuum. Vacuum however supports electric fields and an elec-
tric displacement. For the purpose of properly considering the continuity of the electric displacement
at the boundaries between pillars and the vacuum, and thus not constraining the electric field only
in the piezoelectric medium (what would artificially overestimate the effective electromechanical

coupling of the modes considered), one needs therefore to consider this domain.
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Figure 49: Electric potential (colors: red represents the maximum and blue the minimum potential) and elec-
tric field (arrows) propagating in the area between the pillars.

Figure 49 shows the electric potential distribution in and around two AIN pillars excited with
opposite polarities. The color bar represents the electric potential : 1 V around the top left electrode,
0 V around the top right electrode, and the floating potential sets at 0.5 V. The arrows represent the
electric field direction and magnitude in the dielectric and piezoelectric media. This plot shows that
the electric field lines are quite confined in the piezoelectric medium (they are more vertical in-
between the electrodes than above), but in the end they still escape the AIN and loop through air to

reach the other electrode to which an electric potential is applied.

The electric field lines are concentrated in the piezoelectric pillars because of the higher dielectric
permittivity of AIN (£33% = 9.5 10! F/m) compared to vacuum (& ~ 0.88 10°!! F/m), but not fully.
The electric field lines leave the pillars laterally to follow more direct paths towards the other elec-
trode to which an electric potential is applied, and some loop above the top electrodes. Without
considering the vacuum, the electric field lines would be fully confined in the piezoelectric material,
which would modify the static capacitance as well as overestimate the electromechanical coupling
factor of the modes. This confirms the need to consider the vacuum. Failure to do so has led to
inaccurate predictions for the performance of HSBR at the early stages and during the work of this
thesis. The harmonic admittance lines with and without the consideration of air are shown in Figure
50 for the exact same structure. The static capacitance and the coupling factors of the different modes

are visibly different.
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Figure 50: Harmonic Admittance with and without the consideration of air around the pillars. (this figure is
produced for a Mo/AIN/Mo/Si structure with h/p=4, a/p=1 and etching ratio of 1)

For the sake of the analysis, we describe this geometry by normalized dimensions shown in Figure
48:

- the ratio between the piezoelectric thickness to the width of the pillars (hpic.o/p) is called the

thickness to pitch ratio ,
- the ratio of the pillar height to the initial piezoelectric layer thickness (hewen/hpiczo) is called

the efching ratio
- the ratio of the pillar width a to the pitch p (a/p) is the coverage ratio.

1.3  Hybridization between surface waves and modes of a trans-
ducer

Before we consider a complete HSBR structure, we start by an analysis of the hybridization be-
tween a surface wave propagating atop an infinite substrate and bulk modes of a piezoelectric trans-
ducer. A simple slab of AIN can be used to identify the modes of a piezoelectric pillar with no

substrate underneath.
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Figure 51: Analysis of an AIN transducer slab (a) and the corresponding dispersion curves revealing the sup-

ported Lamb wave modes (b) emphasis on the lowest order modes.

Figure 51 shows the dispersion curves of Lamb and shear horizontal modes in a metal/AIN/metal

slab with propagation in the x-direction.
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Here is a brief explanation of each of the resonance modes demonstrated in Figure 48:

1- A0 Mode: This refers to the fundamental or lowest-order anti-symmetric Lamb wave mode.
It represents an anti-symmetric vibration pattern with respect to the middle XY surface.

2- Al Mode: This is the first-order anti-symmetric Lamb wave mode. It represents an anti-
symmetric vibration pattern in the XZ plane with respect to the middle XY surface.

3- S0 Mode: The SO mode corresponds to the fundamental symmetric Lamb mode. It represents
a symmetric deformation of the resonator in the XZ plane with respect to the middle XY
surface.

4- S1 Mode: The S1 mode is the first-order symmetric Lamb wave mode. It represents a sym-
metric deformation of the resonator along in the XZ plane with respect to the XY surface.
This mode is of special interest in the design of HSBR.

5- SHO Mode: The SHO mode represents the fundamental symmetric thickness-shear wave
mode. It involves a shear deformation in the YZ plane which is symmetric with respect to
the XY middle surface.

6- SHI1 Mode: The SH1 mode is the first-order antisymmetric thickness-shear wave mode. It
involves a shear deformation in the YZ plane which is anti-symmetric with respect to the XY

middle surface.

Figure 52 shows sketches of their respective mode shapes.
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Figure 52: Schematic of the displacement and propagation directions of the length extensional (S0), flexural
(A0) Lamb wave modes and fundamental and first order shear horizontal modes (SHo and SH1) [97].

When a semi-infinite substrate is added underneath the slab, the calculation becomes more intri-
cate. First, the PML representing its infinite extent fails to properly absorb waves when their wave-
length becomes large compared to the artificial layer thickness. This causes the finite element model
to consider the substrate as of finite size on the low frequency side. As a consequence, the structure
appears as a thick slab, which supports many modes in the frequency range of interest. Eventually,
for modes with a wave velocity faster than the slowest of the bulk shear waves of the substrate (i.e.
located above the sound line [98]), radiation into the substrate excites in principle a continuum of
modes. In practice, therefore, one can see the emergence of numerous eigenmodes that are closely
spaced, making it challenging to discern them individually. Presenting dispersion curves, as done
previously, therefore becomes impractical and lacks informative value apart from a limited region

of the wavenumber — frequency space.



Chapter 2: Theoretical analysis of AIN based HSBR 52

3.5 . — 6
3+ 5 =
o
< 25 =
> 2| :
s L] 30
GC) c
8— 1.5 I g
@ 2%
L 1 g
o o
L /‘.7 . 1 o

0.5 " ' Shear wave in Si ——
0 . Longitudinal wave in AIN — 0

0 0.5 1 1.5 2 2.5 3
Wavenumber (rad/um)
Figure 53: Dispersion curve for a Mo(150 nm)/AIN(2 um)/Mo(150 nm) slab located on top of a semi-infinite
Si substrate.

To address this issue, Figure 53 shows the resulting dispersion curves calculated by a modal
analysis for the case of a Mo/AIN/Mo/semi-infinite Si continuous structure with colors related to
the propagation losses calculated from the damping of the various modes related to their absorption
by the PML. Darker lines represent the modes the best confined near the surface. They correspond
mostly to the Rayleigh and shear horizontal surface waves propagating immediately below the sound
line (green line in Figure 53). One can also distinguish some of the Lamb wave modes that appeared

in Figure 51, but they are now strongly attenuated because they leak in the substrate.

Eventually, we define pillars in the AIN layer, with a periodicity p=1 pm. This now makes the
structure fully periodic, resulting in mirroring the dispersion curves at w/p = 3.4 um™! due to the
periodicity of the exponential term in the Floquet condition (Equation (22)). Aside from the perio-
dicity, Figure 54 reveals some relatively flat bands that exit the sound cone, labelled 1 to 4. The
corresponding mode shapes are plotted in Figure 55. They correspond respectively to the first flex-
ural mode of the transducers, the so-called pseudo-SAW mode in the literature [54], the second order

flexural mode of the transducers, and the so-called pseudo-BAW mode.
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Figure 54: Dispersion curve of an AIN HSB based on the same stack Mo(150 nm)/AIN(2 pm)/Mo(150 nm)
with patterning of p=1 pm. The green line is the sound line with equation: f = k * (Vs; / 2 * )

Figure 55: Mode shape of the 4 lowest order modes identified in Figure 54, calculated at the edge of the first
Brillouin zone for kp = n/p. Colors represent the vertical displacement fields.

A frequency domain analysis is more convenient to reveal modes of the structure, despite possible
radiation into the substrate. In addition, it also provides information about which modes are really
excited, and how they contribute to the electric response. However, the electric configuration of the
structure affects significantly the way the various modes are excited. The configuration classically
proposed in the literature [56] is represented in Figure 56. This constitutes the excitation by an al-
ternate voltage applied to the top electrodes, while the common bottom electrode is floating. We
represent this by modelling two adjacent transducers with Floquet boundary conditions set to a
wavenumber k,= 1/p, and applying a 1 V voltage to one of the top electrodes, and grounding the
second one. The common bottom electrode is floating: its electric potential is uniform, and the net
charge accumulated at the level of the electrode is forced to zero.
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Figure 56: Schematic of the applied electric configuration for the excitation of the pseudo-SAW and the pseudo-
BAW modes.

In this configuration, the electric response is calculated as the admittance Y =1/ V, where V is
the voltage applied to one of the top electrodes and I the resulting current flowing through it. Due to
the periodic boundary condition, this admittance is therefore to be considered as the self-admittance
of one particular transducer considered among the infinity of transducers in the periodic array. In
order to distinguish this quantity from the actual admittance of a device, it is called a harmonic
admittance [99]

The calculation of this harmonic admittance, shown in Figure 57, indicates that only two modes
are excited in this configuration. They correspond to the pseudo-SAW and the pseudo-BAW modes
introduced in [54]. Their mode shapes and frequencies are the same as the modes 2 and 4 revealed

by the dispersion curves of Figure 54.
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Figure 57: Harmonic admittance calculation for a HSBR with top electrodes alternatingly set to the excitation
voltage and to ground, and the common bottom electrode left floating using Mo(150 nm)/AIN(2 pm)/Mo(150
nm). Insets are the modes shapes (colors represent vertical displacements) for the pseudo-SAW and pseudo-
BAW modes.

The resonant behavior of the transducer array can be understood by examining these two modes.
The pseudo-SAW mode, depicted in Figure 57 (left), is characterized by a rigid translation of the
transducer, with a Rayleigh mode propagating on the top surface of the substrate.

It appears at approximately 0.8 GHz. Its effective wave velocity is therefore approximately 1600
m/s, i.e. significantly less than the shear wave or even than the Rayleigh wave velocity in silicon. It
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is therefore confined in the vicinity or within the array of transducers. As a result, its propagation

losses are very small and it is expected to exhibit high-quality factors (Q).

In contrast, for the pseudo-BAW mode, illustrated in Figure 57 (right), the individual transducers
experience a thickness resonance mechanically loaded by the acoustic impedance of the substrate.
This mode appears close to 2.2 GHz. Its effective wave velocity is therefore approximately 4400
m/s and can easily reach 5000 m/s for AIN thickness of 1 um, i.e. close to the Rayleigh wave velocity
in silicon [100], but still slower than shear waves in this material (5840 m/s). It remains therefore

also confined near the surface of the substrate.

The pseudo-BAW mode is of particular interest due to its operation at high frequency (here 2.2
GHz) and for achieving a large electromechanical coupling factor (k?) up to 6.8% using AIN accord-
ing to Pashchenko ef al. [56]. In Figure 57, however, its electromechanical coupling factor is only

2%. The purpose of the next section is therefore to improve this figure appropriately.

Most theoretical studies based on AIN presented in Chapter 1 did not consider the contribution
of air around pillars. Our simulations show that while the contribution of air is usually small in most
surface or bulk acoustic wave application, this contribution becomes significant due to the large
volume fraction of air (50%) included here in between the transducers. The comparison between
the performance of pseudo-SAW and pseudo-BAW theoretical performance when air is considered
and when it is not considered in presented in Figure 58. The k¢ without the consideration of air is

close to the results presented in the literature in Table 2.
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Figure 58: The effect of air consideration on the k? of the pseudo-SAW and pseudo-BAW (Mo/AIN/Mo/Si
with a/p=0.5, El/p=0.16, etching ratio=1 with straight sidewalls)

2 Design optimization

The HSBR structure is quite sensitive to changes in the geometry, transducer materials or the
substrate materials. In this section we optimize these three parameters. We consider a transducer
geometry normalized by their pitch so that its frequency can be scaled accordingly based on the end

application.
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2.1 Transducers thickness

hAIN

P

Figure 59: Simplified diagram showing the components of the thickness to pitch ratio and coverage ratio

Figure 59 shows a simplified version of Figure 48 where the parameters ‘a’ representing the width
of the pillar, ‘p’ representing the periodicity pitch and ‘ha’ representing the height of the AIN
pillars are shown clearly. The transducer thickness to pitch ratio (haw/p) is the most influential pa-
rameter on the performance of the Hybrid SAW/BAW devices. This means that the performance of
the HSBR in terms of its resonance frequency at least can be controlled by changing the pitch which
in real life is photo-lithographically controlled. Figure 60 provides the dependence of the Pseudo-
SAW mode and the Pseudo-BAW mode effective velocities on the thickness to pitch ratio while the
immediate electromechaical coupling factors can be seen on Figure 58 with air considered (corre-

sponding line colors).
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Figure 60: Effective wave velocity (V = 2fp) of the pseudo-SAW and the pseudo-BAW modes versus trans-
ducers thickness (Mo/AIN/Mo/Si with a/p=0.5, El/p=0.16, etching ratio=1 with straight sidewalls).

Figure 60 shows that for both modes, thicker transducers decrease the velocity of the waves, in
part due to their mass-loading effect. The maximum velocity of the pseudo-SAW mode is approxi-
mately 3200 m/s, for a thickness to pitch ratio of 0.5. At this point however, its electromechanical
coupling factor approaches 0, as visible in Figure 58. The optimum electromechanical coupling fac-
tor is close to hain/p = 1.2, where it reaches 0.9%, for an effective velocity of 2000 m/s. On the other
hand, the pseudo-BAW mode can reach velocities up to 5300 m/s for a thickness to pitch ratio of
1.2, below which its electromechanical coupling factor becomes very small. The maximum electro-
mechanical coupling factor is reached for hai/p = 2, where it reaches 1.6%. Its effective wave ve-
locity is then about 4200 m/s. It does therefore not radiate in the substrate. This is consistent with
other studies from the literature that studied this parameter who found it to have an optimum value

for the coupling factor, yet their optimum value was slightly shifted [56], [66].
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2.2

The performance of HSBR relies on the transducer structure as a whole. Since the piezoelectric

pillars are sandwiched on top and bottom by metal electrodes to establish the electrical contact, these

Electrodes thickness

electrodes constitute an integral part of the transducer structure and impact its performance.

The electrode thickness influences the electrical resistance of the electrodes. Thicker electrodes
tend to have lower resistance, which can increase electrical losses. The electrode have also a me-
chanical influence: they affect both the wave velocity and the electromechanical coupling factor and
the resonance frequency. Figure 61 shows that the effective wave velocity of the pseudo-SAW mode
decreases with increasing the thickness of the top electrode, what can be attributed to increased
mass-loading by the electrode. However, we can notice an opposite trend regarding the bottom elec-
trode: increasing its thickness increases slightly the wave velocity. This could be related to the fact
that a thicker Mo layer increases the stiffness of the substrate (c33 = 440 GPa and c44 = 96 GPa for
Mo, to be compared to ¢33 = 160 GPa and c44 = 80 GPa for Si). The plot of the evolution of the
electromechanical coupling factor versus electrode thicknesses highlights that for thin bottom elec-
trodes (Elpotom/p <0.1), the dependence of k? on the top electrode thickness is not monotonous: it
exhibits a minimum near Eliop/p = 0.13. For Elpowom/p > 0.16p, its thickness loses a significant influ-
ence, while k? increases with the top electrode thickness. k* can increase from 0.85 to 1.35% when
increasing the top electrode thickness from 0.1p to 0.24p. For a typical pitch of 1 pm, this means an
increase from 100 nm to 240 nm. Although this figure can be theoretically extended to El/p up to 2
(an increase to El= 2 um for a typical p=1 um) reaching k? of 2% where it saturates and remains
constant, this would be change the structural problem to be technologically attained and would re-

duce the effective velocity to 400 m/s.
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Figure 61: Evolution of effective wave velocity (a) and k? (b) for pseudo-SAW mode versus thickness of the
top and bottom electrodes (Mo/AIN/Mo/Si with h/p=2, a/p=0.5, etching ratio=1 with straight sidewalls).

The dependence of the effective velocity and the electromechanical coupling factor of the
pseudo-BAW mode are shown in Figure 62. The behavior of this mode is different from the pseudo-
BAW mode: the wave velocity decreases with increasing any of the top or bottom electrode thick-
ness, potentially because this mode is less sensitive to the thickness of the substrate than to the
frequency of the thickness mode of the transducers which decreases with electrodes thicknesses.
Unlike also the pseudo-SAW mode, the electromechanical coupling factor depends on the bottom
electrode thickness although the difference accounts only for a 0.2% electromechanical coupling
factor increase between a thickness of 0.1 p and 0.24 p. The effect of the top electrode is similar to
what was observed for the pseudo-SAW: the thicker the top electrode the better the electromechan-

ical coupling factor.
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Figure 62: Evolution of (a) effective wave velocity and k? (b) for the pseudo-BAW mode versus the thicknesses
of the two electrodes. (Mo/AIN/Mo/Si with h/p=2, a/p=0.5, etching ratio=1 with straight sidewalls).

Zhang et al. [60] considered this parameter and reached a similar conclusion concerning the
pseudo-SAW mode: the increase in the electrode thickness leads to an increase in the coupling fac-
tor, but their results were different concerning the pseudo-BAW mode which they found to be

harmed by the increase in the thickness of the electrode as shown in Figure 34.

2.3 Electrodes material

The mechanical influence of the electrodes depends not only on their thickness, but also on their
stiffness and density. We investigate therefore also the influence of other metals than the molyb-
denum conventionally employed in the CEA-LETI AIN process. The choice of metal is conditioned
by the need for a good electric conductivity, and its compatibility with the fabrication processes used
to manufacture the resonator. It should be able to withstand the required deposition techniques, pat-

terning methods, and subsequent processing steps without degradation or damage.

The acoustic impedance of the electrode material is known to contribute to the confinement of
acoustic power within the piezoelectric layer in BAW resonators [101]. For this reason, electrodes

with a high acoustic impedance lead to improved electromechanical coupling factors in these devices.
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Figure 63: The evolution of the effective wave velocity (a) and k? (b) for pseudo-SAW with the
transducer thickness for different electrode materials (Metal/AIN/Metal/Si with h/p=2, a/p=0.5,
El/p=0.16 etching ratio=1 with straight sidewalls).

To investigate if this is also the case for the hybrid SAW/BAW modes, we consider Al (Alumi-
num), Ru (Ruthenium) and W (Tungsten) as electrode candidates in addition to Mo. Figure 63 and
Figure 64 show the evolution of the effective wave velocity and the electromechanical coupling
factor of both the pseudo-SAW and the pseudo-BAW modes, respectively.
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Figure 64: The evolution of the effective wave velocity (a) and k? (b) for pseudo-BAW mode
with the transducer thickness for different electrode materials(Metal/AIN/Metal/Si with h/p=2,
a/p=0.5, El/p=0.16 etching ratio=1 with straight sidewalls).

The k? is affected by the change of electrode material compared to Mo electrodes, and evolve as
a function of the ratio between the metal and piezoelectric layer thickness. This is achieved by main-
taining the electrodes thicknesses constant (Elip/p = Elpo/p = 0.16), while varying the piezoelectric
film thickness. Al electrodes clearly worsens the performance of the pseudo-SAW mode. Ru pro-
vides almost similar k? to Mo, while W always improves performances. Given that Al has a lower
acoustic impedance than Mo, Ru a similar one compared to Mo, and W a larger one, this tends to
indicate that electrodes with a high acoustic impedance favor the confinement of the pseudo-SAW
mode in the transducers, which improves its electromechanical coupling factor. For the pseudo-
BAW mode, the influence of the electrode metal seems less obvious: Mo seems to be the best can-
didate while Ru performs the worst. W does in this case not provide the best electromechanical
coupling factors, indicating that for this mode, what indicates that its behavior is different from the
one of conventional thickness modes in BAW resonators. Xu et al. [64] consider the thickness and
the material of the electrodes shown in Figure 31 but only consider Al and Cu on ZnO/SiC, results

are thus difficult to compare.

2.4  Coverage ratio
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Figure 65: The evolution of the effective wave velocity (a) and k? (b) for pseudo-SAW mode with the transducer
thickness to pitch ratio at different coverage ratios (Mo/AIN/Mo/Si with El/p=0.16 etching ratio=1 with straight

sidewalls).

The coverage ratio, a/p, is another significant parameter that warrants careful consideration in resonator
design. This ratio directly influences the width of the transducers and therefore their interaction with the sub-
strate underneath. It also affects the gap between transducers, and therefore the strength of the electrostatic

interaction between neighboring transducers.
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Figure 66: The evolution of the effective wave velocity (a) and k? (b) for pseudo-BAW mode with the transducer
thickness to pitch ratio at different coverage ratios (Mo/AIN/Mo/Si with El/p=0.16 etching ratio=1 with straight
sidewalls).

Figure 65 and Figure 66 illustrate the impact of the coverage ratio on the effective wave velocity
and electromechanical coupling factor of the pseudo-SAW and the pseudo-BAW, respectively. They
show that, between a/p = 0.2 and a/p = 0.7, the electromechanical coupling factor of both the pseudo-
SAW and pseudo-BAW modes increase with a/p and that this parameter is relatively independent
of the haiv/p, so both can be optimized independently. The pseudo-SAW mode can be improved
from k? = 0.9% at hai/p = 1.2 and a/p = 0.5 to 0.95% for the same height to pitch ratio and a/p =
0.7. Similarly, the pseudo-BAW mode can be improved from k? = 1.6% at hain/p = 1.8 and a/p = 0.5
to 2.4% at a/p = 0.7. Technologically, however, the larger a/p, the smaller the width of the trench
separating two adjacent transducers, and therefore the more challenging the patterning of the piezo-
electric layer is. Because of the relatively low wave velocities of the hybrid SAW/BAW devices,
and therefore the small wavelengths when aiming at high frequencies (above 2 GHz) which easily
cause the periodicity to approach 1 um, it seems reasonable to maintain coverage ratios close to
50%, to strike a balance between transducer widths and being able to properly etch narrow trenches
to separate the transducers. Lang et al. [83] briefly considered the effect of the coverage ratio change
0f0.4,0.5,0.6 in their initial study before fixing it to 50% with no trend established.

2.5  Partial etching of the piezoelectric layer

Bain | hereh

Figure 67: Simplified diagram showing the components of the etching ratio and etching angle

So far, we assumed that the piezoelectric layer was fully etched, with an etching ratio heien/hain
assumed to be 100%. The initial assumption was that this would best define the transducers and
therefore facilitate their deformation, thus promoting large effective coupling factors. For techno-
logical reasons, it may be unavoidable to leave some piezoelectric material at the bottom of the
trenches separating transducers. This can be due to etching chemicals having difficulties to reach
the bottom of the trenches at high aspect ratios, or on purpose to avoid damaging the bottom elec-

trode if the patterning process of the piezoelectric layer lacks enough selectivity with respect to the
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metal layer underneath. Leaving a piezoelectric material such as AIN can also be a way of position-
ing transducers atop a stiffer substrate, what could potentially increase the wave velocity. This

prompted the investigation of the effect of this left over AIN on mode properties.
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Figure 68: Evolution of the electromechanical coupling factor for the pseudo-SAW (a) and the pseudo-BAW
(b) modes with thickness to pitch ratio, at different etching ratios (Mo/AIN/Mo/Si with a/p=0.5, El/p=0.16 with
straight sidewalls).

Figure 68 reports the evolution of the electromechanical coupling factor of the pseudo-SAW and
the pseudo-BAW modes as a function of the etching ratio. The performance is still being plot against
the transducer thickness to pitch ratio since both parameters do not appear to be independent. It
appears that an etching ratio of 100% is not optimum for the performance of the pseudo-SAW mode.
k? can be improved from 0.9% at han/p = 1.8 and heen/hany = 100% to 1.5% for han/p = 3 and
heten/ham = 60%.

The pseudo-BAW mode displays a different behavior. An etching ratio of 100% seems to be
optimum for k? except at very high thickness to pitch ratios beyond 3.7. At lower etching ratios and
with the increase in the thickness to pitch ratio, the coupling is now hitting a trough before increasing
again. A minimum performance point is at and etching ratio of 50% and below. Maximum k2 of

1.4% is achieved at an etching ratio of 100% and thickness to pitch ratio of 2.

The etching ratio has been studied multiple times in the literature [56], [59] with agreement that
an etching ratio of 100% is not always optimal (Figure 19 and Figure 22). The red lines in Figure 19
corresponding to (h/A=1) show the optimal etching ratio for the pseudo-SAW mode is between 0.6-
0.8 and the optimal point for the pseudo-BAW mode is at 100% etching in agreement with the results

presented here.

2.6  Sidewall angle

The sidewall angle 6 of the transducers is another parameter related to the geometry of the trans-
ducers. The sidewall angle has a maximum of 90° for perfectly vertical transducers, but for slanted
pillars the minimum value is not straight forward, as it also depends on the spacing between adjacent
transducers and the depth of these trenches, which defines the smallest angle before which the gap
between the transducers closes. Figure 69 shows the evolution of the electromechanical coupling
factor with the sidewall angle for both pseudo-SAW and pseudo-BAW modes.
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Figure 69: Evolution of k? for the pseudo-SAW (a) and the pseudo-BAW (b) modes with the sidewall angle for
different etching ratios (Mo/AIN/Mo/Si with h/p=2, a/p=0.5, El/p=0.16).

As seen in Figure 69, the sidewall angle has a small effect on the electromechanical coupling
factor of both the pseudo-SAW and pseudo-BAW modes, but it is still noticeable. This effect seems
however to depend also on other parameter, such as the depth of the trenches separating the trans-
ducers. For both pseudo-SAW mode, perfectly vertical sidewalls seem to provide the best electro-
mechanical coupling factors. The one exception is for the pseudo-SAW mode at etching ratio of
80%, where slanted sidewalls near 74° seem to improve the electromechanical coupling factor
slightly. For the pseudo-BAW mode, a specific angle seems always to maximize the electromechan-
ical coupling factor. This angle varies with the depth of the trench separating transducers, and seems
to decrease with increasing depth down to 75° for a fully etched trench. At this point, the maximum
electromechanical coupling factor achieved is 2.3%. The effect of this parameter on HSBR was not
really investigated in literature, but the etching of AIN with straight sidewall has been investigated
by many like Gorisse et al. [84] for example.

2.7  Silicon Dioxide layer
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Figure 70: Evolution of the effective wave velocity (a) k? (b) for the pseudo-SAW mode with the thickness of
the SiOz layer, at different thickness to pitch ratios (Mo/AIN/Mo/SiO2/Si with a/p=0.5, El/p=0.16, with etching

ratio=1 and straight sidewalls).

In the conventional AIN process used at CEA-LETI, Mo / AIN / Mo stacks are deposited on SiOs.
This layer of insulating material prevents directly contacting the bottom electrode on silicon, which
is not a perfect insulator, even if high resistivity substrates are employed. Figure 70 and Figure 71
present the dependence of the effective wave velocity and the electromechanical coupling factor of
both the pseudo-SAW and the pseudo-BAW on SiO, thickness, for different normalized transducer
thicknesses. For the pseudo-SAW, k? decreases with increasing SiO, thickness. The dependence is
a little less straightforward for the pseudo-BAW mode. Figure 70(b) that the SiO, layer improves
the electromechanical coupling factor. This behavior is particularly pronounced for a normalized
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piezoelectric thickness of hai/p = 1.5. The electromechanical coupling factor increases almost 0%
to 2.5% for SiO; thicknesses ranging from 0 to 0.7p, before decreasing back to below 1% for hsioa/p
larger than 1.5.
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Figure 71: Evolution of the effective wave velocity (a) k2 (b) for the pseudo-BAW mode with the thickness of
the SiOz layer, at different thickness to pitch ratios (Mo/AIN/Mo/SiO2/Si with a/p=0.5, El/p=0.16, with etching

ratio=1 and straight sidewalls).

2.8 Substrate material

The analysis of the influence of the previous parameters has highlighted that the velocity of the
pseudo-BAW mode can be increased beyond the velocity of shear waves in silicon, what can cause
radiation in the substrate, and thus introduce losses. Increasing the acoustic velocity of the pseudo-
BAW mode is however necessary if one wants to address high frequency application without ex-
posing sub-micron pitches that would be difficult to implement. To maintain losses low, it may be
interesting to replace the Si substrate with a substrate of higher acoustic velocity, such as the ones

listed in Table 3.

Table 3: Bulk wave velocities for high velocity substrates.

Substrate Bulk longitudinal | Bulk transverse wave | Reference
wave velocity (m/s) velocity (m/s)
Diamond 18,000 12,000 [102]
Gallium nitride 8,100 4,150 [103]
Sapphire 11,000 6,200 [104]
Silicon 8,430 5,840 [100]
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Figure 72: Evolution of effective wave velocity (a) and k?(b) of pseudo-SAW mode with transducer thickness
to pitch ratio for different substrate materials (Mo/AIN/Mo/Substrate with a/p=0.5, El/p=0.16, with etching

ratio=1 and straight sidewalls).
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Figure 72 presents the impact of using these substrate materials on the pseudo-SAW mode. As
expected, since diamond and sapphire substrates are very stiff, they cause an increase in the effective
wave velocity from 2600 to 3600 m/s. On the other hand, we notice little variations of the acoustic
velocity when considering GaN compared to Si, since its bulk wave velocities are very close to those
of silicon. This indicates that the stiffness of the substrate alone is not the In the meantime, the k>
achieved by the pseudo-SAW mode using a diamond substrate is much higher than with any other
substrate material: 3.4% instead of 1.5% when using silicon. Unexpectedly, all other substrate ma-
terials seem to decrease the electromechanical coupling factor. The large increase in k? observed for
diamond is therefore not simply related to the high velocity or high acoustic impedance of the ma-

terial, and thus to the confinement of the waves in the transducer.

Another interesting observation is that for piezoelectric layer thicknesses larger than 3.2 times p,
the nature of the substrate material does no longer influence the effective wave velocity or the elec-

tromechanical coupling factor.
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Figure 73: Evolution of the effective wave velocity (a) and k? (b) for the pseudo-BAW mode versus piezoelec-
tric film thickness for different substrate materials. Other parameters considered are identical to those of Figure
72.

Figure 73 shows the impact of the substrate material on the pseudo-BAW mode. Again, diamond
and sapphire cause a noticeable increase in effective wave velocity compared to silicon, with a max-
imum wave velocity of 5600 m/s. As for the pseudo-SAW mode, one can notice an increase in k?
when using a diamond substrate compared to Si, from 1.75 to 2.1%, while the other substrates con-
sidered (sapphire and GaN) cause instead a decrease. Contrary to the pseudo-SAW mode, however,
the nature of the substrate continue to affect the effective wave velocity or the electromechanical
coupling factor when the transducers are relatively thick (han/p > 3.2). Again, there is however no
direct correlation between k? and the acoustic impedance of the substrate, or between the effective
velocity and the wave velocity of the substrate, meaning that the interaction between the transducer

and the substrate are more complex than a simple mechanical loading.

Liu et al. [57] explored the effect of a high velocity acoustic layer insertion demonstrated in Figure
24. Their conclusion are in agreement regarding the superior performance of diamond. As depicted
in Figure 24, once the thickness of the layer increases beyond a threshold (one 4), the coupling

factor saturates and basically the thickness no longer affects it like an infinite substrate.
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3 Conclusions

In this chapter, the focus was on simulating Hybrid SAW/BAW resonators and identifying vari-
ous resonance modes. These modes arise from the hybridized structure and are highly contingent on
structural geometry and material properties. Amid the multitude of modes, a harmonic admittance
analysis facilitated the identification of two modes with the strongest coupling, warranting optimi-
zation efforts: the pseudo-SAW and pseudo-BAW modes.

Numerous parameters can be independently adjusted to control frequency or enhance the cou-
pling factors of these modes. If these parameters are to be considered together, comprehensive con-
sideration of their dependence and iterative optimization is needed. The result of this iterative pro-
cess for the pseudo-SAW mode is shown in the harmonic admittance in Figure 74. The pseudo-
SAW mode is displaying a k? of 3.6% at 1.8 GHz (an effective velocity of 3600 m/s). This is achieved
using Mo/AIN/Mo/Diamond with ha/p= 1, a/p=0.5, El/p=0.08, full etching and straight sidewalls.
Despite the improvement of the pseudo-SAW with incomplete etching on Silicon, full etching is

optimum on Diamond.
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Figure 74: optimum design for the pseudo-SAW mode achieved using Mo/AIN/Mo/Diamond, h/p=1, a/p=0.5,
El/p=0.08, etching ratio of 1 and straight sidewalls.

While electromechanical coupling and resonance frequency occasionally respond inversely to
parameter variations, a balance can be achieved. This, combined with the challenge of producing a
clean peak with no spurious interactions in the vicinity, complicates the problem for the pseudo-
BAW mode. Figure 75 illustrates the harmonic admittance analysis for an optimal and clean pseudo-
BAW mode design employing a diamond substrate, han/p = 2.4, a/p = 0.6 (since higher coverage
ratios are practically challenging to attain), an etching ratio of 1, and straight sidewalls. In this con-
figuration, the pseudo-BAW mode demonstrates an effective wave velocity of 5100 m/s and k* of
2.35%, while the pseudo-SAW mode exhibits suboptimal performance with a velocity of 1700 m/s
and k? of 1.5%. Notably, variations in the thickness of the top and bottom Mo electrodes exhibit a
minimal impact on k? (<0.1%) within this structure.
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Figure 75: optimum design for the pseudo-BAW mode achieved using Mo/AIN/Mo/Diamond, h/p=2.4,
a/p=0.5, El/p=0.16, etching ratio of 1 and straight sidewalls.

On a more realistic note, diamond, while highly desirable for its acoustic properties, it is costly.
Maximum achieved coupling factor for the pseudo-SAW mode on a Si substrate is k?>=1.5% at ex-
actly 1 GHz (effective velocity of 2000 m/s) for an etching ratio of 60% and the conditions men-
tioned in Figure 68. This is about 2% less than the coupling achieved using diamond. While for the
pseudo-BAW mode, a coupling factor k?=2.2% at a velocity of 4200 m/s is achievable after the
manipulation of the electrodes thicknesses to have hyoom/p=0.1 and hip/p=0.24 shown in Figure 76.
The optimization of the SiO; layer could lead a small increase in the coupling factor but with the

risk of spurious interactions.
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Figure 76: Highest coupling factor for the pseudo-BAW mode on Si substrate is 2.25% at 4200 m/s achieved
using Mo/AIN/Mo/Si, h/p=2, a/p=0.5, hbottom/p=0.1 and hiop/p=0.24, full etching and sidewall angles

Despite the spurious challenges, this solution is more available since Si and SiO, are easier to
attain while we focus our manufacturing efforts on the transducer thickness to pitch ratio which
remains the most significant parameter in any optimization step. This brings us to chapter 3 where
we attempt manufacturing devices with both varying thickness to pitch ratio and SiO; layer thick-

ness.

The modest coupling factors achieved in this chapter will be significantly revised using LiNbO3
as the piezoelectric materials in Chapter 4. The question of spurious modes and the different electric
configurations that can be used to avoid these interactions will be revisited in Chapter 5.
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Introduction

The previous chapter has focused on the modelling and the theoretical analysis of hybrid
SAW/BAW devices. We have highlighted that the ratio between the thickness of the transducers
and their periodicity has a strong influence on the wave velocity and the electromechanical cou-
pling factor. In this chapter, we focus on the manufacturing efforts to produce hybrid SAW/BAW
devices. The goal is to confirm some of the trends we have identified in the previous chapter by
implementing devices with varying haw/p and hsioz/p. Our aim is also to complete the study by
investigating the influence of parameters that could not be revealed by the periodic models of
chapter 2, related to the finite number of electrodes and their electrical connections. Eventually,

we also focus on investigating issues related to losses.

In the first section of this chapter, we present the process flow we developed for the fabrication
of hybrid SAW/BAW resonators. This process elaborates on the ones presented in Chapter 1,
section 3, but also takes into account the specificities of the processes developed for AIN-based
acoustic or MEMS devices at CEA-LETI.

In the second section, we present the electric measurement methodology we employed and its
adaptation to the various electrical configurations of the devices we characterized. We focus es-
pecially on the calculation of the quality factors and how the measurements were adapted to

maintain a reasonable level of confidence in their calculations.

We finally confirm experimentally the excitation of both the pseudo-SAW and the pseudo-
BAW modes and discuss the conditions to obtain them. We then discuss the experimental de-
pendence of the resonance frequencies, electromechanical coupling factors, and the quality factor
results of each mode, as a function of the design parameters varied and compare them to the

simulation results from chapter 2 whenever applicable. [105], [106]
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1 Fabrication steps of AIN-based resonators

1.1 Process flow

Figure 77 depicts the required arrangement of materials for hybrid SAW/BAW resonators. As
discussed in Chapter 1, section 4, the patterning of the transducers constitutes the major fabrica-
tion challenge. The analysis of works previously reported in the literature, and previous experi-
ences in the laboratory have shown that photoresist masks are consumed during the patterning of
AIN, what leads to the top electrodes to be damaged by the etching process. To avoid this, we
employ the process flow developed at CEA-LETI for the thesis work of Marie Gorisse. She in-
troduced a SiO hard mask, which is more resilient than photoresist [84]. This allowed her to etch
holes with relatively large aspect ratios and relatively straight sidewalls (less than 10° slope) in
AIN films, as shown in Figure 78.

(&) Si HR 200 mm (b)

Figure 77: Schematic cross section of an HSBR AIN stack without SiOz layer (a) and with SiO2 layer (b).
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Figure 78: Patterning of AIN using a SiO: hard for almost vertical sidewalls [84]: SEM cross section
showing resulting AIN sidewalls and the remaining SiO2 hard mask (a) and the corresponding schematic

cross section (b).

In comparison to previous studies, the objective of our work is to achieve smaller dimensions
(p=1 pm, a= 500 nm) and incorporate contacts to the bottom electrodes in the fabricated devices.

To accomplish this, the process flow in [84] is modified as follows:

e The Mo/AIN/Mo stack will undergo dry etching using a hard mask to precisely define the
transducers. Since the photolithography will have to resolve dimensions down to 500 nm,
it is crucial to minimize topographical variations and ensure consistent dimensions in the
patterned structures.

e The dry etching process of the AIN layer developed to reach almost vertical sidewalls
lacks selectivity with the Mo bottom electrode underneath. In addition, etch rates may
depend on the width of the apertures to form. There are therefore risks to damage the

bottom electrode, what would prove detrimental for reaching a satisfying electrical contact
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on them. For this reason, a different etching process will be carried on to open electrical
contacts to the bottom electrode through the AIN film. This will be performed by wet
etching of AIN in hot orthophosphoric acid (H3POs). The top Mo layer can be employed
as a hard mask, since this process is very selective with respect to Mo. It results in slanted
sidewalls, what is also beneficial for later coverage by metal. At this step, relaxed dimen-
sions allow for the use of a thicker photoresist (several micrometers). Therefore, it can
occur after the patterning of the transducers, when the wafers exhibit a few microns to-
pology.

Dry etching of the Mo layer will be conducted to define the top electrodes out of the
transducers. The lateral dimensions can be relaxed in this step.

Mo is a very hard material, on which measurement probes cannot be landed easily. We
consider therefore the addition of a third metallic layer (Al) which will be employed to
form contact pads, and also to reinforce electrical access lines to decrease their resistivity.
To avoid patterning directly Al on Mo and AIN, which could damage these materials, this
third layer will be patterned by lift-off.

Based on these considerations, the fabrication process for AIN/Si HSBRs consists in the five

masks process flow sketched in Figure 79:

a)
b)

Deposition and patterning of a bottom Mo electrode that is common to all transducers.
Deposition of the AIN piezoelectric film, the top Mo electrode, and the SiO, hard mask.
Trenches that separate the transducers are then defined using a combination of UV pho-
tolithography and dry-etching of successively SiO», Mo and AIN. The etch mask is then
removed chemically (HF).

The Mo and AIN films are patterned a second time to create electrical contacts towards
the bottom electrode using a combination of UV photolithography, dry etching of Mo, and
wet etching of AIN.

The top Mo electrode is patterned a third time to finalize the geometry of the top electrodes.
Finally, Al contact pads are added by lift-offs.

Si HR 200 mm Si HR 200 mm

Figure 79: Five masks process flow for the fabrication of AIN hybrid SAW/BAW resonators: a) patterning

the bottom electrode, b) patterning of the transducers, ¢) opening electrical contacts through the AIN layer

towards the bottom electrode, d) patterning the top electrode, ¢) Al pads definition by lift-off.
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1.2 Mask layouts

Figure 80 shows a basic resonator is made up of an array of active interdigitated transducers
surrounded from the right and left sides by reflectors. Various geometrical and electrical config-
urations are considered:

e The bottom electrode which is common to all transducers is either floating or grounded,

e The top and bottom electrodes of the reflectors can either be shorted (the top electrodes
are electrically connected to the bottom electrode) or open (each top electrode is left float-
ing),

e  The number of active transducers is varied,

o Different acoustic apertures are attempted.

In addition, each structure is duplicated with an “Open” structure with identical electrical con-
nections, but disconnected transducers, which allows estimating parasitic capacitances induced
by the resonators layout.

Aperture

Number of active electrodes
Reflectors Reflectors

Figure 80: Depiction of the layout of a basic resonator structure.

Because of the need for resolutions down to 500 nm, we rely on a stepper for photolithography
steps. Thus, a single field is photo-repeated over a 200 mm wafer. Each field is made up of 576
distinctive devices: 2* = 8 different electrical configurations for 72 different geometric settings:
variations in the number of transducers (4), in the acoustic aperture (3) and in wavelengths (6) (4
x 6 x 3 =72). They are listed in Table 4 and discussed in order afterwards.

Table 4: Different parameters and their attempted. All the possible combinations of these parameters were
fabricated.

Functionality Resonator or Open device
Reflector connections Short or Open circuited
Bottom electrode Floating or Grounded
Number of transducers 20, 40, 60 or 80
Transducers periodicity 1,1.4,1.8,2.2,2.6 or 3 pm
Acoustic aperture 202, 30\ or 40A

The geometric parameters such as periodicity, number of transducers and acoustic aperture are
illustrated in Figure 80 and its inset. It also shows the reflectors surrounding the transducers. Due
to size constraints, we opted for a constant number of 30 reflectors for all resonator designs. The
assumption was that the thick transducers should provide very large reflection coefficients for the
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modes of interest, and that only a small number of reflectors should be sufficient (the partial
introduction of the P-matrix in Appendix C suggests a reflection coefficient of 90% per transducer
for the pseudo-SAW mode).

For the sake of the masks definition, simplified schematics of the configurations are shown in
Figure 81. They show the connections of the transducers as well as left and right reflectors. The
top electrodes of the active transducers are connected in an alternating manner to two electrical
ports, labelled 1 and 2. The top electrodes of each reflector are either left individually floating
like in Figure 81(a) or connected to the common port like in Figure 81(b). All transducers and
reflectors have the same bottom electrode in common, which is either left floating or connected

to ground.

>l o

i Common

(a) Reflectors Resonator  Reflectors  (P) Reflectors Resonator  Reflectors
Figure 81: Schematic of a HSBR detailing the connection of a device with open-circuited reflectors (a) and
with shorted reflectors (b).

Based on these consideration, we describe in sequence the layouts of the various devices, mask
level by mask level. Beginning with the bottom electrode, we can observe the first notable differ-
ence between devices with a grounded bottom electrode Figure 82(a) and those with a floating
bottom electrode Figure 82(b). The dashed region indicates where the Mo is retained and the
white region where it is etched away. In the first case, the bottom electrode reaches the ground
loop, while in the second case, the bottom electrode is isolated at the level of the transducers and

reflectors to keep it floating.

Figure 82: bottom electrode for grounded B.E devices (a), bottom electrode for floating B.E devices (b)
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The next step involves depositing AIN, Mo and a SiO hard mask. The openings of the AIN at
the level of the trenches separating adjacent transducers or reflectors (Figure 79(b)) are shown in
Figure 83 in solid black.

Figure 83(a) and (b) shows a view the layout of the trench openings for a device with open
reflectors and a grounded bottom electrode. The solid black pattern is fully contained over the
bottom Mo in light grey. A trench surrounds the reflectors, effectively severing any electrical
connection for their top electrodes. Figure 83(c) shows a magnification for a device with open
reflectors and floating bottom electrode. The bottom electrode, which extends out of the trans-
ducers array, is not connected to a ground line. Figure 83(d) shows a similar view for a device
with shorted reflectors and grounded bottom electrode. This time, the trenches separating reflec-
tors do not cut the metal at the ends of the corresponding transducers, allowing their top electrodes
to be connected to the lines that will be defined later. The little squares visible on the layouts,
however, are here to induce an extended cut in the top Mo film what will cause subsequent elec-
trode lines to be split. This will disconnect the signal lines from the connections of the top elec-
trodes of the reflectors. Figure 83(e) shows a magnified view for a device with shorted reflectors
and a floating bottom electrode. The same principles as for Figure 83(d) have been employed.

The only difference is the connection of the bottom electrode.

The second patterning of the top electrode and piezoelectric layer creates openings for estab-
lishing electrical contact with the bottom electrode (Figure 79 (c)). The pathway covers a larger
etching area and is represented by the dark grey in Figure 83. When the reflectors are shorted,
additional openings are added to provide a connection capable of linking the top and bottom
electrodes of the reflectors (Figure 83 (d,e)).

(b) (c)

@ |

(d) ()

Figure 83: Mask layout for Mo and AIN etching of pillars in solid black and of electrical contact path in
dark grey with view of the bottom electrode layout in light grey (a), magnified for open reflectors and
grounded bottom electrode (b), magnified for open reflectors and floating bottom electrode (c), magnified
for shorted reflectors and grounded bottom electrode (d), and magnified for shorted reflectors and floating
bottom electrode (e).

Figure 84 displays the fourth level of the mask (Figure 79 (d)), meant to pattern the top elec-
trode Mo to define the final electrical paths, in red. The previous 3 levels are shown as well. The
bottom electrode being the underlying layer is in solid black and AIN trenches are hatched black.
The great hatched area around will be later filled with metal pads. The purpose of this step is to
separate the signals (middle) and ground lines (side and around).
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Figure 84: pattern for top electrode in red

In Figure 85 the fifth and final layer is represented in red. The layer represents the deposition
and lift-off layout of the Al contact pads. The previous layer for the top electrode is in solid grey.

The bottom electrode, and trenches are still in solid and hatched black respectively.

Figure 85: Al lift-off contact pads pattern in red

In the following sub-sections, a detailed description and analysis of each step is provided,

highlighting both successful and unsuccessful outcomes.

1.3 Device fabrication

Devices were fabricated with different AIN thicknesses and SiO» thickness. To demonstrate
the combinations attempts without confusion, the splits are listed in the table below. Each column

corresponds to a new stack with different SiO,, Mo, or AIN thicknesses.

Table 5: Stacks implemented for the first and second rounds of fabrication (all in nm)

SiO: | 0 210 0 210 0 700 1000 0 850 1200 |0 1100 1500
Mo 150 150 200 240 320

AIN 1000 2000 2500 3000 4000

Mo 150 150 200 240 320
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In chapter 2, we could see in that when the piezoelectric layer is not fully etched, the evolution
of the electromechanical coupling factor as a function of the ha/p ratio is modified compared to
the case where it is fully etched. In particular, Figure 68 shows that the maximum electromechan-
ical coupling factor is reached for normalized AIN thicknesses of hain/p = 2 for the pseudo-BAW
mode when more than 20% of the piezoelectric layer remains in-between the transducers. The
pseudo-SAW mode even exhibits a maximum k? when haiv/p = 3 and the piezoelectric film is
etched over half of its thickness. Consequently we fabricated devices with thickness to pitch ratio
of 1 and 2 as a first step, and then we pursued the fabrication of devices with thickness to pitch
ratios beyond 2, and pushed the process to more extreme ratios, up to 4. Beyond reaching the
optimum point in some specific configuration, the major goal of this experiment is to confirm the
trends simulated in Chapter 2 and to investigate what are the limits on the highest transducers

aspect ratios that can be realistically fabricated.

In the second round of fabrication, we added focus on the role of the SiO2 layer thickness
under the bottom electrode. Figure 70 showed theoretically in Chapter 2 there is a strong effect
of the SiO; layer on the performance of both the pseudo-SAW and the pseudo-BAW mode. The
ratio of the AIN thickness to electrode thickness is kept at haw/hmo=12.5 and the thickness of
SiO» layer is varied to hamvhsioo = 0, 2.5, 3.5 which were the optimal Mo and SiO, for early

simulations.

1. Deposition and patterning of the bottom electrode

We start with high resistivity (HR) 200 mm Silicon wafers. The term "high resistivity" means
that the silicon material has a low concentration of dopants. Before beginning the fabrication
process, the wafers undergo an initial cleaning process along with protective coating to prepare
them for subsequent processing steps. A "Caro" (or Piranha) cleaning step, which utilizes a mix-
ture of diluted hydrogen peroxide and sulfuric acid [107, pp. 311-358], is employed to remove
any organic or metallic contaminants present on the substrate surface. Next, an RCA cleaning
step is performed, which involves using a combination of ammonia and hydrogen peroxide [107,

pp. 311-358] to further remove any remaining impurities from the substrate surface.

For half of the available wafers, silicon dioxide (SiO,) is deposited using a plasma-enhanced
chemical vapor deposition (PECVD) process. PECVD involves introducing a precursor gas into
a vacuum chamber and dissociating it by the assistance of a plasma, causing it to react and form
a solid thin film on the surface of the substrate [108, p. 511]. A Chemical Mechanical Polishing
(CMP) step is then applied to the SiO; layer to smooth the surface. The process involves applying
a chemical slurry to the surface to be polished and then using a mechanical force to remove a thin
layer of material [109]. The thickness of SiO, deposited has thus been initially determined so that

the residual thickness after polishing is close to 200 nm.

A 150 nm-thick bottom electrode is deposited by sputtering a Mo target with an Ar plasma.
The sheet resistance of the films is measured by 4-point probe measurements to determine their
thickness, their resistivity having been previously calibrated. These measurements indicate that

the Mo films remain within 15045 nm across all wafers.

The photolithography step to define the bottom electrode is carried out using the first mask
level shown in Figure 82. Photolithography involves using light to transfer a pattern from a mask
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onto a photosensitive material called a resist. The resist is then developed, leaving a patterned
layer that can be used as a template for subsequent processing steps [110], [111]. In our case, this
was done using a stepper tool with a 365 nm wavelength ultraviolet light source to photo-repeat

patterns across 200 millimeter (mm) substrates.

The Mo is then dry etched using the resist to protect the electrode areas. Dry etching is a
process of removing material from a substrate using a plasma containing neutral and reactive
species in a vacuum environment [112]. The ions in the plasma are accelerated to the sample by
an electric field. The ion bombardment causes matter to be ejected from the sample, while the
reactivity of some of the ions initiates some chemical reactions. Both effects contribute to the
etching of the material at the surface of the sample. This is followed by stripping, which is the
removal of the photo-resist from the surface of the substrate using a commercial stripper solution.
Microscope images of patterned bottom electrodes at the fabrication step shown Figure 79 (a) are

shown in Figure 86.
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Figure 86: Microscope image of a bottom electrode after patterning.

For the second round of fabrication, the stacks listed in Table 5 demonstrate how different
SiOs layer thicknesses were attempted. In order to ensure the thickness of this layer is in conform-

ity with target values, reflectometry measurements are carried out and one presented below.

Table 6: SiO2 thickness measurements for different stacks (in nm).

Target thickness 700 1000 850 1200 1100 1500
Mean thickness 696.5 997.4 848.6 1255.9 1094.4 1485.2
Variation Range 31.6 44.7 35.6 98.8 50.1 69.5

This is followed by the deposition of a Mo layer on the SiO; and patterning it using the first
layer mask. The thickness was evaluated from the measurements of the square resistance and

summarized in Table 7.

Table 7: Mo thickness measurements for different stacks (in nm).

Target thickness 200 240 320
Measured thickness | 200+14 240+17 320423
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2. Deposition of AIN and Mo top electrode

In the next step of the fabrication process, AIN is deposited by reactive sputtering of an Al
target in an Ar/N, plasma. Mo is subsequently deposited by sputtering in a different chamber of
the same tool, without intermediate air break. The AIN layer is deposited with a thickness of 1
um on half of the wafers, while the other half is stacked with 2 um of AIN. The thickness of the
Mo top electrode is 150 nm for all devices. To ensure the quality of the deposition, AFM (Atomic
Force Microscopy), XRD (X-Ray Diffraction) and SEM (Scanning Electron Microscopy) tech-
niques are utilized. AFM measures the surface roughness and topography of the deposited layers,
while XRD is used to analyze the crystal structure and orientation of the deposited metal layers.
SEM is used to obtain high-resolution images of the surface of a sample, providing information

on its morphology and topography.

Two control wafers are used to observe the deposition. These wafers have the bottom Mo
deposited but not patterned. Control wafer 1 has SiO; layer of 210 nm and 1 um of AIN while
control wafer 2 has no SiO; and 2 um of AIN. The XRD 26 scan, presented in Figure 87, shows
distinct peaks of the AIN (002) and the Mo (110) crystal orientation. The rocking curve of the
(002) AIN peak complements this measurement by quantifying the amount of disoriented crys-
talline planes in the diffracting volume sampled. A small rocking curve full width at half maxi-
mum indicates a well-defined and highly ordered crystal structure, with minimal defects or strain
[113, p. 124]. The rocking curves presented in Figure 87(b) for the AIN shows a full width at half
maximum of 1.24° for 1 um AIN and 1.61° for 2 pm AIN. This is in line with values usually

obtained for similar films.
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Figure 87: XRD spectra after the deposition of AIN and the top Mo. (a) and rocking curves for the (002)
peak of AIN (b).

The Atomic Force Microscopy (AFM) images reveal the presence of a few disoriented grains,
as indicated in Figure 88 (a), which shows the AFM image of an AIN film of 1 um deposited on
210 nm of SiO,. However, we do not consider them problematic, particularly after analyzing the
Root Mean Square (RMS) roughness value, which represents the standard deviation of the height
distribution of the surface features on a sample [114]. The roughness obtained from the AFM
image presented here is 3.3 nm, which is consistent with values usually obtained for AIN films

of similar thickness.
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Figure 88: Surface analysis after the deposition of the AIN layer and Mo top electrode on 210 nm of SiO2
AFM (a) and SEM image (b)..

The SEM images provide a highly magnified view of the deposited AIN/Mo surface, revealing
a clean surface with no visible defects. The SEM images suggest that the deposition process was

successful and the surface is suitable for further processing

AIN and Mo layers are deposited at this step with the perspective thickness listed in Table 5.
Figure 89 shows X-Ray diffraction spectra and rocking curves for AIN layers of respectively 2.5,
3 and 4 pm. They are similar to those plotted in Figure 87 for respectively 1 and 2 um-thick

layers. One can even notice that the rocking curve continues to improve with increasing AIN

thickness.
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Figure 89: XRD spectra for 2.5, 3 and 4 um AIN (a) and rocking curves of the corresponding (002) orien-
tation (b).

3. Patterning the top electrode and the AIN film to form the transducers

The next step in the process is the key step of the process flow and it starts with the deposition
of a layer of SiO, by PECVD, which will serve as a hard mask during the etching of the AIN
trenches. The thickness of the SiO; layer is adjusted to be equal to the thickness of the AIN film

below.
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Figure 90: Deposition of the hard mask, patterning the HM with photolithography step and the etching of
the Mo/AIN trenches.

During the etching process, the corners of the photoresist mask are etched faster than its top,
leading to the increase of the slope of the photoresist sidewalls. This slope, combined with the
consumption of the photoresist during etching, resulted in the transfer of a slope (which is differ-
ent, based on the relative etch rates between the material and the photoresist) onto the etched film.
The advantage of using a hard mask is that the slope is transferred to the SiO, layer instead of the
etched film. When the hard mask has sufficient thickness, the slope does not have enough time
to reach the AIN film, thereby maintaining the vertical sidewalls of the AIN layer.

Figure 90 illustrates the process of patterning the deposited hard mask using the IDT pattern
discussed earlier in Figure 83. Since the smallest gaps between transducers were 500 nm, we used
arelatively thin photoresist layer (1.5 pm). The insulation dose had also to be adjusted. The initial
attempt at photolithography resulted in unopened lines for 1 um AIN, as shown in the left image
in Figure 91. This required a rework with adjustments of the exposure dose. The right image
shows a successful example of photolithography with a well-defined pattern for 2 um AIN film.

After ensuring that the expected photoresist mask could be obtained, the hard mask was etched,

with the Mo as a stop layer to complete the second step of Figure 90.
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A

Figure 91: SEM image of the photoresist mask for defining transducers: with the initial insulation dose (a)

and after dose adjustment (b).

In the third stage of Figure 90, the Mo/AIN pillars were dry etched, by alternating a reactive
ion etching process using fluorine chemistry for the etching of Mo and a process using chlorine
chemistry for the etching of AIN. Since the latter is a relatively hard material and we want to
achieve sidewalls as vertical as possible, the AIN etching process operates in a regime favoring
ion bombardment. It therefore lacks selectivity with respect to the Mo layer on which it has to
stop. Care had therefore to be taken to try to etch completely the layer while not etching through
the bottom electrode. Since, if this occurs, the chemical etching of the SiO, hard mask could also
start etching the SiO, layer under the bottom electrode on wafers with a SiO» layer, we preferred

leaving some AIN in the trenches. As a consequence, the etching was stopped as soon as the
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endpoint detection of the etching process was reached, without additional over-etch time to ensure
that the AIN is fully etched over the whole wafer.

Figure 92: FIB-SEM cross-section view of the final 500 nm-wide transducers spaced by 500 nm for 1 (a)
and 2 (b) pum-thick AIN after etching.

To control the patterning process, we etched cross sections using a Focused Ion Beam (FIB)
tool, which uses a beam of ions, typically gallium ions, to remove material from the sample sur-
face at a specific location, allowing for the creation of cross-sectional views of the sample without
having to cleave it. SEM images of these cross-sections are reproduced Figure 92, corresponding
to the last stage of Figure 90 for devices with 1 and with 2 um AIN. The images reveal that the
transducers are well-defined, with almost vertical sidewall angles (80°). The devices were not
compromised. The gap between the transducers is well-defined, and the edges of the top elec-
trodes have been adequately protected by the SiO» hard mask. The cross-sectional images reveal
an etching ratio of nearly 1 for the 1 um-thick AIN layer, and 0.85 for the 2 pm-thick layer. These
findings suggest that the etching process was successful, resulting in accurately defined and ro-
bust pillars.

To finalize this fabrication step, the hard mask oxide layer is removed by wet etching. In this
case, hydrofluoric acid (HF) is used to remove the hard mask oxide layer, while leaving Mo and
AIN unaffected.

For the higher thickness of AIN, we maintain a 1:1 ratio between the thickness of the SiO,
hard mask and the one of the AIN to be etched. The hard mask was again patterned using photo-
lithography and dry etching. The patterning of the hard mask itself with aspect ratios up to 8 (500
nm trenches in a 4 pm-thick layer) instead of 4 only for the previous run, becomes challenging
on its own. The higher aspect ratios make the effect of the ion bombardment less efficient at the
bottom of the openings, and the transport of reactive species is also slower. Therefore, to ensure
that the hard mask is well opened in the narrowest openings, we allowed for an over-etching
duration of 30 seconds after the etching end point detection. Because the photoresist is also largely
consumed during the etching of SiO», the remaining thickness is not sufficient to withstand the
full etching sequence. It is therefore preferable to strip it after the Mo etching, and only rely on
the oxide hard mask for the etching of the layers of AIN.

Figure 93 displays a FIB-SEM cross-sectional view of transducers with pitch of 3 um after
etching. As in Figure 92, the transducers exhibit tilted sidewalls. They exhibit effective widths of
1.80 £ 0.05 um. We also extract geometric ratios from the figure: coverage ratio, etching ratio,

and the sidewall angle. Estimations of these values are tabulated in Table 8. It is important to
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acknowledge that in some of the SEM images presented, the top edge of the pillars is visible,
indicating that the cross-sectional images may not be precisely perpendicular. Consequently, any
thickness measurement conducted on these images is subject to inaccuracies due to the degree of
image tilt. This mostly affects the evaluation of the sidewall angle, whose calculation depends on
the thickness considered. The coverage and etching ratio, being ratios of lengths in the same
direction (respectively horizontal and vertical), should not be affected strongly by the tilt angle
of the SEM images.

(b)

Figure 93: FIB cross section of the etched pillars with 2.5 um (a) 3 um (b) and 4 um (c) of AIN

Table 8: Relevant resulting dimensions for each thickness of AIN attempted

AIN thickness (zm) 1.0 2.0 2.6 3.1 4.2
Coverage ratio 0.63 £ 0.02

Etching ratio 1 0.85 0.7 0.5 0.4
Sidewall angle 80° 80° 80° 80° 85°

At this point, we could notice that some devices were damaged. During the etching of the
trenches, it appears that the adhesion of SiO, on the Mo layer is somewhat limited, causing the
hard mask to detach at the level of the trenches. The main difference between the first round
fabrication (AIN 1 & 2 um) and the second round (AIN > 2 um) is the chemicals used for stripping
after pillar patterning. The detachment is probably due the high pressure of the chemicals used in
the second round but not used in the first round. This is perhaps exacerbated by the residual stress
in the relatively thick SiO, hard masks.

Figure 94: Microscope image showing some pillars were etched away during the etching of the trenches.

The damaged areas appeared to be randomly distributed without any direct correlation to the
location on the wafer or with the thickness of the SiO, or AIN layers. For instance, the cleanest
wafer had the largest thickness of SiO,, Mo, and AIN, but this did not necessarily mean that it
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was less susceptible to damage. However, upon closer examination, it appeared that these delam-
inations only affected a small portion of the devices. Therefore, we decided to continue the fab-
rication.

4. AIN openings for electrical contact towards the bottom electrode

The third mask level is utilized to etch a pathway through the AIN and top Mo layer to open
electrical contacts to the bottom electrode. These openings have much larger lateral dimensions.
Therefore, less photolithography resolution is required. In addition, the depth of the inter-trans-
ducer spacing require using a photoresist layer of 2 um. After the photo-lithography, the Mo top
electrode is patterned by dry etching. The Mo layer then serves as a hard mask for the subsequent
chemical etching of AIN in hot orthophosphoric acid (H3POs), preventing the lateral over-etch
(more than 10 um) usually seen when only a photoresist mask is used. Since the transducers are
protected by the photoresist as this stage, and by their top electrodes, they are not affected by the
chemical.

Figure 95 presents microscope images of three devices with increasing AIN thickness at this
stage. Openings in the AIN appear as white areas, the Mo top electrode covered with photoresist

as darker orange areas, and the trenches filled with photoresist as the darkest lines in the middle.

Figure 95: Microscope images after opening the AIN to establish electrical contact with the bottom electrode
for 2.5 um (a) 3 um (b) and 4 pum (c) of AIN.

5. Patterning the top electrode

In this step, the top electrode is patterned to define the electrical access lines. This process
involves photolithography, where the photoresist is patterned with the fourth mask level. Then,
dry etching is employed again to etch the top electrode. At this stage, the photoresist protects the
exposed bottom electrodes. Once the etching is completed, the photoresist is stripped.

After stripping the photoresist, the resulting AIN layer is revealed as a purple, light grey or
dark grey areas in the microscope images for 2.5 pym, 3 pm and 4 pm AIN thicknesses respec-

tively in Figure 96.
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Figure 96: Microscope images after patterning the top electrode for devices with 2.5 pm (a) 3 um (b) and 4
um (c) of AIN.

Now that the AIN is exposed, it could be measured by optical reflectometry. The analysis of
the spectrum of the reflection coefficient of polarized light at the surface of the sample, in partic-
ular the Fabry-Perrot fringes due to the finite thickness of the AIN film, provide a way to evaluate
the thickness of the film, its optical indices being known. Mapping such measurements over the
wafer area, we could verify that the thicknesses of the piezoelectric films are within 1+£0.015 and

2+0.025 um across all wafers.

6. Al pad deposition using lift-off

Finally, Al pads are patterned on top of the top electrode to establish electrical contact with
the bottom electrode lift-off process. This step uses lift-off to pattern aluminum pads over the top
electrode and establish electric contacts to the bottom electrode. Lift-off involves depositing a
thin layer of a sacrificial material, typically photoresist, on the substrate. A layer of the desired
material, such as metal or semiconductor, is then deposited on top of the sacrificial layer. The

sacrificial layer is then dissolved using a solvent, leaving the patterned material on the substrate.

At this step, a layer of aluminum with a thickness of 1.3 um is deposited onto the substrate
by evaporation. Evaporation is a physical vapor deposition technique in which a material is evap-
orated from a source in a vacuum chamber and condensed onto a substrate, forming a thin film

[115]. This is followed by the lift-off, using a high pressure stripper spray.

Figure 97 shows SEM images of the final device with Al pads on top. The picture shows signal
lines for the two ports on top and bottom, as well as the transducer surrounded by reflectors. The
magnified view shows more precisely that the reflectors (left) and transducers with floating top

electrodes (right) are well-defined.
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Figure 97: SEM pictures of the final device with Al pads on top: large view of the whole device (a) and
magnified view revealing a portion of a reflector and a transducer (b).

At this stage during the second round of fabrication, two types of defects were encountered.
The first defect involved the presence of leftover aluminum in the middle of the wafers after the
lift-off steps was completed, as shown in Figure 98 (a). This was resolved by repeating the strip-
ping step with a longer duration.

The second defect was observed only on devices with grounded bottom electrodes, where
damaged areas appeared at the level of openings towards the bottom electrode. The cause of this
defect was likely due to an insufficient etching of AIN in these openings. The damaged devices
with grounded bottom electrodes are shown in the red box in Figure 98 (b), while their counter-
parts with floating bottom electrodes are shown in the green box. These optically damaged de-
vices were found electrically non-functional.
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Figure 98: Issues encountered during the lift-off of Al pads: left-over Al at the center of the wa-
fers (a) and damaged devices with grounded bottom electrodes (within the red box) and sound
counterparts with floating bottom potential (in green box) (b).

A microscope picture of the final device having 1.5 um SiO; and 4 um of AIN after the dep-
osition of the Al pads is provided in Figure 99 with a close-up on the trenches with a pitch of 1
um. This shows a good quality of etching, good definition of pillars and clean fabrication overall

and electrical contact on the device.
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Figure 99: final device after the deposition of Al pads with 4 mm of AIN pillars
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2 Electrical characterizations

2.1  Measurement Methodology

All electric measurements were conducted using a Vector Network Analyzer (VNA) to char-
acterize the fabricated devices. A vector network analyzer is a test instrument used to analyze the
electrical characteristics of radio frequency (RF) and microwave devices. The VNA operates by
measuring the scattering (i.e. reflection and transmission) of electrical power waves send to a
device. To do so, it applies power to one port and measures the amount of power reflected back
or transmitted to another port [46]. The term “vector” indicates that the equipment characterizes
both the magnitude of the scattering parameters and their phase, thus representing them by com-
plex numbers [116], [117]. The VNA returns a so-called the S-parameters matrix to characterize

the device under test as a function of frequency.

Figure 100: GSG probe [118]

The VNA is connected to GSG (Ground-Signal-Ground) probes (Figure 100) which are de-
signed to make electrical contact with the device under test, allowing for electrical measurements
to be made without the need for wiring. The GSG design consists of three contact points: a signal
contact flanked by two ground contacts. This configuration introduces a transition between the
coaxial cables in which the inner conductor carries the signal while the outer conductor is con-
nected to the ground, and the transmission lines feeding the device to be measured. A prober

allows for precise positioning of the probe tip on the device under test.

Because of the influence of the measurement fixture, namely the coaxial cables and the probes
used to connect the device under test to the VNA, it is necessary to calibrate the VNA to remove
these additional contributions and only calculate the scattering parameters of the device alone.
We use a classical SOLT (Short-Open-Load-Thru) calibration, which establishes a reference
plane for measurements. In this calibration, short circuits, open circuits, 50 Q loads and a thru are

used to calibrate the system and remove contributions from the test setup [119].

We are rather interested in the description of the electrical response of a device in terms of its
admittance, i.e. in the relationships between currents and voltages. The admittance can be calcu-

lated from the S-matrix using Y = zi (Id — S)(Id + S)7?, where Y is the admittance matrix,
0

S the S-parameters matrix, Id the identity matrix and Z, the reference impedance, usually 50 Q.

The admittance matrix is typically represented as a square matrix, with each element Y; de-
noting the value of the current at port i induced by the application of a unit voltage at port j, while
maintaining all other ports to 0 V. The diagonal elements represent the input admittance of each
port, while the off-diagonal elements represent the mutual admittances between ports.

It is also convenient to derive the impedance matrix (Z), which is the inverse of the admittance
matrix. The real part of an admittance (Y) matrix element is the conductance of this element (G).

The real part of an impedance (Z) matrix element is the resistance of this element (R).
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As discussed before in Chapter 1 section 1.2, a resonance occurs when the energy stored in the
resonator is maximized, leading to a peak response in the system. This peak is located at the
resonance frequency. On the other hand, the anti-resonance frequency is characterized by a min-
imum current generation. At this frequency, the impedance becomes very high. In the context of
experimental measurements, we evaluate the resonance frequency as the series resonance fre-
quency (the maximum of the conductance (G) of the system), and the anti-resonance frequency

as the parallel resonance frequency (the maximum of the resistance (R)).

Evaluation of quality factors

The definition of the quality factor is mentioned in Chapter 1 on page 14. The quality factor is

here calculated by the following equations at resonance and anti-resonance:

fs fo

S=rwmm,, % = Fwhm,

(23)

where f; and f, are the series and parallel resonance frequencies and FWHM; and FWHM,, are
respectively the full width at half maximum of the conductance and resistance peaks.

The frequency sweep of a VNA has a limited number of points. In our case, it is 20,001. Since
we measure the response of our devices between 10 MHz and 10 GHz, a uniform distribution of
these points would result in a sampling frequency of 0.5 MHz. Due to this, the evaluation of the
full widths at half maximum is made with an uncertainty related to the frequency sampling, which
translates into an uncertainty on the quality factors that are evaluated. This is illustrated in Figure
101.
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Figure 101: two measurements of the same devices with a low (a) and high (b) frequency resolution. The

orange line is the materialization of the half maximum ordinate.

The error on the Q-factor comes from the error in calculating the FWHM from discrete data.
While using the first two points above the horizontal line would under-value the width and over-
estimate the Q-factor, using the two points below the line will do the opposite. Interpolation at
exactly FWHM is a better estimate but is arbitrary since the value will depend on the actual in-
terpolation scheme considered (linear interpolation between points, polynomial, or even fitting
the whole peak by a Lorentzian). We define the uncertainty on Q-factors as the difference between
the upper and lower estimates divided by the upper estimate.

&= |Qupper - Qlower | _ | _ Af
Af +26f

(24)
Qupper

For instance, the device shown on Figure 101 has a f; = 1.568 GHz and should have a FWHM =
1.7 MHz. Because of the low frequency sampling of 1 MHz shown in (a), Af is thus measured 1
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MHz and this would suggest Q; = 1557. The uncertainty of this Q-factor is however 66%. On the
other hand, the good measurement shown in Figure 101 (b) with a frequency sampling of 0.1
MHz, gives Af =1.7 MHz so @, = 922 with uncertainty about 10%.

To ensure reasonable uncertainties in Q-factor calculations, it is therefore necessary to adopt an
inhomogeneous frequency sweep during measurements, which increases the frequency resolution
in the vicinity of the resonance and antiresonance frequencies, and decreases in the regions of
lower interest.
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2.2 Assessment of test BAW resonators

In addition to the fabrication of HSBR, High Overtone Bulk Acoustic Resonators (HBAR)
were also implemented. These resonators are implemented by sandwiching the piezoelectric layer
between two planar electrodes, as sketched in Figure 102 . Unlike conventional bulk acoustic
resonators, they are not isolated from the substrate. Thus, their electric response is made of the
many thickness mode resonances of the substrate. However, the envelope of these resonances is
characteristic of the electromechanical properties of the piezoelectric film [120].

AIN (1 & 2 um)

Si HR 200 mm
(a) (b)
Figure 102: HBAR device stack (a) and top view of the mask (b)

The HBAR device response was fitted with Mason's Model, which is a one-dimensional model
used to describe the behavior of acoustic wave resonators. The model considers the wave propa-
gation in multilayers and is capable of calculating the electric response of a resonator as a function
of the thicknesses and electromechanical properties of the layers [121]. We considered for this
model the thicknesses of the layers as determined by resistivity measurements of the electrodes
and ellipsometry for the AIN film at the location closest to the device. Material parameters were
taken from [122]. To fit the increasing baseline visible on Figure 103, we also added a series
resistance and a series inductance. With only minute changes in layer thicknesses, a satisfying
agreement could be obtained. In particular, the electromechanical coupling factor (k) of longi-
tudinal waves propagating in the AIN layer was kept at 6.5%, which corresponds to the theoretical
value. This indicates there were no issues with the deposition of AIN whose piezoelectric prop-

erties are as expected.
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Figure 103: Electric response of a Si/Mo/AIN/Mo HBAR compared to the fitted Mason model: conductance
(a) and resistance (b).
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2.3  Interpreting the Electrical Response of hybrid SAW/BAW
resonators

Electric response of a resonator with a floating bottom electrode
l4 12
— I - —

Vi LI V,

Figure 104: Circuit schematic representation of a hybrid SAW/BAW resonator with a floating bottom

electrode as a 2-port device.

As discussed in section 0, hybrid SAW/BAW resonators are implemented as 2-port devices
with resonators inserted in series between two ports. Thus, their electrical connections can be

represented by the schematic in Figure 104. Hence, their admittance matrix writes.
IN_(Y -V
(Iz) = (—Y y )(VZ) (25)
with Y being the admittance of the resonator itself. This means that the admittance matrix is

symmetric and that all its components are equal, up to a sign change to the off-diagonal compo-

nents.

Si HR 200 mm

Figure 105: Electrical schematic of the meaning of Y11 (a) and Y12 (b) representation of a device with
floating bottom electrode.

The schematic in Figure 105 shows the physical interpretation of considering Y,; = \I/—l or

1lv,=0
Y, = \I/—l for a device with a floating bottom electrode. The two configurations being referred
2 V1=0

to are expected to have the same behavior in theory, with the only difference being the reversal
of the current direction. Therefore, this confirms that the purely electric and purely acoustic anal-

yses are in agreement.
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Figure 106: The four components of the admittance matrix (a) real part (conductance) and (b) imaginary
part (susceptance).

In practice, it is almost true that the admittance matrix is symmetric. However, there are some
factors that can cause slight deviations from perfect symmetry. For instance, the positioning of
the probes during measurements may not be perfectly symmetric, and the devices themselves
may not exhibit complete symmetry. These factors can contribute to small but measurable devi-
ations from perfect symmetry in the admittance matrix, especially for the conductance, as seen in
Figure 106.
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Figure 107: A resonator viewed as a 2-port device with parallel pad capacitances.

In practice, which part of the admittance matrix to consider as the resonator response? While
examining the different components of the admittance matrix in Figure 106, it is observed that
the off-diagonal elements seem to exhibit a lower static capacitance compared to the diagonal
elements. This could be explained by considering the equivalent circuit in Figure 107, in which
we introduce the capacitive contributions of the contact pads, modelled as admittances Y, and

Y2 connected in parallel to ports 1 and 2. In this case, the admittance matrix writes:

YHY, Y
(:i) =( J:Yp Y+Yp2) (xi) (26)

This shows that the off-diagonal terms of the admittance matrix are not affected by the spurious
contributions of the pad capacitances.

One can also measure directly the parasitic parallel contributions by considering an “open”
device, in which the electrodes are disconnected from the signal lines. In this case, the measured
response is entirely due to parasitic capacitive contributions. Therefore, the Y ; component of the
admittance matrix of the “open” device should correspond to the Y1 component of the measure-
ment of the full device. By subtracting it, one can isolate the device's intrinsic response, as shown
Figure 108.

4.5
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The same thing works for the off-diagonal elements. By subtracting the short device from the
off-diagonal components, the unwanted feedthrough capacitance between the two ports, which is
still included in the Y1, term of the resonator measurement, can also be eliminated. In Figure 108,
one can notice that now Y11 — Yi1,0pen = Y12,0pen — Y 12, and that this should now correspond to the
intrinsic response of the resonator.
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Figure 108: Removing the spurious capacitances by subtracting the “open” device admittance from the ad-
mittance of the actual device: conductance (a) and susceptance (b).

Generic analysis scheme

As a consequence, to isolate the electrical response of any resonator in the following section,
we use a combination of two calculations:

1. First, the measurement of an “open” device, where the electrodes are disconnected from
the signal line, should be subtracted from the measurement of the device under test. This
helps to suppress the feedthrough capacitances and provides a more accurate measure-
ment of the resonator response.

2. Second, one of the diagonal elements of the admittance matrix obtained from step (1)
should be considered as the intrinsic response of the resonator in order to remove any

remaining contributions from the pads.
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3 Analysis of resonator responses

3.1  Qualitative analysis

—— Electric Response FEM |
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Figure 109: Comparison between the calculated harmonic admittance and the experimental electrical re-
sponse for a device with 1 um AIN and 1.4 um pitch (Other parameters considered for the measured device
are 40 electrodes, an aperture of 402\, a floating bottom electrode and open reflectors.). Insets are the acoustic
field representations of the pseudo-SAW (a) and pseudo-BAW (b) modes.

Figure 109 presents a measured electric response for a resonator with haiw =1 pm, p = 1.4 pm.
The resonance frequencies of the pseudo-SAW and pseudo-BAW modes are in agreement with
the theoretical harmonic admittance, provided the actual geometry is inferred from the experi-
mental results (e.g Figure 92 or Figure 93): a partial etching (heien/ham) of 83% of the original
AIN thickness, a sidewall angle of 81°, and a coverage ratio (a/p) of 60%.

Figure 110 expands this comparison to different AIN thicknesses and transducer periodicities
for the pseudo-SAW and pseudo-BAW mode. The global evolution of frequencies is in rather
good agreement with theoretical expectations, except at a pitch of 1 um for the two modes. The
discrepancy may be due to a lower manufacturing quality at such small trench dimensions. In
particular, the effect of slanted walls or of a partial etching of the piezoelectric film in-between

transducers may affect frequencies.
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Figure 110: Expanding the comparison of the FEM and Experimental data to different AIN
thickness and pitch values for the pseudo-BAW mode (a) and the pseudo-SAW mode (b) in the
absence of SiO».
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Once we subtract the electric measurement of the open devices from the actual devices, 218
distinct device responses are collected. Some of the parameters being varied have little effect on
the electric response, while others make a significant difference. The transducers pitch and AIN
thickness along with the SiO, thickness determine which resonances occur and their frequency
location, while the number of electrodes, aperture, and reflectors connection change a little but
can affect performance discussed in the next section.

We are narrowing therefore our focus here to three main variables: 1) transducers pitch, 2)
AIN thickness, and 3) the SiO; layer thickness. Six pitch values ranging from 1 to 3 um and five
AIN thicknesses ranging from 1 to 4 um were manufactured and tested, with the SiO, layer varied

as discussed in sections 1.3.

3.2  Condition for the exploitation of the pseudo-SAW and
pseudo-BAW modes

The pseudo-SAW mode is clearly and distinctly present in all devices, as illustrated in Figure
111 for transducers with moderate hai/p. As demonstrated by Figure 110(a), its frequency varies
from 500 MHz. The pseudo-SAW mode presents a peak that goes up to 1.5 GHz at haiv =2 um
and p= 1 pm, while it can go as low as 500 MHz, as shown in Figure 110. At all thicknesses of

AIN, the frequency of the pseudo-SAW mode increases with the reduction in the pitch value.
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Figure 111: Demonstration of the presence of the Pseudo-SAW peak distinctly for all pitch values, for de-
vices with haw=1 um, floating bottom electrode, shorted reflectors, 20 active transducers and an aperture of
20\,

On the contrary, the pseudo-BAW mode is not well defined for 1 um-thick AIN in the absence
of Si0,. This is expected from Figure 66(b), which indicates that the condition for the pseudo-
BAW mode to appear is for ha/p to be higher than 1.2. And its electromechanical coupling
factor is expected to increase with ha/p. Figure 112 confirms this threshold and shows how the

pseudo-BAW mode starts to appear as the normalized height increases.
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Figure 112: Investigation of the emergence of the pseudo-BAW mode appears with increasing hai/p. (Other
parameters for the devices are 40 electrodes, an aperture of 402, a floating bottom electrode and open-

circuited reflectors). The measurements are shifted vertically for clarity.

On the other hand, at ha/p larger than 2.8 and above, a new peak appears to accompany the
pseudo-BAW mode. It appears experimentally on Figure 113, and is also revealed by the finite
element model, despite some discrepancy in its frequency, which can be due to uncertainties in
the material constants employed and in the actual geometry of the devices. From the calculated
displacement field, this mode could correspond to the hybridization of the second overtone of the

thickness mode of the transducers with the surface wave of the substrate.
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Figure 113: Comparison between the measured electric response of a resonator with haiv/p = 2.8 and the
corresponding harmonic admittance calculation (a), revealing the pseudo-SAW, the pseudo-BAW and a
higher order mode resulting from the hybridization between the second overtone of the thickness mode of

the transducer and the surface wave of the substrate (b).

The introduction of a SiO; layer complicates the problem a bit more. Figure 114 compares the
electric response of a group of devices with 1 um of AIN and 210 nm of SiO; and varying trans-
ducers geometry. As expected, the pseudo-SAW mode always exists. The pseudo-BAW mode
only appears for pitch values of 1 pm (haw/p=1, hsio2/p = 0.21) and 1.4 um (han/p=0.7, hsio2/p =
0.15) at frequencies of respectively 2.8 and 2.1 GHz. For the later periodicity, an additional con-
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tribution appears at 2.9 GHz, which could correspond again to the mode resulting from the hy-
bridization between the second order thickness mode in the transducers and the surface wave of
the substrate.
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Figure 114: Electrical measurement of devices with SiO2 underneath (1 pm of AIN, 210 nm of SiO2, 60

electrodes, aperture of 40X, open reflectors, and floating bottom electrode).

To reveal only the influence of the SiO; layer, independently of periodicity variations, Figure
115 compares the admittances of three identical devices with different SiO, layer thicknesses
underneath them. All have an AIN thickness of 2.5 um and a transducers pitch of 1 pm. The
pseudo-SAW mode has small change in frequency (as predicted by Figure 70) but lower ampli-
tude, due to decreasing electromechanical coupling factor. Figure 70 (b) expected a decrease of
the electromechanical coupling factor of the pseudo-SAW mode from close to 1% down to near
0.45% when increasing hsioo/p from 0 to 1 at han/p = 2.5. On the other hand, the pseudo-BAW
frequency varies with SiO; thickness (theoretically investigated in Figure 71). We can also notice
amplitude variations when varying the SiO2 layer thickness, despite the fact that for this mode,
Figure 71(b) would indicate that the electromechanical coupling factor of the pseudo-BAW mode
should only vary weakly, from 1.7 to 2.1% at most. This is rather attributed to the evolution of
the effective velocity of the mode, which is near 4,800 m/s when hsio2/p = 0 and near 4,200 m/s
for hsioo/p = 0.7 or 1. For hsioo/p = 0, the effective wave velocity remains slower than the bulk
shear wave velocity in silicon, meaning that the pseudo-BAW mode remains confined close to
the surface. For hsioo/p = 0.7 or 1, the wave velocity becomes larger than the bulk shear wave
velocity in SiO,, meaning that acoustic power penetrates in the SiO; layer and thus loose con-
finement.
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Figure 115: Admittances of identical devices (hav =2.5 pm, p =1 um, 80 electrodes, aperture 407, open
reflectors with floating bottom electrode) with different SiO2 layer thickness. Responses are offset for clar-

ity.

It is also to be noted that additional contributions start appearing at SiO; thicknesses approach-
ing hsioo/p = 1. These contributions are also visible on harmonic admittance calculations, as
shown in Figure 116, although further away from the pseudo-BAW mode in the simulations than
the experiments. Again, this may be attributed to uncertainties in the material constants employed

in the simulation and in the actual device geometry.
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Figure 116: the appearance of the second pseudo-BAW peak with the introduction of SiO2 according to
the FEM

From these observations, it follows that while the pseudo-SAW mode is always excited and
well isolated from other modes, the same occurs for the pseudo-BAW mode only for 1.1 <han/p
< 2.8 and hsioo/p <0.7.

Looking closer to the resonance of the pseudo-SAW mode, one can notice small parasitic in-
terferences whatever the AIN thickness, at p = 1 pm. These parasitic effects almost completely
disappear at p = 1.4 um or higher. The smoothness of the peak keeps improving the higher the



Chapter 3: Fabrication of AIN-Based HSBR 98

pitch goes, as shown in Figure 117. This could be the result of the difficult etching of the trenches
at small pitch values or a higher sensitivity to geometric imperfections for the low pitches.
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Figure 117: The parasitic interferences at p=1 diminishing with the increase to p=1.4 (haw = 2.5 pm,
hsio2=0, 80 electrodes, aperture 40, open reflectors with floating bottom electrode)

Figure 118 show the response for a device with p =3 pm and has Q-factors of 3700 and 3300
at resonance and anti-resonance, respectively.
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Figure 118: Parasitic-free pseudo-SAW resonance, achieved at haw= 1 um, hsio2 =210 nm, p =3 pum,

with 40 electrodes, 40X aperture, floating bottom electrode and open-circuited reflectors.

Similarly, Figure 119 shows one of the most significant electrical measurements of the pseudo-
BAW mode, on a wafer with haw =1 um and hsio, =210 nm. It shows little parasitic contributions

at 2.8 GHz. The shown response has Q-factors of 1900 and 1700 at resonance and anti-resonance,
respectively.
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Figure 119: Parasitic-free pseudo-BAW mode resonance achieved at haw=1 um, hsio2 =210 nm and p=3

um, with 40 electrodes, 40 aperture, floating bottom electrode and open-circuited reflectors.
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33 The Pseudo-SAW mode

We discuss here the influence of the most influential geometric parameters on the perfor-
mances of the pseudo-BAW mode.

Piezoelectric layer thickness

In Chapter 2 section 2.1, the influence of the thickness of the piezoelectric layer was discussed.
When hSiO2 = 0, an optimum k? of 0.9% was expected near hAIN/p = 1.8, for a/p = 0.5. Plotting
the experimental electromechanical coupling factors as a function of the normalized piezoelectric
layer thickness provides a trend which is more difficult to follow. As seen in Figure 120, k¢
initially increases with the aspect ratio before it curbs and even slightly decreases. The maximum
k¢ is about 1.5% at an optimum aspect ratio of han/p = 1.8. This differs from the theoretical
expectations (blue curve in Figure 120, which reproduces the curve for a/p = 0.5 of Figure 65
(b)). However, this curve seems to agree well with the distribution of electromechanical coupling

factors obtained on devices with 1 um-thick AIN layers.

It must be noted here that the cross sections shown Figure 92 and Figure 93 indicate that the
AIN layers have not been fully etched in between the transducers, with a residual thickness var-
ying from 0 to 40% of the initial layer, depending on the initial thickness and the spacing between
transducers. In addition, one can even notice variations in residual thickness from gap to gap even
inside the same transducer. As such, it is difficult to precisely evaluate a definite value for the
fraction of the piezoelectric layer etched away for a given device. However, plotting also the
dependence of k¢ on normalized AIN thickness for a minimum value of etching ratio of 60%
(dashed green curve in Figure 120), one can notice that the maximum theoretical electromechan-
ical coupling factor is now 1.6% for han/p = 2.4, and that the new curves matches with the
distribution of k¢ evaluated on devices with 2 pm-thick AIN layers and han/p <1 (i.e. p =2.2,
2.6 and 3 um), or some devices with haiy =4 um. In-between, the plot of the k¢ dependence on
normalized AIN thickness for an etching ratio of 80% (dashed orange curve in Figure 120) agrees
reasonably with the distribution of the electromechanical coupling factors measured for devices
with 3 pum-thick AIN. It seems therefore now possible that each experimental point lies on a
theoretical k¢ vs. transducers aspect ratio curve defined for a specific etching ratio and that the
complex dependence of k¢ on piezoelectric layer thickness and periodicity results from the diffi-
culty to control consistently the depth of the spacing separating the transducers. These results
however also confirm the interest of a partial etching of the piezoelectric layer discussed in Chap-
ter 2 (p. 60), since we would not have been able to reach an electromechanical coupling factor of
1.5% with a complete etching of the AIN layer.
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Figure 120: Experimental ki of pseudo-SAW resonances as a function of the transducers aspect ratios
(points), with error bars indicating the spread of experimental values, and comparison with theoretical ex-
pectations for fully (solid blue curve) or partially (dashed orange and green curves) etched piezoelectric
films in between transducers.

The associated quality factors are reported in Figure 121. Quality factors up to 3,000 at reso-
nance and 7,000 at antiresonance are reached for haiy = 1 um and no SiO,. Yet, these values drop

suddenly with the thickness of AIN and increase in haw/p (i.e. with decrease in periodicity).
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Figure 121: Quality factors of the pseudo-SAW mode as a function of the transducers normalized thickness

at resonance (a) and anti-resonance (b).

It must be mentioned that the high quality factors reported are not artifacts caused by spurious
resonances or the finite frequency sampling of data that could both affect the calculation of these
figures. Figure 122 shows the example of a resonator exhibiting a quality factor at resonance Qs
= 2,900+450 and quality factor at anti-resonance Qp = 3,200+500.
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Figure 122: Example of pseudo-SAW resonance (a) and antiresonance (b) with respective quality factors Qs
=2,900£450 and Qp = 3,200£500.

The observed fast decrease in quality factors with AIN thickness and with decreasing perio-
dicity seem to originate from two cumulating trends: 1) increasing han/p indicate increasing as-
pect ratios for the trenches etched in the AIN film to pattern the transducer. As discussed previ-
ously, this is accompanied by increased sidewall angle, increased AIN remains, but overall a less
ideal and reproducible transducers geometry. This ultimately leads to a spread in frequency of the
resonance, and thus to reduced quality factors. ii) as discussed in the previous subsection, devices
with low pitches exhibit increased spurious resonances content, which also tend to decrease qual-
ity factors.

Together, Figure 120 and Figure 121 suggest a compromise between electromechanical cou-

pling factor and quality factor since they behave in opposite trends.

S10; layer thickness

In Chapter 2 (p. 62), we have shown that the introduction of a SiO, layer of a thickness in-
between the substrate and the transducers leads to an increase in electromechanical coupling fac-
tor of the pseudo-BAW mode for hai/p < 3, provided hsioo/p is close to 0.5. It is however ex-
pected to have a negative influence on the electromechanical coupling factor of the pseudo-SAW
mode. Figure 123(a) shows that this does not seem to be the case experimentally. A closer ex-
amination indicates that the theoretical dependence (continuous lines) of k¢ on hsio2/p seems ap-
proximately followed for devices implemented with the thinnest AIN layers (han/p < 2), but not
for devices based on thicker ones (haiv/p > 2). For the later, the residual AIN thickness left in-
between the transducers lead to an increase in electromechanical coupling factor, as discussed in
the previous paragraph. The amplitude of this effect is sufficient to shadow the influence of the
change in silicon dioxide thickness.
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Figure 123: Influence of the SiO2 layer thickness on k¢ (a) and Q-factor (b) of the pseudo-SAW mode.
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Acoustic aperture

As indicated in section 0, we varied the acoustic aperture of the transducers which is their
overlap length between adjacent transducers. In principle, this parameter should only act as a
scaling factor for the static capacitance of the resonators, i.e. for their whole electric response.
However, Figure 124 indicates that k¢ increases with the increase in aperture. This could possibly
indicate the existence of some spurious capacitances in-between the end of the transducers and
the opposite bus-bar, that could become more prominent as the capacitance of the transducer
decreases when the aperture becomes smaller, hence increasing the adverse effect on the electro-
mechanical coupling factor. On the other hand, Figure 124(b) shows that the quality factor de-
creases with the acoustic aperture. This is a fairly expected effect produced by the increase in
electric resistance as the electrodes become longer. In the meantime, a larger aperture leads to an
increase of the admittance, hence the decrease of impedance, especially at resonance, which
makes the resonator even more sensitive to resistive losses. Therefore, as usual, a compromise

has to be struck between the two indices depending on the application.
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Figure 124: impact of the acoustic aperture on the quality factor (a) and electromechanical coupling factor
(b) of the pseudo-SAW mode for devices with 1 um-thick AIN layer, a 210 nm-thick SiOz layer, a transduc-
ers pitch of 1 pm, 80 electrodes, open reflectors and floating bottom potential.

Reflector connections

The electrical boundary conditions applied to a piezoelectric transducer affect its effective
stiffness. Therefore, we may expect that short-circuited and open-circuited reflectors exhibit var-
iations in both the magnitude and phase of their reflection coefficient. Figure 125 depicts the
Pseudo-SAW response for a device with short-circuited reflectors and for another with open-
circuited reflectors, their geometric parameters being otherwise identical. Although there is a
slight frequency shift, both peaks exhibit similar ripples and comparable quality factors (respec-
tively 210+4 in short-circuit condition and 220+3 in open-circuit condition) near the resonance.
One can however notice a stronger variation close to the antiresonance, where the quality factors
are respectively 270+5 and 140+2. In the open-circuit case, the drop in quality factor is related to
a shift in frequency of the spurious resonances located near the antiresonance. At this stage, more
investigations are needed to understand the origin of these spurious contributions and whether

they are related to the reflectors or not.
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Figure 125: Influence of the electrical connection of reflectors on the pseudo-SAW response.

Conclusions regarding the pseudo-SAW mode

In this section, we presented the electric measurement, coupling factors and quality factors of
the pseudo-SAW mode: the first resonance mode of the HSBR appearing at a range of 0.5-1.2
GHz. This mode is undisturbed by other modes in the vicinity. While it is slightly affected by
spurious interactions at p=1, these spurious interactions fade the bigger the pitch becomes. This
mode is confined and appears at all functional devices with all piezoelectric thicknesses, pitch

values and irrelative of the SiO; layer.

Best achieved coupling factor was 1.6% on the device demonstrated in Figure 126. It has
hanv=4 pm and p=2.2 um with 60 electrodes, aperture of 407, closed-circuited reflectors and
floating bottom potential. The pseudo-SAW mode appears at 0.58 GHz and has quality factors of
370£30 at resonance and 380425 at anti-resonance. As demonstrated by the SEM pictures in
Figure 93, these devices were not completely etched but we conclude this only served towards

the increase of their coupling factors.
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Figure 126: Electric measurement of device with best pseudo-SAW mode coupling factor. (haiv=4 um,

p=2.2 pum, 60 electrodes, aperture of 401, closed-circuit reflector and floating bottom potential).
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In terms of quality factors, the pseudo-SAW mode can achieve high quality factors in the order
0f 4000 as demonstrated in Figure 121. For example, the pseudo-SAW peak presented on Figure
118 with a transducers pitch of 3 um has a quality factor at resonance of 3700+407 and of
33004330 at anti-resonance with k= 0.1% at 600 MHz. Devices with a small AIN thickness
(han=1 um) had the highest quality factors but have small coupling factors (lower than 0.4%)
which motivated us to seek higher AIN thicknesses in the second round of fabrication to attempt

improving k.

34 Pseudo-BAW mode

As we did for the pseudo-SAW mode, we discuss here the impact of the most influential geo-
metric or electrical parameters on the pseudo-SAW mode.

Piezoelectric layer thickness

The conditions for the pseudo-BAW mode to appear and its frequency range are dependent on

han/p and were discussed in section 3.2 (p. 94).

In terms of electromechanical coupling factor, the pseudo-BAW mode behaves similar to the
pseudo-SAW mode, as shown in Figure 127. k2 is maximum close to hanw/p = 1.8, where
k?=1.7%. The dependency of the electromechanical coupling factor on the AIN thickness follows
reasonably the theoretical trends given Figure 66 for a/p = 0.5 or Figure 68(b) for an etching ratio
of 100%, the later corresponding to the blue curve added in Figure 127, for AIN thicknesses of
2.5 and 3 pm. Unlike the observations made for the pseudo-SAW mode, the agreement for these
thicknesses is reasonably good when considering an etching ratio of 100% for devices with a 2.5
pm-thick AIN layer. According to Figure 68, the points corresponding to a 3 pm-thick AIN layer
could rather follow the trend for an etching ratio of 95%. The observed lower k¢ values for de-
vices with larger or lower thicknesses could then correspond to lower etching ratios (70% or even
lower), especially at high haw/p. The inability to accurately determine the etching ratio of the

physical devices continues to make the comparison difficult.

2.5 —— Theoretical Etch ratio 100%
. 70%
= 3‘_9:2 ol $ Measurments - hyy =2 pm
g - [ ham=2.5 pm
E 48 [] ham =3 pm
8 ELS’ L] ham=4 pm
(@]
52
£510] '
=
— O
wo
0.51 { {

12 16 20 24 28 32 36 40
Normalized thickness (han/p)
Figure 127: Experimental influence of the transducers aspect ratios on the electromechanical coupling factor
of the pseudo-BAW mode (points with error bars indicating the spread of evaluations), along with theoretical
expectations when considering an etching ratio of 100% (solid blue line) or 70% (dashed orange line) of the

piezoelectric film.
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Figure 128 shows that the quality factors of the pseudo-BAW mode increases with the aspect
ratio up to approaching 1,000 for the largest aspect ratios. The trend becomes even clearer when
viewed with respect to the thickness of the piezoelectric layer only, without normalization by the
transducers pitch, as plotted in Figure 129. This seems to indicate that propagation losses, which
in principle depend on the ratio hai/p, may not be the major contributors to the quality factor.
Some other contributions which directly depend on the AIN thickness, such as for example the
mechanical damping of the material itself, could limit the quality factors. More investigations

would be needed to clarify this.
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Figure 128: Evolution of the quality factors of the pseudo-BAW mode as a function of the transducers aspect

ratio at resonance (a) and anti-resonance (b).
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Figure 129: The dependence of the quality factor on the thickness of the piezoelectric layer for the pseudo-
BAW mode.

S10; layer thickness

The impact we could notice of the SiO; layer on the performance of the pseudo-BAW mode
seems to be less significant than foreseen in the literature, where a large influence of the SiO,
layer thickness was expected [63]. Figure 130(a) shows that, for a given normalized AIN thick-
ness, ki seems weakly affected by the thickness of the silicon dioxide layer. This is in agreement
with Figure 71 given in Chapter 2, which indicated that for hai/p > 1.5, the electromechanical
coupling factor of the pseudo-BAW mode should not vary strongly with the thickness of the SiO,
layer. Therefore, k¢ is rather dominated by hain/p, whose dependency which we discussed previ-
ously is retrieved on these data. Figure 130 (b) also shows that the quality factors (at resonance)
are relatively unaffected by the thickness of SiO», and are mostly dependent on han/p as discussed

previously.
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Figure 130: Impact of the SiO: layer on k¢ (a) and Q-factor (b) for the pseudo-BAW mode.

Acoustic aperture

The same weak but clear dependence observed for the pseudo-SAW mode is again observed
for the pseudo-BAW mode: Figure 131 shows that k¢ increases with the aperture while the quality
factor decreases. As discussed for the pseudo-SAW mode, this could still be related to a decrease
of the impedance of the resonator when increasing the aperture and at the same time to an increase

of resistive losses in the longer electrodes.
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Figure 131: Impact of the acoustic aperture on the k? (a) and quality factors (b) of the pseudo-
BAW mode for devices with 1 um of AIN, 210 nm of SiO; and with a pitch of 1 um, 80 electrodes,

open reflectors and floating bottom potential.

Reflectors connections

Similarly to the pseudo-BAW case, Figure 132, indicates that the resonance with open circuit
reflectors is slightly shifted in frequency compared to the one with shorted reflectors. Yet, the
short circuit case has a quality factor at resonance of 180+3 and the open circuit case has a quality
factor at resonance of 410+12. The quality factor at anti-resonance for the device with short-
circuit reflectors is 510+£20 and with open circuit reflectors is 370+ 10. Therefore, while no direct
influence of the electrical connections of the reflectors could be determined for the pseudo-SAW
mode, we notice an improvement of the Q factor at resonance for the pseudo-BAW mode when
considering open circuit reflectors. As for the pseudo-SAW mode, more investigations are needed

to clarify the influence of the reflectors at this point.
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Figure 132: Pseudo-BAW mode admittance for a device with open-circuit reflectors and with closed cir-
cuit reflector

Conclusions regarding the pseudo-BAW mode

The coupling factors and the quality factor have inverse proportionality for the pseudo-BAW
mode requiring either finding a balance between the two or selecting one over the other as demon-
strated in Figure 133. Extra attention needs to be paid to the parasitic contributions interacting
with the pseudo-BAW mode in almost completely random manner.
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Figure 133: Experimental results showing the inverse proportionality of the coupling factor
and the quality factor for the pseudo-BAW mode

Best achieved coupling factor was 1.8% on the device demonstrated in Figure 134. It has
han=2.5 pm and p=1.4 pm with 60 electrodes, aperture of 402, closed-circuited reflectors and
floating bottom potential. The pseudo-BAW mode appears at 1.8 GHz and has quality factors of
200+5 at resonance and 340+10 at anti-resonance. As demonstrated, this device is not disturbed

by any spurious interactions or other modes in the vicinity.
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Figure 134: Electric measurement of device with best pseudo-BAW mode coupling factor. (hain=2.5 um,

p=1.4 um, 60 electrodes, aperture of 402\, closed-circuit reflector and floating bottom potential).

In terms of quality factors, the pseudo-BAW mode can achieve high quality factors in the order
of 1000 (much lower than the pseudo-SAW) as demonstrated in Figure 128. While the insertion
of the SiO, seemed to have a little positive effect on the quality factors at high piezoelectric
thickness to pitch ratios, the best quality factors observed for the pseudo-BAW were found on a
wafer with haiv = 1 um and hsijo> = 210 nm shown earlier in Figure 119. It shows little parasitic
contributions at 2.8 GHz. The device has Q-factors of 1900+50 and 1700+35 at resonance and

anti-resonance, respectively, with k*= 0.8%.

4 Towards the fabrication of Scandium-doped Aluminum Ni-
tride HSBR

In order to improve the electromechanical coupling factors of hybrid SAW/BAW resonators,
Pashenko er al. [81] investigated AIScN as a more promising piezoelectric material than AIN.
They determined accurately the piezoelectric coefficients of c-axis oriented AlgzSc;5N using an
interferometer to measure the bending of a test sample under application of an electric field. By
comparison with a finite element model to suppress the influence of the electrode size (Figure

135), they could determine effective piezoelectric coefficient of the film.
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Figure 135: Schematic view of considered device with substrate, Pt top and bottom electrodes, and AIN film

(a). Agreement of measured and simulated piezoelectric parameter as a function of the electrode size (b)
[81].
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The use of scandium doped aluminum nitride (AlIScN) instead of pure aluminum nitride (AIN)
offers several benefits, including increased piezoelectric properties [58], [73], [74]. This material
was introduced relatively recently at CEA-LETI, and is therefore still under development. For

this reason, it became available only towards the end of this thesis work.

The effective piezoelectric coefficients of AIScN with varying scandium concentrations were
evaluated by measurement of its ds3 piezoelectric coefficient using a double beam interferometer.
The d33 parameter quantifies the variation of thickness of the piezoelectric film as a function of
the voltage applied to it. Figure 130(a) shows its increase with Sc concentration, in very good
agreement with reference values reported in the literature, shown in Figure 130(b).
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Figure 136: Dependence of the piezoelectric coefficient ds; of the AIScN films on Sc doping:
measured values (a) and reference values reproduced from [123](b).

We have also started the fabrication of hybrid SAW/BAW resonators using AIScN, using the
same process than with AIN to produce a device with similar stack to Figure 77(a). The main
technological challenge is the patterning of the AIScN pillars, which is more difficult than for
pure AIN [124]

At the point of writing of this work, the deposition of the underlying SiO, layer was complete
and its thickness confirmed using ellipsometry before and after CMP. The Mo bottom electrode
was also deposited and patterned. Figure 137 shows an AFM scan after the deposition of 1 ym of
Sco.1AIN while Figure 138 shows the XRD spectra and rocking curves for all thicknesses and Sc
concentrations. The patterning of the transducers is currently under development.
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Figure 137: Characterization of AlScN films by AFM
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Figure 138: XRD pattern (a) and rocking curves of the (002) peaks of AIScN with different thicknesses and
Sc concentrations (b).

5 Conclusions

We have presented in this chapter a process flow for the fabrication of the HSBR using a SiO»
hard mask and dry etching to define the transducers. This allowed us fabricate resonators with
reasonably well defined and well etched at haw/p <2.5. For more aggressive features, the trenches
between transducers are only etched over 60% of the initial piezoelectric layer. The devices are
however functional and compare well with previous attempts at fabricating hybrid SAW/BAW

devices reported in the literature (see Chapter 1, section 3).

We then presented the method used for the analysis of the electrical measurements, and espe-
cially for the removal of parasitic series resistances and feedthrough capacitances in order to re-

veal the intrinsic response of the resonators.

Our manufactured devices were functional and exhibited two resonances modes corresponding
to the pseudo-SAW and the pseudo-BAW modes. The conditions for the excitation of the pseudo-
BAW mode was experimentally found to be haw/p > 1.3, confirming the theoretical expectations
of Chapter 2. We also highlighted that this ratio should remain below ha/p = 2.8, to prevent a
second order thickness mode of the transducer to appear, potentially close to the pseudo-BAW

mode.

We then investigated more in detail the dependence of the performances of the two modes on
the geometry and electrical configuration of the devices. The pseudo-SAW mode was found to
have coupling factors of 1.5% at 600 MHz or near 0.8% at frequencies up to 1.4 GHz. These
values agree with the theoretical expectations of Chapter 2. The incomplete etching of the AIN
layer has a rather positive influence on the electromechanical coupling factor, as it helps improv-
ing it. With the help of the theoretical analysis performed in Chapter 2, we could relate to some
extent the experimental electromechanical coupling factors to transducers geometry and to the
residual AIN thickness. The pseudo-SAW mode response is in general clean and free of parasitic
effects, with quality factors up to Qs=2900+450 and Q, =3200+£500 which makes them interest-
ing for timing or sensor applications, where a relatively high quality factor is needed and a mod-
erate electromechanical coupling factor can be employed [125]-[127].

The pseudo-BAW was found to have coupling factors of 1.8% at a frequency of 1.8 GHz, or
near 1% at frequencies up to 2.8 GHz. It has quality factors approaching 1000 that can be im-

proved with the introduction of the SiO; layer. Here again, these performances are related to the
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actual geometry of the transducers. From the theoretical analysis of Chapter 2, the residual AIN
remaining in-between the transducers limit the electromechanical coupling factors. For this mode,

reaching more ideal geometries would certainly help improving further performances.

Still, we could not measure electromechanical coupling factors beyond 2% with AIN-based
resonators, and the theoretical analysis of Chapter 2 seems to confirm that this is the limit that
can be reached with this material. To reach higher electromechanical coupling factors, it is nec-
essary to change the piezoelectric materials. We have presented at the end of the chapter future
plans to reapply the same process flow to Sc doped AIN. The process adjustments needed for this,
especially the patterning of AIScN, is currently under development. In Chapter 4, we propose an
alternative approach based on lithium niobate (LiNbO3) a material also known for its superior

piezoelectric properties compared to AIN.

The frequency range achieved so far (below 1.4 GHz for the pseudo-SAW mode and between
2 and 3 GHz for the pseudo-BAW mode) is well covered by existing industrial solutions with
already impressive performances. New applications would require operation at higher frequen-
cies. This will be covered in chapter 5, where we propose a different configuration which allows

a new high frequency mode to be exploited beyond 4 GHz.
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Introduction

The previous two chapter have focused on the use of AIN as the piezoelectric material for
hybrid SAW/BAW resonators. However, lithium niobate (LiNO3 or LNO) offers distinct ad-
vantages over Aluminum Nitride (AIN) as a material for various MEMS applications. LNO ex-
hibits high electromechanical coupling coefficients, and low mechanical losses [39]. Therefore,
in this chapter, we investigate hybrid SAW/BAW resonators based on lithium niobate thin films.
This material exhibits a different crystal symmetry than AIN, AIScN or ZnO. In particular, it is
well suited to the excitation of thickness shear waves, which is supposed to lead to the appearance
of new modes resulting from the interaction of LNO thickness modes with a substrate.

In section 1, we present briefly modifications of the finite element model we presented in
Chapter 2 to deal with the peculiarities of lithium niobate: the possibility to vary the crystal ori-
entation of the piezoelectric layer, which offers a new design parameter to investigate, and the
need to account for shear horizontal waves that were not considered in the 2D model used for
AIN.

In section 2, we then investigate the dependence of the wave velocity and electromechanical
coupling factor for the modes of interest on crystal orientation in order to define the crystal cut
and propagation direction of highest potential to favor a high operation frequency and high elec-
tromechanical coupling factors.

In section 3, for the two modes of interest we retained in section 2, a paramedic analysis is
conducted, similar to the ones performed in Chapter 2 for the pseudo-SAW and pseudo-BAW
mode in AIN-based devices, in order to refine the design.

In section 4, we address the fabrication of lithium niobate-based devices. We discuss the
modifications required by the fact that lithium niobate cannot be deposited and is only available
in thin-film form through layer transfer techniques, which add their own constraints and present
some preliminary experimental results of the first steps.
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1 Finite Element Model

The crystal symmetries of lithium niobate being more complicated than those of AIN, there
are a few differences to apply to the model described in Chapter 2. The general layout description

and assumptions described previously apply, with the exception of the differences listed here.

1.1  Adaptations of the finite element model

Figure 139: Periodic unit for a LNO-based HSBR.

Figure 139 shows an edited version of Figure 48, where the unit cell is a slice made up of one
transducer. Compared to the 2D model of Chapter 2, we refer to new axis directions: x is the
propagation direction of the wave, z is the thickness direction and the y is the depth, oriented
along the pillar length. The differences between this model and the AIN-based model are as fol-

lows:

1-  The model is now 3-dimensional instead of 2-dimensional. In Comsol Multiphysics, this
first allows for the freedom to specify the crystal orientation of LNO, through the defini-
tion of the geometric transformation leading from the geometric frame (x, y, z) to the
crystal orientation frame (X, Y, Z), which was much more constraint in 2D. This transfor-
mation is in practice a rotation, described using Euler’s angles (o, B, v), following a Z-
X-Z convention. The transformation and the definition of the rotation angles is depicted
in Figure 140.

Figure 140: Definition of a rotated coordinate system though Euler’s angles [128].
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The move to a three-dimensional model also allow the software to consider out of plane
displacements (along the y direction), that are necessary to consider shear horizontal

modes, but which were not available in the previous two-dimensional model.

While the geometry is mostly the same as before, we will always consider a SiO; layer
underneath the bottom electrode here. This layer is necessary for fabrication purposes.
Figure 139 shows therefore 7 domains: domains 1 and 2 correspond to the vacuum and
the top electrode; domain 3 is the piezoelectric pillar, whose geometry is defined as a
function of the etching ratio and the etching angle; domain 4 is the bottom electrode on
top of the SiO; layer, which constitutes domain 5; domains 6 and 7 represent the substrate

material, typically Si, and the PML layer.

In the HSBR structure, the pillars are designed with significantly higher aperture com-
pared to the pitch, which supports the validity of assuming plain strain conditions in the
two-dimensional model. In order to incorporate the same assumption into a three-dimen-
sional model, a periodic boundary condition is introduced to ensure that the mechanical
displacements and the electric potential are the same on both sides along the y-direction
of the slab we model. Provided the depth of this slab is small enough, this constraints the
field to exhibit no dependence on the depth coordinate (y). By implementing this continu-
ity boundary condition, the simulation follows the same assumptions of the two-dimen-
sional model of Chapter 2, while benefiting from more freedom to specify the crystal

orientation and to be able to simulate shear horizontal modes.

To save computational power, the periodic unit cell is composed of one transducer instead
of two. As we still represent an alternating excitation applied to the top electrodes, we
consider that each transducer is 180° out of phase with its successor. Therefore, periodic
conditions with Floquet conditions k,, = m/p are applied on the opposite faces along the
x direction. In this case, the piezoelectric layer is encompassed between a top electrode
set to a 1 V voltage. The electric boundary conditions will thus implicitly consider that
the neighboring transducers will have their top electrodes set to -1 V. So we ground the
bottom electrode in order to provide an electrical boundary condition compatible with the
Floquet condition considered. This could be equivalent to assuming that the bottom elec-
trode is left floating, as the only floating electric potential solution of the problem would
be 0 V.
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1.2

Hybrid SAW/BAW modes with lithium niobate transducers

Figure 141(a) shows the calculation of the harmonic admittance of a hybrid SAW/BAW struc-
ture based on lithium niobate (Y-cut, propagation along the X crystalline axis i.e. Euler angles

(0°, 90

°,0°)). Figure 141(b) shows the calculation of dispersion curves in the same structure. By

comparison with respectively Figure 54, these calculations show that in the general case, the lith-
ium niobate hybrid SAW/BAW structures support more modes than the AIN-based ones. In par-

ticular,

shown

we identify the first 7 modes, labelled on Figure 141, and whose displacement fields are
in Figure 142.
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Figure 141: Harmonic admittance calculated for k=3.14 1/um (a) and dispersion curve (b) for a structure
based on Y-cut lithium niobate, propagation along the X-axis. (Al/LNO/AI/SiO2/Si, hno/p=0.55, a/p=0.5,

Wave Number k (rad/um)

El/p=0.1, hsio2/p=0.5) Green line is the substrate wave velocity.

The Flexural Mode (Figure 142 (a)): the displacements are primarily along the x direction:
this corresponds thus to shear deformations of the transducers. The mode shape corre-
sponds to the thickness shear mode of the pillar, where the top and bottom surfaces move
in opposite directions along the x-axis. Since the bottom edge is attached to the substrate,
the bottom of the transducer is almost clamped while to top experiences maximum dis-
placement. As with AIN devices, this mode does not appear on the harmonic admittance,

since its electromechanical coupling factor is zero.
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e The pseudo-SAW mode (Figure 142 (b)), which is identical to the mode visible on AIN
devices. The branch labelled “2” corresponds to the dispersion branch of this mode where
the maximum displacement coincides with the center of the pillar. This mode reaches the
end of the Brillouin zone at a frequency of 817 MHz, above which it is no longer excited
since the periodicity of the transducers induce a stop-band for this mode. It reappears
above 2.457 GHz, along the dispersion branch labelled “2X”, where it is spatially shifted
so that the transducers are located now on its nodal points.

e  The pseudo shear horizontal (SH) SAW mode (Figure 142 (c)) is the analogous of the
flexural mode, but with displacements primarily along the transverse (y) direction. The
mode shape represents lateral shearing of the pillar's surface in the y direction, with par-
ticles oscillating horizontally. Similar to the pseudo-SAW mode, the wave is travelling on
the surface of the substrate, which indicates a coupling between the mode of the transducer
and the shear horizontal surface wave. This mode certainly existed only in AIN devices,
but could not be revealed by the 2D model employed to simulate them. Here, with lithium
niobate, this mode even has a contribution on the harmonic admittance, indicating that it
has piezoelectric coupling. Its vicinity with the pseudo-SAW mode means that care should
be taken to try to excite only one of those two modes at a time, so that they do not disturb

each other.

e The pseudo thickness shear (vertical) (TSV) mode (Figure 142 (d)), which corresponds
to the coupling between the bulk shear mode (thickness shear mode) of the piezoelectric
pillar and the surface wave of the substrate. It involves shear motion predominantly along
the x-direction. The pseudo TSV mode and the flexural mode are the least coupled modes

of all 6 modes.

o  The pseudo-BAW mode (Figure 142 (e)), similar to the same mode excited in AIN res-
onators. It is the pseudo thickness extensional mode.

e The pseudo thickness shear horizontal mode (TSH) (Figure 142 (f)) results from the
coupling between the thickness shear horizontal mode of the transducer, where shear mo-
tion is polarized predominantly along the y-axis, and the shear horizontal surface wave.
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Figure 142: Modes supported by a LNO hybrid SAW/BAW structure, represented at k = t/p and same
structural parameters as Figure 141 (a) flexural mode, (b) pseudo-SAW mode, (c) pseudo shear horizontal
surface wave mode, (d) pseudo thickness shear vertical mode, (¢) pseudo BAW mode, (f) pseudo thickness

shear horizontal mode.
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2 Lithium Niobate crystal orientation

LNO exhibits strong anisotropic properties. Therefore, the behavior of the acoustic wave
within the hybrid SAW/BAW structure is intricately tied to both the crystalline orientation of the
lithium niobate film and the propagation direction of the wave, affecting factors such as the mode

of propagation, its wave velocity, and its electromechanical coupling.

Although all orientations can be theoretically analyzed, practical considerations often limit the
options to orientations that are readily accessible. Lithium niobate thin films are either obtained
by growth or layer transfer methods. In the first case, the crystal orientation of the material results
from the crystalline structure on the substrate on which the layer is grown and from the deposition
process. In principle, films with orientations (0001) or Z-cut, (01-12) or Y+33°, (10-10) or Y-cut
and X (11-20) may be grown, but on very specific substrates [129]. Layer transfer methods offer
more versatility, since the film is obtained by thinning or splitting a bulk lithium niobate wafer.
In this case, for easier fabrication and practical implementation, devices are based on commer-
cially available crystal orientations. These orientations are thus given more attention here. We
consider aluminum (Al) as the electrode material, as it is the material used at CEA-LETI for the
electrodes of SAW or BAW devices [40], [130], instead of the Mo considered in the previous
chapters. The investigations are conducted while keeping geometrical parameters fixed to the

values given in Table 9.

Table 9: geometrical parameters considered during the investigation of the influence of the LNO crystal

orientation.

Periodicity (p) 1 um
Piezoelectric layer thickness (hino/p) 0.7
Bottom and top electrode thicknesses (havp) 0.1
SiO; thickness (hsio2/p) 0.5
Etching Ratio (hewch/hino) 100%
Coverage ratio (a/p) 0.7
Sidewall angle 90°

2.1 Rotated Y-cut

A majority of available substrates or grown layers exhibit a crystal orientation described as a
rotated Y-cut. This means that the thickness of the layer is oriented by an angle 6 from the Y-axis
of the crystal, in the YZ plane, as sketched in the inset of Figure 143. We consider in the mean-
while the X-axis as the propagation direction, with the crystalline axes X, Y and Z defined as
specified in [10] Several specific cases are identified as the 6 goes from 0 to 360:

1) 6=0° corresponds to the Y-cut, whose harmonic admittance is shown in Figure 141(a)

2) 6=90°corresponds to the Z-cut

3) 6=36°,41°, 64°, 128° and 163° are the orientations available commercially. The Y+36° and
Y-+163° cuts are usually considered for BAW applications as they favor the excitation of respec-
tively bulk longitudinal and bulk shear waves [131]. The other orientations are usually considered
for SAW applications, with the Y+41° favoring the excitation of a shear horizontal SAW mode.

Figure 143 shows the dependence of the electromechanical coupling factor of the four modes
that are excited on the crystal orientation: the pseudo SH-SAW, the pseudo-SAW mode, the
pseudo TSH and the pseudo-BAW mode. It is interesting to note that the pseudo-SAW and the
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pseudo-BAW modes on one hand and the pseudo-SH-SAW and the pseudo TSH modes on the
other hand exhibit the same dependence. This is an indication that they both result from the hy-
bridization of either the thickness longitudinal or the thickness shear vibrations of the transducers
with surface modes. The pseudo-BAW mode exhibits a maximum k? of 1.2% at about 8=40°
cut, while the pseudo-SAW mode has a maximum k2 of 4.8% at about 6=30°. This is higher than
what could be achieved with AIN-based devices. Both modes also exhibit a minimum electrome-
chanical coupling factor for 6=90°, which was the equivalent of the crystal orientation of c-axis
AIN considered in chapters 2 and 3, which proves that both piezoelectric materials have very
different piezoelectric tensors. Modes with higher coupling factors are the pseudo SH-SAW, with
a maximum k>= 11% for 6=0°, and the pseudo TSH mode with a maximum k2 of 17.5%, also for
6=0°. However, as seen Figure 143, since the electromechanical coupling factor of the pseudo-
BAW mode does not reach exactly 0 (k*=0.04%) for 6=0°, the pseudo TSH mode and the pseudo-

BAW modes are overlapping in this configuration.
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Figure 143: Variation of electromechanical coupling factor of the modes of interest with crystal orienta-

tion.

As the Y-cut seems to show the highest potential for reaching large electromechanical coupling
factors, we now investigate the influence of the propagation direction ¢ in this plane, as shown
in Figure 144. The change in in-plane propagation direction does not seem to affect the pseudo-
SAW mode, which maintains an almost constant electromechanical coupling factor of k?=1.3%.
Both the SH-SAW and the SH-BAW have a maximum electromechanical coupling factor at
©=0°, which drop significantly to near zero as ¢ reaches 90°. Clearly, when using the Y-cut,

propagation along the X-crystalline axis is the best choice.



Chapter 4: Lithium niobate based HSBR 122

20.0 1 —— Pseudo SH-SAW
i Pseudo SAW

-
rp
€]

—— Pseudo TSH

(
-
w
=}

=
e N
o w

Coupling Factor (%)
~
w

Electromechanical

Noow
[ -]

o
=)

0 50 100 150 200 250 300 350
In-plane propagation direction ¢ (°)
Figure 144: Variation of electromechanical coupling factor with in-plane orientation for Y-cut piezoelectric
films (where 6=0).

2.2 Rotated X-cut

Although rotated X-cuts are not commercially available, we investigated the dependence of
the electromechanical coupling factors of the various modes also on the crystal orientation for
such potential cuts. We consider the thickness direction to be inclined by an angle 6 off the X-
cut in the XZ plane, with the Y-axis being the propagation direction, as shown in Figure 145. For
such orientations, the flexural mode, the pseudo-SH-SAW mode, the pseudo TSV mode and the
pseudo TSH mode appear distinctly on the harmonic admittance and are electromechanically
coupled. The pseudo-SAW mode appears at the exit of its stop-band rather than at the entrance
as in the case of AIN. Again, as for rotated Y-cuts, a similar dependence of k? upon 6 is seen for
the pseudo SH-SAW and the pseudo TSV modes, indicating that they originate from the same
deformation of the transducers. Maximum electromechanical coupling factors are respectively
k?=1.75% at 8=0° for the flexural mode, k?=0.45% at 8=0° for the pseudo TSV mode and k’=1%
at 6=30° for the pseudo-SAW mode. The most significant modes in terms of coupling factors are
again the pseudo-SH-SAW mode with a maximum k? of 11% and the pseudo TSH mode with a
maximum k? of 22% at exactly 6=0°. Therefore, the X-cut appears to lead to higher electrome-
chanical coupling factors than any Y-cut configuration for the pseudo-SH-SAW and the pseudo
TSH modes.



Chapter 4: Lithium niobate based HSBR 123

55 | — Flexural
- Pseudo SH-SAW
= —— Pseudo TSV
™ S~ 20 - —— Pseudo TSH
% 5 Pseudo-SAW
28
15 -
58
()]
E2
= =10
+~ O
=]
u;"_l o
Q 5
0 .

50 100 150 200 250 300 350
Rotated X-cut 6 (°)
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o

tation for rotated X-cuts.

Considering an X-cut film, we investigate the influence of the in-plane propagation direction
o (Figure 146). The pseudo TSV and the flexural modes have maximum k? equal to 1.4% and
5.2% respectively at ¢=70°. The electromechanical coupling factor of the pseudo SH-SAW mode
is also improved by varying the propagation direction and reaches 15% at ¢=150°. The coupling
factor of the TSH mode is improved in the same way and reaches 25% for the same propagation

direction.
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Figure 146: Variation of electromechanical coupling factor with in-plane propagation direction for X-cut

lithium niobate films.

Two main conclusions may be drawn from this section: first, the two shear horizontal modes,
i.e. the pseudo SH-SAW and the pseudo TSH modes, display much higher electromechanical
coupling factors than the other modes, not to write about the modes excited in AIN-based hybrid
SAW/BAW devices. The most favorable crystal orientation for these modes is X-cut, propagation
Y-+150°. It is interesting to note that this combination of crystal orientation and propagation di-
rection is close to the X-cut, propagation Y+170° that maximizes the electromechanical coupling
factor for shear horizontal plate waves in suspended LNO membranes [132]

In the following section, we will consider this particular orientation and will investigate the
influence of the other geometrical parameters to further improve the performances of these
modes.
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3 Optimization of geometrical parameters

The parameters considered for optimization are the thickness of the LNO film (hino/p), the
coverage ratio (a/p), the etching ratio, the sidewall angle, the thickness of the bottom and top
electrodes, the electrode material and the thickness of the SiO; layer. As mentioned before, the
Si03 1ayer is needed for the bonding of the LNO layer onto the substrate.

3.1 Pseudo SH-SAW mode

SiO; layer thickness

Figure 147 shows the influence of the SiO; layer thickness on the electromechanical coupling
factor of the SH-SAW mode. An increase in the thickness of this layer induces a decrease of the
electromechanical coupling factor of at most about 2%. As this decrease remains limited, and for
technological reasons, we continue considering in the following a SiO» thickness of 0.5 p under

the bottom electrode.
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Figure 147: Influence of the SiO: layer thickness and the electrode material on the electromechanical cou-
pling factor of the pseudo-SH-SAW mode.

FElectrodes material

We then consider various electrode materials, as shown in Figure 147. The maximum electro-
mechanical coupling factor determined in the previous section was 11% for the pseudo SH-SAW
mode when using aluminum electrodes. However, as discussed in Chapter 2, section 2.3, this
material has elastic properties approaching those of silicon dioxide, which results in a lack of
confinement of waves in the transducers. When replacing aluminum by molybdenum or tungsten,
the electromechanical increases up to about 30%, as shown Figure 147. Ruthenium or iridium

electrodes allow even reaching electromechanical coupling factors of respectively 35% and 38%.

Top and bottom electrodes thicknesses

Considering iridium, we plot in Figure 148 the dependence of the electromechanical coupling
factor on the respective thicknesses of the top and bottom electrodes. Trends are clear for both
parameters: the thicker the top and the bottom electrodes the higher the coupling factor. It is worth
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noting that this change is quite small and adds only about 2 to 3% electromechanical coupling
factor. The maximum electromechanical coupling factor achieved is 38.3% for top and bottom
electrode thicknesses of 0.25p.
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Figure 148: Impact of top and bottom electrodes thicknesses on the electromechanical coupling factor of
the pseudo-SH-SAW mode.

Lithium niobate thickness

Considering iridium electrodes of thicknesses equal to 0.25p, we investigate the influence of
the thickness of the piezoelectric material. Figure 149 shows that the electromechanical coupling
factor of the pseudo-SH mode increases with piezoelectric layer thickness. The best k2 is achieved
at the highest normalized thickness considered, of 0.7. Theoretically, the thickness could be in-
creased further but this appears technologically unrealistic since this would correspond to a thick-
ness of 700 nm for a periodicity of 1 um. 700 nm already corresponds to the maximum thickness
that can be achieved with techniques such as the Smart Cut™ process [39], while pitches of 1 um
approach the photolithography resolution limit beyond which advanced lithography tools such as

e-beam become necessary.

Coverage ratio

Figure 149 shows the electromechanical coupling factor decreases with increasing coverage
ratio. This effect seems to be rather small and the drop in coupling factor seems to be minimal.
For the thickness to pitch ratio of 0.5, a change in coverage ratio from 0.3 to 0.7 takes the coupling
factor from 35% to 32%. We however consider a coverage ratio of 0.3 for the remainder of the

optimization process.
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Figure 149: Impact of piezoelectric layer thickness and coverage ratio on the electromechanical coupling
factor of the SH-SAW mode.

Etching ratio

As we did in Chapter 2, section 2.5, we consider in Figure 150 the influence of a partial etching
of the piezoelectric layer in-between transducers. It appears that the pseudo-SH-SAW mode does
not behave like the pseudo-SAW in AIN structures, but rather like the pseudo-BAW mode: the
thicker the residual piezoelectric later, the higher the electromechanical coupling factor. Full pat-
terning of the pillar can lead to a k? of 38% while only etching the piezoelectric layer over half of

its thickness leads to electromechanical coupling factors of more than 46%.

Sidewall angle

The overall effect of the sidewall angle is to decrease the effective electromechanical coupling
factor, which however shows a minimum. The change in electromechanical coupling factor is
about 2-3% between optimal and minimal points, so this effect is not dramatic. However, it ap-

pears that it is still interesting to try to achieve sidewalls as vertical as possible.
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Figure 150: Impact of etching ratio and sidewall angle on the electromechanical coupling factor of the
pseudo-SH-SAW mode.
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Figure 151 shows an example of the harmonic admittance calculation of a device with coupling
factor k?= 47.7% for the pseudo SH-SAW mode at effective wave velocity of 1300 m/s. This
represents the best coupling factor achieved. Unfortunately, designs with partial etching of the
piezoelectric layer cause the pseudo-SAW mode to be a little coupled at 1.2 GHz. Due to the
presence of the pseudo-SAW mode, we prefer the cleaner response achieved with 100% etching

presented in the following conclusion section.
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Figure 151: Harmonic admittance for LNO HSBR with the highest k>=47% using the pseudo SH-SAW
mode (X-cut, propagation Y+150, I/LNO/Ir/SiO2/Si, hino/p=0.7, a.p=0.3, etching ratio=50%, straight side-
walls and El/p=0.25, hsio2/p=0.5)

Conclusions concerning the pseudo SH-SAW

Table 10 lists the design parameters corresponding to the configuration offering the optimum

electromechanical coupling factor for a clean pseudo SH-SAW mode: 38%.

Table 10: Optimum design for LNO HSBR using the SH-SAW mode (k’=38%)

Crystal orientation X-cut, propagation Y-+150°
Substrate Silicon

hino/p 0.7

Coverage ratio (a/p) 0.3

Etching ratio 100%

Sidewall angle 90°

Electrode Material Ir

Bottom electrode thickness (hbottom/p) 0.25

Top zlectrode thickness (htop/p) 0.25

hsioa2/p 0.5

The harmonic admittance corresponding to these parameters, with a pitch of 1 um, is shown
in Figure 152. The pseudo-SH-SAW mode, whose resonance is located at 500 MHz, exhibits a
clean response up to 1.5 GHz, when the contribution of the pseudo thickness shear horizontal
mode appears. Despite its extremely high k>=38% this mode has only a wave velocity of about

1,000 m/s, and is therefore not adapted to high frequency applications.
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Figure 152: Harmonic admittance for Optimum design for LNO HSBR using the SH-SAW mode.

3.2 Pseudo thickness shear horizontal mode

The main advantage of the pseudo thickness shear horizontal mode compared to the pseudo
SH-SAW mode is that its effective velocity is larger, over 3,000 m/s for the case of Figure 152,
allowing to reach resonance frequencies up to 1.5-2 GHz.

Flectrode material

Motivated by the huge influence of the electrode material on the pseudo SH-SAW mode, we
explore its effect on the SH-BAW mode first. The influence of the electrode material is shown
Figure 153. By comparison with the pseudo SH-SAW mode, where replacing aluminum elec-
trodes by iridium lead nearly to increasing the electromechanical coupling factor by a factor 2,
the influence of the electrode material on the pseudo thickness shear horizontal mode is not as
significant. Yet, k? increases from 25% with Al electrodes to 28% with Ir. Surprisingly, and unlike
the other modes investigated so far, tungsten seems not to favor a very strong electromechanical
coupling factor, as Figure 153 shows that some configurations based on aluminum electrodes
perform as well. In the following of the investigations, we will consider iridium electrodes, unless

stated otherwise.

Si02 layer thickness

The thickness SiO, layer seems to exhibit a far more important influence on the electrome-
chanical coupling factor than modifying the electrode material. Variations in SiO; layer thickness
could lead to changes in the electromechanical coupling factor up to 9%.As was observed for the
pseudo-BAW mode in AIN HSB structures in Chapter 2, Figure 71, the electromechanical cou-
pling factor is maximized for an optimum thickness, which depends on the electrode material.
The maximum coupling factor for Al electrodes is obtained for a SiO; layer thickness of 0.5 um
which was the default value considered so far (see section 2). This maximum is slightly shifted
down for higher acoustic impedance electrode materials, for which it becomes closer to 0.4 pm.

This is the SiO; thickness we consider in the following.
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Figure 153: Influence of the electrode material and the thickness of the SiOz layer on the electromechanical
coupling factor of the SH-BAW mode.

Piezoelectric layer thickness

Similar to the pseudo-BAW mode in AIN structures, for the thickness shear horizontal mode,
the thickness of the piezoelectric layer has a very high impact on the electromechanical coupling
factor, as shown Figure 154. Due to the limitation in piezoelectric layer thickness, one remains
in a range where k? increases monotonously with hino/p. The best achievable coupling factors
are therefore obtained for hpno/p = 0.7. The sensitivity to the layer thickness is quite high, since
a 100 nm drop of LNO thickness leads to a 10% drop of k? for a periodicity of 1 pm.

Coverage ratio

As for the pseudo-BAW mode in AIN structures, the electromechanical coupling factor in-
creases monotonously with coverage ratio when hino/p > 0.4. So we consider in the following a

coverage ratio a/p of 70%.

30
hinolp = 0.4

_ 3251 Lo -
© o — hino/lp=0.5
(W)
= 520 o hmo!pZO.G/—
Eg —— hupofp=07
8“— //
£ o5 |
0.
£gs
(@)
© 310+
w o

5_

0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70
Coverage Ratio

Figure 154: Influence of the thickness of the piezoelectric layer and the coverage ratio on the electrome-

chanical coupling factor of the pseudo thickness shear horizontal mode.
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Etching Ratio

As for the pseudo-BAW mode of AIN based hybrid SAW/BAW structures (Chapter 2 section
2.5), the pseudo thickness shear horizontal mode of LNO-based structures reaches its highest
coupling factor when the piezoelectric layer is fully etched in between the transducers, as visible
Figure 155. At low etching ratios of 50-60%, the electromechanical coupling is 10% lower than
the coupling factor at 100% etching. This is why, unlike the optimization of the pseudo SH-SAW

mode, we will consider fully etched piezoelectric layers in what follows.

Sidewall angle

The steepness of the transducers sidewalls has the most effect on the electromechanical cou-
pling factor when the piezoelectric layer is fully etched. Perfectly vertical sidewalls favor the
highest electromechanical coupling factor, close to 28%, but this can drop down to 24% for
slanted sidewalls approaching 80°. Anyway, the effect of the sidewall angle is much smaller than
the effect of the etching ratio.
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Figure 155: Influence of etching ratio and sidewall angle on the electromechanical coupling factor of the
pseudo thickness shear horizontal mode.

Electrodes thicknesses and spurious modes suppression

The optimization of the thickness shear horizontal mode is finalized considering the effect of
electrodes thicknesses. Figure 156 shows how the thicknesses of top and bottom electrodes affect
the electromechanical coupling factor. As for the pseudo-BAW mode considered in Chapter 2,
section 2.2, k? decreases with the normalized thickness of both top and bottom electrodes. The
highest electromechanical coupling factor achieved can reach 32% with a hpo/p=0.1 and hiop/p of
0.05. Figure 157 shows the calculated harmonic admittance for a hpo/p=0.15 and a hip/p= of
0.05. It shows the appearance of a spurious contribution near 1850 MHz in between the resonance
and antiresonance, which corresponds to the pseudo TSV mode. Additional contributions from
the pseudo-SAW mode (at the exit of its stopband) and the pseudo-BAW mode should appear
also in the vicinity of the frequencies of interest. Fortunately, they are both uncoupled for the
crystal orientation (X-cut, propagation at Y+150°) considered (Figure 146). Therefore, only the
interaction between the pseudo TSH and the pseudo TSV modes needs to be addressed.
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Figure 156: Impact of bottom and top electrodes thicknesses on the coupling factor of SH-BAW mode

Considering the evolution of the harmonic admittance along the plots of Figure 156, it appears
that for thin electrodes, the pseudo thickness shear horizontal and the pseudo thickness shear
modes get so close in frequency that their responses cannot be distinguished. However, increasing
the thicknesses of both electrodes increases their spacing, at the expense of the electromechanical
coupling factor. As an example, Figure 157 (a) corresponds to the calculation of the harmonic
admittance for a hyo/p=0.15 and a hy/p= of 0.05: the pseudo thickness shear horizontal mode
exhibits an electromechanical coupling factor of 28%, with a strong interaction with the pseudo
TSV mode shown in the inset. The pseudo thickness shear horizontal mode recovers a spurious
resonance-free harmonic admittance when both the top and bottom electrodes are thicker than
El/p=0.2. Figure 157(b) shows the harmonic admittance of the pseudo thickness shear horizontal
BAW mode with El/p = 0.25. Its electromechanical coupling factor is now 14%, without sign of

spurious contributions.
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Figure 157: Harmonic admittance of the SH-BAW mode displaying high coupling and high interaction for
150 nm bottom electrode and 50 nm top electrode (a) and smaller coupling factor without interaction for
250 nm top and bottom electrodes (b)

The geometrical parameters associated with optimal pseudo TSH mode shown in Figure 157
(b) are listed in Table 11.
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Table 11: Optimum design for LNO hybrid SAW/BAW structures favoring the pseudo thickness shear hor-
izontal mode with k?=14%.

Crystal orientation X-cut, propagation Y+150°
Piezoelectric layer thickness (hino/p) 0.7

Coverage ratio (a/p) 0.7

Etching Ratio 100%

Sidewall Angle 90°

Electrode Material Ir

Bottom Electrode thickness (hpottom/p) 0.25

Top Electrode thickness (htop/p) 0.25

SiO; thickness (hsioz2/p) 0.4
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4 Process Flow based on lithium niobate
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Figure 158: Simplified scheme of process flow for LiNbO3; HBSR fabrication

As seen in the previous section, LNO based HSBR have the potential of achieving high cou-
pling factors up to 38% at low frequencies and up to 14% at 1.5 GHz. Yet, for the fabrication of
HSB devices using LNO, it is not procedural to deposit LNO on top of the electrode material [46].
The proposed process (shown in Figure 158), is inspired from the process flows for the fabrication
of LNO BAW resonators [130] and of thin film SAW resonators exploiting electrodes inserted
inside the piezoelectric film [133].

The process starts with a Piezoelectric On Insulator (POI) substrate consisting of a LNO layer
on a SiO; bonding layer, on top of a Si substrate (a). The first electrode is deposited and patterned
(b). Among the materials that can be used for the electrodes including Al, Mo, Ru, W and Ir, Al
is the most established in terms of manufacturing processes (examples in [40], [134]). The bottom
electrode is then covered with a SiO; layer and planarized using Chemical-Mechanical-Polishing
(CMP) (c). This layer is used for bonding the POI wafer on the final Si high-resistance carrier
wafer (d), using direct hydrophilic bonding. A debonding step is required to detach the
SiO2/metal/LNO stack from the initial substrate onto the final one (e).

A layer of metal is then deposited on the LNO as a top electrode. Unlike the process flow
developed for AIN resonators, the patterning of the trenches forming the transducer pillars and
the opening of electrical contacts to the bottom electrode are performed in the same sequence of
photolithography and dry etching (f). This is made possible by the fact that LNO is etched by ion
beam etching, which is little sensitive to features such as size of the openings and density of the
mask. After that, the top electrode is patterned to define the access lines (g). Eventually, metal
pads and electrical contacts allowing to connect the top and bottom electrodes together (for ex-
ample to implement short-circuited reflectors) are formed by lift-off of an additional aluminum
layer (h).

The new process flow requires changes in the design of photolithography masks, to consider
that some steps are merged. The new mask was redrawn with the following breakdown:
1. Bottom electrodes patterning
2. Engraving of trenches between transducers and opening of electrical contacts to the bot-
tom electrode
3. Top electrodes
4. Metal overload
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While AIN devices were fabricated on 200 mm wafers, LNO films will be fabricated on 100
mm wafers. This means the new process will not exclusively operate on the CMOS 200 mm line
of CEA-LETI. Instead, the process will be split between the MEMS 200 mm facility of CEA-
LETI, and the Plateforme Technologique Amont (PTA) de Grenoble for most of the patterning
steps. Due to the need for sub-micron resolution for the photolithography when patterning the
LNO film, this particular step will use the stepper available at frec|n|sys in Besangon, FR.

At the time of writing, this process has been started relatively late, with only the fabrication of
LNO POI wafers, shown in Figure 159, achieved

Figure 159: Initial POI substrate.
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5 Conclusions

In this chapter, we delved into the investigation of Lithium Niobate (LNO)-based hybrid
SAW/BAW resonators. The exploration revealed an array of resonance modes, in addition to
their AIN counterparts. Alongside the pseudo-SAW and pseudo-BAW modes found in AIN de-
vices, the introduction of LNO gave rise to shear modes, encompassing shear horizontal and shear
vertical modes. These modes exhibited a diverse nature, appearing either as predominantly sur-
face waves, exemplified by the pseudo SH-SAW mode, or as bulk waves, such as the pseudo
TSV and pseudo TSH modes. Significantly, it was evident that these LNO-based modes could
achieve higher coupling factors compared to AIN resonators.

To facilitate a comprehensive understanding of these resonators, we adapted our finite element
model to simulate these newfound modes effectively. Through thorough investigation, we iden-
tified the optimal crystalline orientation and in-plane propagation direction, which proved essen-
tial for exploiting these modes. Specifically, the X-cut crystal orientation emerged as the prime
choice for promoting the largest coupling factor, while the Y+150° propagation direction was

found to be optimal.

We further embarked on the journey of optimizing the pseudo SH-SAW mode and pseudo
TSH mode. Notably, the former demonstrated the potential to reach a remarkable k* of 38%,
particularly when employing Ir electrodes, despite its limitation to approximately 500 MHz due
to its lower velocity. In contrast, the latter achieved a k? of 14% resulting in an operational fre-
quency of around 1.5 GHz. The concluded best coupling factors are lower than the optimal 47%
and 28% for the pseudo SH-SAW and the pseudo TSH modes respectively primarily because
addressing spurious resonances or avoiding the coupling of other modes necessitated a non-opti-

mal configuration.

However, the quest for operating at even higher frequencies while exciting a single mode re-

mains unfulfilled. These paramount objectives will be addressed in the final chapter of this study.
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Introduction

In chapter 1, we introduced the need for acoustic resonators with high electromechanical
coupling at high frequencies, and with possibly low losses. AIN based Hybrid SAW/BAW
resonators investigated theoretically in Chapter 2 and experimentally in Chapter 3 exhibit two
resonance: the pseudo-SAW and the pseudo-BAW modes. The effective velocity of these modes
does not exceed 3,500 m/s, what limits their operation frequency. In addition, neither of these
modes achieves high electromechanical coupling factors. The litterature addresses the issue of
the electromechanical coupling factor with the replacement of AIN by AIScN. In Chapter 4, we
provided an alternative solution based on lithium niobate, which offers very promising
perspectives. However, the modes investigated in chapter 4 do not appear faster than those studied
in AIN structures. So the increase in frequency remains an open issue. To answer it, we introduce
in this chapter a new mode that is capable of reaching high frequencies, with a significantly better

electromechanical coupling factor than the pseudo-SAW and the pseudo-BAW modes.

In section 1, we present how this mode was first revealed on the electrical measurements of
the AIN devices fabricated in Chapter 3. We investigate its origin and present some experimental

evaluations of this mode

Then, in section 2, we investigate how to properly excite it and how to optimize its perfor-
mance by investigating the influence of different design parameters, as we did in Chapters 2 and
4 for the classical hybrid SAW/BAW modes in AIN or LNO structures. We start by investigating
its capabilities in AIN structures. In section 3, we continue the analysis of this mode, but this time

in LNO structures.

1 Analysis of AIN-based HSBR with grounded bottom elec-
trodes

Figure 160: electric configuration for the calculation of the Y11 admittance term of devices with grounded

bottom electrodes.

In chapter 3, we evaluated the electric response of AIN hybrid SAW/BAW resonators. We
however only considered in the analysis devices with a floating bottom electrode, while we indi-

cated that some devices had their bottom electrode connected to ground. The former case was the
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simplest to analyze, as we could consider in our finite element model that if one transducer top
electrode is excited with a voltage of 1 V, the neighboring transducers have their top electrodes
connected to ground, as shown Figure 105. The floating bottom electrode common to all trans-
ducers is then assumed to position itself to an intermediate electric potential of 0.5 V if the device
has an even number of transducers. This is confirmed by Figure 49 in Chapter 2 when considering

the electrostatic behavior of an infinitely long resonator.

When the bottom electrode is grounded, the behavior becomes different. The analysis of the
terms of the admittance matrix given Equation (25) is still valid and we still have

In this case, however, the theoretical configuration corresponding for example to Y 11 is shown
in Figure 160. In this configuration, one can notice that one every two transducers is shorted, and
only the other transducer is actually excited. In principle, one expects that this configuration is
detrimental to the electromechanical coupling factor of the mode, since only half of the transduc-

ers are exploited. We nevertheless investigated it theoretically and experimentally.

1.1 Theoretical analysis
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Figure 161: harmonic admittance calculation for a HSBR when considering the electrical boundary condi-
tions given in Figure 160, and corresponding vertical displacements calculated for the Pseudo-SAW mode
at 1 GHz, for the Pseudo-BAW mode at 2.6 GHz, and for the resonance at 4.2 GHz in the insets. Red
corresponds to upwards displacement, while blue corresponds to downwards displacement.
(Mo/AIN/Mo/Si, haw/p=1, a/p=0.5, El/p=0.08, Full etching and straight sidewalls).

Figure 161 shows the harmonic admittance calculated given the electric configuration of Figure
160. The pseudo-SAW mode appears at 1 GHz and the pseudo-BAW mode appears at 2.6 GHz,
as confirmed by the displacement profile shown in Figure 161 insets while near 3.9 GHz, a new
contribution appears. This mode appears relatively similar to the pseudo-BAW mode, except that
adjacent transducers seem to vibrate in phase as one wavelength of the mode corresponds to one
transducer. By comparison, one wavelength of the pseudo-SAW and pseudo-BAW mode corre-
spond to two transducers.
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In other words, this new mode seems to correspond to the hybridization of the thickness longitu-
dinal (or thickness extensional) mode of the transducers and the second overtone of the Rayleigh
wave (for which A=p). As such, we could describe this mode as the TE,; mode, where 2 stands
for the overtone number, or the number of nodes in the horizontal direction, of the surface wave,
and 1 for the overtone number of the bulk wave (i.e. the number of nodes in the vertical direction).
Using the same rationale, the pseudo-BAW mode would correspond to the hybridization of the
fundamental thickness extensional mode of the transducers with the fundamental Rayleigh wave
(for which A=2p) and could thus write TE; ;. The pseudo-SAW mode would then correspond

similarly to the TE; o mode.

Table 12: number of nodes in the horizontal and vertical direction experienced by each mode.

Horizontal Vertical
Pseudo-SAW mode 1 0
Pseudo-BAW mode 1 1
New mode 2 1

The TE,,; mode did not contribute to the admittance of devices with a floating bottom electrode,
as the mechanical and electrical periodicities are not aligned, leading to a cancelation of the cur-
rents induced when adjacent transducers are excited with opposite phase. However, when only
one every two transducers is actually excited, this cancellation between neighboring transducers

does not occur, resulting in the appearance of this new mode.

The two keys observations about this mode are:

1. Due to its shorter horizontal wavelength, it appears at nearly twice the frequency of the
pseudo-SAW or pseudo-BAW modes

2. Despite its high frequency, it is properly confined near the surface of the substrate. This
is because its effective velocity remains lower than the bulk shear wave velocity in the
substrate (5,600 m/s), with V=f A =fp =42 GHz x 1 um = 4,200 m/s. This is faster
than the velocity of the pseudo-SAW mode:

(V=fA=2fp=2x12GHz x 1 um = 2,400 m/s)

but remains even lower than the velocity of the pseudo-BAW mode:
(V=fa=2fp=2x2.7GHz x 1 pm = 5,400 m/s).

This means that this mode benefits from an even better confinement than the pseudo-
BAW mode, unlike what its frequency would indicate at first sight.

1.2 Experimental observation of the new mode

Analyzing the electric response of devices with a grounded bottom electrode

In Chapter 3, devices with floating bottom potential were presented as components inserted in
series in between the two electrical ports, as sketched in Figure 104 or Figure 107. In order to
isolate the electrical response of these floating bottom potential resonators the measurement of
an “open” device, where the electrodes are disconnected from the signal line, was subtracted from
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the measurement of the device under test. And then the diagonal elements of the admittance ma-
trix were considered as the intrinsic response of the resonator in order to remove any remaining

contributions from the pads.

It is important to note that the above mentioned method does only apply if the device under
consideration has a grounded bottom electrode. Devices with grounded bottom electrodes are
instead represented by the generic schematic for an electric quadrupole shown Figure 162. Equa-
tion (25) or Equation (26) do therefore no longer hold, and circuit theory does in principle not
provide specific relationships between the diagonal and off-diagonal elements of the admittance

matrix.
1, 1
~———— ———e
V; V,
| ——e

Figure 162 : Schematic of the classical representation for an electric quadrupole.

The acoustic interpretation of Yi; and Y»; in the case of a grounded bottom electrode is de-

picted in Figure 163. The first is similar to the theoretical scheme sketched Figure 160.

Si HR 200 mm

Figure 163: Electrical piezoelectric schematic of Y11 (a) and Y12 (b) representation of a device with
grounded bottom electrode.

In this configuration, Y includes the sum of the capacitive contribution from the transducer
to which the voltage V is applied and from the piezoelectric contribution when the transducer is
in mechanical motion. Conversely, Y2 does not include a capacitive contribution since the trans-
ducer connected to port 1 is effectively shorted in this configuration. It does however still include
a piezoelectric contribution when the transducer is in motion. Therefore, Y12 is in practice negli-

gible compared to Y, as shown Figure 164.
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Figure 164 : Electric measurement example with same structure as Figure 161. Comparison of the Y11 and
Y 12 admittance matrix components for a resonator with a grounded bottom electrode. (hain=1 pm, p=1 pum,

hsio2=210 nm, 60 reflectors, aperture 404, close-circuited reflectors, and grounded bottom electrode)

When considering Y; in Figure 164, the contributions of the pseudo-SAW mode at 1.1 GHz,
the pseudo-BAW mode at 2.8 and the new TE>; mode at 4.2 GHz are clearly visible. This is

comparable to Figure 161 that bears the same structure theoratically.

Analysis of the TE>; mode

In the absence of SiO,, things look slightly different but the coupling factors remain almost
the same.
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Figure 165: Input admittance for devices with 1 um of AIN, without SiO2 and a grounded bottom elec-
trode.(hanv=1 pm, p=1 pm, no SiO,, 60 reflectors, aperture 404, close-circuited reflectors, and
grounded bottom electrode).

Figure 165 shows the electric response of devices with a grounded bottom electrode, 1 um of

AIN and no SiO;underneath. The new mode appears for p =1 um located at 4.6 GHz.
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Figure 166: Effective wave velocity (a) and electromechanical coupling factor (b) of the TE2,1 mode as a
function of the AIN thickness.

The TE,,; appears for most AIN thickness but only for the lowest pitches of 1 um. It can be
found between 4.1 GHz and 4.8 GHz, as shown Figure 166 (a). Its respective electromechanical
coupling factors are shown Figure 166 (b) and remain below 0.3%. Looking at Figure 166 (b),

the electromechanical coupling factor decreases with increasing piezoelectric layer thickness.

Figure 167 shows the evaluations of the quality factors of the TE» ; for various AIN thicknesses.
The values range up to 250.
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Figure 167: Quality factors of the TE2,1 as a function of the normalized thickness ratio.
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2 Optimization of the TE2,; mode based on AIN

Vi

Figure 168: electric configuration for the in-phase excitation of the TE2,1 mode

In order to efficiently excite the TE,,; mode, the electrical periodicity must match its wavelength.
This is achieved through the electric configuration represented in Figure 168: the same electric
potential is applied on the top electrodes, while the common bottom electrode remains grounded.
This makes all transducers electrically identical as all the pillars are now connected in series to
the two electric ports.
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Figure 169: harmonic admittance calculation for an in-phase excitation of the top electrodes and a grounded
bottom electrode and vertical displacement field calculated at resonance in the inset. Red colors correspond
to upwards vertical displacement while blue corresponds to downwards displacement. Same Geometry as
Figure 161

As demonstrated in Figure 169 (a), this configuration results in the isolation of the TE»; mode
and the suppression of all other modes including the Pseudo-SAW and Pseudo-BAW modes. The
single mode response is achieved while even increasing the electromechanical coupling factor
compared to Figure 161 is notable here.

Effect of the piezoelectric layer thickness and coverage ratio

Quantitatively, Figure 170 shows the evolution of the wave velocity and the electromechanical
coupling factors of the TE>; mode as a function of the piezoelectric layer thickness and of the

coverage ratio. Figure 170 (b) confirms the qualitative guess that the electromechanical coupling
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factor is considerably improved, as it can reach up to 5% for a coverage ratio of 0.5 and a nor-
malized thickness of hai/p = 0.7. The corresponding velocity is about 4,750 m/s. At first, it may
appear that the optimum k? is reached for a small AIN thickness compared to the pseudo-SAW
and the Pseudo-BAW modes, whose k* were maximized for respectively haw/p = 1.3 and haw/p
= 1.7. One has to remind here that in the former case A=2p while now A=p, which means that the
k2 is in practice maximized for haw/A = 0.65, 0.85 and 0.7 for respectively the pseudo-SAW, the
pseudo-BAW and the TE2,1 modes. So the electromechanical coupling factor is in fact

maximized for the same range of piezoelectric layer thickness compared to the wavelength of the
mode.
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Figure 170: evolution of k? (a) and wave velocity (b) of the TE21 mode with the transducer thickness to
pitch ratio and coverage ratio. (Mo/AIN/Mo/SiO2/Si, etching ratio=1, straight sidewalls, hbottom/p=0.1,
hiop/p=0.1, hsio2/p=0.5)

Figure 170(a) shows that the effective wave velocity increases significantly with a decrease in

the piezoelectric layer thickness. It varies from 4,000 m/s at haw/p=1 to 5,500 m/s at hai/p=0.5.

Effect of the etching ratio and sidewall angle
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Figure 171: Evolution of k? for the TE2,1 mode with sidewall angle at different etching ratios
(Mo/AIN/Mo/Si02/Si, hain/p=1, a/p=0.5, hbottom/p=0.1, htop/p=0.1, hsio2/p=0.5)

The TE,,; mode appears to be very sensitive to the sidewall angle of the transducers. Figure 171
shows that the TE, ; coupling factor more than doubles from 1.4% to over 3.2% when the sidewall
angle goes from 80° to 90° at an etching ratio of 80%. An etching ratio of 100% leads to a much
higher electromechanical coupling factor than an etching ratio of 80%. At lower etching ratios
below 80%, spurious modes appear in addition of the weakness of the TE, ;, making it difficult
to have a recognizable clean peak as seen in Figure 172. However, at 80% and above, the TE;
resonance remains clean.
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Figure 172: The TE2,1 mode as observed on HSBR device with 80% etching ratio (a) and 50% etching ratio
(b) (Mo/AIN/Mo/Si02/Si, hain/p=1, a/p=0.5, hvottom/p=0.1, htop/p=0.1, hsio2/p=0.5, straight sidewalls)

Effect of top and bottom electrode thicknesses

Since working with Mo electrodes is the most established process for HSBR based on AIN
and since it provides configurations with a clean response, the only motive for changing the elec-
trode material would be to increase the coupling factor. Other electrode materials did however
not provide better coupling factors than Mo. For example the TE>,; mode has a coupling factor of

3.8% using Ir electrodes but at a resonance frequency of only 3.4 GHz.

The thickness of the Mo top and bottom electrodes affect the coupling factor and the resonance
frequency of the TE> 1 mode as shown in Figure 173. While the wave velocity remains relatively
insensitive to the top electrode thickness, the thickness of the bottom electrode can increase the
resonance frequency from 3,900 to 4,400 m/s. The highest wave velocity is close to 4,600 m/s,
achieved with thinnest bottom electrode of 50 nm and a top electrode thickness of 120 nm.

The effect of the electrodes’ thicknesses on the coupling factor is opposite each other as well.
The increase in the bottom electrode thickness leads to an increase in the electromechanical cou-
pling, while the increase in the top electrode thickness leads to a decrease. It is worth noting that
these effects are opposite to the effect on the wave velocity meaning that the highest wave veloc-
ity is associated with the lowest electromechanical coupling factor. The maximum electrome-
chanical coupling factor is 4.2%, and is obtained with hyo,top/p = 0.05 and hwmo pottom/p = 0.12.
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Figure 173: Influence of the top and bottom electrode thicknesses on the electromechanical coupling factor
(a) and the effective wave velocity (b) of the TE2,1 mode in AIN devices. (Mo/AIN/Mo/SiO2/Si, haw/p=1,
a/p=0.5, etching ratio=1, straight sidewalls, hsio2/p=0.5)
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Effect of the Si0; layer thickness

The thickness of the SiO; layer also has a significant effect on the performance of the TE;

mode. Figure 174 shows how the coupling factor varies with the increase of the SiO, thickness.
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Figure 174: impact of the SiO: layer thickness on the effective wave velocity (a) and coupling factor (b) of
the TE2,1 mode in AIN devices. (Mo/AIN/Mo/Si02/Si, hain/p=0.7, a/p=0.5, etching ratio=1, straight side-
walls, hbottom/p:O.lz, hmp/p=0.05)

The figure demonstrates there is an optimum point at a SiO, thickness of 0.4 p, where the maxi-
mum k? achieved is 6.7%. The coupling factor decreases beyond this point and saturates at about
5.5%. It is worth noting that not hitting the optimum point but erring on the side of more SiO; is
still better than no SiO» layer at all. In the case of absence of SiO», the electromechanical coupling
factor falls to about 4.2%, as we have seen before.

Conclusions

Table 13 summarizes of parameters representing the configuration leading the the highest elec-

tromechanical coupling factor (6.5%) for the TE>,; mode using AIN.

Table 13: Geometric parameters leading to the highest possible TE2,1 mode based on AIN with k?=6.5%.

Pitch (p) 1 um
ha/p 0.7
Coverage ratio (a/p) 0.5
Etching Ratio 100%
Sidewall Angle 90°
Electrode Material Mo
Bottom Electrode (hmo,bottom/p) 0.12
Top Electrode(hwmo,top/p) 0.05

Si0; thickness (hsioz2/p) 0.4
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3 TE»2,; mode based on LNO

3.1  TE,; mode in LNO

The TE,, can be excited in LNO structures using the same electric configuration based on an
in-phase excitation of the transducers. Figure 175 shows that the mode appears also around 4GHz,
for a pitch of 1 pm and geometric parameters summarized in Table 14, with an even higher elec-
tromechanical coupling factor (16%) than AIN. However, unlike the case of AIN, the TE,; mode
is not the only mode that is excited in this electric configuration. There is therefore an additional
difficulty when optimizing structures exploiting this mode, in that one does not only try to

increase the electromechanical coupling factor, but also to suppress the other modes.

10—3_
10—4_

1075 | f

1076_

10—7,

Harmonic Admittance

10—8_

0 1000 2000 3000 4000 5000 6000 7000
Frequency in MHz

Figure 175: harmonic admittance calculation for a LNO HSBR with all top electrodes connected to the same
port and the bottom electrode grounded, and vertical displacement field the TE2,1 mode near 4 GHz (inset).
Red and blue correspond respectively to positive (upwards) and negative (downwards) vertical displace-

ments. The structure considered is summarized in Table 14.

In the same manner the pseudo-SAW and pseudo-BAW modes were optimized in Chapter 4,
there are material orientation and geometrical parameters optimizations to be made. We start by
considering the parameters listed in Table 14. We consider in particular the Y+30° crystal cut,
as it is the one which promotes the highest electromechanical coupling factor for bulk longitudinal

waves in lithium niobate [135].

Table 14: Optimum parameters for the optimization of the TE2,1 mode based on LNO (k?=16%)

LiNbOs crystal orientation Y+30°, propagation X
Pitch (p) 1 um

hino/p 0.55

Coverage ratio (a/p) 0.5

Etching Ratio 100%

Sidewall Angle 90°

Electrode Material Al

Bottom Electrode (hpottom/p) 0.25

Top Electrode (htop/p) 0.25

Si0; thickness (hsio2/p) 0.5
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3.2 Optimization of LNO crystal orientation

As we have seen in Chapter 4, the electromechanical coupling factor of the various modes is
strongly dependent on the crystal orientation. For the TE,; mode, this is also the case, and its
dependence on the crystal orientation is shown in Figure 176. The electromechanical coupling

factor is maximum (16.7%) for the Y+30° cut, and can almost disappear near Y+100°.
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Figure 176: Dependence of the electromechanical coupling factor of the TE2,1 mode as a function of the cut

angle for rotated Y orientations. Other parameters correspond to those listed in Table 14.

Setting the crystal orientation to the Y+30° cut, we investigate the influence of the in-plane
orientation of the transducers in Figure 177. The electromechanical coupling factor is maximum
when the propagation direction is X (k? = 16.7%) and decreases down to 9% for a propagation
along the X+90° (Z’) direction.

Electromechanical
Coupling Factor (%)

0 25 S0 75 100 125 150 175
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Figure 177: variation of the electromechanical coupling factor of the TE2,1 mode with in-plane orientation

¢ (for & = 30°). Other parameters correspond to those listed in Table 14.
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3.3  Optimization of geometrical parameters

Thickness to pitch ratio and coverage ratio

Figure 178 shows the effect of the piezoelectric layer thickness and the coverage ratio on the
electromechanical coupling factor and the effective wave velocity of the TE,; mode in LNO
Y+30°, propagation X.
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Figure 178: Impact of the piezoelectric layer thickness and the coverage ratio on the effective wave velocity
(a) and electromechanical coupling factor (b) of the TE2,1 mode using LNO. Other parameters correspond
to those listed in Table 14

First, the increase in the piezoelectric layer thickness leads to a decrease in the effective wave
velocity, possibly due to an increase in the mass-loading of the transducers. The difference is
significant, as the velocity ranges from 4,200 m/s for hino/p = 0.3 to 3,500 m/s for hyno/p=0.7.
The effect of the coverage ratio is less clear: an increase in coverage ratio increases the velocity
for piezoelectric layer thicknesses larger than 0.6, but on the contrary decreases the velocity for

thicknesses lower than 0.6.

The electromechanical coupling factor is also highly dependent on the thickness of the piezo-
electric layer and the coverage ratio. The maximum k? achieved is 17.5% at hino/p=0.7 and
a/p=0.4 which is not too far from the default set of parameters selected in Table 14. A decrease
in the thickness to 0.3 p can bring the maximum coupling factor down to 14%. The effect of the
coverage ratio is more significant and this parameter has therefore to be kept close to 0.4. A high

or a small coverage ratio can lead to a drop in k? of about 5%.

Etching ratio and sidewall angle

The dependence of the electromechanical coupling factor of the TE,; mode on the geometry
of the transducers, shown in Figure 179, is more complex than what we could observe for the
pseudo-SAW and pseudo-BAW modes in AIN, or for the pseudo-SH-SAW and pseudo thickness
shear horizontal mode in LNO. For straight sidewalls, the best coupling factor is achieved when
the piezoelectric layer is fully etched. The electromechanical coupling factor drops significantly
from 16% to 11% or 9% at etching ratios of 80% and 60%. Unlike the previously studied modes,
here we see an optimum sidewall angle that maximizes the electromechanical coupling factor.
This optimum point differs depending on the etching ratio. At etching ratio of 100%, the optimum
sidewall angle is 80° and leads to a k? of 16.5%. For an etching ratio of 80%, the optimum cou-
pling is 17% at a sidewall angle of 65°; and at an etching ratio of 60%, the optimum coupling is
about 15% at an etch angle of 60°. It appears therefore that slanted sidewalls are not necessary a

bad thing, provided the depth of the trenches separating the transducers is adjusted accordingly.
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Figure 179: The evolution of k? for the TE2,1 mode with the etching angle at different etching ratios for
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Top and bottom electrode thicknesses

Focusing on Al electrodes, Figure 180 shows the effect of the thicknesses of the top and bottom
electrodes on the electromechanical coupling factor and the velocity of the TE» ; mode using LNO.
The effect of the bottom electrode thickness on the wave velocity is small and varies within the
range of 4,000 to 4,200 m/s. In contrast, the top electrode thickness has a much higher influenced
and causes velocity variations between 3,600 and 4,200 m/s. The highest velocity is 4,200 m/s,
for a bottom electrode thickness of 0.1 p and a top electrode thickness of 0.1 p.
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Figure 180: impact of the top and bottom electrode thicknesses on the electromechanical coupling factor (a)
and the effective wave velocity (b) of the TE2,1 mode using LNO Y+30°, propagation X. Other parameters
correspond to those listed in Table 14

The electromechanical coupling factor follows similar trends than the resonance frequency.
The largest electromechanical coupling factor achieved is as high as 25% at the same optimal
parameters as for resonance frequency: a bottom electrode thickness of 0.1 p and a top electrode
thickness of 0.1p. Unfortunately, the thicknesses of the top and bottom electrodes have a large
effect on the spurious resonances appearing in the vicinity of the mode of interest. It appears that
the smaller the thicknesses of the electrodes the less clean the resonance is, so we opt rather for
top and bottom electrode thicknesses of 250 nm, where the coupling factor is unfortunately only
16%.

SiO2 layer thickness

Unlike AIN, the presence of the SiO; layer is mandatory for designs based on LNO since it is
used for bonding of the piezoelectric layer on the substrate during the fabrication process. Figure

181 shows the dependence of the electromechanical coupling factor on the SiO; layer thickness.
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An optimum point appears. For hino/p=0.55, the optimum SiO- thickness is at 0.3p, which
provides a coupling factor above 17%. For larger thicknesses, k? drops significantly, down to
13% for example for hsio2/p = 0.7.
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Figure 181: The impact of the SiOz layer thickness on the effective wave velocity (a) the coupling factor
(b) of the TE2,1 mode using LNO. Other parameters correspond to those listed in Table 14

3.4  HSBR Filter design

The configurations exploiting the TE,; mode provide single mode operation, at high frequency
and with large electromechanical coupling factors. They appear therefore suitable for the imple-
mentation of filters. To illustrate this, an example filter was designed used a simple ladder circuit,
to visualize the kind of band-pass filter that can be built with HSBR. The mode exploited is the
TE,,1, with an in-phase excitation of a LNO Y+36 cut transducers oriented perpendicularly to the
X-crystalline axis. We use parameters similar to those mentioned in Table 14 with the exception
of slightly different cut angle and hsio2/p=0.5 to reduce the parasitic interactions slightly. The
harmonic admittance of this resonator resulting from a FEM simulation is shown in Figure 182.
The simulated resonator has a resonance frequency of fi= 3.96 GHz, an anti-resonance frequency
= 4.19 GHz, and k*= 14%.
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Figure 182: Harmonic admittance of a HSBR using the TE2,1 mode in LNO Y+36°, propagation X.

A ladder filter consists of multiple resonators connected in parallel and in series. For a first
evaluation, we consider a “T” circuit made of one parallel and two series resonators. A schematic

is shown in Figure 183.
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Figure 183: Circuit schematic of a “T” ladder filter utilizing HSBR.

The parallel resonator has an anti-resonance frequency (where its admittance is minimum)
matched to the center frequency of the filter. At this frequency, the impedance is maximum, and

the signal is therefore constraint to remain in the series path.

At the resonance of the parallel resonator, the signal is shunted to ground and is therefore
prevented to reach the output of the circuit. At the antiresonance of the series resonators, the
signal is instead blocked, and again prevented to reach the output. The combination of these be-

haviors induce a band-pass type transmission.

We first design a circuit with ideal BVD components having the same resonance, anti-reso-
nance and coupling factors as the HSBR. By tuning the parameters of the BVD blocks, i.e. the
resonance frequencies and the static capacitances of the resonators, the filter can be designed to

have desired bandwidth, center frequency, and selectivity.

e Parallel resonator: f= 3.828 GHz, f,=4.05 GHz
e  Series resonator: fi=4.235 GHz, f,=4.52 GHz
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Figure 184: ideal filter response using BVD components



Chapter 5: High Frequency HSB devices 153

The ideal filter response simulated using BVD components is shown in Figure 184. We then
scale the harmonic admittance to have their static capacitance equal to the one of the BVD com-
ponents. In practice, this would be achieved by designing resonators with given numbers of elec-
trodes and adjusting their aperture. The frequencies of the parallel resonator are artificially shifted
from the calculated series resonator response. Figure 185 then shows the simulated filter based
on the finite element simulations of the hybrid SAW/BAW resonators, and compares them with
the ideal filter response calculated using BVD components. The designed filter has the following

characteristics:

e  Passband (the range of frequencies for which the filter transmission is higher than -3
dB): 3.95 GHz to 4.45 GHz
e Insertion loss (the minimum attenuation of the signal in the passband): 1.5 dB

e  Rejection (the attenuation of the signal outside of the passband): 6 dB
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Figure 185: comparison between ideal filter response using BVD components and using FEM HSBR

admittance

With a passband of nearly 500 MHz near 4 GHz, such a filter approaches the specifications
for the 5G telecommunication band n78 (3.3 — 3.8 GHz). With a bit more optimizations, it could
approach also the 600 MHz required for band n79 (4.4 — 5 GHz), although this would also require
more aggressive geometric dimensions (p = 0.9 pum) due to the need to increase the center fre-

quency of the filter.

So far, these filters remain challenging to implement with conventional AISCN BAW filters.
A demonstration of an n78 band filter has been proposed very recently in the literature, based on
SAW devices made of LNO on an SiC substrate [136]. It requires similar electrode periodicities
than in our case. However, the need for SiC substrates instead of Si as for our structure, makes

the solution we propose competitive.

n79 filters have been also proposed, based on XBAR devices, i.e. laterally-excited bulk wave
resonators implemented in suspended LNO membranes [137], or in LNO films isolated from the
substrate using an acoustic Bragg mirror [138]. LNO BAW filters have also been demonstrated

for this band [85]. Each solution having its own pros and cons, none of these technologies has
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fully emerged on the filter market yet. LNO Hybrid SAW/BAW devices exploiting the TE,
mode remain therefore a potential solution worth continuing exploring.

4 Conclusions

In this chapter we have shown the potential of the HSBR to achieve single mode and high
frequency operation using a new mode that we called the TE> ; mode. This mode results from the
hybridization between the second order surface wave propagating on the substrate and the funda-
mental thickness mode of the transducers. Despite a smaller wave velocity than the pseudo-BAW
or the pseudo thickness shear horizontal mode (about 4,200 m/s in AIN/Si structures), its smaller
wavelength (A=p instead of A=2p as for the other modes considered in this manuscript) makes it
appear at frequencies near 4 GHz. This mode was first noticed on the experimental response of
devices fabricated in Chapter 3, with grounded bottom electrode, although these devices were not
optimized for its exploitation. This resulted in relatively small electromechanical coupling factors
(k= 0.3% at most).

We have investigated the best ways to exploit the TE»; mode, first in AIN hybrid SAW/BAW
resonators. Provided all the transducers are excited in-phase through, the TE,; is solely excited,
while the pseudo-SAW and pseudo-BAW modes studied in chapters 2 and 3 are completely can-
celled. Its electromechanical coupling factor can be optimized up to 6.5% with conventional AIN

piezoelectric films, i.e. up to the electromechanical coupling factor of BAW devices.

We also considered similar structures based on LNO. We determined the most interesting
crystal orientation and geometry to exploit it and reach clean electric responses. Actually, a com-
promise had to be established between these two goals, which resulted in structures promoting an
electromechanical coupling factor of 16% with the least spurious resonances possible. We con-
sidered this structure to design a simple ladder filter which exhibits a bandwidth of 500 MHz at
4.2 GHz, , insertion loss of 1.5 dB and a rejection of 6 dB for a simple ”T” circuit. These
performances compete well with alternative solutions based on LNO/SiC SAW devices, LNO
BAW devices, or XBARs and demonstrate that LNO hybrid SAW/BAW resonators exploiting

this new mode show a great potential.
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General Conclusions and Perspectives

This thesis has focused on the exploration of Hybrid SAW/BAW structures, with the aim of
investigating their applicability for RF filtering applications. Our goal was to investigate what
performances, in terms of frequency, electromechanical coupling factor and quality factor can be
achieved in practice. These structures have revealed supporting several modes, each influenced
differently by design parameters, leading to a rich landscape for exploration. Our approach has
therefore be explore theoretically this design space, while in the parallel developing fabrication

processes for the implementation of such structures.

A first part of our work aimed at building the periodic finite element models used consistently
throughout this thesis to evaluate the propagation properties (wave velocity, possible radiation
losses) and the electromechanical coupling of the hybrid SAW/BAW modes. Our first investiga-
tions revealed the importance of considering the electrostatic contribution of the vacuum medium
surrounding the transducers, since it makes up 50% of the structure and affects therefore largely
the electric field distribution in the piezoelectric transducers, which causes a decrease in the elec-
tromechanical coupling factor. We then investigated the dependence of the electromechanical
properties of the so-called pseudo-SAW and pseudo-BAW modes on the geometry of the hybrid
SAW/BAW structure. An optimization to maximize the coupling factor of AIN-based transducers
yielded modest electromechanical coupling factors 3.6% at an effective velocity of 3600 m/s for
the pseudo-SAW mode using diamond substrate. On a Silicon substrate, the pseudo-SAW mode
has a maximum 1.5% at 2000 m/s and the pseudo-BAW mode has a maximum of 2.2% at 4200

m/s.

Experimentally, we developed a process flow to fabricate HSB devices with well-defined AIN
transducers on Si and SiO,/Si substrates. We worked in particular on the patterning of the piezo-
electric transducers with relatively high thickness to width or thickness to gap aspect ratios, up to
8:1. Even with sidewall angles better than 80°, we could notice that the etching stops for the most
aggressive aspect ratios (haw/p > 2.5), leaving about 40% of the initial piezoelectric layer between
the transducers. This did however not prevent the devices from being functional. The pseudo-
SAW mode exhibits experimental electromechanical coupling factor of 1.5% at 600 MHz or near
0.8% at frequencies up to 1.4 GHz, with quality factors up to Qs=2900+450 and Q,= 3200+500,
which makes it interesting for timing or sensor applications.. The pseudo-BAW mode was found
to have a maximum electromechanical coupling factor of 1.8% at a frequency of 1.8 GHz, or near
1% at frequencies up to 2.8 GHz, with quality factors approaching 1000, improved with the in-
troduction of the SiO; layer. Although modest, these performances are in-line with the expected
mode properties and near the theoretical limit.

A second part of this thesis aimed at improving the performances of hybrid SAW/BAW reso-
nators. At first, our goal was to increase the electromechanical coupling factors beyond the limit
of 2% for AIN. While other groups investigated AIScN as the piezoelectric material, we shifted
our focus on LiNbOs instead. This was motivated by the available expertise at CEA-LETI and
frecin|sys in developing acoustic devices based on this material. The more complex crystal sym-
metries of LNO compared to AIN, coupled to the possibility to select specific crystal orientations,
make new modes appear, with shear vertical or shear horizontal polarizations. Due to the larger
piezoelectric coefficients of LNO compared to AIN, one can reach higher electromechanical cou-
pling factors in general, however at the expense of stronger spurious modes content in the electric
response. We identified two modes to be of special interest: the pseudo shear horizontal SAW
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mode and the pseudo thickness shear horizontal mode. They were found to have the highest elec-
tromechanical coupling factor in X-cut LNO, when the propagation direction is 150° off the Y
crystalline axis. The pseudo-SH-SAW mode, whose resonance is located at 500 MHz, exhibits a
clean response and high coupling factor. Despite its particularly high k?up to 38%, this mode has
only a wave velocity of about 1,000 m/s, and is therefore not adapted to high frequency applica-
tions. The pseudo TSH mode operates at a higher effective velocity of 3200 m/s but with an
electromechanical coupling factor of 14%. These k? represent a vast step forward beyond what
AIN offers but are still low in frequency.

To answer the need for increasing frequency, a third part of this thesis focused on a new mode,
which originally appeared in AIN devices at a resonance frequency of about 4.2 GHz. This mode,
which results from the hybridization between the second overtone of the surface wave in the
substrate and the fundamental thickness mode of the transducer, and that we therefore call the
TE»,1 mode, is efficiently excited when all transducers are excited in phase (i.e. not with an alter-
nating electric field as the other modes considered so far). The advantage of this excitation
scheme is not only the increase in frequency, but also the complete suppression of all other modes
(in particular the pseudo-SAW and pseudo-BAW modes), leading to a single mode response.
Such an electric configuration also leads to the augmentation of the electromechanical coupling
of the TE»,; mode, which can be optimized to reach 6.5% at frequency of 3.7 GHz for a transducer

periodicity of 1 pm, using AIN/SiO»/Si.

We were able to excite the same mode using LiNbO3 which again provided higher piezoelec-
tric coupling but with spurious contributions to be considered. The TE,; mode reached a k? of
16% at a frequency of 4 GHz, still for a transducer periodicity of 1 pm, using LNO/SiO/Si with
a minimal amount of spurious contributions. Using the later configuration, we designed a simple
ladder filter which exhibits a bandwidth of 500 MHz at 4.2 GHz, insertion loss of 1.5 dB and a
rejection of 6 dB for a simple T circuit. This evaluation shows that hybrid SAW/BAW devices
based on LNO and exploiting the TE,,; mode could, in principle, address the n78 and n79 5G
frequency bands, which are currently knowingly difficult to implement with classical SAW or
BAW solutions.

In Figure 186, we update Figure 47 that summarized in chapter 1 the electromechanical cou-
pling factors reported so far for HSB resonators in the literature. This highlights the interest of
LNO-based HSB structures either the pseudo-SH-SAW mode on the low-frequency side, or the
new TE,,; mode on the high frequency side.
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Figure 186: Comparison of the theoretical (circles) and experimental (triangles) electromechanical cou-
pling factors reported in the literature for hybrid SAW/BAW devices based on AIN (black), AIScN(red),
ZnO(blue) with the new results based on AIN (green) and LNO (cyan).

Due to time constraints, not all investigations have reached their end. First, regarding the im-
provements of the electromechanical coupling factors of the hybrid SAW/BAW resonators, we
mentioned briefly at the end of Chapter 3 that we had starting investigating the AIScN-based
devices. During the writing of the manuscript, some structures based on this material and opti-
mized to reach electromechanical coupling factors of 23% at a frequency of 1.4 GHz have been
proposed [66]. They have yet to be demonstrated experimentally. There are therefore high expec-
tations for finishing the fabrication of AIScN resonators and characterizing them.

In Chapter 4, we considered instead LNO-based structures. We mentioned also that their fab-
rication had started, but remain at the time of writing far from being completed. Even if these
devices use the same designs as for the AIN-based resonators, there are high expectations for

these structures as well.

Finally, the TE»,; mode investigated in Chapter 5 could not be efficiently exploited given the
designs implemented so far. Designing a new mask-set providing devices with grounded bottom
electrodes and top electrodes all connected to the same electrical port would allow for the exper-
imental investigation of TE»; mode, and a confirmation of the theoretical study performed in this
manuscript.

Further explorations of HSBR should aim at increasing the confinement of the waves in the
vicinity of the transducers, in order to improve the electromechanical coupling factors and reduce
losses. We exploited the guidance of slow waves near the surface of the substrate. However, this
mechanism ultimately limits the velocity of the modes we can exploit. We have investigated in
Chapter 2 other substrates than Si to mitigate this issue, but the need to rely on diamond or sap-
phire substrates makes this solution relatively difficult to industrialize on the long term. The in-
troduction of artificial confinement structures, such as a Bragg Mirror, or on the contrary sus-
pending the transducers appear in principle as more realistic to implement. Such structures would
in principle converge towards approaches for solidly mounted Lamb wave devices [139], or thick-
ness shear horizontal Lamb wave devices (also called YBAR) [53], which have already demon-

strated promising performances.
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If hybrid SAW/BAW resonators keep up their promises experimentally, there remain many
challenges to solve to mature this technology before exploiting it in real applications. In particu-
lar, we did not consider so far issues such as the temperature stability of these devices. Performing
electric measurements as a function of temperature on one hand to determine the temperature
coefficient of frequency would be necessary. Updating the models to be able to include this pa-
rameter in designs, and potentially to optimize the structures also for temperature stability, would
be also needed. Other issues such as power handling or reliability may also require some exten-
sive work. In particular, the devices we fabricated are not passivated, so the molybdenum elec-
trodes may easily oxidize if the resonators heat too much when exposed to high input power.
Improving these issues will require a combination of process adjustments (how to passivate
properly these structures with high aspect ratios), acoustic design (what is the impact of an added
passivation layer and how to mitigate it), and even thermal design (how well can the heat spread

out of the resonators).

Beyond technological challenges, there is also the need to develop design tools devoted to
hybrid SAW/BAW resonators. Most of the investigations, either in this manuscript or in the lit-
erature, rely on periodic finite element simulations. A proper design of resonators would need
models capable of considering a finite number of transducers, with the associated effects, such as
the P-matrix [140], [141] or the Coupling-Of-Modes (COM) [142] which are widely employed
to design SAW devices. The adaptation of these models requires considering two levels of elec-
trodes instead of only one for SAW, and potentially multiple modes depending on the level of
detail one wants to be able to consider.
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Appendix A Piezoelectricity

Piezoelectricity describes the ability of some materials to generate an electric charge in re-
sponse to mechanical stress or pressure applied to them. This unique property arises due to the
asymmetry of the crystal lattice structure in these materials, which results in the displacement of
positive and negative charges within the lattice when subjected to mechanical deformation. This
effect was first observed by Pierre and Jacques Curie in 1880 when they discovered that applying
mechanical pressure to crystals like quartz and tourmaline generated an electric potential across
the material [143], [144].

Piezoelectricity manifests through two reciprocal effects: direct and converse. Direct piezoe-
lectricity refers to the generation of an electric polarization when mechanical stress is applied to
the material as in Figure 187(b). In this case, the mechanical deformation causes a shift in the
equilibrium positions of the charged atoms in the crystal lattice, leading to the separation of
charges and the appearance of electric dipoles, which result in charges accumulating at the surface
of the crystal. On the other hand, inverse piezoelectricity refers to the phenomenon where the
application of an external electric field induces mechanical deformation in the material as in
Figure 187(c, d). In this case, the electric field causes the charged atoms to move away from their

equilibrium position, resulting in a change in the shape or dimensions of the material [145].
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(d)

Figure 187: piezoelectricity. A crystal at rest (a), an applied force induces polarization and generated
charge (b) and an applied field causes the crystal to become strained (c and d)

The mathematical representation of piezoelectricity involves the use of constitutive equations
that relate mechanical stress and electric field to the corresponding strains and electric displace-
ment in the material. These equations depend on the crystal symmetry and the type of piezoelec-
tric material being considered. The piezoelectric effect is commonly described using the piezoe-
lectric tensor, which captures the linear relationship between the mechanical and electrical quan-

tities.

There are two groups of piezoelectric equations, written in tensor form, describing the coupled
set of mechanical-electrical equations. Assuming linear piezoelectricity, the “ANSI/IEEE Stand-
ard on Piezoelectricity” [10] describes the constitutive equations (using Einstein’s convention for
implicit summation of repeated indices) in one of four alternative forms listed below. The physi-

cal meaning of these quantities and their units is listed in Table 15.

T; = c[;S; — exiEx S; = siT; + diiEy

Dy = ey;S; + & Ex Dy = dyT; + el Ey,

S; = siT; + giiDr Ty = c;S; — hy Dy, (27)
Ex = —giT; + Bl D Ex = —hyS; + BixDi

kl=1-3

i,j=1-6

The first group of equations relates the stress (T) and strain (S) using the stiffness (¢) or com-
pliance (s) defined by Hooke’s law and then adds the electric contribution using the piezoelectric
tensor to translate the mechanical effect of applying an electric field (E) or of inducing an electric
displacement (D). The second group of equations relates conversely the electric field (E) and the
electric displacement (D) via the electric permittivity (&) or electric impermeability (8) and then
adds an electrical contribution resulting from the application of a stress (T) or a strain (S) to the

material. The piezoelectric constants are related to each other in the following way.
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— T — E — T — D
dmi = &mnni = emjcji Imi = .andni - hmjsji

— T — E — T — D
mi = Smnhni - dmjcji hmi - ﬂmneni - gmjsji

(28)
mn=1-3

,j=1-6

Table 15: quantities and coefficients used to describe piezoelectricity. Superscripts signify a constant

quantity (e.g ij is the elastic stiffness matrix at a constant electric field E)

Physical parameter Symbol Unit Dimensionality
Electric displacement D C.m™2 3x1
Electric field E V.m™! 3x1
Stress T N.m™2 6x1
Mechanical strain S / 6x1
Dielectric permittivity € F.m™?! 3x3
Dielectric impermeability B m.F! 3x3
Elastic stiffness c N.m™2 6x6
Elastic compliance s m2. N1 6x6
Piezoelectric strain constant d m. V! 3x6
Piezoelectric stress constant e C.m™2 3x6
Piezoelectric stress constant h V.m™?! 3x6
Piezoelectric strain constant g m2.C~1 3x6

When a piezoelectric material is in thin film form, it is typically deposited on a substrate, which
can impose strains on the thin film. These strains can modify the crystal structure and alter the
piezoelectric constants, leading to different effective piezoelectric properties compared to the
bulk material [146], [147, pp. 398-404].

The effective piezoelectric coefficient is a term used to describe the effective or apparent pie-
zoelectric constant in thin films, which takes into account the substrate-induced strain effects. It
is used to characterize the piezoelectric response of the thin film, accounting for both the intrinsic
piezoelectric constants of the material and the strain-induced modifications due to the substrate.
In this thesis, it is assumed that the effective piezoelectric constants are used whenever these
coefficients are mentioned

Piezoelectric materials

Multiple piezoelectric materials are available for the manufacturing of piezoelectric resonators
including AIN, AIScN, ZnO, LiNbOs3, LiTaOs, and PZT.

AIN has a wurtzite crystalline structure and several desirable properties, such as high phase
velocity (~10,000 m/s), high stiffness coefficients (340-400 GPa), and relatively low dielectric
constant (e33 =95 pF/m) [148], [149]. AIN exhibits piezoelectric properties up to 1150°C which
is high compared to other conventional piezoelectric materials like ZnO and BaTiOs3 that are lim-
ited to temperatures of 400-450°K. These temperatures make those material unsuitable for harsh
environment applications despite their high coupling coefficients. AIN exhibits coupling factors
up to 7% and quality factors up to 2000 and is fairly well established in terms of manufactura-
bility [150]-[152].
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Scandium-doped AIN (AIScN) is a newly emerging material that has been widely studied in
bulk acoustic wave resonators because of its high k,? [153] Its piezoelectric coefficients d5 and
dy; are improved greatly when the Sc-doping ratio increases and reaches a maximum at 43%
[123], [154], [155]. On the other hand, Sc doping can be detrimental to the quality factor [156].
Typical resonators using Sco.12Alg.ssN have coupling factors of 14% and quality factors up to 650
[4], [157]1-[159].

Waurtzite Zinc Oxide (ZnO) is a piezoelectric material with the highest piezoelectric coeffi-
cients in comparison with the other tetrahedral coordinated materials [160], making it a suitable
option for sensors and actuators [161]-[163]. ZnO has a higher electromechanical coupling factor
k? than AIN, but a lower longitudinal acoustic wave velocity. Pure ZnO-based resonators suffer
from low quality factor. This is overcome by using low defect materials such as silicon as the
main device layer [164]-[166]. ZnO is not most suited for high-frequency applications due to its
acoustical leakage problems at high frequencies, yet it has been widely used in various applica-
tions [160]. ZnO resonators have k? of 9% and quality factors of 1770 [34], [167] which is much
lower than AIN. Both AIN and ZnO are excellent piezoelectric materials but the current trend
shows AIN attracting more attention than ZnO [168].

The crystal lattice of LiNOs3 consists of corner-sharing octahedra formed by the niobium and
oxygen atoms, creating a framework of oxygen ions. Within this structure, lithium ions occupy
octahedral sites, surrounded by six oxygen ions, giving rise to a non-centrosymmetric arrange-
ment. The asymmetric arrangement of ions leads to the manifestation of piezoelectric and pyro-
electric effects, making lithium niobate an excellent material for various electro-optic, acousto-
optic, and photonic applications [39], [41]-[44]. There are reports of resonators with LNO or
LTO reaching coupling factors of 20% with quality factors up to 1000 but are not commercialized
[40], [169].

Another potential piezoelectric material used in MEMS is Lead Zirconate Titanate (PZT). PZT
is a ferroelectric material whose properties vary with orientation, grain size, and material defects
[170]-[172]. The large dielectric coefficients of PZT enable the design of resonators and filters
with low termination impedances, which minimizes impedance mismatch loss in the system [173].
However, at high frequencies (> 500 MHz), PZT exhibits high electrical and mechanical losses
[174], and its low acoustic velocity and large dielectric constant pose design challenges [71].
PZT resonators have coupling factors of 9.6% and quality factors 237 [34], [167].
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Appendix B HSBR Literature attempts beyond January 2021

1. Novel theoretical investigations
Liu et al. [86] also considered AlScN. They optimized the thickness of a SiO; layer inserted

between the Si substrate, as shown in Figure 188, and the bottom electrode, and considered sev-
eral electrode materials, differing by their acoustic impedance layers. They indicate that high
acoustic impedance electrodes such as Mo, Pt or W contribute to improving the effective electro-
mechanical coupling factor, by contributing to the wave confinement in the transducers. When
the thicknesses of top and bottom electrodes correspond to he/A =0.04 and the silicon dioxide
layer is set to hsio2/A=0.3, respectively, the pseudo-BAW mode is considerably slowed down to
5100 m/s, i.e. below the velocity of the bulk shear wave mode in the silicon substrate (5680 m/s).

This structure provides in theory a remarkable theoretical coupling factor of 21% with quality

factors reaching 3458 at a resonance frequency of 4.83 GHz, an 1348 at anti-resonance frequency
of 5.32 GHz. It is to be noted that to reach such high frequencies, the periodicity of the transducers
should be only about 500 nm, which is extremely challenging.

pieroelectric pillar layer Top elecirode layer (IDT)

High impedance layer
Bottom electrode layer

Low impedance layer

I'y Substrate I'y

Figure 188: schematic view of the coupled SAW/BAW resonator proposed by Liu et al. in 3D (a) and cross
section material and electrical details (b) [86].

Further theoretical analysis were mentioned briefly by Plessky in his 2022 XBAR review [88]
and were discussed in details in [67], they included further simulations of the YBAR (Figure 189).
The simulated response had a resonance to anti-resonance ratio of 16% which translates into k?
of 39%.
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Figure 189: periodic system of shear wave resonators, Y-cut, 400nm LN membrane, with etched 250 nm
deep tranches (a), FEM simulation of displacements (perpendicular to the page) (b).

The 2DRR prototype achieves k2 of 23.9% (Figure 190). This result was obtained by optimiz-
ing the acoustic engineering of the 2DRR's unit-cell to maximize the piezo-generated mechanical

energy within each rod and minimize the transduction of spurious modes around resonance.

2. Novel experimental realizations
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Figure 190: Fabrication process flow (left) and electric response (right) by Zhao et al. [175]

Using AIN, a hard mask technique was used by Zhao et al. [175] to fabricate a 2DRR on a low
resistivity silicon wafer by using the process flow described in Figure 190. The fabrication flow
consists of the following steps: (a) Deposition of Ti/Pt and patterning through ICP RIE. (b) Re-
active co-sputtering of Al and Sc in a N, atmosphere, to form an Sco24Alo76N film. (c) Sputtering
and patterning of Al to form the top electrodes. (d) Deposition of a layer of Au to cover the contact
pads and routing. (e) Creation of release pits on the 2DRR’s sides by deposition and patterning
of a 2 um-thick PECVD SiO2 hard mask and dry etching. (f) Second patterning of the SiO; layer
for AIScN partial-etch required to form the rods. (g) Removal of the remaining SiO; by fluorine-
based ICP-RIE and release of the device through a XeF> isotropic etch.

While not directly hybrid SAW/BAW devices, the YBAR structures based on LNO bear some
similarities to hybrid SAW/BAW devices. Yandrapalli et al. [67] presented a process flow for
their implementation, reproduced in Figure 191. The process starts by evaporating a Cr (5 nm)/Al
(100 nm) layer on an LNOI wafer. Subsequently, the top electrodes and the LiNbO3 layer are
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patterned by e-beam lithography and ion beam etching. Argon ions from an ICP source are em-
ployed to physically etch the substrate. Following this, the chip's surface is first cleaned and then
a protective covering and structural support in the form of a photoresist layer with a thickness of
5 um is applied. To enable the backside etching stage, the chip is securely attached to a wafer
utilizing a hot melt adhesive. Subsequently, a backside photolithography is carried out by coating
a 5-um-thick photoresist layer, followed by direct laser inscription on the chip to define the back-
side release. Cavities are then etched using a Bosch process to achieve vertical sidewalls for these
cavities. The creation of the bottom metal plate, serving as the bottom electrode, involves the
evaporation of Cr/Al (5Snm/25nm). Finally, the structural support provided by the photoresist is
removed, thereby completing the release of the resonators.

a) Metal Deposition b) E-beam Lithography

C) Metal and LiNbO; Etching d) Front Side Photoresist Coating
— o — —

e) Backside Release: Dry Etching f) Backside Metal Deposition

11

g) Frontside Photoresist Removal

Si LiNbO,4
Al Photoresist

Figure 191: Process flow for YBAR [67] (a) Cr/Al evaporation (b) E-beam lithography with ZEP 520A (c)
Ion beam etching of the metal and LiNbOs3 (partially) (d) Photoresist coating as a surface protection layer

(e) Silicon DRIE (f) Cr/Al evaporation for bottom electrode (g) Removal of front side photoresist layer by
remover 1165.

Their experimental response is shown in Figure 192. It exhibits Q factors of 110 and 230 at

resonance and anti-resonance respectively, and a resonance to anti-resonance ratio of 16.3%
which translates to k?=40.2%

Qpppe,=110
Qe =231
€,=0.598pF
01k R,,=1.90
R,..=3593Q
R-a-R=16.3%

0.01F

Admittance (S)

0.001

Measured
mBYD Fit

2500 3DIDI} BSIDD ADICO 4500 SDIDO 5500
Freq (MHz)

Figure 192: Electric response of an YBAR based on LiNbO3 [88].
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Appendix C Modeling finite size hybrid SAW/BAW devices

The periodic model considered in chapter 2 is suitable to analyze the propagation characteris-
tics of the hybrid SAW/BAW modes in an infinite array of transducers. Actual devices are how-
ever only composed of a finite number of transducers, what needs to consider more precisely the
influence of the ends of the array of transducers, their respective interactions, and their electrical
connections. This could be modelled by a finite element model taking into account several tens
of transducers. However, that would lead to models with a large number of degrees of freedom.
This situation is in practice the same as the one encountered with SAW devices, which are com-
posed of several tens or hundreds of individual electrodes located atop a semi-infinite substrate.
To ease the design of SAW devices, simplified one dimensional models such as the Coupling of
Modes (COM) [142] or the P-matrix [176] models have been proposed. They rely on a one-di-
mensional analysis of the propagation of acoustic waves whose characteristics are simply de-
scribed by a few parameters which encompass the very nature of these waves or their propagation

medium. Here we focus on the P-matrix model.

1. General Description of the P-Matrix

While extensive derivations can be found in [177], a summarized version of the formulation
is presented here. Adaptations to the case of hybrid SAW/BAW resonators will be described in

the next section.

Admittance of an acoustic device

In linear circuit theory, the admittance of an n-port device relates to the current following

through each conductor to the voltage applied to each electrode through
I=YV (29)

where I is the vector of the currents flowing through each conductor and V the vector of the

voltages applied to each conductor, relative to an arbitrary reference voltage.

When conductors are employed to stimulate electromechanical waves within a piezoelectric
medium, the admittance can be interpreted as the combination of two distinct components: a

purely electrostatic contribution and an acoustic contribution:

The electrostatic contribution writes usually Y¢ = j C w, where C is the matrix of the mutual

capacitances between conductors. The P-Matrix is used to compute the acoustic component.

The definition of the p-matrix
The P-matrix describes the scattering of acoustic waves by an arbitrary structure and its inter-
action with electric ports. Figure 193 shows a schematic of the possible interactions.
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Figure 193: Electrical and acoustic components of the p-matrix

The electric signal is represented by current and voltage vectors. An acoustic wave travelling
in opposite directions has a right side and left side incident wave amplitude noted ay and a;, re-
spectively. These incident waves can be either reflected and their reflections accounted for by
reflection coefficient r;; and rzp or transmitted through the structure, with a transmission ac-
counted for by the transmission coefficients t; and tg;. The piezoelectric transduction is repre-
sented by vectors @ and § which respectively describe mechano-electric and electro-mechanical
transduction occurring in the structure. The resulting outgoing waves on both the right and left

side are represented by the amplitudes b; and by.

The p-matrix representing this cell would write as follows

()= %)G) e

where S stands for the acoustic scattering matrix, a® the electro-acoustic transduction vector,
[ the acousto-electric transduction vector and Y, the acoustic contribution to the admittance ma-

trix. This can be expanded using the scattering parameters as follows

b, o tp Qi sag
(bR> = tLR R Ol,te (aR> (32)
I B Br Ya) 'V

Accordingly the P-matrix is fully represented by (n + 2)? components, where 7 is the number

of electrical ports considered.

Assumptions and validity

We assume that the behavior of a transducer is independent of its environment and the behavior
of the entire structure may be reconstructed from the behavior of each individual transducers. The
admittance in the P-matrix directly represents the acoustic contribution to the overall admittance.

The P-matrix described by (18) is valid for single-mode structures. For multi-mode structures,
the P-matrix becomes more complex, requiring several acoustic ports to account for each elastic

mode [140], [141]. However, quantifying the couplings between these modes remains a challenge.
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Since the pseudo-SAW and the pseudo-BAW modes are well separated in frequency, we can

consider a different model for each of them.

Internal relationships

The reciprocal nature of piezoelectricity implies that when we apply to an electrode the same
voltage as the one that would be generated in this same electrode when a wave reaches this elec-
trode, it will excite a wave with the same amplitude as the originally incident wave. Reciprocity
also dictates that a wave traveling in the backward direction will have the same effect as a wave

traveling in the forward direction. These conditions are satisfied if:

tir=1tp =1t

o @
Y=Y!

From these conditions, the P-matrix of a reciprocal structure writes

b, 7, t  ab\ ,aq
(bR> =| t R ak (aR) (34)
I y)\V

—a; —ap

In the case of lossless structures, the power supplied by one branch must be balanced by the
power exiting the structure through the other branches. One can demonstrate that the consequence
is that three independent parameters can be used to describe the scattering components

t =cosAe /¥
1, = —jsinA e W+¥r) (39)
7R = —j sinA e~ (W=¥n)

Furthermore, the purely electrical and acousto-electric terms can be represented mathemati-

cally by utilizing a set of three initially independent vectors.

A A (WY+y)
= (G e T ) o4
_@—r)

an = (jGre /i =) Gae 2 ) e

GA‘ij:Re(Yij):\/GSiGSj+\/GaiGaj

(36)

The energy conservation and forces to write components of the P-matrix as a function of only

six independent real parameters, each of which holds a physical interpretation:

1- sin A: represents the modulus of the reflection coefficient for waves interacting with the
considered structure. It characterizes the extent to which waves are reflected by the struc-
ture, ranging from complete reflection (sin 4 = 1) to complete transmission ( sin 4 = 0).

2- 1p: is phase shift experienced by the wave when it propagates through the structure.

p=" (127 (37
|4 40m

where w is the angular frequency, ! the length of the structure considered, V the wave ve-

locity and « its attenuation (in dB/2).
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3- 3, It represents the phase shift between the centers of transduction and reflection.

4- ay and ag: denote the electro-acoustic couplings. They quantify the conversion of acous-
tic waves to electric signals and vice versa. a; and ay describe the acoustic/electric and
electric/acoustic conversion towards the left and the right directions respectively.

5- G, and G,: These vectors represent the radiation conductance from the viewpoint of the
electrical ports. They quantify how much electrical energy is lost through the excitation
of acoustic waves. These two radiation conductances can be expressed by relating them

through a unique radiation conductance vector G and a parameter called directivity &:

G, = G cos(5)?

38

G, = Gsin(5)? (38)
Eventually, we can formulate an expression for the susceptance (B)
Gs+ Gy)siny — (G — Gg) sinA

G+ G = (6, =Gl )

cosA —cosy
This permits us to calculate the acoustic admittance ¥4 = G4 + Byj

At a given frequency, an elementary P-matrix can thus be built for the following geometrical

and wave parameters:

1- L length of the structure

2- C,: Static capacitance

3-  V:wave velocity

4- «: attenuation

5- A: arcsin of the magnitude of the reflection coefficient
6- G: radiation conductance

7- 6: directivity

8- 1, offset between reflection and transduction centers

Cascading P-matrices

In practice, these parameters are usually considered for the simplest structure: usually a single
electrode for a SAW device. In our case, we assume these parameters are determined for a single
transducer. The behavior of the whole structure is then reconstructed by assembling each unit P-
matrix into a global matrix. This is achieved by considering the following two cascading condi-

tions:

1- The wave escaping the left structure (“L”) from the right is the wave entering the
right section (“R”) from the left:
(40)

apgp = by,

2- The wave escaping the right structure from the left is the wave entering the left section

from the right:

ag. = by g (41)

Mathematically, if we consider two P-matrix representing a “left” structure and a “right” one:
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t
7L L ap;
t
P =1 t TR QgL
—ay, —ag, Y
; (42)
TLR tr (247
— t
Pp=1 tg TRR  ORR
—og —QAgpp  Yp
These two matrices would be cascaded into a new matrix
7, t al
P=( t 1 a (43)
—a; —ap Y,
The components of the new matrix can be computed as follows
.= TRt
L LL Ar
S Tre tR
R = TRR
A,
ty tr
t =
A,
tL TR
o+ gy
T
a, =
t Lo,
A LR
(44)
t
R
3, o
_ r
Xr = tp 1
R 'RL
Opp + (145"
TLrR
t t
Y, - A ARLARL A @RLALR
Y — T T
A~ 1 T
——apat Yr RL apat
A RL A, LR

with AT‘ =1- TLRTRL
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2. P-Matrix for Hybrid SAW/BAW resonators

Figure 194: schematic of a hybrid SAW/BAW resonators, with illustration of a unit cell with two electrical
ports

A typical hybrid SAW/BAW device is sketched in Figure 194. The unit cell for such a structure
is a single transducer, which has two separate electrodes. Consequently, instead of dealing with
just one voltage and one current as in SAW devices where the unit cell is a single electrode, the
analysis necessitates here handling two electric potentials, V, and V}, for the top and bottom elec-
trodes respectively, as well as two corresponding currents (I; and I,). The system can thus theo-
retically have 2n different ports where n is the number of transducers each having a separate
voltage and current.

We make the assumption that the piezoelectric excitation only results from potential difference
(Vi - V) applied between the two electrodes of the transducer. This means we neglect the influ-
ence of the electrostatic coupling between adjacent transducers, such as the one revealed by
Figure 49, on the piezoelectric excitation. We similarly assume that only a single current I = I;
= —I, flows through each pillar. This is motivated by the current considered in the P-matrix re-
sults only from the acoustic contribution. Electrostatic couplings between the transducers may be
considered in the Yc contribution that is not considered directly in the P-matrix model.

The classic P-matrix previously introduced thus writes for a single transducer

by, o trn Qg ag
(bR) = (tLR TR “R)( ag ) (45)
I —a, —ag Y/ \Ve=Vp

To allow for possible independent top and bottom potentials, we expand the matrix elements
without introducing any new parameters.

bL 183 tRL a, —qg aj,
bg tig TR @R TAr || ag
A A A A [N A (46)

Iy a,  ap =Y, Y Vp
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Figure 195: simplified diagram of a hybrid SAW/BAW resonators: alternating top ports with a common
bottom port

Figure 195 displays HSBR with top electrodes forming sets of interdigitated electrodes and a
bottom electrode common to all transducers. This means three ports are assumed:

V, ifniseven
Vin _{ V, if isodd’ (47)
while V,, is always the potential of the bottom electrode. It is possible for the individual unit P-
matrix to be re-written in terms of all three potentials and all three currents although only one of
the top two potentials is valid for each transducer. In this case, the parameter components of
the I, , are equal to 0 if n is even and the parameter components of the I, ,, are equal to 0 if n is

odd.

bL ap
by ag
L |=P| W (48)
I, v,
I3 V3
T t a 0 —a;
t TR arp 0 —aj
—a, —ag Y 0 =Y [ ifniseven
0 0 0 0 O
ap ag -—-Y 0 Y
P= 15 t 0 a -—a (49)
t 0 ap -—ap
0 0O 0 o0 0 ifnis odd
-a —-ag 0 Y Y
\\ a; ag 0 =Y Y

Using these simplified P-matrices and the definition of the parameters from the previous sec-
tion, an elementary P-matrix can be built for each transducer. These matrices are then cascaded

iteratively:

!

— Updated Matrix + Added Elementary Matrix = New Matrix
Ny n, n

First Transducer
Elementary Matrix
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n, stands for initial matrix at each step, n, stands for the elementary matrix of the following

transducer and n stands for the resulting general P-matrix representing n transducers.

If we start with transducer number 0 with P, , an even-type elementary matrix is added as the
updated matrix. Then the updated matrix P, and the elementary matrix of the following trans-
ducer P, are cascaded to build a new matrix. The resulting matrix P, becomes the new updated

matrix before another one is cascaded. To add a new transducer, we update P, = P,

TLn th Apin  A2m Ar3n
tn TRn  QArin Qren  AR3n
P,=| —%in —in Yiin Yion Yizn (50)

—Q2n —%in Yoin Yoon  Yazn
—Qrzn —Qrsn Ysin Yazn Yasn

1- The wave escaping section n, from the right is the wave entering section ng,, in the left:
A1ness = Drn, (updated notation of cascading condition 1: Equation (40))
2- The wave escaping section ny,; from the left is the wave entering section n in the right:

Arny = bin,,, (updated notation of cascading condition 2: Equation (41))

n
— . N
aL-"o Ng bR,no Arn, ny ‘bi?,n;L
-+ o EEE— -+ e EE—
a a
er”o R bL‘nl R.ny

Figure 196: simplified visualization for conditions 1 and 2

In addition:

3-  The voltages considered for each port are independent of the section considered (the same
potential is applied to all electrodes connected to the same electric port)

4-  The contribution from each cell to the current ports add up (the net current flowing through
one port results from the sum of the currents flowing through each electrode connected to
this port).The B, matrix resulting from the cascading of matrices Pno and Py therefore

writes

bL,no ayn,

bR,n1 arn,
Iin = Pn Vi (51)
Irn v,
I3, V3

From cascading condition 1:
bL,,n1 =T, On, t iy Qrny + X, Vi + Qran, Vo + i34, Vs
= rL,nle,nO + 8y, Agn, T aLl,nlvl + aLZ,n1V2 + aLS,n1V3 (52)
=Tin, (tngaL,nO + TRnoQring T Ar1neV1 + Ar2n, Vo + aR3,n0V3) +

b, Qrny T A, Vit Ao, Vo + X34, Vs
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Inserting condition 2:
bn, = agn, = (rL,nltnoaL,no + ty, Arp, T (rL,nlaRl,no + “L1,n1)V1
+ (rL,nlaRZ,no + aLZ,nl)VZ + (TL,nlaRs,no + aLS,nl)V3 )

/(1 - rL,ner,nO)
Similarly cascading condition 2 results in:

bR,n1 =l Arng T TRngARng T Ar1ngV1 T Ar2ng Vo + Ar3 0, Vs
= tnALn, T rR,nobL,nl + agin Vi + aran Vo + Ar3n, Vs
= thoALny t TRing (tnlaR,nl + 70, Ang T A, Vi + Qan, Vo + aL3,n1V3)

+ Arin Vi + Arong Vo + r3n, Vs
Inserting cascading condition 1:

Ain, = bR,no = (tnoaL,no + TrRnotn, ARy + (TR,noaLl,nl + aRl,no)Vl
+ (rR,noaLZ,nl + aRZ,nO)VZ + (rR,noaLS,nl + aRS,nO)V3 )

/(1 - rR,nOrL,nl)
Using these expressions, the elements of the new p-matrix P, can written

bL,nO = Tnong T tngQring T ALingVt + XrongVo + Az, Vs

2
TLn tn tn tn
— M1 "Moo 0N
bL,nO - TL,no + aL,nO + 1 aR,n1
(1 - rL,ner,nO) ~ T TR,

tho (rL,nl QRin, T aLl,n1)> v
(1 - rL,ner,no) '

25 (TL,n1 QRrany t “Lz,n1)> v
(1 - rL,ner,nO) ’

tng(Timy @Rang + aL3,n1)> v,

(1 —Ting rR,nO)

+ <aL1‘n0 +

+ <aL2,n0 +

+ <aL3,n0 +

This allows us to identify:
e  The new reflection coefficient on the left hand side:

2
T, + o,

T'L_ = TL‘ - _
" "o (1 - 7"L,ner,no)

e  The new transmission coefficient

tngtn,

ty = ——
a- TL,ner,no)

(53)

(54)

(55)

(56)

(57)

(58)

(59)
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e  The new transduction vector on the left hand side:

Xr1n X11,n, £ AR1,n,
7 =|la —|la no"Lng a

aL'n = L2n | = L2ng + m R2ng
d3n X130, Lni"Rno/ \AR3n,

10,

tno
+— %20,
(1 - rL,ner,no) 0(L3 nq

While equations (58) and (59) are similar to equations (44), equation (60) is slightly modified

(60)

compared to the generic P-matrix cascading. This is because we expressed the P-matrix is ex-
pressed for each individual cell as a function of the electrical ports instead of the electric poten-

tials of each electrode considered individually.

Considering now the P-matrix of cell n; and writing the expression for bg ,,
brn, = th,Qrn, + TrRn, Qriny + Arin, Vi + Aron, Vo + Ag3p, Vs (61)

Equation (55) is inserted to eliminate a;

bR,nl = <£> Ay T <TR,n1 + M) agn,
(1 - rL,ner,nO) 1- TLn, TR
tn, (rR,noaLl,nl + aRl,no)> v
(1 - rR,norL,nl) !
th, (TR,nOaLZ,nl + aRZ,nO))
(1 - rL,ner,nO) 2
th, (rL,no Ar3n, + aR3,no)) V.
3

(1 - rL,ner,no)

+ <C¥R1‘n1 +
(©2)

+ <aR2‘n1 +

+ <aR3‘n1 +

The first term in this equation confirms the transmission coefficient given in Equation (59). The

other terms give:

e  The new reflection coefficient on the right hand side

2
TRnotn
— o 1
rR,n - rR,nl (1 _ ) (63)
"Ly TR
e  The new transduction vector on the right hand side:
ARr1n ORrin, Arin,
aAp, = | %r2 =| ®r2 + n TRing ap
Rn — n | = M1 . .~ Mn1
’ 1—1,1
XR3n OR3n, ( Ling R'nO) Ar3.n, (64)

¢ AR1n,

nq a
+——————| YR2,ny
(1 - rL,ner,no) aR3,mg

Equation (63) is identical to the one provided in (44) but equation (64) is slightly modified to

express directly the P-matrices as a function of the port voltages.

From condition on the currents above, the contributions of the two cells to the electrical port
currents add up. Hence, the expression for the cumulated contribution of the two cells to the

current of port i is written as
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Lin = Ii,no + Ii,n1
= —uineALng — XRingARne — XLing Ang — XRin, ARy T (Yil,no (65)
+ Yil,nl)Vl + (Yiz,no + Yi2,n1)V2 + (Yi3,n0 + Yi3,n1)V3

Inserting Equations (53) and (55) to eliminate ag , and a; ,:
rL,n tno tno
Lin = — (aLi,no + . QRin, T ALing | ALng
(1 - rL,ner,no) (1 - rL,ner,no)
tnl 7"R,no tnl

- <aRi,n1 + 1 XRing + 1 aLL‘,nl) agn,
( _rL,ner,no) ( _TR,nOTL,nl)

TLn,®R1ne T XLin,
+ Yil,no + Yil,n1 — ORin, (1

- TR.norL.Th)
a TRne®Lin, T aR1,n0> v
— QLing 1
(1 - TR,nOTL,nl)

+ (66)
Toni%R2,n Ar2n
+ <Yiz,n0 + YiZ,n1 — QRin, (i > :

- rL,nOTR,nO)

@ TRne®L2,ny T aRZ,no> v
— ULing 2
(1- TR.norL.nl)

Tin  XR3ne T X34
+ Yi3,n0 + Yi3,n1 — QRin, (1

- rR,no rL,nl)

u TRne®L3n, T aR3,n0> v
- QLing 3
(1 - TR,nOTL,nl)

The first two terms of this equation confirm the new expressions of transduction given in Equation

(60) and (64). The other terms make up the admittance matrix:

Y11,n Y12,n Y13,n
Yo=|Ya1n Yoon Yoz |, (67)
Y3 1in Y32,n Y33,n

where the individual components write
1

(1 - rR,nO rL,nl)

TL,nl

Yijn = Yijmg + Yijn, — (“Ri.noaLj.nl + aLi.nlaRj.n)

— T QRinyARrjn (68)
(1 - rR,nOrL,nl) ° °

rR,nO

- 1 ALing®Ljn,
( _rR,norLJh)

This equation is a modified version of the one provided in (44). Additionally, it is worth men-
tioning that equations (49) and (68) can be recursively employed to demonstrate the symmetry of
the admittance submatrix within the P-matrix. As a result, only 6 out of the 9 elements of the

matrix need to be calculated.

The final admittance ¥ = Y + ¥, where Y 4 is the acoustic admittance resulting from the cas-

cading and Y ¢ is expressed as follows:
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jnCyw 0 —jnCyw
Yo = 0 jmCyw —jmCyw
—jmCyw —jmCyw jn+ m)Cyw

, (69)

where n is the number of odd electrodes and m is the number of even electrodes, if one neglects

the electrostatic couplings between adjacent transducers.

P-Matrix for HSB resonator with added reflectors

To prevent lateral leakage of waves out of a transducer, reflectors may be added on the left
and right sides [61]. These reflectors consist in additional transducers which are, by analogy with
reflector implementations for SAW devices, either short-circuited or left floating.

The modelling of the first case is shown in Figure 197. For the sake of simplicity, we consider
that the reflectors have different ports connected to their electrodes. Each group of pillars can be
represented by a P-matrix with three electrical ports. Figure 197 shows ports 1 through 9.

Figure 197: A schematic of HSBR with right and left reflectors

Under this assumption, each group is treated separately using an elementary P-matrix like in
equation (49) and then cascading it over the number of fingers in the group using equations (58),
(59), (60), (63), (64) and (68). This results in 3 P-matrices, each of size 5 X 5. Using the general
cascading definitions from equations (44), the three matrices can be cascaded without losing gen-

erality by adding the ports to the matrix, and expanding it into 11 x 11.

For a P-matrix with 9 ports:

bL aL
bR 153 t ai agr
I =| t R ak i (70)

; —a, —ar Yox9/ . .1, V
Iy 11x1 9/ 11x1

If the reflector electrodes are in a short-circuit, the top electrodes of the right and left reflectors
are connected to the bottom electrode. A common potential then connects the three ports of the
first group, the third port of the second group and the three ports of the third group. In turn, this
common potential can be connected to ground, or left floating itself.

The electrical boundary conditions write therefore

e For  short-circuited  reflectors, with  grounded  bottom  electrode:
V=V i=Vo=V;3=V=V7=Vs=Vos=0
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e For short-circuited reflectors, with floating bottom electrode:
V=V i=V,=V3=V=V:=V5s=Vy, [c=0

First, b, is written as

by =ra,+tag+ ap Vi + apVo+ a3V + aplVe+ a5V + a6V

(71)
IfV]_:VZ=V3=V6=V7=V8=V9=VC‘
b, =ra, +tag+ (a1 + a, + a3+ ae+ a7+ ag + @)V 72)
+ ap Vo + asVs
Similarly
bgp = ta, + rgag + <Z agi )Vc + agsVy + agsVs
i€{1,2,3,6,7,8,9} (73)

I] = _aLjaL - aRjaR + <Z Y]l ) VC + Yj4V4 + )/]5V5
i€{1,2,3,6,7,8,9}

The currents add up for all ports connected to the common port. The common port current can

then be written as in the following expression:

IC=11+12+I3+I6+I7+18+19

Ie =— (Z “Lj) a, — (z “Rj> ag
j€{1,2,3,6,7,8,9} j€{1,2,3,6,7,8,9}
¥ (Z > Y,-i> V. (74)
j€{1,2,3,6,7,8,9} .

i€{1,2,3,6,7,8,9}
(S )
j€{1,2,3,6,7,8,9} Jj&{1,2,3,6,7,8,9}

The result is a reduced P-matrix

b, a,
by ag
Iy | = Psxs Vs (75)
Iy Vs
I Ve

If the common port is grounded i.e. V. = 0, the P-matrix is directly reduced to 4 X 4 by removing

the last row and column.
If the common port is floating, the expression
IC = Ps‘laL + PSVZaR + P5'3V4 + +P5’4V5 + PS,SVC = 0 (76)

can be used and the elements may be reduced by substituting for V. as follow:
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bL = Plylal + PllzaR + P1'3V4 + +P1'4V5

-1
+ Py s <E (P5,1‘1L + Ps,ag + P53V, + P5,4V5)>

P1,5 : P5,1 P1,5 : Ps,z P1,5 : P5,3 (77)
b, = <P1,1 TR a,+( Py — TP ag +| Pz — Th. Vs
) , ,5

P1,5 ' P5,4
+ (P1’4 - T V5

This can be repeated for bg, I, and I5. The P-matrix is reduced from 11 X 11to 4 X 4

bL aL
br | _ ag
)= P | (78)
15 V5

We also consider two cases with open-circuit reflectors. In these devices, only the bottom
electrode of the reflectors is connected to the bottom electrode of the active transducers. The top
electrodes are always left floating. As in the previous case, the common bottom electrode can be
either grounded or with floating potential.

The fact that each transducer has its top electrode floating makes the situation is a bit more
complicated because the top electrodes of each group of reflectors are not interconnected: they
don’t share the same voltage. The assumption of Equation (47) is therefore no longer valid. Ac-
cordingly, each pillar has to have its own two ports on top and bottom as shown in Figure 198.

Figure 198: A schematic of HSBR with right and left reflectors; for an open-circuit reflectors, each pillar
has its own top and bottom ports

An elementary P-matrix built as in Equation (49) for the first reflector pillar with two top ports
can still be used since it assumes that one voltage is active and the other has zero current. When
cascading this matrix with the following reflector pillar using general cascading of Equation (44),
an 8 X 8 matrix of only two pillars is observed.

Clearly, this approach cannot be extended to a larger number of electrode pillars as the size of
the matrix becomes computationally challenging. But we can use the following equalities to re-

duce the matrix size.

o [, =1,=1I,=1I;=--= 0: by expanding each current expression, solving for an ex-
pression for its respective V and substituting, the P-matrix is reduced to 4 X 4. This is
the same process as in Equation (76) and (77)

o V5 =V, = V: the bottom voltages are always connected to a common port.
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bL aL
(bR> = P33 (aR> (79)
IC IC

e This can be continued for all reflector pillars without changing the matrix size.

The final P-matrix after cascading all the left reflectors, the matrix of the active part, and the
right hand reflectors all have a 5 X 5 size identical to Equation (75). This can be reduced further
by considering whether the bottom electrode is floating I = 0 or grounded V=0
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3. Parameters fitting

After having exposed the adaptation of a P-matrix method to hybrid SAW/BAW resonators,
the next step before exploiting this model is to determine parameters for it. We now compare this
mathematical formulation to our experimental electric findings to conclude the system parameters.
The previously presented mathematical formulation is embedded using a Python script and the
resulting admittance plotted. The following geometrical and wave parameters define the P-matrix
and the admittance response. We attempt here to estimate them by finite element simulations.
These parameters will be later validated on the basis of experimental data in chapter 3.

The parameters needed for a P-matrix model include some design parameters describing the

1-dimensional geometry considered:

1- p: the periodicity of the transducers,
2-  w: the acoustic aperture,
3-  The number of transducers and the respective connections of their electrodes

They also include some propagation parameters for the mode considered:

4- (C,: the static capacitance per electrode. The evaluation of this parameter requires simu-
lating a reference structure with an arbitrary (small) number of electrodes and estimating
its static capacitance from its admittance response far from the resonance.

5- V:the wave velocity

6- A: the arcsine of the reflection coefficient for the mode of interest when it is incident to a

transducer.

V and A are evaluated by calculating the extent of the stop band for the mode of interest in the
transducers grating, as is usually done for SAW devices [177]. Within this stop band, the reflec-
tion induced by the transducers prevents the mode from being able to propagate if the array is
infinite. This frequency band is delimited on one side by the resonance corresponding to the
pseudo-SAW or the pseudo-BAW mode, and on the other hand by another branch of this same
mode, which is usually shifted by a quarter wavelength. Hence, while for example the maximum
displacement is localized at the level of the transducers on one end of the stop band, they will be
localized in-between the transducers for the mode at the exit of the stop band. An example illus-
trating these two modes for the case of the pseudo-SAW mode is shown Figure 199. Once the
edges of the stop band (fl and f2) are localized, the velocity and the reflection coefficient are

determined by [177]:
(a) ' !(b)

Figure 199: Representation of the mode shape of the pseudo-SAW mode at the entrance (f=1.18 GHz) (a)
and at the exit (f=2.52 GHz) (b) of its stop-band.

e V=p(f2+f1)
e A=t fo—h
fatfi

For the example of Figure 70, the estimated wave velocity is 3700 m/s. This is not to be mixed

with the effective wave velocities (V = 2pfi) which were considered in the analysis of section 2,
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and which are lower. For the same example, we obtain A=1.13, hence a reflection coefficient of
90%. It must be noted that the exit of the stop band lies above the sound line. A modal analysis
therefore introduces many similar modes in the same frequency region, among which it is rela-
tively difficult to identify the one of interest, what leads to some uncertainty in the evaluation of
the wave velocity and the reflection coefficient. Even with some uncertainties, the later is con-
siderably higher than what is usually encountered for SAW devices, where the reflection coeffi-
cients are usually only in the order of a small percentage [177]. This can be understood from the
fact that a relatively thick piezoelectric pillar represents a noticeable obstacle to the propagation
of the wave, compared to a simple thin electrode. The second reason is that the transducers store
a large quantity of acoustic power which remains trapped in these structure, with little lateral
power flow.

The other parameters required by the model are:

7- G: the radiation conductance. This parameter is determined through the fitting of either a
simulated finite size structure response, like the static capacitance, or through the fitting
of experimental data.

8- a: the wave attenuation is calculated either from the damping of the mode of interest cal-
culated from a modal analysis, or from the quality factor of the corresponding contribution
to the harmonic admittance. Eventually, it is also obtained by fitting of the response of a
simulated finite size structure, or of experimental data.

9- §: directivity. In practical cases, we considered this value as 0, since only the mode at the
entrance of the stop band appeared clearly on the harmonic admittance calculations [177].

10- ,: offset between reflection and transduction centers. Since we consider symmetric unit

cells (centered around a transducer), we could leave this para  meter to 0.

The result of an attempt of parameters fitting is tabulated below and plotted in Figure 200.
While the two lines in Figure 200 are comparable, there is clearly room for improvement and
better matching. The agreement of the two lines include the frequencies of the peaks and the

frequency width at half maximum of these peaks which allows to compute the quality factor.

Table 16: the final parameters fitted to the experimental device response (for the pseudo-SAW mode on
h/p=1, a/p=0.5, open-circuited reflectors and floating bottom potential, 80 Electrodes, aperture of 401, no
Si02)

Parameter value unit
P 1 pum
w 80 pm
No Reflectors 30

No Active Pillars 80

Co/w 205 pF/m
\4 3756 m/s
A 1.13

G/w 0.024

a 0.05 dB/lambda
6 1.1
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Figure 200: P-matrix theoretical admittance (a), theoretical conductance (b) and theoretical resistance (c)

fitted against measured response of the corresponding device.
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Appendix D Thickness Characterization Maps

Multiple values related to thicknesses of different layers were reported during the fabrication
of devices in Chapter 3. Deposition thicknesses are never completely uniform and usually have a
gradient. This appendix contains more characterization results completed during the course of the
two rounds of fabrications described in chapter 3 in specific the optical reflectometry and the

square resistance measurements translated into thickness profiles.

One common and straightforward technique for evaluating the thickness of thin films is square
resistance measurements. This method involves the assessment of the resistance of a thin film,
which is directly related to its thickness and electrical properties. By measuring the voltage across
a thin film, the thickness can be deduced, assuming knowledge of the film's resistivity. Reflec-
tometry is another powerful technique used to determine the thickness of thin films and is based
on the interference in white light that is observed in correspondence with the reflection on thin
films. Square resistance is suited for conductive materials such as Mo and reflectometry is better

suited for non-conductive materials.

Figure 201 shows the SiO; profile on the surface of a wafer with a targeted 700 nm thickness. A
step for smoothing of the surface is needed after the deposition of the SiO- to achieve the proper
thickness.
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Figure 201: Thickness profiles of SiO; after smoothing.

Figure 202 shows the thickness measurements of the Mo after the deposition of the bottom elec-
trode. The black dots shows the location of the square resistance measurements and the colors

represent the fitted thickness map.
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Figure 202: thickness measurements of the Mo bottom electrode on wafers with SiO, (a) and
without SiO; (b).

Figure 203 shows the thickness measurements of the AIN after deposition for 1 and 2 ym AIN

thicknesses.
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Figure 203: Thickness profiles of AIN over the area of the wafer for wafer with 1 um AIN (a) and wafer
with 2 um of AIN (b).

Figure 204 shows the thickness map of 1 um of AIScN after deposition
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Figure 204: Characterization of AIScN films by optical reflectometry

Figure 205 shows thickness map of the LNO after transfer and planarization.

40

g &
o -3

-
~
o

y-coordinate (mm)

£ &
X-cut LNO thickness in (nm)

-40 -30-20-10 0 10 20 30 40
x-coordinate (mm)

Figure 205: thickness profile of the LNO film over the area for different LNO orientations



