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Abstract

Film Bulk Acoustic Wave Resonators (FBARs) are fundamental electronic components in
modern radio frequency (RF) wireless communication systems. They use thin-film
piezoelectric materials to generate and filter high-frequency acoustic waves. However,
FBARs with conventional piezoelectric materials are facing a challenge to increase their
resonant frequencies beyond several GHz because conventional piezoelectric materials are
hard to maintain high piezoelectricity with their thickness below sub-micron. Recent
advancement in two dimensional (2D) piezoelectric materials creates new opportunities in
this aspect. Several 2D piezoelectric materials exhibit strong piezoelectricity with even a
single atomic layer. The research carried out in this PhD project has been focused onto the
pioneering studies of several typical 2D piezoelectric materials for novel FBARS, which show
better performances than those counterpart devices based on conventional piezoelectric

materials.

3R (3 Rhombohedral) MoS», a transitional metal dichalcogenide, has been theoretically
predicted and experimentally confirmed to possess strong piezoelectricity regardless of the
numbers of the atomic layers involved. The atomic layers are bound through van der Waals
(vdWs) force and are easily exfoliated into single or few layer flakes with atomically flat and
defect-free surfaces, very promising for acoustic wave device application. In this PhD project,
the out-of-plane piezoelectricity of 3R-MoS; flakes has been characterized by Piezo-response
Force Microscope (PFM) technique. 3R-MoS: based solid mounted resonators (SMRs), a
category of FBARSs, have been designed, fabricated and characterized. Ultrahigh resonant
frequencies up to 27.5 GHz have been achieved with SMRs with ~200 nm thick 3R-MoS..
To the best of our knowledge, those devices are the first bench of FBARs based on 2D

piezoelectric materials in the world.

With the development of the 5/6G industry, communication band has become wider and more
crowded. Compared to the static FBARSs, dynamic FBARs whose resonant frequencies can
be tuned corresponding to the requirements become increasingly attractive. In this PhD
project, we have systematically studied the out-of-plane piezoelectricity and room-
temperature ferroelectricity of 2D a phase In2Ses and found that the domains of the a-In2Ses
flakes can be switched by a direct current (DC) electric field. This unique characteristic makes
a-In2Ses very promising for dynamic FBARs. To avoid the challenge of the matching between
the Bragg mirror and a-1nSes flakes, we have adopted the air gap structure and successfully

fabricated and characterized a-1n.Sez based tunable and switchable FBARs. High tuning
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efficiency of 4.3 MHz/V (0.05% tuning/V at the resonant frequency of 8.60 GHz) has been
achieved with 160 nm thick a-In.Ses flake. The device is at the on-state under zero bias and
can be switched off under a small bias voltage of — 4 V. To the best of our knowledge, it is
the first dynamic FBARSs based on 2D ferroelectric materials that could work beyond the sub-

6G band, with a high tuning efficiency and a very small switched-off voltage.



Chapter 1 Introduction

1.1 Background and Motivation

Film Bulk Acoustic Wave Resonators (FBARS) are electronic components that use thin-
film piezoelectric materials to generate and filter high-frequency acoustic waves. They
are the key devices in modern wireless communication, providing efficient signal
processing at high frequencies. Their small size, compatibility with standard
semiconductor processes, and high Q-factor (quality factor) make them essential in
mobile phones, base stations, and other radio frequency applications, etc.[1-6] FBAR
technology has evolved significantly with advance in materials and fabrication
techniques enhancing their performance and enabling integration into increasingly
sophisticated telecommunications infrastructure. Besides, they are also widely used as
oscillators[7, 8], sensors[9-12], actuators[13-15] and detectors[16, 17].

The key advantage of FBAR over an ordinary electromagnetic resonator originates in
slow acoustic wave speed that is typically around 10000 times smaller than the
electromagnetic waves. This makes the acoustical resonators thinner, lighter, and
smaller to be integrated into microelectronic systems. For example, for a wave with
frequency of 3 GHz, acoustic wave processes the wavelength of around only few pm,
while 3 GHz electromagnetic wave processes wavelength of around 10 cm. Besides, the
low insertion loss, high quality factor, good stability and high compatibility with
semiconductor fab fabrication technologies make FBAR an ideal passive device for
modern telecommunication industry. Since FBAR devices was commercialized in the
later 1990s, this type of the devices has soon occupied most of market share of the RF
(radio frequency) filters. Today, almost every mobile phone and some other 4/5G
products contain tens of FBARSs filters in their telecommunication module.

FBARs commonly consist of the top and bottom parts. The top part is constructed with
one piezoelectric layer clamped by two electrodes, functioning as an acoustic wave
generator and receiver. While the bottom part works as a reflector to reflect acoustic
wave that is generated in the top part. Based on different structures of bottom reflectors,
FBARs can be further divided into air gap-based FBARs, cavity-based FBARs, and

solid mounted resonators (SMRs), as illustrated in Figure 1-1.
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Figure 1-1 (a) Air gap-based acoustic wave resonators, (b) cavity-based bulk acoustic wave
resonators, and (c) Solid Mounted Resonators (SMR)[18]

With the development of 5/6G communication technology, the communication
frequency increases rapidly. Higher frequencies offer much larger bandwidths
compared to lower frequencies, which is directly proportional to the data transfer rate.
Higher frequencies allow for the division of the spectrum into smaller, distinct channels,
enabling many users to share the network simultaneously. As a result, as the basic
component of RF filters in telecommunication systems, FBARs with ultrahigh
resonatant frequencies are in urgent demand. Due to inversely proportional relation
between the resonant frequencies and the thickness of the piezoelectric layers, FBARs
with ultrahigh frequencies (up to a dozen of GHz) require ultrathin piezoelectric films
(the thickness of submicron).[19] Unfortunately, conventional piezoelectric materials
used for FBARs, like AIN, ZnO, quartz, significantly suffer from piezoelectricity
reduction when their thicknesses are reduced below sub 1 pm. The reduction of their
piezoelectricity is caused by a few reasons. Firstly, an amorphous seed layer is formed
at the beginning of the growth process of those piezoelectric materials, leading to
inconsistency of the orientations for the first one hundred nanometers of the
materials.[20, 21] Secondly, the influence of the surface defects increases significantly
when the film is made thinner.[22] Additionally, the rough surface with a large surface
to volmune ratio could cause the scattering of the acoustic wave, leading to the leakage
of the acoustic wave energy. All those drawbacks limit the resonant frequencies of
conventional materials based FBARs.

Recent advance in two-dimensional (2D) piezoelectric materials provides new
opportunities for novel FBARs with higher resonant frequencies and additional
functions. Even though most of 2D piezoelectric materials only possess piezoelectricity

with odd number of atomic layers, several 2D materials such as 3R-MoS; and a-In,Ses



nano flakes are theoretically predicted and experimentally verified to possess in-plane
and out-of-plane piezoelectricity, regardless of the number of atomic layers involved.
[23-28] Unlike conventional materials which would significantly lose their
piezoelectricity when made sub-micron thin, 3R-MoS: and a-In2Ses nano flakes can
maintain strong piezoelectricity with their thickness even down to monolayer.[26, 29]
The exfoliated nanoflakes exhibit no dangling bonds due to their layered structure. Thin
flakes of these materials, produced using physical exfoliation techniques, feature
atomically smooth surfaces with extremely low roughness (<1 nm) and relatively fewer
defects, attributed to the weak van der Waals (vdWs) bonding. All these unique
properties are crucial to low loss high frequency FBAR devices. Advance in 2D
piezoelectric materials casts new light on development of high performance FBAR

devices.

1.2 Objectives

This research aims to study the piezoelectricity/ferroelectricity of two-dimensional
piezoelectric materials, including 3R-MoS; and a-In;Ses flakes, and design and
fabricate novel high performance FBARs based on these materials. The objectives of

this research are listed below:

e To characterize the piezoelectric/ferroelectric properties of two-dimensional
piezoelectric materials including 3R-MoS,, and o In»Ses using advanced

Piezoelectric Force Microscope (PFM) technique.

e To design and fabricate 3R-MoS; based solid mounted resonators (SMRs) with
the targeted operational frequency above 20 GHz and to assess the performances
of 3R-MoS: based SMRs.

e To design and fabricate ferroelectric a-In,Ses based air-gap type tuneable and
switchable FBAR and to assess the performances of a-In.Ses based FBARs

under different direct current (DC) bias.



1.3 Major Contributions

This work is the pioneering work of utilizing 2D piezoelectric materials to develop

higher performance FBAR devices. The main contributions are summarized as follows:

Out-of-plane piezoelectricity of 3R-MoS,/a-In2Ses multilayer flakes and
ferroelectricity of a-In2Ses multilayer flakes at room temperature were studied
through piezo force microscope characterization technique. ~200 nm 3R-MoS>
flakes possess out-of-plane piezoelectric coefficient d53 varying from 2.0 to 3.5
pm/V. d33 of a-InySes flakes with thickness from 50 to 200 nm increases from
4 to 7 pm/V. a-In.Ses flakes was experimentally confirmed to possess out-of-
plane ferroelectricity at room temperature. It is found that their electrical

polarizations could be switched by a small external electric field.

3R-MoS; based SMRs, as the first bench of FBARs based on 2D piezoelectric
materials, have been successfully designed and fabricated. The typical resonant
frequency for an SMR device based on ~200 nm 3R-MoS:; flakes reached over
25 GHz. To the best of our knowledge, this was the highest resonant frequency
achieved for the FBARs using fundamental thickness extension mode so far.
Electromechanical coupling coefficient of 47.6% was achieved by an SMR with
a 240 nm thick 3R-MoS; flake. The above results demonstrate 2D piezoelectric

materials for FBAR devices are feasible.

a-In2Ses based tuneable and switchable FBARS, as the first bench of FBARs
based on 2D ferroelectric materials, have been successfully designed and
fabricated. The tuning of the resonant frequencies and the switching of the
device as response to the applied DC bias have been studied. High tuning
efficiency of 4.3 MHz/V (0.05% tuning/V at the resonant frequency up to 8.60
GHz) was achieved with a FBAR with 160 nm thick a-InzSes flake. To the best
of our knowledge, this is the first tunable FBARSs that can function beyond the
sub-6 GHz with a high tuning efficiency and smallest switched-off voltage
reported so far. The device was at the on-state under zero bias and could be
switched off under a small bias voltage of — 4 V. This work shows that
developing dynamic FBARs based on 2D ferroelectric materials are promising

for future high-speed, multi-band communications.



1.4 Thesis Organizations

This thesis consists of 6 chapters, and it is organized in the following way:

Chapter 1 presents a brief introduction of FBAR devices and the limitations that
conventional FBARs are facing. The motivations, objectives, and major

contributions are stated in this chapter.

Chapter 2 briefs the fundamentals of piezoelectric effect and the development,
application, structure, and fabrication of acoustic devices based on piezoelectric
materials. The state-of-art of FBAR devices and the characterization of two-
dimensional piezoelectric materials are reviewed. The advantages of using two-
dimensional piezoelectric materials over conventional piezoelectric materials to

develop FBAR devices are discussed.

Chapter 3 demonstrate the methodology and the experimental setups of the
AFM/PFM piezoelectricity/ferroelectricity characterization. The sample
preparation process of two-dimensional materials is also discussed in this
chapter.

Chapter 4 displays the piezoelectric characterization results of 3R-MoS; flakes

and piezo/ferroelectric characterization results of a-In.Ses flakes.

Chapter 5 shows the design, simulation, fabrication, and characterization of 3R-
MoS; based SMRs. The performance of 3R-MoS; based SMRs and comparison
of the performance between 3R-MoS; based SMRs and conventional materials

based FBARs are discussed in this chapter.

Chapter 6 shows the design, fabrication, and characterization of a In>Ses based
tunable and switchable FBARs. The tunability and switchability of o In,Ses
based FBARs are studied. The principle of the tuning and switching behavior of
the devices is discussed in this chapter.

Chapter 7 concludes the main findings of this PhD project and propose some

promising work that can be conducted in the future.



Chapter 2 Literature Review

2.1 From Piezoelectricity to Acoustic Wave Resonators and Filters

2.1.1 Piezoelectric effect and piezoelectric materials

The piezoelectric effect, a fascinating phenomenon where certain materials generate an
electric charge in response to the applied mechanical stress, plays an important role in
modern technology. This property was first observed in 1880 by French physicists
Jacques and Pierre Curie. They discovered that when pressure was applied to quartz
crystals, an electric potential was generated, known as the direct piezoelectric effect.
Conversely, they also observed that these materials could deform when subjected to an

external electric field, known as the reverse piezoelectric effect.

Piezoelectric effect results from the linear electromechanical interaction between the
strains and electric fields in crystalline materials with no inversion symmetry. Figure
2-1 shows the mechanism of piezoelectric effect and reverse piezoelectric effect with a
quartz crystal. The red circles represent Si ions with positive charges while the blue
circles represent O ions with negative charges. Naturally, the Si and O ions in a x-y cut
quartz forms a hexagonal shape and the center of the positive Si ions overlaps with the
center of the negative O ions. When a tensile force Fy is applied to the quartz crystal,
the former moves downwards while the latter moves upwards relatively. In other words,
net positive charges are generated at the top while net negative charges are generated at
the bottom, forming an electric dipole pointing upward. Correspondingly, when a
compression stress is applied to the quartz crystal, the center of the positive ions moves
upwards while the center of the negative ions moves downwards relatively, resulting in
negative charges on the top and positive charges on the bottom as shown in Figure 2-1
(a). The materials exhibiting the direct piezoelectric effect also exhibit the reverse
piezoelectric effect. When a positive electric field (from top to bottom) is applied to the
crystal, the positive ions are repelled away while the negative ions are attracted towards

the top surface, inducing a tensile strain S, on the crystal. Correspondingly, when a

negative electric field (from the bottom to the top) is applied to the crystal, a

compressive strain S,, is created. (Figure 2-1 (b))


https://en.wikipedia.org/wiki/Electromechanical
https://en.wikipedia.org/wiki/Centrosymmetry
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Figure 2-1 Schematic of (a) direct piezoelectric effect, and (b) reverse piezoelectric effect in a
quartz crystal.[30]

Piezoelectric materials can be further divided into polar material and non-polar materials
depending on whether the materials possess a net dipole moment under equilibrium.
Most of polar materials contain polar molecules orienting randomly without an electric
field. For those materials, a poling process where an external electric field is applied to
the material for a certain period of time is required to create net polarizations. Some of
the polar materials exhibit spontaneous polarizations without an external electric field,
called pyroelectric materials. And if the polarizations of pyroelectric materials can be
switched by external electric field, the materials are called ferroelectric materials. Figure
2-2 shows the relationship between dielectric, piezoelectric, pyroelectric and

ferroelectric materials.



Ferroelectrics

Figure 2-2 Relationship between ferroelectric, pyroelectric, piezoelectric and dielectric
materials.

Discovery of the piezoelectric effect opened the door to a new field of materials science.
Initially, research focused on natural piezoelectric materials like quartz, Rochelle salt,
and topaz. Piezoelectric materials first aroused worldwide attention during the World
War I. French scientist Paul Langévin developed a sandwich transducer based on quartz
crystal to locate the submarines in the ocean. This device could listen to the acoustic
wave with certain frequencies and is therefore to be considered as the prototype of
sonars. After that, more and more researchers in different countries paid their attention
to piezoelectric materials. In the 1950s, several groups in US, Soviet Union and Japan
discovered that some ceramics possessed the same piezoelectric effect, and they were
easily manufactured. Development of piezoelectric ceramics, such as barium titanate
(BaTiO3) and later lead zirconate titanate (PZT), marked a significant milestone. After
that, commercial market for piezoelectric crystals and ceramics expanded rapidly. Until

today, piezoelectric materials have become important parts of the modern world.

Piezoelectric effect offers a simple and direct way to convert mechanical energy into
electrical energy or vice versa. As the results, piezoelectric materials have diverse
applications in many fields. Firstly, piezoelectric materials are mostly used as actuators
in electronics industries, for example ultrasonic cleaners, inkjet printers, piezoelectric
buzz and speakers. For those applications, electric signals are applied to the piezoelectric
materials though feeding circuits, generating strains or deformation of the piezoelectric
materials. One advantage of using piezoelectric materials as actuators is that the strains

and deformation can be precisely and predictably controlled with the accuracy of sub-
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nanometer scale. As a result, piezo actuators have been widely used as
motors/positioners in precision instruments such as Atomic Force Microscope (AFM).
Secondly, piezoelectric materials are used as resonators/oscillators (timers) in
electronics industries. A piezoelectric crystal possesses a natural resonant frequency. A
piezoelectric resonator\oscillator is made of a bulk piezoelectric crystal whose two
surfaces are coated with two metal electrodes. Resonance\oscillation is created once an
AC signal is fed to the two electrodes. Due to the excellent stability, piezoelectric
resonators/oscillators are always used to track the time in mechanical watches, to
provide a stable clock signal for digital electronic circuits, and to stabilize the
frequencies for radio communication. Then, ultrasonic detection technique used in
surgery, military, and manufacturing were also developed based on piezoelectric effect.
In medical applications, ultrasonic imaging of internal organs has many advantages over
other imaging technologies. Ultrasonic vibrations are also used for treating joint pains,
certain types of tumors for which localized heating is required and eliminating kidney
and bladder stones. Sonars in military use the similar mechanism to detect enemy’s
submarines. Ultrasonic wave reflection can be applied in manufacturing for non-
destructive testing. Moreover, piezoelectric sensors are widely used in both industries
and customer electronics to measure changes in pressure, acceleration and strains.
Piezoelectric sensors usually based on two mechanisms. One is to monitor piezoelectric
signals induced by the strain variation of the piezoelectric materials to detect pressure,
acceleration or forces, etc. Accelerators in vehicles, tilt sensors in customer electronics
and pressure sensors in touch pad are based on this mechanism. The other is to monitor
the changes of the nature resonant frequencies of crystal resonators to extract the
information of the stress or strain applied. High sensitivity gas sensors and pressure
sensors typically contain a piece of piezoelectric materials to generate piezoelectric
signals. What’s more, piezoelectric signals are generated by mechanical to electric
power conversion process. In other word, piezoelectric materials exhibit a great

application potential for mechanical power\energy harvesting.[31-35]
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2.1.2 Constitutive piezoelectric equation

Direct piezoelectric effect is a linear process of piezoelectric materials to generate
additional charge by applied stress. As a result, in terms of charge density displacement

D (charge Q per area A) and stress T, direct piezoelectric effect could be described by:

D3y1 = d3xe " Tex1 (2.1)

where d is the piezoelectric coefficient. It should be noticed that D, T and d are in the

form of matrix, the subscripts are the number of rows and columns of their matrix.
Similarly, the reverse piezoelectric effect could be described by:
_ Jt .

Sex1 = dex3 " E3x1 (2.2)
where S is the strain, E is the electric field strength, dt is the reverse matrix of d,
representing the piezoelectric coefficient.
Equations (2.1) and (2.2) describe the linear electrical-mechanical coupling behavior of
a piezoelectric material. Note that a common piezoelectric material is a dielectric
material. Thus, the electrical behavior could be described by:

D3x1 = €3x3 " E3x1 (2.3)
As a common piezoelectric material is a linear elastic material, the mechanical behavior
should also be governed by the Hooke’s Law:

Sex1 = Sex6 " Tex1 (2.4)
where s is the compliance.

Combine equation (2.1) with (2.3), and equation (2.2) with (2.4), the constitutive
piezoelectric equations (in strain-charge form) for a piezoelectric material could be
achieved:

D3x1 = daxe * Tex1 + €33 * Eaxa (2.5)

Sex1 = Sexe " Tex1 + dixs " Eaxa (2.6)

The superscripts in s£ stands for that the compliance is under a constant electric field
and &7 stands for that the dielectric constant is under a constant stain. In the equation

(2.5), the first term d - T describes the contribution of the direct piezoelectric effect of a
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piezoelectric material to the charge density displacement. The second term &7 - E
describes the charge density displacement caused by an electric field. In Equation (2.6),
the first term s - T describes the stress induced deformation governed by Hooke’s Law,
which can be applied to all the linear elastic materials. The second term d!-E
introduces the contribution of the reverse piezoelectric effect induced deformation in a
piezoelectric material under an electric field. The constitutive piezoelectric equations
(2.5) and (2.6) mathematically describe the interactions between the strain, stress,
charge density displacement and electric field for a piezoelectric material during the

process of piezoelectric effect.

The constitutive piezoelectric equation (strain-charge form) for a typical piezoelectric

ceramic with space group of 4mm or 6mm could be written as:

_Tl_
Dy [0 0 0 0 dy op2l [éh 0 0]E
DZ = [ O O O d24 0 O T3 + O E;Z 0 E2 (27)
Dy d3; dz; dz 0 0 O Ti 0 0 elflEs
T, ]
_Sl_ _Sfl sz Sf3 O 0 0 i -Tl- O 0 d31
SZ Sgl 55:2 55:3 0 0 0 T2 0 0 d32 E
S3 — S'fl S'EZ 5'53 2' 0 0 T3 + 0 0 d3 3 E; (2 . 8)
Sy 0 0 0 s& o o0 ||Tu 0 dy O ||g
Ss o 0o o0 o0 sk o |[Ts| |ds 0 o "
Sel o 0o o o o sE Tl Lo 0 0

The subscripts 1, 2, 3, 4, 5, 6 stand for the X, y, z, Xy, yz, xz direction in Cartesian
coordinate system. The piezoelectric coefficient d, stands for the induced charge
density displacement in z direction when the applied stress is with x direction, or induced
strain in x direction when the applied electric field is with z direction. Similarly, the
piezoelectric coefficient d,, stands for the induced charge density displacement in y
direction when the applied stress is a shear stress with xy direction, or the induced strain

in xy direction when the applied electric field is with y direction.

The piezoelectric coefficient matrices for piezoelectric materials with other space

groups are provided in the cited database.[36]
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2.1.3 Acoustic wave resonators and filters

The generation of acoustic waves through the piezoelectric effect involves the
interaction between electrical signals and mechanical vibrations within the piezoelectric
materials. As discussed above, when an external electric field is applied to a
piezoelectric material, the material deforms (be stretched or compressed normally) in a
certain direction in response to the electric field. If an alternative electric field is applied,
the piezoelectric material must deform back and forth. As a result, an acoustical
vibration is generated. The frequency of the vibration depends on the frequency of the
alternative electric field. The mode of the vibration depends on the piezoelectric and
elastic properties of the material and the electric field direction. If the frequency of
vibration matches with the intrinsic frequency of the piezoelectric material’s vibration
mode, a standing wave is generated, and the vibration is greatly enhanced. This is the
acoustic resonance, and the frequency is called resonant frequency. Several modes of
acoustic waves can be generated by piezoelectric effect. Generally, acoustic waves are
divided into bulk acoustic waves (BAW), and surface acoustic waves (SAW). Bulk
acoustic waves propagate through the entire body of the piezoelectric material with
either thickness extension mode or thickness shear mode. In the former mode, the
displacement direction is consistent with the wave propagation direction, (which means
the material is compressed and stretched), as shown in Figure 2-3 (a). While in the latter
mode, the displacement direction is perpendicular to the wave propagation direction, as
shown in Figure 2-3 (b). Surface acoustic wave propagates along the material surface,
the wave declines rapidly with the depth into the material. Usually, surface acoustic

waves are generated by interdigital transducers (IDTs) (Figure 2-3 (c)).

a Electrudes [
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-1- + + + +
Foos ek 4o+
Piezoelectrnc Piezoelectric
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Electmdes
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Piezoelectric Piezoelectric <:>
matenal ITIEltE‘FIa| Piezoelectric substrate

Figure 2-3 Schematic of (a) Thickness extension mode acoustic wave. (b) Thickness shear
mode acoustic wave. (c) Surface acoustic wave.[37]
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Acoustic wave resonators suppress unwanted frequency modes from being transmitted
in the devices, while allowing the specific resonance frequency to be received and
transmitted, functioning like bandpass filters. They have been used in many areas,
including mobile communication systems (CDMA, UMTS, GSM, etc.), global
positioning systems (GPS, Beidou, Galileo, etc.), data transmission systems (WLAN,
Bluetooth, etc.), satellite, military communication systems, etc. Today, almost every
smart phones and other wireless communication modules contain up to several tens of

acoustic wave devices as RF filters.

Velocities of acoustic waves in piezoelectric materials usually are 4 to 5 orders lower
than electromagnetic waves. Therefore, for same working frequency, the size of acoustic
wave resonators are 4 to 5 orders smaller than that of electromagnetic wave resonators.
(Wavelength equal to velocity divide by frequency.) For example, for a resonator with
a resonant frequency of around 1 GHz, the corresponding wavelength of
electromagnetic waves are around 0.3 meters, while the corresponding wavelength of
acoustic waves are around a few micrometres. Therefore, the size of acoustic wave
resonators can be comparable with the size of a standard integrated circuit chip.
Additionally, FBAR devices typically exhibit lower insertion loss, high out-of-band
rejection, good temperature stability and low cost compared to other resonator
technologies. By virtue of those advantages discussed above, acoustic wave resonators

have rapidly occupied the market of radio frequency resonators.

Market / Application
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Figure 2-4 Market application, band allocation of RF filter technologies[38]

Figure 2-4 shows market application, band allocation and working frequency of
different types of acoustic wave devices. Surface acoustic wave resonators have

advantages of being easily designed and manufactured compared to bulk acoustic wave
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resonators when working frequency is below a few GHz. Designers can simply
determine the resonant frequency of SAW resonators through adjusting the spacing
between the IDT fingers. And fabrication of SAW resonators is normally a single-mask
process. However, SAW resonators’ working frequency is hard to raise up to a few
gigahertz due to the limitation to fabrication of submicron IDT finger spacing. As a

result, bulk acoustic wave resonators dominate the super-high frequency market.

BAW resonators utilize acoustic wave propagating along the out-of-plane direction
through the piezoelectric body. The working frequencies of BAW resonators can be
increased by reducing the thickness of the piezoelectric materials. The working
frequencies of BAW resonators are typically between 1 to 7 GHz, higher than those of
SAW resonators, and they are of higher quality factors and low insertion lose.
Unfortunately, BAW resonators are fabricated with relatively more complicated

processes than SAW resonators.

XBAR refers to the lateral-field-excited bulk acoustical resonator. Unlike a
conventional BAWs which have two electrodes clamping the piezoelectric material, an
XBAR has electrodes on the same top surface of the piezoelectric material. XBAR is a
novel type of BAWSs proposed by researchers in 1990s. It has the potential to break
through the limitation of working frequencies of conventional SAWs and BAWS.
However, this type of devices is still in the research stage and haven’t been
commercialized yet. The details of XBARs are discussed later in this chapter.

In this PhD thesis, we only focus on one major type of BAWS, i.e., thin film bulk

acoustic wave resonators (FBARS).

2.2 The Theory of FBAR

2.2.1 Structure and principle of FBAR

As introduced in the Chapter one, FBARs, resonating in a frequency range up to several
GHz, are the basic component of radio frequency filters for modern wireless
communication system like Wi-Fi and GPS. As shown in Figure 2-5 (a), a typical FBAR

consists of a top and a bottom part. In the top part, a piezoelectric layer is sandwiched
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with two metal electrodes, functioning as an acoustic wave generator. The bottom part
is usually a cavity or an acoustical reflector, with the function of acoustical isolation

from the supporting substrates to reduce acoustic wave l0ss.

d Top electrode ) b

L__ Acoustic wave
generator
Bottom electrode ] " ac
“h A A ) A
, ; = -z
Acoustical reflector __ Acoustic wave ] & B
reflector

Substrate “

Figure 2-5 (a) Structure of a typical FBAR. (b) Schematic diagram of the wave propagation in
a FBAR at resonant frequency.

Depending on the design of the bottom part, FBARS can be divided into three types —
air gap-based, cavity-based bulk acoustic wave resonators, and SMRs as shown in
Figure 1-1. Therefore, the fabrication process to form the acoustical isolation is also
different. For a cavity FBAR, a back side etching process is used at the end of the
fabrication process. A cavity is then formed below the active region (the top part).[7]
For an air gap FBAR, a sacrificial layer was buried before the fabrication of the active
region, and it is then etched away to form an air gap between the top part and supporting
substrates at the end of the process.[39] SMRs use Bragg mirror structure as the
acoustical reflector. Two materials with large difference of acoustic impedance are
deposited alternately. Thickness of each layer of the Bragg mirror is designed to be a
quarter of the wavelength at the resonant frequency. When the longitudinal acoustic
wave propagates through the Bragg mirror, it is reflected by the layer with high
acoustical impedance and low acoustical impedance. As the result, there will be less loss

of the acoustic energy at the resonant frequency.

SMRs are more stable in structure domain, while air gap/cavity FBARs are more fragile
and easier to break during fabrication process. Additionally, due to the negative
temperature coefficient of frequency (TCF) of SiO2, SMRs contains of SiO> layers have
better TCF matching.[19]
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Figure 2-5 (b) shows the schematic diagram of the longitudinal acoustic wave
propagation in the top part of a FBAR at resonant frequency. When an AC signal is
applied to the top and bottom electrodes of a FBAR, deformation is generated in the
piezoelectric material, forming an acoustic wave propagating in the longitudinal
direction. This acoustic wave is reflected back and forth between the two electrodes.
When a certain frequency of the AC signal is applied so that half of the wavelength of
the generated acoustic wave corresponds to the thickness of the piezoelectric material,
all the longitudinal waves including the original wave and the reflected waves propagate
in the same directions with the same phase. (Assume that the original wave starting at
the top electrode is with phase of 0, after half of the wavelength travel, the phase will
be =, then after reflected and another half wavelength travel, it becomes 2 & and so on.)
Their energy gathers together to form a strong standing wave. The FBAR is in resonance,
and the frequency is called the resonant frequency. The fundamental resonant condition
is:
A

h = > (2.9)

, Where h is the thickness of the piezoelectric material, A is the wavelength of the

longitudinal acoustic wave.
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2.2.2 The equivalent circuit of FBAR

In order to simplify the analysis and design of the FBARS, equivalent circuits that could
represent their complex physical and electrical behavior in terms of standard electrical
components were developed. The Butterworth Van-Dyke (BVVD) model is the most used

model to describe the electrical behavior near the resonant frequency of the FBAR.

a j— (b) .
(a) Top electrode AR
R R R
Rm Rs 3 % Rm
RO
c g
L ~L co L
© Lm -IT- ' g’ Lm
C
(o0}
© i c
Cm cm
Bottom electrode
(c) Inductive

Capacitive f Capacitive

1Z]

f

Figure 2-6 (a) BVD model and (b) MBVD model of FBAR. (c) Frequency response of a
FBAR.[19]

When an AC signal is applied upon a piezoelectric material, mechanical energy and
electrical energy are stored and converted inside the piezoelectric material. As a result,
R,., L, and C,, series circuit can represent the electrical and mechanical behavior of a
piezoelectric material, as shown in Figure 2-6 (a). Specifically, at the resonance, the
electrical energy and mechanical energy are mutually converted through direct and
reverse piezoelectric effect. This conversion can be represented as the energy conversion
between one inductor L,,, and one capacitor C,, in series, and the R,,, represents the loss
during the energy conversion. The capacitor C, in parallel in the circuit, represents the

static capacitance between the two electrodes. Those parameters are described as:
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Co = o (2.10)
8 12
Cn = ;Kt Co (2.11)
h2
Lm = W (2.12)
733 (2.13)

M " 8pKZCyv?

where £1; is the out-of-plane dielectric constant of the piezo layer in-between under
constant strain. A is the facing area of the two electrodes. h is the thickness of the
piezoelectric material. K2 is the electromechanical coupling coefficient. v, is the
longitudinal wave velocity. p is the density of the piezoelectric material. n35 is the
damping coefficient. By using the BVD model, the coupling between the mechanical
energy and electrical energy can be analyzed in electrical domain, which largely

simplifies the design and analysis of the FBAR devices.

A main limitation of the BVD model is that it only considers the mechanical damping
of the clamped piezoelectric material, while the dielectric loss of the piezoelectric
material and the electrical loss of the electrodes are not included. The Modified BVD
model was developed to describe the acoustic motional behavior of the FBAR more
accurately, as shown in Figure 2-6 (b). The R, represents the dielectric loss of the

piezoelectric material, and the R, represents the electrical loss of the metallic electrodes.

According to the MBVD equivalent circuit shown in Figure 2-6 (b), the following

equations hold respectively at resonant frequency f; and anti-resonant frequency f,:

1
In the resonance: 21 fLy, = r—y (2.14)
s*m
In the anti 2nf,L : : 2.15
n the anti-resonance: = .
From equations above, we can derive:
1

the Resonant frequency: = — 2.16

quency s = (2.16)
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£, = 1
p [ CoCm
2T Lm(C0+Cm)

The electrical resonance of a FBAR device have a few features as shown in the Figure

and the anti-resonant frequency: (2.17)

2-6 (c). The f; is smaller than the f,,. Near the resonant frequency, a low impedance
stage shows up, while near the anti-resonant frequency, a high impedance stage shows
up. A phase change from capacitive to inductive between the f; and f, can also be

observed.

Electromechanical coupling coefficient K? is a crucial parameter for FBAR devices.
It describes the conversion efficiency between electrical and acoustic energy. For a
FBAR, the K2 can be calculated using the resonant frequency (f;) and the anti-resonant

frequency (f,,) through Equation 2.18.

fr®
k2 =—JaZ (2.18)
fa 2

Alarge K2 is required for wideband FBAR based filters. [1]
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2.2.3 Filter design based on FBAR

FBARs are the basic components of RF filters. Figure 2-7 demonstrates three basic filter

topologies based on FBARs: (a) ladder type, (b) lattice type and (c) mixed type.

(b) BAW
(a) I
——— I \/ ’
BAW 1 BAW BA:V»O %BA\V
-
BAW A5
* * ° ||:l| ®
(C) Ladderstage @ = 6ecs;=ec=-a En-m-ce-imgi -—m———
l——————————————i ! BAW H
< 111 ! Il !
" [ 3 o
| | 1 )
| BAW | 0 % !
l PR . R .
I |_:|_ 1 : i BAW BAW E
lBA\V BAW = :
| | 1 )
= N [ Ml L
I Il : | L )
o __BAW_ _____ TR, L )

Figure 2-7 Three basic filter topologies based on FBARs:(a) Ladder type, (b) Lattice type and
(c) Mixed type.[1]

Among them, the ladder type filters exhibit high rejection for the signals close to the
passband but presenting low isolation for signals out-of-band. On the contrary, the
lattice type filters have good isolation for signals out-of-band but presenting poor
selectivity for signals close to the passband. The mixed type filters combine both ladder
type and lattice type filters, as a result, exhibiting the advantages of both network types,

.e., steep response close to the passband and high isolation at undesired bands.
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Figure 2-8 (a) A single stage ladder type filter. (b) The frequency responses of the single series
and shunt FBAR devices and the cascading.[40]

Take a single stage series and shunt FBAR ladder type filter as an example to explain
the principle of the filters based on FBARs, as shown in Figure 2-8 (a). The typical
frequency response of the filter is shown in Figure 2-8 (b). The resonant frequency of
the series FBAR is made slightly higher than that of the shunt FBAR. (Usually by tuning
the thickness of top electrodes) When the frequency of the input signal is near the
resonant frequency f; of series FBAR, the series FBAR is in low impedance state, while
the shunt FBAR are in high impedance state near its anti-resonant frequency f,. As a
result, this signal can pass the filter without much degradation. At resonant frequency
fs of the shunt FBAR, the shunt FBAR is in low impedance state, and major part of the
input signal goes to the ground. At anti-resonant frequency f,, of series FBAR, the series
FBAR have high impedance, and signal cannot pass through it. For signals out-of-band,
both the series FBAR and shunt FBAR show medium impedance, therefore, certain level

of isolation is achieved.
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Figure 2-9 A real filter consisted by 7 FBAR.[41]

Figure 2-9 shows a real case of a RF filter consisting of 7 FBARs. This filter used a 3.5-
order ladder structure, where 3 FBARS were in series and 4 FBARs were in parallel.

2.2.4 Characterization of FBAR

To characterize the performance of BAW devices, the scattering parameters of high
frequency microwave network, S parameters, are always measured and analysed. Take
the most used two port system as an example, the S parameters describe the energy
transmission between Port 1 and Port 2. Figure 2-10 shows an example of a two-port

network, a; is signal input at Port j, b; is signal detected at Port i (i,j=1,2).

Port 1 Port 2
| |
| |
y == ; . : > b,
o-e ]
Si1 S» 1
: s = ||
by , i — s,
|
I

I
I
|
Zo Zy

Figure 2-10 S parameters of a two-ports network[42]

The g and b in a two-port system are linked by the S matrix below:
b1l _ [511 512] [al] (2.19)
b, S21 S2211a2 '

24



The equations of S parameters of a two-ports network are:

__ by __ by
S11 =" S21 ==
1 a2=0 1 a2=0 (2 20)
__ by __ by '
S22 =2 S12 =
2 a,=0 2 a,=0

The four S parameters are therefore defined as:

S11: the reflection coefficient at Port 1 when Port 2 is terminated with a matched load.
S1o: the reverse transmission coefficient when Port 1 is terminated with a matched load.
S21: the forward transmission coefficient when Port 2 is terminated with a matched load.
S20: the reflection coefficient at Port 2 when Port 1 is terminated with a matched load.

As a one-port device, Si1 is always used to characterize the BAW resonators and the

corresponding impedance Z can be expressed as:

/Z = YA 2.21
1-54, 0 (221)

where Z, is normalized impedance of the transmission line, normally with the value of
50 Q.

dB (S11)
o
s b

22 26 30 34 38 42
freq (GHz)

Figure 2-11 Example of Si; parameters of a FBAR.[43]

Figure 2-11 shows a typical S11 parameter versus frequency of a FBAR. The Si11 peaks
at the resonant frequency of around 3.3 GHz. When the frequency of the input signal is
away from the resonant frequency, the device is of high impedance and almost all the
electrical energy inputted from the source is reflected. As a result, Si1 is near 0. When
the frequency of the input signal is at the resonant frequency, the input impedance of the

FBAR drops significantly so that more electrical energy inputted from the source can
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pass the device, leading to a sharp Si1 peak at the resonant frequency. The S parameter
characterization is the most commonly used method to test the performance of FBAR
devices and from the values and phases of S parameter results, the resonant frequency,
quality factor (Q), anti-resonant frequency, electromechanical coupling coefficient and
other information of the FBAR under test can be extracted.

Usually, a vector network analyzer (VAN) is used for the S parameter characterization.
The VNA is then connected to the device under test (DUT) through a coplanar
waveguide (CPW). The VNA provides the excited signal through the CPW to the DUT
and receive the reflected or transmitted signals. Therefore, the results achieved by VNA
are electronic performance of CPW cascaded with DUT rather than the pure
performance of the DUT. To solve this issue, a technique call de-embedding was

developed. The basic principle of the de-embedding is shown in the Figure 2-12.

X DUT

(? Inverseﬁ

(o] O

< DUT J

CPW X

Figure 2-12 The principle of de-embedding.

Knowing that the results achieved by VNA are electronic behavior of CPW cascaded
with DUT, in a de-embedding technique, CPWs with no device connected or few feature
parts of CPWs (usually consisting of an open, short, and pad circuits, respectively) are
fabricated and tested by VNA. Therefore, a matrix of the electronic behavior of CPW
can be generated. Then, by multiplying the inverse CPW matrix and the results matrix,

one can achieve the pure electronic performance of the DUT.
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2.3 The State-of-art Development of FBARS

With the rapid development of modern telecommunication systems, FBARs with better
performance are always in high demand. During the latest 20 years, great advancement
has been made in the field of FBARSs. Researchers and engineers have been keeping
trying different technical approaches to introduce novel design, fabrication processes
and new materials for advanced FBARs in order to achieve one or several of the

following goals:

1. To increase the resonant frequency.

2. Increase the electromechanical coupling coefficient. (Increase the filter’s bandwidth.)
3. Increase the quality factors and decreasing the insertion lose.

4. Suppress the spurious mode.

5. Simplify the design and fabrication process. (Reduce the cost.)

6. Develop additional functions. (Switchable and tunable FBARSs.)

Several research directions have exhibited great potentials for the advancement of
FBARs. The state-of-art development of FBARS is introduced as follows:

2.3.1 Introducing dopants to piezoelectric materials

AIN and ZnO are the most used conventional piezoelectric materials for FBARs.
However, they have limited out-of-plane piezoelectric coefficient (around 7 pm/V and
11 pm/V,[44] respectively) and electromechanical coupling coefficient (around 6% and
4%,[44, 45] respectively). Fortunately, several researchers have found that doping Sc,
Mg, Zr, Hf into AIN,[46-48] and Mg, Li into Zn0O,[49-52] could make the crystal more
‘asymmetric’, as illustrated in Figure 2-13, increasing the piezoelectricity and

electromechanical coupling coefficient of the doped piezoelectric materials.
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Figure 2-13 Atom structure of Mg, Zr doped AIN.[46]

Figure 2-13 showcases the doped AIN crystal with Mg and Zr by a triple-radio-
frequency magnetron reactive co-sputtering system. Mg and Zr ions replace the Al ions
in AIN crystal. The doped crystal with total Mg and Zr concentration of 35% exhibits
an increase of out-of-plane piezoelectric coefficient dsz from ~5 pm/V to ~14 pm/V, and
electromechanical coupling coefficient KZ from 7.1% to 8.5%.[46] Similarly, a Mg
doped ZnO film exhibits a raise of d55 from 12.4 pm/V to 41.7 pm/V with Mg molar

fraction increasing from 0 to 30%.[53]

2.3.2 LiNbOs for FBARs

LiNbOs is considered to be the second generation of the piezoelectric materials used in
FBARs, due to its good piezoelectricity, high electromechanical coupling coefficient
and low cost.[54] The LiNbOs piezoelectric thin films fabricated by ion-implantation-
exfoliation method can maintain their piezoelectricity with thickness of sub-micro. This
piezoelectric thin film has attracted many attentions in recent years in the field of
acoustic wave resonators. A typical ion-implantation-exfoliation fabrication process is

shown in Figure 2-14.
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Figure 2-14 Fabrication process of LiNbO3 based FBAR[55]

An X-cut LiNbO3 wafer was ion-implanted (Figure 2-14 (a)), forming a weak interface
at submicron meter beneath the top surface. Then the bottom electrode and sacrificial
layer were deposited sequentially on the LiNbO3 wafer (Figure 2-14 (b-c)). A bonding
layer were attached to the wafer (Figure 2-14 (d)). Then the LiNbOs was physically
exfoliated along the weak interface (Figure 2-14 (e)). After that, the release holes and
contacts were defined (Figure 2-14 (f)) and the top electrode was deposited (Figure 2-14
(9)). Lastly, the sacrificial layer was removed by wet etching to form an air-cavity
(Figure 2-14 (h)). The top view of the fabricated device is shown in Figure 2-15 (a),

where the release holes, the cavity can be seen.[55]

29



(a) Release holes | Cavity (b) ZE(:H

1E-1—

Fast shear mode:
* fa=2.986 GHz
1E-2— ¢ k¥=39.2%

Top electrode . Q=250

Admittance (S)

Slow shear mode:
1E-3 fa = 2.644 GHz
k?*=09%

\ | T T T 1T 1 1 "1 A

Q= 1460
0 1 2 3 4 5 6 7 8 9 10

Bottom electrode Frequency (GHz)

Figure 2-15 (a) Top optical view and (b) The electronic performance of the LiNbO3 based
FBAR.[55]

f of 2.4 GHz and a remarkable high K? of 39.2% as shown in Figure 2-15 (b) were
obtained from a LiNbO3 based FBAR.

Besides the thickness shear mode generated by out-of-plane electric field on X-cut
LiNbO3 thin film, recent study found that 128°Y-cut LiNbOs thin film are very
promising for generating thickness shear mode by lateral-field excitation.[56] And those

devices are called XBARs which will be discussed later in this chapter.

2.3.3 OBARs

Because of the inversely proportional relationship between the thickness of the
piezoelectric layer and the resonant frequency of a FBAR, FBARs using the first order
(fundamental) thickness extension mode (longitudinal mode) are usually with resonant
frequencies below 10 GHz. (Significant degradation in the piezoelectricity of
conventional piezoelectric materials occurs if their thickness is reduced to sub-
micrometer.) To achieve higher resonant frequencies, some researchers make use of
higher order modes of acoustic vibrations. The FBARSs vibrate at overtone modes are
called OBARs.[57, 58]
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Figure 2-16 (a) Structure of a second overtone thickness extension mode bulk acoustic wave
resonator with cross section views colored by 1. material, 2. local strain, and 3. polarization.
(b) FBAR cross section view for comparison.[59]

Figure 2-16 (a) shows the structure of a second overtone thickness extension mode
FBAR.[54] The AIN piezoelectric layer and two electrodes’ thickness were precisely
controlled to match with half of the wavelength of the acoustic wave, respectively,
achieving the conditions under which the third overtone vibration mode was enhanced.
Therefore, unlike the FBARSs resonate at fundamental modes as shown in Figure 2-16
(b), where half of the wavelength travels inside the thickness of electrodes and the
piezoelectric layer each time, an OBAR resonates at higher order of harmonic modes
where one and a half of the wavelength travels inside the thickness of electrodes and the

piezoelectric layer each time. (2/3 of the acoustic path length is in the electrodes)
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Figure 2-17 Measured performance of the OBAR.[59]

As shown in Figure 2-17, the f,- and f, of the OBAR are at 33.4 GHz and 33.9 GHz,
respectively. A phase change from conductive towards inductive can be observed. K2
of 3.3% is achieved.[59]

OBAR is one effective way to achieve higher resonant frequencies without thinning the
thickness of the piezoelectric materials. However, even carefully designed, the higher
harmonic resonance modes are still much weaker than the fundamental mode, leading
to lower Q and KZ. Additionally, due to the existence of the fundamental mode and
other spurious modes, the filter has other passbands besides the desired higher harmonic
resonance mode. To filter out those unwanted passband signals, more filters should be
cascaded for the application. This significantly limits OBARs’ application.

Besides OBARs with thickness extension modes, OBARs with lateral-field-excited

thickness shear modes and lamb modes have also attracted many attentions.

234 XBARs

Conventional FBARs use the thickness extension mode of the piezoelectric layer in-
between the top and bottom electrodes. In this case, three-layers (at least three masks)
fabrication process should be implemented to deposit the bottom electrode, piezoelectric
layer, and top electrode. Since 1990s, lateral-field-excited thickness shear mode and
lamb mode have been utilized to form the resonances, and the lateral field-excited

FBARs are called XBARs. Instead of clamping piezoelectric material between two
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electrodes (Figure 2-18 (a)), XBARs only have electrodes deposited on the surface of
the piezoelectric material (Figure 2-18 (b)). Usually, the electrodes are in the shape of
IDTs (interdigital transducers) like SAW devices or just two square pads. Lateral
electric field formed by the electrodes generates the piezo induced strains of the

piezoelectric material, forming vibrations.

(a ) Electrodes %
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Figure 2-18 Structure of (a) thickness field excited and (b) lateral field excited FBAR. (¢) 3D
view and cross-section view of an IDTs excited FBAR.[60, 61]
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Figure 2-19 (a) Top view of an XBAR with two pads of electrode above the piezo layer. (b)
Electronic performance of the XBAR with the motion of (i) A1, (ii) A3, (iii) A5, (iv) A7
mode.[62]

Figure 2-19 (a) shows an XBAR consisting of two pads of electrodes deposited on a Z-
cut LiNbOgz piezoelectric layer. The electric field between two electrodes excited the
vibration with asymmetric modes. According to Figure 2-19 (b), this XBAR could
vibrate at 4.5, 12.9, 21.4, 29.9 GHz with corresponding K? of 24%, 4.4%, 1.8% and 1%,

respectively. From the simulated motion diagram one can see the fundamental thickness
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shear mode (A1) at the resonance frequency of 4.5 GHz and higher overtone modes as
well (A3-A7).[62]
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Figure 2-20 (a) Schematic top view of an XBAR with IDT on 128° Y-cut LiNbOs. (b) The

electric performance of the XBAR.[56]

Figure 2-20 (a) shows an XBAR consisting of an interdigital transducer (IDT) deposited
above a 128° Y-cut LiNbOs piezoelectric layer. This XBAR mainly vibrates at 3.22,
9.55, 15.9 and 22.2 GHz with corresponding K? of 34.7%, 5.66%, 2.26% and 1.14%,
respectively.[56]

XBAR technique largely simplifies the fabrication processes and increases the freedom

of design. The designers can simply tune the shape, size, width, length of the electrodes

to control the expected vibration modes and resonant frequencies with the piezo layer

remaining unchanged. Additionally, with the development of the material science, the

performance of XBAR is found to be enhanced with a certain piezoelectric material

along a specific cutting angle.[56, 62, 63]
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2.3.5 Tunable and switchable FBARs

A tunable FBAR can adjust its resonant frequency to meet specific needs. A switchable
FBAR can be turned on/off in response to the external controls. Nowadays,
telecommunication modules inside modern mobile phones and other multi-input multi-
output (MIMO) systems are required to work in different frequency bands. Therefore,
tens of filters with different center frequencies are usually integrated with extra duplexer
control circuits to achieve this, leading to large size, high complexity, power
consumption and cost of the module.[64] An ideal approach to reducing the complexity
of the front-end communication module is to replace those filters with different center
frequencies with the filters whose center frequencies can be reconfigured according to
different working requirements and can be easily turned on/off.[65] As a result, high
switchability and tunability of FBARSs are in strong demand for advanced multi-band
wireless communication systems, including 5G and beyond, and other specific systems

where precise and adaptive frequency control is needed.[66, 67]

Generally, the switchability and tunability of a FBAR can be extrinsic and intrinsic.
Intrinsic switchability and tunability involve the use of materials that can change their
properties in response to external stimuli. For example, ferroelectrics in their
ferroelectric and paraelectric phases are used because they can be tuned by applying an
electric field. Extrinsic switchability and tunability employ external components like
varactors and inductors to modify the resonant frequency and control the on/off

behavior.

The extrinsic approaches usually reduce the quality factors of a FBAR and increase the
complexity of the whole circuit, which highly limit their applications. As a result, the
intrinsic switchability and tunability through the ferroelectric materials controlled by

external electric field is the most promising approach.

AIN has been the most conventional piezoelectric material for FBARs. Although AIN
is considered as a soft ferroelectric material (very hard to switch), it can become tunable
and switchable if doped properly.
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Figure 2-21 (a) Top view and (b) 3D schematic view of the AIScN based switchable and
tunable FBAR. (c) Conductivity frequency response under different DC bias. (d) Frequency
tuning versus DC bias.[68]

As shown in Figure 2-21 (a) and (b), a Sc doped AIN (Alo.7Sco3N) based FBAR with a
pentagonal shape can function as a tunable and switchable FBAR. Surrounding trenches
were made as via holes for etchant, forming an air cavity below the FBAR. A DC bias
with RF excitation signal fed through the top and bottom Ti/Au electrodes of the FBAR.
According to Figure 2-21 (c) and (d), this tunable Sc-doped AIN based FBAR with the
center frequency near 2.93 GHz was of a tuning frequency window of 34 MHz under a
bias ranged from — 80 V to 80 V, yielding a turning efficiency (i.e., the tuning frequency
window divided by the voltage range) of 0.2 MHz/V and a tunability (i.e., the tuning
efficiency divided by the center frequency) of 0.007%/V. Additionally, this FBAR could
be switched off by a DC bias of 350 V.[68]

To achieve higher tunability, barium strontium titanate (BST) has been engaged due to
its  high electric-field-dependent  permittivity —and  electric-field-induced
piezoelectricity.[69]
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Figure 2-22 (a) Schematic diagram of the BST based FBAR. (b) Frequency response under
different DC bias from 0 to 60 V. (c) Frequency tuning versus DC bias.[70]

Figure 2-22 (a) shows the structure of a BST based tunable and switchable FBAR. A
530 nm thick BST thin film was clamped by two Pt electrodes. A Bragg mirror reflector
consisting of Mo and SiO. were fabricated forming a structure of SMR. The Su
parameter versus the DC bias voltage is shown Figure 2-22 (b). The S11 equal to 0 when
no bias was applied, while Si1 peak became deeper gradually when DC bias increased
from 10 to 45 V. This BST based normally-off solid mounted resonator exhibited a
tuning frequency window of ~87 MHz with DC bias from 5V to 60 V (1.6 MHz/V) and
a tunability of 0.04%/V at the center frequency of 3.76 GHz as shown in Figure 2-22

(€).[70]
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Figure 2-23 (a) A filter consists of three BST based FBARs. (b) Schematic diagram of the filter

and the DC bias input port. (c) Frequency response under different DC bias from 0 to 20
V.[71]

Figure 2-23 (a) and (b) shows a filter consisting of three BST based tunable and
switchable FBARs. The DC bias was applied to the common electrode of those FBARS.
From Figure 2-23 (b) one can see the pass band of the filter was tuned to lower frequency
end and the insertion loss decreased when the applied DC bias voltage increased from 0
to 20 V.[71]

2.4 Limitations of Conventional FBARS

Wireless communication technology has come a long way since the early days of analog
cell phones and 2G networks. Today, with the advancement of 5G and 6G technology,
the sub-6 GHz band become more and more crowded, the demand for communication
devices working on high frequency band are growing rapidly. This requires FBARS to
possess higher resonant frequencies. However, for FBARs based on conventional
piezoelectric materials such as AIN, PZT, ZnO, the resonant frequencies can hardly
exceed sub-6 GHz band. This is because that the resonant frequencies in sub-6 GHz
band requires submicron thick conventional piezoelectric materials (Equation 2.3).

Unfortunately, the conventional materials are hard to maintain their piezoelectricity
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when their thickness is below submicron, mainly because of two reasons. One is the
limitation of material deposition process. For the grown AIN thin film, first a few
hundreds of nanometers thick AIN is nearly amorphous. AIN with the C axis dominants
the structure only when the thickness is largen than a few hundreds of nanometers.[21,
72] The other one is the defects near the surface and the surface roughness scatter on

acoustic wave propagation.

Although a few new technical approaches, like implantation of ion-implantation-
exfoliation fabrication process and OBAR mentioned above have demonstrated to break
through the limitation, they all have their drawbacks. The ion-implantation-exfoliation
method could create submicron thick LiNbOs or LiTaOs so far, the surface defects and
rough surface caused by the ion-implantation-exfoliation lead to significant acoustical
scattering. OBARs use the high order of overtone modes which are usually weaker
compared to the fundamental mode. Overtone modes usually possess smaller K? and Q.
Additionally, due to the existence of the fundamental mode and other spurious modes,

the filter has multiple passbands.

Despite the DC bias controlled tunable and switchable FBARS which introduce a lot of
flexibilities in circuit design, the reported devices typically suffer from low tuning
efficiency and very high off-voltage. For the BST based normally-off tunable and

switchable FBARs, they have to be used as active devices rather than passive ones.

Due to the prementioned limitations of the conventional FBARs, FBARs based on novel
piezoelectric materials with high performance are in high demand. Luckily, recent
developments of two-dimensional (2D) piezoelectric materials create new opportunities
in this perspective. Few 2D piezoelectric materials, such as In,Ses, 3R-MoS,, CIPS
(CulnP2Se), have been theoretically predicted and experimentally proved to possess
strong piezoelectricity.[27, 29, 73] Those atomic flakes show piezoelectricity with

thickness even down to one atomic layer.

39



2.5 Two Dimensional Piezoelectric Materials

Study of 2D piezoelectric materials for acoustic devices is motivated by their promising
applications in a variety of fields such as flexible electronics, sensors, and energy
harvesting devices. The capability to fabricate these materials at the nanoscale allows
them to be integrated into micro-electromechanical systems (MEMS), where traditional

bulk piezoelectric materials are not easily utilized.

2.5.1 Study of the piezoelectricity in 2H-MoSz and 3R-MoS2

MoS: is a transition metal dichalcogenide (TMD) that consists of adjacent layers of
molybdenum atoms sandwiched between two layers of sulfur atoms bonded by vdWs
force. There are three phases of MoSg, 1T, 2H and 3R. The atomic structures of the three
phases are shown in Figure 2-24 (a). The 1T phase has octahedral coordination of Mo
atoms, while each Mo atom is surrounded by six sulfur atoms in a distorted octahedral
geometry. The 1T phase is a metallic phase and it is non-piezoelectric. The 2H phase is
the most stable and common crystalline form of MoS; at ambient conditions. It has
trigonal prismatic coordination of Mo atoms, while each Mo atom is surrounded by six
sulfur atoms in a trigonal prism arrangement. 2H phase MoS, exhibits non-
centrosymmetric atomic structure. The in-plane piezoelectricity of 2H-MoS, was
studied by measuring the piezo response of the 2H-MoS; device shown in Figure 2-24
(b).[74] A 2H-MoS:; flake was placed onto a flexible substrate, while two electrodes
were deposited along the armchair direction of the 2H-MoS; flake. Figure 2-24 (c)
shows the operation of the piezoelectric device. When the device is bended, the 2H-
MoS: flake is stretched, piezo charges are shown up at the two ends, inducing a current

in the circuit.
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Figure 2-24 (a) Atomic structures of 1T, 2H, 3R phase of MoS;. (b) Top view of 2H-MoS;
placed between two electrodes on a flexible substrate. (c) Operation scheme of the 2H-MoS;
piezoelectric device. (d) Piezoelectric output of the 2H-MoS; with different number of atomic
layers.[74]

The piezo response of the device based on 2H-MoS; flake with different number of
atomic layers is shown in Figure 2-24 (d). For 2H-MoS; flakes with odd number of
layers, i.e., monolayer, three layers, and five layers, the piezo response can be detected.
It was found that the piezo response decreased with the increase of the layer numbers.
The 2H-MoS; flakes with even number of layers did not induce a detectable current,
suggesting that 2H-MoS: flakes with odd layer numbers possess piezoelectricity while
with even layer numbers and bulk are non-piezoelectric. This is because the adjacent
layers of 2H-MoS; have opposite direction of crystalline orientations and cancel out the

in-plane piezoelectricity of each other. [74]
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Figure 2-25 Top view and side view of atomic structure of (a) 2H-MoS; and (b) 3R-MoS..

Most of 2D piezoelectric materials possess this odd-even effect, which significantly
limited their applications. Luckily, 3R-MoS; and a-In,Ses are theoretically predicted
and experimentally proved to possess piezoelectricity, regardless of the number of the
atomic layers. The top view and side view of the atomic structure of 2H-MoS; and 3R-
MoS:; are shown in Figure 2-25. Unlike 2H-MoS;, for 3R-MoS,, three adjacent atomic
layers are aligned in the same direction with a shift relative to each other, described as
the ABC-ABC stacking order. Consequently, the broken inversion symmetry could be

maintained from bilayer to multilayers.
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Figure 2-26 Out-of-plane piezo response study of 3R-MoS,. (a) Schematic of PFM measurement
set-up of out-of-plane piezoelectric coefficient dss. (b) Out-of-plane piezo response amplitude
for an 18 nm thick 3R-MoS; flake as a function of ac voltage applied. (c) Out-of-plane
piezoelectric coefficient dsz as a function of 3R-MoS; flakes’ thickness. (d) The AFM topography
of the 18 nm thick flake. (e, f) Piezo response amplitude and phase, respectively, of the 18 nm
thick flake in (d) at a bias of 0.75 V.[29]

The out-of-plane piezoelectricity of 3R-MoS: flakes was studied using Piezo-response
Force Microscope (PFM). An exfoliated 3R-MoS; flake was transferred onto a Si
substrate coated with Ti/Au conductive layer. The Ti/Au layer was connected to the
ground while an alternative voltage was applied on the conductive PFM tip, which was
landed on the flake, forming an out-of-plane ac bias across it. Due to the out-of-plane
piezoelectricity of 3R-MoS,, vertical displacement was detected up on a bias voltage
was applied between the tip and the Ti/Au layer, as shown in Figure 2-26 (a).[29] The
out-of-plane displacement of the flake can be calculated by the out-of-plane
displacement amplitude of the tip divided by the sensitivity of the tip, and it was
proportional to the amplitude of the ac bias applied, see Figure 2-26 (b). Out-of-plane
piezoelectric coefficient ds3 was not sensitively dependent with the film thickness. For
3R-MoS:; flakes with thickness under 100 nm, the out-of-plane piezoelectric coefficient
was measured to be from 0.7 £ 0.2 pm/V to 1.5 + 0.2 pm/V, see Figure 2-26 (c). The
thickness of the flake was measured from the topography of the flake, see Figure 2-26
(d). The PFM measurement results of amplitude and phase of the piezo response in
Figure 2-26 (e,f) show clearly the out-of-plane displacement of the 3R-MoS; flakes
generated by the vertical bias.[29]
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Figure 2-27 In-plane piezo response study of 3R-MoS;. a) Schematic of PFM measurement set-
up of in-plane piezoelectric coefficient dis b) In-plane piezo response amplitude for a 37 nm
thick 3R-MoS; flake as a function of lateral ac voltage applied. ¢) The AFM topography of the
37 nm thick flake between two electrodes. d, e) Piezo response amplitude and phase, respectively,
of the 37 nm thick flake in (c) under a lateral ac bias of 3.0 V.[29]

The in-plane piezoelectricity of 3R-MoS: is also characterized using PFM, as shown in
Figure 2-27. An exfoliated 3R-MoS; flake was transferred onto a Si substrate with a
SiO2 surface layer. Two Ti/Au electrodes were deposited at two ends of the 3R-MoS;
flake. Ac voltage was applied between the two electrodes, the applied lateral electric
field induced an in-plane strain, leading to an out-of-plane displacement which was
detected by an AFM tip, as illustrated in Figure 2-27 (a). The in-plane strain of the flake
was proportional to the amplitude of the ac bias applied (Figure 2-27 (b)). The
piezoelectric coefficient di3 of a 37 nm thick 3R MoS; flake was estimated around
1.64+ 0.16 pm/V. The flake buried by two electrodes (Figure 2-27 (c)) was
characterized by PFM. The amplitude and phase of the piezo response in Figure 2-27 (d,
e) show clearly the out-of-plane displacement of the 3R-MoS; flakes generated by the
lateral bias. [29]
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2.5.2 Study of the piezoelectricity in a-1n2Ses

a-InzSes is another material that exhibits piezoelectricity regardless of the number of the
atomic layers. An a-InpSes flake is constructed from a space group P6smc with
hexagonal stacking (2H). Adjacent Se-In-Se-In-Se quintuple layers with a 60 degree in-
plane rotation are bonded by vdWs force. The non-symmetric atomic structure

contributes to the piezoelectricity of a-In,Ses.

The out-of-plane and in-plane piezoelectricity were studied by PFM. The a-In>Ses flakes
were transferred onto an Au coated Si substrate. For out-of-plane piezoelectricity
measurement, an AC signal was applied to the conductive PFM tips to generate the out-
of-plane piezo response of the material under test. The ds; was characterized by the
displacement sensed by the bending of the PFM cantilever under vertical PFM mode.
For in-plane piezoelectricity measurement, the sample was placed between two
electrodes which provide the AC lateral electric field. In-plane piezo response of the
material under test was excited by the lateral electric field. And the in-plane
displacement was characterized by the twisting of the PFM cantilever under lateral PFM

mode.
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Figure 2-28 Piezo response study of a-InaSes. (a) Topology of the a-In,Ses flakes under test. (b)
Out-of-plane piezo response amplitude for the a-In;Sez flakes. (C) In-plane piezo response
amplitude for the a-In;Ses flakes. (d) dss values as function of the film thickness. (e) lateral
amplitude values as function of the film thickness.[26]

Figure 2-28 (a) is an AFM image of few a-In2Ses flakes with different thickness. Figure
2-28 (b) and (c) are the vertical and lateral piezo response of the a-In»Ses flakes,
respectively. The d;; values were found to increase with the increase of the thickness
till 90 nm, as shown in Figure 2-28 (d). When the thickness was larger than 90 nm, the

d;5 value saturated at a value of 5.6 pm/V.

The lateral piezoelectric response amplitude as function of the film thickness is shown
in Figure 2-28 (e). Because of the coupling between the two-perpendicular
piezoelectricity, accurate value of d;; cannot be achieved. But from the amplitude
versus thickness shown in Figure 2-28, one can see that the in-plane piezoelectricity of
a-InzSes increases in the same way with the sample thickness and saturates at around 90
nm. [26]
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2.5.3 Challenges for Devices based on 2D Materials

It is worth pointing out that even plenty of individual devices made in laboratory based
on 2D materials have exhibited excellent performance, engineering a consistent,
reproducible platform of 2D materials at industrial scales is still facing significant
challenges. Firstly, most of the 2D nano sheets are made by physically exfoliation
method from a bulk crystal. Therefore, their thickness and uniformity are largely random.
Additional processes should be conducted to choose the suitable flakes. Secondly, large-
scale growth of 2D materials on Si wafer is still facing difficulties. Many 2D materials
are synthesized on non-native substrates. As a result, transfer processes of the grown
films towards targeted substrates are always required, which may introduce wrinkles,
cracks, residues, and delamination. Additionally, achieving uniform doping profiles
across a large substrate and ensuring process stability are significant challenges for 2D
materials. All those factors limit the mass production of the devices based on 2D

materials.

Development of FBARSs based on 2D materials developed and reported in this thesis
also faced the above challenges. Even if they could be reproduced in the laboratory, a
lot of processes are involved. In other words, 2D-based FBARS reported in this thesis

serve as the proof of the concept.

2.6 Summary

Chapter Two provides an overview of the fundamental theory and recent advancements
related to FBARs. A FBAR consists of a piezoelectric layer placed between two
electrodes, generating longitudinal acoustic waves that travel through its bulk. The
resonance occurs at specific frequencies depending on the thickness of the piezoelectric
layer. Conventional piezoelectric materials face significant challenges in maintaining
their piezoelectricity when made ultrathin, significantly limiting the resonant
frequencies of FBARSs based on them. Several methods have been developed to improve
the performance of FBARSs, but each of these approaches has its own limitations.

Introducing dopants to AIN and ZnO can increase their asymmetric and consequently

increase the K,* of the FBARs. However, this method has a very limited impact on
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raising the resonant frequency. Using LiNbOs thinned down by ion-implantation-
exfoliation process can effectively increase the resonant frequencies of the FBARS, but
the process also introduces large defects, surface roughness and dangling bond at the
interface. OBARs use high-order vibration modes to achieve resonance at ultrahigh
frequencies; however, high-order resonances are usually much weaker than the
fundamental mode. Additionally, extra filters are required to eliminate the passband

caused by lower-order resonances.

According to recent studies, including our own, 2D piezoelectric materials such as 3R-
MoS: and a-In2Ses can maintain their piezoelectric properties even when reduced to a
monolayer. As a result, embedding ultrathin 2D nanoflakes shows great promise for
achieving FBARs with ultrahigh resonant frequencies. However, no related studies have
been reported so far. The main results achieved in this PhD project are summarized in
Chapters 3-6.
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Chapter 3 Methodology and Experiment Set-up of
Piezoelectricity Characterization of Two-dimensional

Materials and Device Fabrication

PFM is the mostly used method for characterizing piezoelectricity in 2D materials
because of its good sensitivity for nano-scale effects and its ability to provide high-
resolution, localized measurements. In this PhD project, we utilized PFM technique to
characterize the piezoelectricity/ferroelectricity of the 3R-MoS: flakes and the a-1n2Ses
flakes. In this Chapter, we introduce the sample preparation process of 2D materials.
The mechanism and experiment set-up of AFM/PFM characterization of the surface
roughness and out-of-plane piezoelectricity/ferroelectricity of the 3R-MoS; flakes and

the a-In2Ses flakes are discussed.

3.1 Sample Preparation

Multilayers of 3R-MoS; flakes were fabricated using a physical exfoliation method from
a bulk 3R-MoS:; crystal provided by Prof Liu Zhen’s group. The fabrication process is
shown in Figure 3-1. A piece of bulk 3R-MoS; crystal was placed onto a segment of
Scotch tape. (Figure 3-1 (1)) Then this tape was folded and unfolded for several times
so that the bulk materials could be peeled off into several thin flakes. (Figure 3-1 2)-
() Another segment of plain Scotch tape was attached to the tape with 3R-MoS; flakes.
(Figure 3-1 (4)) Then the two tapes were torn apart so that some thinner flakes with
fresh surfaces would be peeled off from the flakes in (3). (Figure 3-1 (5)-(6)) Single
atomic layer and few layer 3R-MoS; flakes could be prepared by repeating this peeling

off process.
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Figure 3-1 The fabrication process of 2D ultrathin flakes.

A conductive substrate was required to serve as the ground for PFM characterization. In
most of experiments, the conductive substrates were made of doped Si wafers coated

with 10 nm Ti and 50 nm Au through e-beam evaporation.

Figure 3-2 Transfer process of 2D flakes from Scotch tape to Ti-Au substrate.

To transfer the 3R-MoS> flakes onto a Ti-Au conductive substrate, those 3R-MoS>
flakes fabricated by the above process were first transferred to a Gel-Pak PDMA
polymer film (Figure 3-2 (1)). The PDMS film with flakes were attached to the Ti-Au
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substrate (Figure 3-2 (2)). The whole stack was placed on a hot plate at 100°C, (Figure
3-2 (3)) where the 3R-MoS; flake would be released from the PDMS film and attached
to the Ti-Au substrate (Figure 3-2 (4)). The ultrathin a-In,Ses flakes were also prepared

using the similar processes.

3.2 AFM Characterization

AFM is a powerful scanning probe microscopy that provides high-resolution imaging
of the surface of the sample with a vertical resolution of the atomic scale. Its versatility
and precision have made it indispensable in various fields, including materials science,

biology, nanotechnology, and electronics.
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Figure 3-3 Basic component of an AFM.

Photode

Figure 3-3 shows the working principle and basic components of an AFM. The
cantilever in AFM is a small flexible beam, usually made of silicon or silicon nitride,
with a sharp probe at its free end. And the probe tip has a radius of curvature in the
nanometer range. During measurement, the tip is brought close to the sample surface.
The interaction force between the tip and sample surface leads to the bending of the
cantilever. This deflection of the cantilever is characterized by a laser beam reflected
off the back of the cantilever to a position-sensitive photodetector. Changes in the
cantilever deflection cause a shift in the laser spot on the photodetector. The measured
deflection directly reflects the topology of the sample.
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For a FBAR device, the thickness of the piezoelectric layer directly determines its
resonant frequency.[19] The roughness of the piezoelectric layer significantly
influences the performance of the FBAR. Large roughness would lead to high acoustic
energy loss and spurious resonance.[75] AFM technique is a powerful method in terms
of accurate measurement of the thickness and surface roughness of the nanosheets. As
aresult, in this PhD project, the thickness and surface roughness of transferred 3R-MoS;
flakes and a-In,Sez flakes were characterized using AFM contact mode. Firstly,
physically exfoliated 3R-MoS2/a-In,Ses flakes were transferred onto a flat substrate. A
commercial PPP-CONTR tip fabricated by NANOSENSERS was attached to a tip
holder, as shown in Figure 3-4 (a). The tip holder was then installed in an Asylum

Cypher S AFM while the sample substrate was placed under the tip.

Figure 3-4 Experiment set-up of the AFM characterization. (a) Tip installation. (b) Top view
of the sample under test.
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3.3 PFM Piezoelectricity Characterization

A piezo-response force microscopy (PFM) is a variant of AFM used to investigate
piezoelectric and ferroelectric properties of the sample. It operates by measuring the
mechanical response of a sample to an applied AC voltage through a conductive AFM

tip as shown in Figure 3-5.

Figure 3-5 PFM out-of-plane piezoelectricity measurement mechanism.[76]

If the material under test possesses out-of-plane piezoelectricity, its out-of-plane
deformation would be excited by the alternative electric field formed between the tip
and the substrate. Then the deformation can be sensed by the displacement of the laser

position on the photodetector.

PFM technique is the mainstream method for nano-scale piezoelectricity
characterization. It provides spatially resolved measurements of the electromechanical
response  with  nanometer-level precision. In this PhD project, the
piezoelectricity/ferroelectricity of the nano flakes was characterized by PFM technique.
And to improve the measurement accuracy of the piezo response, the dual AC resonance

tracking (DART) mode was performed instead of the single frequency mode.
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Figure 3-6 Mechanism of DART mode PFM.

For PFM measurement, the AC signal applied to the cantilever should be at its contact
resonant frequency at which the cantilever exhibits maximum sensitivity to surface
displacements. However, during the measurement, the contact resonant frequency
always shifts because of the variation of the sample qualities and morphology. To solve
this problem, DART mode, where applying two frequencies (f. and f.) closed to the
contact resonant frequency of the conductive tip. And two lock-in amplifiers
independently measure the response of the cantilever at both frequencies. (Figure 3-6)
The ratio of the amplitudes at f1 and f, is used to track changes in the resonance
frequency. A feedback loop continuously adjusts the excitation frequencies to follow
the contact resonance frequency as it changes. This ensures that the cantilever is always

operating near its maximum sensitivity point.

The Ti-Au substrate with 3R-MoS; or a-InzSes flakes was placed on a magnetic sample
holder. A conductive magnet was connected to the Ti-Au substrate by silver paste as
shown in Figure 3-7 (a). As shown in Figure 3-7 (b), a conductive tip was connected to
the built-in signal pad of the PFM through the red wire of the Asylum high-voltage tip
holder. While the Ti-Au substrate under the tip was connected to the built-in ground pad
of the PFM through the white magnetic wire which was bonded to the conductive

magnet through the magnetic force.

A schematic diagram Figure 3-7 (c) clearly shows the PFM characterization set-up for
3R-MoS> and a-InySes flakes. An AC voltage V. from 0.25 V to 1.25 V with a step of
0.25 V, was applied to the conductive tip of the PFM, while the Ti-Au layer was
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connected to the ground. A vertical electric field was formed between the PFM tip and

the Ti-Au bottom electrode, generating the vertical piezo response of the 3R-MoS; flake.

(a) | Conductive

(c)

£

Figure 3-7 Experiment set-up for PFM piezoelectricity characterization. (a) Sample
preparation. (b) Top view of sample inside the PFM. (c) Schematic diagram of the PFM out-
of-plane piezoelectricity characterization for 2D flakes.

3.4 PFM Ferroelectricity Characterization

Ferroelectric materials exhibit spontaneous polarization that can be reversed by an
external electric field. Additionally, due to their piezoelectric properties, they undergo
mechanical deformation when subjected to an electric field. The PFM ferroelectricity
characterization set-up as shown in Figure 3-8 (a) is similar to the PFM piezoelectricity
characterization discussed above. However, unlike PFM piezoelectricity

characterization, excitation signal for PFM ferroelectricity characterization is consisting
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of two parts as shown in Figure 3-8 (b) and (c). A time changing DC bias V,;. with
certain sequence of amplitude is applied to the conductive tip of the PFM. This DC
signal functions as a poling force that tunes and switches the ferroelectric domains. At
the same time, an AC signal V. is applied to generate the piezo response of the
ferroelectric materials under test. The resulting mechanical deformation is detected by
the cantilever deflection.
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Figure 3-8 Experiment set-up for PFM ferroelectricity characterization. (a) Schematic
diagram of PFM out-of-plane piezoelectricity characterization for 3R-MoS; flakes. (b) the DC
bias voltages applied by PFM tips as a function of time, (c) AC signal loaded on the DC bias
voltages.

For a ferroelectric material, the domains orientation could maintain for a certain time
after poling. As a result, the test is conducted under both On-field and Off-field as shown
in Figure 3-8 (c). The PFM ferroelectricity characterization was only conducted to thin

a-1n,Ses flakes.
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3.5 Fabrication Techniques of the Materials and Devices

The 3R-MoS: SMRs and o-In.Ses FBARs were fabricated in the cleanroom of the
School of Electrical and Electronic Engineering at Nanyang Technological University.
Modern semiconductor manufacturing techniques, including lithography, wet and dry
etching, and thin-film deposition, were utilized in the device fabrication. This section
provides a concise introduction of these fabrication techniques and the corresponding
characterization systems used in the fabrication of the resonator structures discussed in
this thesis.

Lithography is a process used in semiconductor manufacturing to create intricate
patterns on a substrate. In this project, a MABA8Gen4 Mask Aligner System was
employed for the lithography process. During the lithography process, photoresist
AZ5214E was first spin-coated to the surface of a substrate. After a prebake step of 2
minutes under 105 °C to remove solvents and harden the resist, the photoresist coated
substrate was exposed to light of specific wavelengths through a mask that contains the
desired pattern. After exposure, the sample was treated with a developer solution of
AZ5214E, removing the unwanted photoresist while leaving the photoresist in the
targeted pattern on the substrate. This patterned resist layer was then used for further
processing, like etching and lifting off, to define the desired structures.

Sputtering, e-beam evaporation, and Chemical Vapor Deposition (CVD) were employed
for thin-film deposition in this project. SiO2/W layers and Al electrodes were deposited
using sputtering with an Elite Sputter System. 3-inch SiO, W, and Al targets were used
as the source materials. Table 3-1 below shows the recipe for SiO2, W and Al growth.

Materials Cathode Power (W) Gas (Torr) Growth rate
SiO; RF 300 50 Ar/8 02 2.5 nm/min
W DC 100 50 Ar 8.5 nm/min

Al DC 100 50 Ar 6.0 nm/min

Table 3-1 Sputter recipe for SiO,, W and Al growth.

For the deposition of non-conductive materials such as SiO-, an RF cathode was utilized,
while DC cathodes were typically employed for depositing conductive materials like W
and Al. During the deposition of W and Al, Ar gas was introduced into the chamber to

generate high-energy ions required for the sputtering process. In contrast, for the
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deposition of SiO2, a mixture of Ar and O2 gases was introduced into the chamber. This
ensures an adequate supply of oxygen, preventing oxygen deficiency in the deposited

SiO: film and maintaining its stoichiometric composition.[77]

In this project, Au sacrificial layers were deposited using e-beam evaporation with an

Auto306 E-Beam system.

SiasN4 supporting layers were grown by CVD using an Aegis-20 Plasma Enhancement

CVD system. SiH4 and NH3z were used as the reaction sources for the material deposition.

Reactive lon Etching (RIE) technique was performed to remove SisNs. SF4was used as

the etching gas.

The detailed fabrication process of 3R-MoS: SMRs and o-In.Ses FBARs are
demonstrated in Chapter 5 and 6, respectively.
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Chapter 4 Characterization of the out-of-plane

Piezoelectricity of 3R-Mo0S:2 and a-1n2Ses

In this chapter, we report the piezoelectricity characterization of the multilayers of 3R-
MoS; and a-InzSes. As the core piezoelectric materials involved in our FBAR devices,
the out-of-plane piezoelectricity of these materials is critical for the device performance.
It not only determines whether the longitudinal vibrations can be generated, but also
largely influences the acoustical and electrical coupling. Besides the piezoelectricity,
the influences of the piezoelectric flake thickness, surface roughness, etc. on the device

performance are also studied.

4.1 Surface Roughness of 3R-Mo0S; and a-I1n2Ses

When a FBAR device vibrates, the displacement generated by the piezoelectric material
would be reflected back and forth by the top and bottom surfaces, forming a standing
acoustic wave propagated in the out-of-plane direction through the bulk of the
piezoelectric material. Therefore, the quality of the surface of the piezoelectric material
must be the reflection very flat to enhance coefficient of the acoustic waves. A rough
surface would cause the scattering of the acoustic waves, leading to the attenuation of
the vibration energy. Unfortunate, the surface roughness of conventional piezoelectric
materials made by sputtering technique would become very poor as many defects are
left behind on the sputtered surfaces. When their thickness reaches submicron, the ratio
of the surface depth versus the bulk thickness increases, the negative impact of the
defective surfaces on acoustic wave reflection become more significant. Rough surface

is one of the disadvantages of the conventional thin piezoelectric materials.
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Figure 4-1 AFM characterization of a transferred 3R-MoS; flake. (a) Optical view, (b) AFM
topology, and (c) surface roughness characterization results of the transferred 3R-MoS; flake.
(d) Surface roughness characterization results of a standard polished Si wafer.

To overcome the problem of surface roughness of thin conventional piezoelectric
materials, we utilized physically exfoliated-transferred 3R-MoS; or a-InzSes flakes for
FBAR devices. Firstly, a physically exfoliated 3R-MoS; was transferred by a homemade
2D transfer stage to a targeted substrate. (Figure 4-1 (a)) The topology of the whole
flake was characterized by AFM. (Figure 4-1 (b)) Then the AFM scanning area was
focused to a small space of 1x1 um on the 3R-MoS; flake. Figure 4-1 (c) shows the
topology of the 3R-MoS: flake surface. The average surface roughness of this 3R-MoS>
flake is around 327 pm, which is comparable for that of an industrial-grade high-quality
Si wafer which is measured to be around 323 pm as shown in Figure 4-1 (d). While for
sputtered C-axis AIN, which is the mostly used material for conventional FBARs, the

average surface roughness is normally 1 to 5 nm.[78, 79]
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Figure 4-2 AFM characterization of a transferred a-In,Se; flake. (a) Optical view, (b) AFM
topology, and (c) surface roughness characterization results of the transferred a-In;Se; flake.
(d) Surface roughness characterization results of a standard polished Si wafer.

The surface roughness of a-In,Ses flake was characterized using the similar method as
3R-MoS; as shown in Figure 4-2. Firstly, a a-In.Ses flake was transferred to a targeted
flat substrate. (Figure 4-2 (a)) Then the morphology of the whole flake and of the surface
of a small area of 1x1 um were characterized by contact mode AFM. (Figure 4-2 (a)
and (b)) The average surface roughness of this a-InSes flake is around 377 pm, which
is comparable to the value 302 pm of the average surface roughness of industrial-grade
high-quality Si wafer. While the Barium Strontium Titanate (BST), as the most
promising material for dynamic FBARSs, is normally with the average surface roughness
higher than 3 nm.[80]

From the AFM characterization results, one can see that the surfaces of the exfoliated
3R-MoS2/a-1nSes flakes are atomically flat. This originates from the multiple layer
structure and the nature of the exfoliation process. 3R-MoS; and a-In,Ses are layered
material consisting of strong in-plane bonds and weak vdWs forces between layers. The
weak interlayer bonding allows these materials to be easily separated into individual
layers. The exfoliation process minimizes the surface roughness down to the atomic
level, preserving the layer's integrity and smoothness. Additionally, the exfoliation
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process does not significantly introduce new defects, leading to atomically flat and

defect-free piezoelectric flakes.

4.2 Out-of-plane Piezoelectricity of Multilayer 3R-MoS:

A high-quality piezoelectric layer is the key part of a FBAR device. The out-of-plane
piezoelectricity of the piezoelectric material involved determines whether or how strong
the longitudinal wave could be generated and the quality factor of the FBAR devices.
Even though the piezoelectricity of the 3R-MoS> (and a-In2Ses) have been studied, due
to the variation of the quality of 2D materials and the randomness introduced by the
physically exfoliation process, the out-of-plane piezoelectricity of the piezoelectric
flakes which are employed for novel FBARs should be characterized before device

development.

62



w

N

0.25 0.50 0.75 1.00 1.25
Driving Amplitude (V)

-

-

Displacement (pm)

-1

Figure 4-3 PFM piezoelectricity measurement of a 200 nm 3R-MoS; flake. (a) AFM image of
the topology of the 3R-MoS; flake. (b) The thickness of this flake extracted from the red line
marked in (a). (c)-(g) Piezo response of this flake with the driving amplitude from 0.25 V to
1.25 V with a step of 0.25 V. (h) The derived piezo induced displacement versus driving
amplitude.

3R-MoS; flakes with targeted thickness ~200 nm are characterized by prementioned
PFM method. Figure 4-3 shows the PFM characterization results of the 3R-MoS; flake.
The topology of this flake (Figure 4-3 (a)) and the profile of the path from the 3R-MoS;
flake to the substrate Figure 4-3 (b) indicate that the thickness of this flake is ~205 nm.
Figure 4-3 (c)-(g) show the piezo response of this flake under driving amplitude from
0.25V to 1.25 V with a step of 0.25 V. The piezoelectric displacement clearly increased

with the voltage.

The vertical displacement of the flake as function of the applied voltage can be derived

by multiplying the calibration of the inverse optical lever sensitivity (InvOLS) with the
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deflection signals. Due to the ununiform electric field between the substrate and the

sharp tip, only effective piezoelectric coefficient d.r can be directly derived from the

PFM measurement by following equation:
Amp =V; X 0 = Qyne X deffVac (2.1)

where Amp is the amplitude, V; is the vertical motion of the tip, o is the calibration
constant, Q,ne IS the quality factor of tip tuning, V, is the driving amplitude of the AC
signal applied on the conductive tip. As the AFM tip was in week indentation with the
flakes, the value of ds5 and d, sy approximately follow the equation: ds3 = 2 X df.
[29, 81] The Amp is derived from the response of the flake minus the response of the
non-piezoelectric substrate. The displacement versus different driving amplitude of this
3R-MoS:; flake calculated by 2Amp /Q¢yne 1S Shown in Figure 4-3 (h). The d55 value of
this 3R-MoS; flake is calculated to be ~3.5 pm/V. The measured d55 value of 3R-MoS;
is found to be sensitive to the quality of the of 3R-MoS: flakes. According to our PFM
measurement of several 3R-MoS; flakes with thickness ~200 nm, the d53 value was
found to vary from 2.0 pm/V to 3.5 pm/V. This 3R-MoS; flake is employed in an FBARS
discussed in Chapter 4.

64



(b)

- w
\
\
-
\
\
—i—
\

Displacement (pm)
N
\
'_"C‘
\

o

0.25 0.50 0.75 1.00 1.25
Driving Amplitude (V)

Figure 4-4 PFM piezoelectricity measurement of a 3R-MoS; flake in a fabricated FBAR. (a)
AFM measurement of the topology of the 3R-MoS; flake. (b) The derived piezo induced
displacement versus driving amplitude. (c)-(g) Piezo response of this flake with the driving
amplitude from 0.25 V to 1.25 V with a step of 0.25 V. (Green circuits in (a) and (g) indicate a
few non-piezoelectric contaminations)

To further characterize the piezoelectricity of the transferred 3R-MoS:; flakes involved
in the FBAR device, a 3R-MoS; flake inside a fabricated FBAR device was also
characterized by PFM. Figure 4-4 (a) shows the topology of the 3R-MoS: flake (with
20 nm Al top electrode on top). A bottom electrode serves as floating ground in the
characterization. Figure 4-4 (c)-(g) show the piezo response of this flake under the
applied voltage from 0.25 V to 1.25 V with a step of 0.25 V. The Amp is derived from
the response of the surface minus the response of the non-piezoelectric contaminations
as shown in the green circles drawn in Figure 4-4 (a) and (g). The derived displacement
versus driving amplitude of this flake is shown in Figure 4-4 (b). The d55 value of this

flake is measured to be ~2.8 pm/V.

Non-piezoelectric impurities on the surface of the 2D flakes can cause damping of the
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acoustic waves, leading to attenuation of the acoustic vibrations in an FBAR. Therefore,
for FBAR fabrication, only impurity-free flakes were selected, and the fabrication

process was carefully controlled to prevent the introduction of impurities.

4.3 Out-of-plane Piezoelectricity of Multilayer a-1n.Ses

The characterization methodology of the out-of-plane piezoelectricity of multilayer o-
InoSes flakes is similar to that used for 3R-MoS; flakes. The topology of a 120 nm a-
InSes flake is shown in Figure 4-5 (a, b). The piezo responses of this flake with the
driving amplitude from 0.25 V to 1.00 V with a step of 0.25 V are shown in Figure 4-5
(c)-(f). The derived displacement of this flake is found to increase linearly with the

driving amplitude as shown in Figure 4-5 (Q).
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Figure 4-5 PFM piezoelectricity measurement of an a-In,Se; flake. (a) AFM measurement of
the topology of the a-In,Ses flake. (b) The thickness of this flake achieved from (a). (c)-(f)
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Piezo response of this flake with the driving amplitude from 0.25 V to 1.00 V with a step of
0.25 V. (g) The derived piezo induced displacement versus driving amplitude.

d;5 of the a-In2Ses flake is measured to be around 5.4 pm/V. According to the PFM
results of several a-In>Ses flakes, d;5 of a-In2Ses flakes varies from 4 to 7 pm/V for the

flakes with the thickness increasing from 50 to 200 nm.

4.4 Out-of-plane Ferroelectricity of Multilayer a-1n,Ses
Ferroelectric materials have a natural electric polarization, meaning they have a built-in
electric field even without an external voltage. The polarization can be switched

between different states by applying an external electric field in certain direction.

The out-of-plane ferroelectricity of transferred multilayer of a-In.Ses flakes were
characterized by DART mode PFM. Time changing DC voltage with amplitude of — 5
V to 5 V together with an AC excited signal with amplitude of 0.5 V were applied
through the PFM conductive tip. The polarization states of the a-In,Sez flake were
revealed by measuring the change in the piezo response of the flake as function of the
voltage applied.
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Figure 4-6 PFM ferroelectricity measurement of a 110 nm a-In,Se; flake. (a) The AFM image
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of the a-In,Se; flake under test. (b) The thickness of this flake extracted from the red line

marked in (a). (c) PFM amplitude and (d) phase as function of the bias voltage between — 5
and + 5 V under the On-field. (e) PFM amplitude, and (f) phase under bias voltage between —

5 and + 5 V under the Off-field.

The 110 nm a-In.Ses flake under test are shown in Figure 4-6 (a), where the red dot
marked the place where the tip was landed for ferroelectricity characterization. The PFM
amplitudes versus the DC bias show clear hysteresis loops with a butterfly shape in both
On-field (the DC bias was on) and Off-field (the DC bias was removed after on for a

certain time) as shown in Figure 4-6 (c) and (e). Those loops indicate the capability of
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the material to retain its polarization state even after the external electric field is removed.
A 180° phase change can be observed through Figure 4-6 (d) and (f) indicating that the
electric polarization of the flake can be reversed through tuning the electric field/voltage
applied.

Ferroelectricity in a-In.Ses arises from its non-centrosymmetric crystal structure. This
asymmetry enables the material to display spontaneous polarization, meaning it can

form an inherent electric dipole moment even in the absence of an external electric field.

4.5 Summary

In this Chapter, the surface roughness, out-of-plane piezoelectricity of 3R-MoS; and a-
InzSes flakes, and out-of-plane ferroelectricity of a-InoSes flakes are characterized by
contact mode AFM and DART mode PFM technique. The 3R-MoS; and a-InSe3 flakes
fabricated by physically exfoliation method are of atomically flat surfaces, with an
average surface roughness around 300-400 pm, due to their unique vdWs force bonded

layered structure.

Multilayer of 3R-MoS: and a-In.Ses flakes exhibit clear out-of-plane piezoelectricity.
200 nm 3R-MoS: flakes chosen for the FBARSs discussed in Chapter 4 possess the value
of d55 in a range of 2.0-3.5 pm/V. It is also found that d;5 of a-In.Sez flakes with
thickness from 50 to 200 nm increases from 4 to 7 pm/V. Variations in the d;5 value
may lead to slight differences in device performance. They do not significantly affect
the resonant frequency of the devices. The resonant frequency is primarily determined

by the thickness and mechanical properties of the piezoelectric layer.

The atomically flat surfaces and strong out-of-plane piezoelectricity with sub-micron
thickness make 3R-MoS; and a-In,Ses flakes promising for novel FBARs with ultrahigh

resonant frequencies and high performance.

Additionally, a-In.Ses flakes show clear out-of-plane ferroelectricity at room
temperature. It is found that their electrical polarizations could be switched by a small
external electric field. As a result, a-In,Ses flakes are promising for novel sensitively
DC bias tunable and switchable FBARs.
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Chapter 5 3R-MoS:; Flakes based Solid Mounted Resonators

with Ultrahigh Resonant Frequencies

Due to the reversely proportional relationship between the piezoelectric film’s thickness
and the FBAR’s resonant frequency, ultrathin piezoelectric layer is required for a FBAR
with ultrahigh resonant frequencies. As discussed previously, conventional piezoelectric
materials lose their piezoelectricity with their thickness less than submicron.
Fortunately, recent advance in several 2D piezoelectric materials provides another

category of materials for high performance FBAR devices.

In this chapter, we report on the development of 3R-MoS; based SMR type FBARS with
fundamental resonant frequencies above 20 GHz. The structure design, fabrication
process, and characterization method of the 3R-MoS; based SMR are introduced in this
chapter. This work demonstrates a proof of concept for employing 2D piezoelectric
materials for high performance FBAR devices. To the best of our knowledge, this is the

first batch of the FBARSs based on 2D piezoelectric materials.

5.1 Structure Design

The schematic of our designed 3R-MoS> based SMR is shown in Figure 5-1 (a). In the
top part, a 3R-MoS: flake is clamped by two metal electrodes, while in the bottom part,
a SiO2/W Bragg acoustic mirror is deposited on a fused quartz substrate. An AC
alternative  signal applied on two electrodes generates the vertical
displacement/vibration of the 3R-MoS: flake, forming longitudinal acoustic waves. The
longitudinal acoustic waves are reflected back and forth within the two electrodes. The
longitudinal wave whose half wavelength corresponds to the thickness of the
piezoelectric material can form a standing wave and cause strong vibration of the 3R-
MoS: flakes. The side view of the 3R-MoS; based SMR is shown in Figure 5-1 (b). The
area of the top electrode is designed to be around 150 um? and the bottom electrode is
designed with the size of 35 x 60 um?, as the average size of an exfoliated multilayer

3R-MoS; flake is usually of a few hundreds of pm?.
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Figure 5-1 Schematic of the structure of a 3R-MoS; based SMR. a) Whole 3D view, b) side
view.

As discussed in Section 2.2.1 of Chapter 2, the resonance occurs when half of the
wavelength of the longitudinal wave propagating through the material is equal to the

thickness of the piezoelectric material. (Equation 2.9: h, = A/2) Therefore, the

fundamental resonant frequency can be generally described by the following equation:

=t
fr =2, (4.1)

where f,. is the fundamental resonant frequency of the FBAR, V; is the longitudinal

acoustic wave velocity, h,, is the thickness of the piezoelectric layer. When the acoustic

wave frequency f satisfies Equation (4.1), half wavelength of the wave is equal to the
flake thickness. In this situation, the phase of reflected longitudinal waves is equal to
the phase of the original longitudinal wave, those waves interfere each other and form a

standing wave.

Longitudinal acoustic wave velocity V; of a uniform piezoelectric material can be

where cZ; is the elastic constant of the piezo flake under a fixed electric field, ds5 is

described as:

piezoelectric coefficient, €35 is the dielectric constant under a fixed press and p is the

mass density.
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Since the longitudinal wave velocity in 3R-MoS; nano flakes is not clear yet, we
estimate it by substituting the piezoelectric coefficient d;; of 3.5 pm/V from
measurement results, the elastic constant c£; of 92 GPa and dielectric constant 5, of
2.6 from reported DFT[82], and the mass density of 5.06 g/cm? from the density of bulk
MoS; into Equation 4.2. The longitudinal acoustic wave velocity V; of 3R-MoS: is
estimated to be around 5 km/s for the structure design. Since the targeted resonant
frequency f, is around 20 GHz, the thickness of the 3R-MoS; flakes h in the devices
should be around 125 nm. Since the elastic property of 3R-MoS: is not clear yet, 3R-
MoS:; flakes with thickness from tens to hundreds nm were utilized to fabricate the

devices in this project.

For a standard design of SMRs, the top and bottom Al electrodes are designed as 10% -
20% of the thickness of piezo layer in between. Considering that the electrode cannot
be too thin to prevent discontinuity of the Al electrodes, the top and bottom electrodes
are designed to be 20 nm. The top electrode is designed to be pentagon-shaped to

suppress the lateral spurious mode.

The function of the Bragg acoustic mirror is to prevent the leakage of acoustic energy
by reflecting the acoustic wave back to the piezo layer. The Bragg acoustic mirror
consists of alternative stacking of low acoustic impedance material (SiO2 in our devices)
and high acoustic impedance material (tungsten). The acoustic reflection by interface
between two different media is described as:

g Z2—Z4
Rp =1

Pz,+7, (43)

where R, is the reflected portions of the acoustic wave, and I, is the total incident
portions of the wave. Z, and Z; are the acoustic impedance of the two media,
respectively. According to Equation (4.3), the larger difference between Z, and Z;, the
more acoustic energy can be reflected. Table 4-1 lists the acoustic velocity and

impedance of several materials.

. _ . Acoustic impedance
Materials Acoustic velocity (m/s)
(kg/m?s)
SiO2 5800 13.2 x 10°
Al 6320 17 x 10°
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SizNg 9900 21.8 x 108
AIN 11000 36.3 x 10°
Copper 4700 41.6 x 10°
Mo 6190 63.8 x 108
Tungsten 5180 100 x 10°

Table 5-1 Acoustic velocity and impedance of different materials

The acoustic impedance Z, can be calculated using the following relation:
_ /
Zg = pV, (4.4)

where V'; is the velocity of the longitudinal waves in the material, p is the density of the
material. When designing a Bragg acoustic mirror, thermal expansion coefficients and
temperature frequency coefficients are also considered. In our design, SiO2 with low
acoustic impedance and W with high acoustic impedance were chosen for the Bragg
mirror (Table 4-1). Each layer of the Bragg mirror was designed to have the thickness

equal to a quarter wavelength of the resonant acoustic wave.

Quartz

Figure 5-2 Schematic of acoustic wave propagation through the Bragg Mirror

Figure 5-2 illustrates the working principle of the Bragg mirror. When a longitudinal
acoustic wave is incident (i) towards the Bragg mirror, a portion of the incident wave is
reflected (r) by the SiO2/W and W/SIiO; interface. Taking the reflected wave r; by the

first interface of SiO2/W and r,, by the second interface of W/SiOz interface as examples,
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the thickness of the W layer in-between the first and second interface was designed to

be a quarter of wavelength of the acoustic wave. As a result, when r, propagates to the

SiO2/W interface of r, , there is a phase difference equal to (’1/4+’1/4+

’1/2)(277//1) = 2m, which means r; and r, have the same phase, and their energy can

gather together to form a stronger reflected wave. The same design principle is appliable
to the rest layers of the Bragg mirror. All the reflected waves r; -1 have the same phase
so that this Bragg mirror can reflect the incident acoustic wave efficiently at the resonant

frequency and prevent it from leaking to the supporting substrate.

Therefore, the thickness hg), of the SiO2 and W layers should be:

_pm _ V|
hgy ==, = i (4.5)

where A, and V; are the wavelength and speed of the longitudinal waves propagating
in a certain material of Bragg mirror, respectively. f,; is the target frequency at which
the strongest reflection occurs by the Bragg mirror. In this project, the target resonant
frequency is above 20 GHz, i.e., f,; = 20 GHz. The thicknesses of the SiO> layer and

W layer were selected to be around 72 nm and 65 nm, respectively.

Theoretically, the reflectivity of a Bragg mirror increases with the number of alternating
layers. However, in practice, an optimal number of the layers must be selected in line
with a balance between achieving sufficient reflectivity and managing fabrication
complexity. According to Equation 4.3, the reflection ratio R vs number of high
reflection interfaces N for a SiO»/W Bragg mirror can be roughly calculated by:

Ry=1- (1 - M)N (4.6)

Zw+Zsio2

where Zy, and Zg;, are the acoustic resistivity of tungsten and SiO- respectively. For a
3/5/7 layers Bragg mirror, where N is 1/2/3, the calculated reflection ratio R are 76.7%,
94.6% and 98.7%, respectively. A five-layer structure offers an optimal balance between
the reflection properties and fabrication complexity, and therefore it was chosen for this

project.
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Figure 5-3 Schematic diagram of a ground-signal-ground coplanar waveguide employed in
our SMR devices.

For RF measurements, an adapted Ground-Signal-Ground (GSG) coplanar waveguide
(CPW) (see Figure 5-3) was carefully designed and fabricated to get the impedance

matching of 50 ohms.

5.2 Device Fabrication

The fabrication of the 3R-MoS; based SMRs was performed in a clean room using the
modern semiconductor fabrication technique. The fabrication processes of the 3R-MoS>
based SMRs are shown in Figure 5-4.
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Figure 5-4 Schematic diagram of the fabrication processes of the 3R-MoS; based SMRs: (a)
Bragg mirror and sacrificial layer deposition. (b) SiO, passive layer deposition. (c) Sacrificial
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layer removal. (d) Bottom electrode deposition. (e) 2D material transfer. (f) Top electrode
deposition. (g) CPW deposition.

First, low acoustic impedance SiO> layers with thickness of 65-75 nm and high acoustic
impedance W layers with thickness of 60-70 nm were alternately deposited on a double-
side polished fused quartz substrate using a RF sputter system and a DC sputter system
respectively, forming a Bragg acoustic reflector with 3 SiO; layers and 2 W layers
(Figure 5-4 (a)). The vacuum for both RF and DC sputter chambers was kept around
2x10° Pa before venting. For SiO; sputter process, 300 RF power, 50 Torr Ar gas and 8
Torr Oz gas were selected under room temperature. The deposition rate was near 2.5
nm/min, and it was influenced by the surface of the substrate. For W sputter process,
100 DC power, 50 Torr Ar gas were settled under room temperature. The deposition
rate was near 8.5 nm/min. The thickness of each layer is the most important parameter

for the Bragg mirror, and the deposition process should be well controlled.

Metal for SEM
Si(:)_z
“T

Si0,
W
Si0,

Fused quartz

Figure 5-5 SEM side view of a fabricated Bragg mirror.

The fabricated Bragg mirror is characterized by the SEM as shown in Figure 5-5. The
black stripes are the nonconductive SiO- layer, and the light stripes in between are the
conductive W layer. Additionally, a sacrificial layer of Cr around 100 nm was deposited

over the Bragg mirror for better SEM image.
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Figure 5-6 (a) The design of the mask and (b) the fabricated mask for 3R-MoS; based SMR
fabrication.

The lithography and lift-off process are used to fabricate Bragg mirror and other parts
of the 3R-MoS; based SMR with certain mask patterns. The lithography mask layout
for the fabrication of 3R-MoS: based SMR was designed in a 5-inch demi wafer. (Figure
5-6 (a)) The light-field mask (Figure 5-6 (b)) with negative photoresist was used for the

sake of lift-off process involved.

Then, around the Bragg mirror, a SiO passivation layer with the same thickness as that
of the Bragg mirror was deposited to prevent any possible connection and crosstalk
between the waveguide and the W layers in the Bragg reflector (Figure 5-4 (b)). The
SiO2 on top of the sacrificial Cr layer was removed together with the Cr layer in a lift-
off process. (Figure 5-4 (c)).

After that, a bottom Al electrode with an area of 35 x 60 um, thickness of 20 nm was
then deposited onto the top of the Bragg reflector using a DC sputtering system (Figure
5-4 (d)). 100 DC power, 50 torr Ar gas were settled. The deposition rate was 5 nm/min,

A 3R-MoS; flake was transferred onto the bottom electrode (Figure 5-4 (e)). The 3R-
MoS; flake was exfoliated from a bulk 3R-MoS; crystal and then transferred with a
PDMS carrier. The material transfer was realized by a homemade transfer stage shown
in Figure 5-7. The PDMS carrier with the 3R-MoS; flake was attached to the bottom
surface of a glass slide fix on one end of the stage, while sample was placed on the plate
at the other end as shown in Figure 5-7 (a). The flake on the PDMS carrier was aligned

under an optical microscope and then pressed to the bottom electrodes as shown in
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Figure 5-7 (b). The 3R-MoS: flake could be transferred onto the bottom electrode after

heating.
(a)
Sample with
bottom
3R-MoS, electrodes
flakes on
PDMS

Figure 5-7 2D material transfer using a homemade transfer stage: (a) whole view, and (b)
side view.

After the transfer, anneal at 200 °C for 10 minutes was performed to enhance the
adhesion between the transferred 3R-MoS: flakes and the bottom Al electrode.

It is worth noting that, unlike conventional FBARs where the piezoelectric layer is
deposited directly onto the bottom electrodes, 2D-based FBARs feature piezoelectric
nanoflakes placed on the surface of the bottom electrodes. As a result, the bonding of
the nanoflakes and the bottom electrodes may be relatively weak. This may affect the
efficiency of the coupling between the acoustical and electrical energy and decrease the
K,2.

Next, a 20 nm thick pentagonal top Al electrode with area around 150 um? was deposited
on the transferred MoS; flake using the sputter process and lithography technique
(Figure 5-4 (f)). Lastly, a 1 um thick Ti-Al CPW was deposited using the DC sputter
system (Figure 5-4 (g)). For Ti sputtering, 100 DC power, 50 torr Ar gas were settled.

The deposition rate was 4 nm/min. For Al waveguide sputtering, 200 DC power, 50 torr

Ar gas were settled. The deposition rate was 12.5 nm/min.
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5.3 Results and Discussion

5.3.1 Optical view of the fabricated 3R-MoS2 based SMR devices

Ground Signal Ground

(a)

T()p electrode

Figure 5-8 (a) Schematic of a top view of a 3R-MoS; based SMR with GSG waveguide. (b)
Optical microscope image of top view of a 3R-MoS; based SMR. (c) SEM image of top view of
a 3R-MoS; based SMR

Figure 5-8 shows a fabricated 3R-MoS: based SMR device. The 3R-MoS; based SMR
device is at the center of the waveguide (Figure 5-8 (a)). An opticle microscope image
of top view of the device is shown in Figure 5-8 (b). Figure 5-8 (c) shows the colored
SEM image of a zoom-in top view of a 3R-MoS; based SMR. A 3R-MoS: flake (red)
was clamped by the pentagonal shaped top electrode (grey) and the bottom electrode
(yellow). The Bragg mirror (green) was below the 3R-MoS; flake and the bottom
electrode. The ground waveguide (purple) was connected to the bottom electrode while

the signal waveguide (purple) was connected to the top electrode.

5.3.2 RF characterization results of 3R-MoS2 based SMR devices

The RF characterization was performed through a Keysight N5244A (frequency range
from 10 MHz to 43 GHz) Vector Network Analyzer (VNA) and a Form Factor Infinity
GSG RF probe. A VNA open-short-load calibration was performed before the
measurement. An open-short-pad method [83] was applied to remove electrical
inductive and capacitive impedance of the GSG waveguide. The open, short and pad
waveguide patterns are shown in Figure 5-9. A homemade Python program was

developed to perform this de-embedding analysis.
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Figure 5-9 Open-short-pad pattern for de-embedding.

As discussed in Chapter Two, S;, parameter is defined as the reflection coefficient at
Port 1 of the network analyser when Port 2 is terminated with a matched load. When a

resonance occurs, a minimum value in S;; at the resonant frequency can be observed.

Several 3R-MoS; based SMRs with 3R-MoS; thickness from 60 nm to 300 nm were
fabricated and characterized. Five samples with 3R-MoS; thickness of 210 nm (Sample
1), 220 nm (Sample 2), 235 nm (Sample 3), 240 nm (Sample 4) and 290 nm (Sample 5)
showed sharp downward peaks in S;; versus the frequency curves as shown in Figure
4-2 with frequencies from 20.3 GHz to 27.5 GHz. All 5 devices demonstrated clear
resonance characteristics at the frequencies larger than 20 GHz. The 210 nm 3R-MoS>
based SMR showed a fundamental resonant frequency up to 27.5 GHz, which is the
highest among all reported bulk acoustic wave resonators so far, to the best our

knowledge.

-10
—— 210 nm - Sample 1

r —— 220 nm - Sample 2

——235 nm - Sample 3
[—— 240 nm - Sample 4
| —— 290 nm - Sample 5

511 parameter (dB)

1] 5 10 15 20 25 30 35 40

Frequency (GHz)

Figure 5-10 Sq1 parameters versus the frequency of the five 3R-MoS; based SMR.
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The different performance among the five samples may come from several reasons.
First, the matching between the resonant frequency with the multilayer thicknesses of
the Bragg mirror could greatly influence the strength of the resonant vibration in the
FBAR. If the resonant vibration in the top part the FBAR device does not very well
match the reflected waves by the bottom part, the acoustic energy cannot be refined
inside the piezo layer. Under the worst circumstance, the resonance may not occur.
Second, the complex fabrication processes would introduce several uncertainties and
non-uniformities that affect the device performance badly. For example, the impedance
of the CPW, top electrode and in-between connections were found to be sensitively
dependent on the fabrication processing details. Additionally, the quality, morphology,
adhesion of 3R-MoS; flakes with the bottom electrode could introduce fluctuations in

the device performance.
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Figure 5-11 The absolute impedance (log-scale) and phase of Sample 4

Figure 5-11 shows the impedance and phase of Sample 4 which exhibits the best
resonance. The 240 nm 3R-MoS; based SMR (Sample 4) has a minimum impedance
around 70 Q at f, ~25 GHz and a maximum impedance around 800 Q at an anti-
resonant frequency f,~33 GHz, which is the typical feature of an acoustical resonance
according to the MBVD model introduced in Chapter two. Phase change from capacitive
to inductive can also be observed within the resonant frequency and the anti-resonant

frequency.

The electromechanical coupling coefficient (k?) of this 3R-MoS; based SMR can be

81



calculated using equation 2.18, as relisted below for convenience.

frm
k2 = —LaZ (2.18)

tan (]{—;-g

For Sample 4, the k? is estimated to be 47.6%.
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Figure 5-12 The resonance frequency vs. one over the thickness of the 3R-MoS; flakes used in
Samples 1 to 5.

From Figure 5-12, the linear proportional relationship between the resonance frequency
versus the thickness of the 3R-MoS: flakes can be seen. These findings are consistent
with the feature of the thickness extension mode (longitudinal wave). The longitudinal
acoustic velocity in 3R-MoS; flakes shown in Figure 5-12 can be calculated using
Equation (4.1), around 10.5 km/s. This velocity is higher than that in ZnO (~3 km/s),
PZT (~4 km/s) and quartz (~5.8 km/s), but comparable to that in AIN (~11 km/s).
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Figure 5-13 S;; measurement results and (b) absolute value and phase of the impedance of
two samples with 3R-MoS; with thickness outside the range of 210 nm — 290 nm.

3R-MoS; flakes with thickness from tens to hundreds of nanometers were transferred to
the Bragg mirror substrate which contained three low impedance 65-75 nm SiO. layers
and two high acoustic impedance 60-70 nm W layers. However, due to the mismatch
between the eigen frequencies of 3R-MoS; flakes and the frequency of the reflected
waves by the Bragg mirror, only the devices with a 3R-MoS; flake whose thickness was
between 210 nm and 290 nm showed apparent resonance characteristics.

Figure 5-13 shows S;, parameters for another 5 samples with 3R-MoS: flakes whose
thicknesses were 60, 85, 310, 315 and 340 nm, respectively. No obvious S;; peak could
be observed from 1 up to 40 GHz. No high impedance state and low impedance state
could be observed in the impedance frequency response shown in Figure 5-13 (b). The
impedance of the 5 samples decreased as increasing the frequency of the excited signal,
exhibiting the features of a capacitor. From the phase frequency response shown in
Figure 5-13 (b), no clear phase change was observed. All those findings support that no
resonant acoustical vibrations were generated for those samples in which the 3R-MoS;

flake thickness were beyond the frequency of the reflected waves from the Bragg mirror.

5.3.3 Finite element method (FEM) simulation of a 3R-MoS:2 based SMR

To help us in-depth understanding of the mechanical and electrical behavior of the 3R-
MoS; based SMRs during resonance, a 2D FEM simulation was performed to simulate
the mechanic and electric coupling inside the 240 nm thick 3R-MoS: flake based SMR.
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The physical properties of the 3R-MoS; flake used in the simulation are listed below.

The volumetric mass density p = 5.06 g/cm?3 for bulk MoS; crystals[84] was used as
the density of the 3R-MoS; flakes.

The elastic stiffness matrix (GPa):[82]

247 677 322 -10.7 0O 0
67.7 247 322 10.7 0 0

G| 322 322 900 0 0 0
~107 107 0 386 0 0
\o 0 0 0 38.6 —10.7

0 0 0 0 —107 89.65

The dielectric constant: [82]

The piezoelectric constants (pm/v):

0 0 0 0 -41 -3.6
d=| -3.6 3.6 0 —-41 0 0
-0.21 -0.21 3.5 0 0 0

The piezoelectric constants were imported partly from the DFT calculation.[82] The
most important out-of-plane piezoelectric constant d;; = 3.5 pm/v was measured

from our PFM measurement described above.

1.0 V potential was applied to the top electrode as the excitation signal while 0 V

(ground) was applied to the bottom electrode.

The coupling relation between the solid mechanics and electrostatics modules is solved
according to the constitutive piezoelectric equations (strain-charge form) prementioned
in Chapter 2:

D3x1 = daxe * Tex1 + €33 * Eaxa (2.5)
Sex1 = Sexe " Tex1 + dixs " Eaxa (2.6)

where D is the electrical displacement, €7, the permittivity constants under fixed stress,

T, the stress matrix, S, the strain matrix, s, the elastic stiffness constants under fixed
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electric field, d, the piezoelectric constants, and E, the electric field.
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Figure 5-14 The simulated electrical absolute impedance frequency spectrum and phase
frequency spectrum.

The simulated electrical absolute value of impedance and phase as a function of
frequency for a 240 nm 3R-MoS; flake based SMR are shown in Figure 5-14. The
simulated f,. was found to occur at 24.9 GHz and the f, at 29.4 GHz, reasonably
matched with the experimentally observed £, and f; in Figure 5-11. The k? of 32.6%
could be calculated using Equation (2.18). Several spurious modes could be observed
from the simulated curves, which could be attributed to the thickness shear modes,
lateral modes or waves reflected from the Bragg mirror. A phase change from inductive
(90°) at £, to capacitive (-90°) at f, could also be observed in the simulation results. It
is the ideal phase change for a typical FBAR device. A similar phase change could be

observed in the experimental results shown in Figure 5-11.

The displacement distribution and the acoustic wave propagation during the resonance

were also simulated.
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Figure 5-15 The simulated (a) mechanical mode shape and (b) vertical mechanical
displacement field at the resonant frequency of 24.9 GHz.

As shown in Figure 5-15 (a), within the active region where the vertical electric field is
generated by two electrodes, symmetric vertical displacements are formed at both sides
of the 3R-MoS: piezo layer, suggesting that the resonance mode are associated with the
thickness extension (longitudinal) acoustic mode. The mechanical displacement along
the 3R-MoS: flake and the Bragg mirror at £, is plotted in Figure 5-15 (b). The acoustic
wave propagates from 3R-MoS; towards the substrate of the structure. Nearly half a
wavelength of the wave stands through the 3R-MoS: layer, and a quarter wavelength
through each layer of the Bragg mirror. Obvious acoustical displacement attenuation of
the wave can be observed at two SiO2/W interfaces. The acoustical displacement
becomes very weak at the bottom of the Bragg Mirror, demonstrating that most of the
energy is reflected by the Bragg mirror at the resonant frequency. It is worth noting that,

for the design and simulation, the interfaces between the W/Si0. Bragg mirror were
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treated as perfect interfaces. However, in practice, non-ideal factors such as roughness
could cause scattering of acoustic energy, leading to a decrease in the reflection rate.

More information about the simulations of the project can be found in the thesis of our

collaborator.[85]

5.3.4 Comparison of our devices with other FBAR devices
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Figure 5-16 Resonance frequencies and electromechanical coupling coefficients of several
thin film resonators reported by different groups and this work.[45, 55, 56, 86-108]

Figure 5-16 shows the comparison of the performance of several fundamental thickness
extension mode FBARS reported by different groups since 2000 and the 3R-MoS; SMR
introduced in this work in aspect of the resonant frequencies f,. and electromechanical
coupling coefficients k?Z.[45, 55, 56, 86-107] The mostly used and commercialized
conventional piezoelectric material ZnO/AIN based FBAR normally have resonant
frequencies from hundreds of MHz to 6 GHz and k? below 8%.[45, 91, 92, 96-98, 101,
103] A bench of special dome-shaped AIN based air-gap FBARs developed by Fujitsu
Laboratories LTD. achieve very high resonant frequencies around 20 GHz.[102]
LiNbO3/LiTaO3 based FBAR could have much higher k? up to ~50% compared to
ZnO/AIN based FBARs and they usually possess resonant frequencies from 1 to 6
GHz.[55, 56, 86-89, 104, 106] Compared to those conventional material based FBARS,
the 3R-MoS; based SMR-typed FBARs designed and fabricated by us have achieved

advance in aspect of the resonant frequency and electromechanical coupling
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coefficient.[108]

5.4 Summary

The first batch of SMR-typed FBARs based on 3R-MoS: thin flakes have been
successfully designed, fabricated and characterized. The devices can operate at
frequencies higher than 20 GHz with a size of 35x60 um?. Boost of the operating
frequencies originates from the excellent piezoelectricity of the sub-micron thick 2D
3R-MoS; flakes, which is hard to be achieved using conventional materials. The
physically exfoliated 3R-MoS; flakes could possess atomically flat surface and strong
piezoelectricity with the thickness even down to a single atomic layer. This work
illustrates that employing 2D piezoelectric materials in FBAR devices is a promising
strategy to achieve high performance FBAR devices with superhigh operation

frequencies.
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Chapter 6 a-1n2Ses Flakes based Tunable and Switchable

FBARS

A tunable FBAR is capable of toggling its acoustic resonance in real time to work in
different frequency bands or match a specific target frequency. While a switchable
FBAR allows the FBAR to be controlled or isolated from a specific signal path. The
tunability and switchability can be realized at the same time by employing a ferroelectric
material in the devices. However, conventional thin ferroelectric materials-based DC
voltage-controlled switchable and tunable FBARs are facing challenges for advanced
radio frequency applications because a DC voltage up to hundreds of volts is required
to switch off the devices and/or create a considerable tuning range of their resonant
frequencies. Since several 2D materials have been recently found to possess
ferroelectricity under room temperature, advance in those 2D ferroelectric materials
may create an opportunity to develop tunable and switchable ultrahigh frequency

FBARs with higher tuning efficiency and lower switch on/off voltage.

In this Chapter, we present the first batch of a-In;Ses based tunable and switchable
FBARs. The structure design, devices fabrication processes, characterization method
and measurement results of the a-In2Sesz based FBARs are discussed. The work
discussed in this Chapter suggests that 2D ferroelectric materials are promising for
tunable and switchable FBARs for next generation of wireless communication systems.

6.1 Structure Design

As mentioned in Chapter 5, mismatch between the thickness of piezoelectric materials
and the targeted reflection frequency of the Bragg mirror leads to no resonant vibration
of the device. Additionally, the quality of Bragg mirror would significantly affect the
performance of the device. In comparison, an air gap structure was adopted for the a-
In.Ses based FBAR devices. Unlike Bragg mirror in @ SMR which could only reflect
acoustic waves with a certain frequency, the air gap structure could provide acoustical
isolation for acoustic waves with all frequencies. Therefore, the mismatch problem

between acoustic generator and reflector in a SMR can be avoided in the air-gap
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structure.

Enhancement

Figure 6-1 (a) 3D schematic structure and (b) Side view of the a-1n,Se; based FBAR.

Figure 6-1 (a) shows the 3D schematic structure of an air gap type a-1n,Sez based FBAR.
The a-In2Ses flake is clamped by two Al electrodes, serving as the longitudinal acoustic
wave generator. The clamped a-In,Ses flake is landed on a SisN4 supporting layer which
is suspended away from the substrate. An air cavity is formed between the SisN4 layer
and the substate. Due to the large difference of acoustic impedance between the air
cavity and the clamped flake, the interface in between serves as a strong acoustical

reflector that reflects the acoustic waves back to the clamped a-1n,Ses flake.

Figure 6-1 (b) shows the side view of the a-In>Ses based FBAR. To form the air cavity
between the SisN4 layer and the substrate, a ~200 nm thick Au sacrificial layer with
certain pattern was deposited on the substrate before the deposition of SizNa4. SisN4 was
employed as the supporting layer because it is mechanically strong and with high
acoustical speed. It prevents the clamped flake from in touch with the substrate. The
thickness of SisN4 was ~200 nm to provide solid support to the clamped flake above.
The thickness of the Al electrodes was ~25 nm to ensure the continuity of the thin metal
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film. The thickness of the Al CPW was ~800 nm to ensure the good connection between
two electrodes and the GSG probe which provides the signal for the device under test.
An enhancement Al layer was introduced to enhance the connection between the top

electrode and the signal waveguide.

6.2 The Device Fabrication

The a-In2Sez nanoflakes were fabricated through mechanical exfoliation from a-InSes
crystals as is the case with 3R-MoS>, as mentioned in Section 3.1 of Chapter 3. The
fabrication of a-In>Ses based FBARSs was performed in a clean room using the modern
semiconductor fabrication technique. The fabrication processes of the a-In2Ses based

FBARs are illustrated in Figure 6-2.

(e)

() I Undoped Silicon
| Gold
5 mmmm Silicon Nitride
Aluminum
)

(2

s ¢-In,Se,

Figure 6-2 Schematic diagram of the fabrication processes for the a-1n,Ses based FBARSs. (a)
Gold deposition. (b) Silicon Nitride deposition. (c) Bottom Aluminum electrode deposition. (d)
a-In;Ses transfer. () Top Aluminum electrode deposition. (f) Aluminum waveguide deposition.

(9) Gold sacrificial layer etching and formation of a thin air cavity.

First, an Au sacrificial layer with thickness around 200 nm was deposited on a high
resistivity undoped silicon substrate with e-Beam evaporation (Figure 6-2 (a)). A
sacrificial Au layer was of a size of 20x120 pm? made by lithography. On the Au
sacrificial layer, a SisN4 supporting layer with thickness around 200 pm was deposited
by Plasma-Enhanced Chemical Vapor Deposition (PECVD) (Figure 6-2 (b)). A bottom
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Al electrode with thickness around 25nm was then deposited on the SizsNs supporting

layer using a sputter system (Figure 6-2 (c)).

Ultrathin o-In2Sez flakes with thickness from 95 nm up to around 200 nm were
exfoliated from a bulk a-In>Ses crystal. Then they were transferred onto the bottom Al
electrode using the prementioned homemade 2D transfer stage (Figure 6-2 (d)).
Thereafter, anneal at 150 °C for 60 min was performed to enhance the adhesion between
the transferred a-In2Ses and the bottom Al electrode. To avoid that a-In.Sez flakes
transfer to B-In,Ses at 200 °C and above,[109] the annealing temperature was controlled
below 200 °C.

Then, a 25 nm thick pentagonal top Al electrode was deposited on the a-In,Ses flake
using the DC sputter system (Figure 6-2 (€)). An 800 nm thick Al CWP was introduced
using the DC sputter system to provide the connection between the signal/ground
waveguides and the top/bottom electrodes (Figure 6-2 (f)). An Al layer was deposited
to cover the step of the edge of the sacrificial layer, and therefore to enhance the
connection between the signal waveguide located by side of the sacrificial layer and the
top electrode located above the sacrificial layer.

Lastly, reactive-ion etching (RIE) was performed to create a via hole through the SisN4
supporting layer. The Au sacrificial layer was etched by a gold etchant through the via
hole, forming an air gap between the SisN4 supporting layer and the silicon substrate in
an active region (Figure 6-2 (g)).
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6.3 Results and Discussion

6.3.1 Optical view of the fabricated a-1n2Ses based FBARs

(a)

Ground

Signal

Ground

Device

Figure 6-3 (a) Schematic layout of the device with GSG waveguide. (b) Optical view of an a-
In,Ses based FBAR.

The a-In.Sez based FBAR is at the center of the GSG waveguide (Figure 6-3 (a)). An
a-In2Ses based air-gap FBAR consists of an a-1n2Sez flake (green flake in the center)
clamped by a pentagon shaped top Al electrode and a square shaped bottom Al electrode
which was prepared on the SizsN4 supporting layer in green, as illustrated in Figure 6-3
(b). The thick Al waveguide at the left side of the Figure 6-3 (b) was to feed signal to
the top electrode, while the thick Al waveguide at the right side provides ground was in

contact with the bottom electrode.
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6.3.2 RF characterizations of a-In2Ses based FBARs
One port S parameter characterization was performed using a Keysight N5244A VNA
and a Form Factor Infinity GSG RF probe.
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Figure 6-4 S;; parameters of five a-In,Se; based FBAR.

Five a-In2Ses based air-gap FBARs (Samples A-E) were fabricated and characterized.
The a-InxSes flake thickness in Samples A-E was 205, 200, 185, 160, 95 nm,
respectively. The experimental scattering parameters S;; over a frequency range of 1-
20 GHz for the 5 samples are shown in Figure 6-4. All 5 samples show clear resonance
characteristics, where downwards S;, peak could be observed at certain frequencies.
Additionally, for Samples A-D, the second harmonic resonances at the double
frequencies of the fundamental modes can be observed, suggesting that the acoustical
waves are longitudinal waves.[19] According to the S;; characterization results,
Samples A-E possess f,. around 6.60 GHz, 7.04 GHz, 7.78 GHz, 8.60 GHz, and 14.14
GHz, respectively.
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Figure 6-5 The resonant frequencies versus one over thickness of the a-In,Ses flakes of
Samples A-E.

According to the equation 4.1, for a FBAR, the resonant frequency is inversely
proportional to the thickness of the a-In,Ses flake involved. The resonant frequencies of
Sample A-E in Figure 6-5 vary linearly with the reciprocals of the thickness of the a-
InSes flakes involved. The acoustic velocity of a-In2Ses flakes could be evaluated from
the slope of f,.versus 1/h, around 2.7 km/s. The acoustic velocity observed in our
experiments is consistent with that of 3.0 £ 0.2 km/s measured by picosecond ultrasonic
probing technique.[110] The little difference may come from the influence of the

electrodes and the supporting layers in our a-InoSez based FBARS.
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Figure 6-6 (a) - (e) the absolute impedance and phase of Samples A-E of a-In,Ses based
FBARs

Figure 6-6 shows the absolute values of impedance and phase of the five a-In>Ses based
FBARs. Samples A-E possess the minimum impedance at 6.60, 7.04, 7.78, 8.60, and
14.14 GHz. The frequency of the minimum impedance did correspond very well to the
peak frequency or the resonance frequency f,. in the S;; parameter spectrum shown in
Figure 6-4. The frequency of the maximum impedance at 6.88, 7.39, 7.97, 8.84, and
14.23 GHz is the anti-resonance frequency f, for Sample A-E, respectively. Phase
change from conductive towards inductive in between £, and £, can be observed for all

the samples.

The K2 of the five a-In2Ses based FBARs can be derived from the f;. and f;, accordingly
using Equation 2.18. The value of K2 is estimated to be 9.6%, 11.2%, 5.7%, 6.5%, and
1.4% for Sample A-E, respectively. The resonant performance fluctuation could come
from the processing condition fluctuation and different quality and thickness of the -

In,Ses flakes involved.
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6.3.3 Tunability and switchability of an a-In2Ses based FBAR (Sample D)

To test the tunability and switchability of the a-In.Ses based FBARs, RF excitation
signals and DC bias voltages were applied to the top electrode of the samples at the same
time. The RF and DC signal form an electric field through the a-1n;Ses flake in the out-
of-plane direction. The RF&DC test has been performed to Samples A, D and E,
respectively. Unfortunately, Sample A was destroyed during the test under high DC

voltage applied, while Sample E has relatively weak vibration. The results of Sample D
are presented as follows.
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Figure 6-7 (a) Measured Si1 parameter under DC bias from 4 V to — 4 V with a step of 1 V for
Sample D. The inset (b): a zoom in view of the resonance peak.

Figure 6-7 (a) displays the measured scattering parameter S;; of Sample D over a
frequency range of 5-20 GHz, under a DC voltage between 4 V and — 4 V with a step of
1 V. Tuning of the f,. by DC bias could be clearly observed from the zoom in view in
Figure 6-7 (b). The minimum value of the measured S;, parameters increased from —
5.24 dB (8.615 GHz) at 4 V, through — 3.93 dB (8.604 GHz) at 0 V, up to — 2.86 dB
(8.597 GHz) at — 2 V. When — 4 V was applied, the S;; curve fell into the noise

background, suggesting that no resonance occurs, or the device is switched off under a
bias voltage of — 4 V.

97



o 175pl3) o
= S
o — ° — 3
_‘-;:E §§150
Q 3150 I Y 38
€9 (A 2o
83 \ g3
Q> =)
a >
2 125 s o5
E £, = 8.60 GHz E '
80 85 90 95 8.55 8.60 8.65
Frequency (GHz) Frequency (GHz)

Figure 6-8 (a) Measured absolute impedance versus frequency under different DC bias
voltage for Sample D. (b) The zoom in view near f..

The absolute impedance versus frequency for Sample D under different DC bias is
shown in Figure 6-8 (a). When the DC bias voltage was tuned from 4 V to — 2 V, the
absolute impedance at the £, increases, while that at f,, decreases. The resonant and anti-
resonant responses can hardly be observed under the DC bias voltage of — 4 V,

suggesting that no resonant vibration could occur under such a bias voltage.

As shown in the zoom in view in Figure 6-8 (b), f,- was modulated from 8.609 GHz at
4V t0 8.583 GHz at — 2 V, realizing a tuning frequency window of 26 MHz, a tunability
of 0.05%/V and a remarkably high tuning efficiency of 4.3 MHz/V. To the best of our
knowledge, this is the first tunable FBAR that can function beyond the sub-6 GHz band

with a high tuning efficiency and smallest switchsw-off voltage so far.[70, 71]

-30 -30
(a) (b) !

mn m
2 .50t o 50k
o0 T
Q [
= =}
2 2
& -70f & 70}
o o

90 . . S 90 , :

8.0 8.5 9.0 9.5 8.60 8.65
Frequency (GHz) Frequency (GHz)

Figure 6-9 (a) Measured phase versus frequency under different DC bias voltages for Sample
D. (b) The zoom in view near f..

It can be observed from Figure 6-9 (a) that, near f,., Sample D experienced a phase

98



change from capacitive to inductive. The peak phase decreased from — 38.32° (8.618
GHz) at 4 V, through — 47.55° (8.608 GHz) at 0 V, down to — 60.53° (8.577 GHz) at —

2 V. No measurable phase change can be observed under —4 V.
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Figure 6-10 The DC bias dependence of the peak frequency for (a) f,, (b) S11 parameter, f;,
and the phase and (c) K¢ for Sample D.

Figure 6-10 summarizes the tuning of the peak frequency for f, f,, S11 peak, phase
peak by different DC bias voltage. The peak frequency for f,, f,-, S1; and the phase
display a similar response to the DC bias voltage, as shown in Figure 6-10 (a) and (b).
The K7 attenuated with the decrease of the DC bias voltage as shown in Figure 6-10 (c),
suggesting that the a-In>Ses flake involved gradually loses its piezoelectricity when the

DC bias voltage was increased negatively
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6.3.4 Tunability and switchability of another a-In2Ses based FBAR (Sample E)
Sample E showed the similar DC response as Sample D. However, due to thin a-InzSes

flake (~95 nm), the vibration of Sample E was found to be relatively weak in comparison

with Sample D.
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Figure 6-11 (a) Measured S11 parameter of an a-In>Ses based FBAR (Sample E) under DC
bias from 4 V to — 4 V with a step of 1 V. (a’) Zoom in view of (a). (b) Electrical phase under
different DC bias. (b’) Zoom in view of (b). (c) Absolute impedance versus frequency under
different DC bias (Figure a-c share the same color bar of DC bias voltage) (d) The peak
frequency for Si; parameter and phase versus DC bias voltage.

DC bias voltages from — 4 V to 4 V were applied to the top electrodes of Sample E
forming an electric field through the 95 nm a-In;Ses flake in the out of plane direction.

Figure 6-11 (a) and the zoom in view (Figure 6-11 (a’)) show the S11 parameter around
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the resonant frequency. The minimum Sy: parameter (frequency) increased from — 1.03
dB (14.157 GHz) at 4 V, through — 0.75 dB (14.136 GHz) at zero bias, up to — 0.46 dB
(14.122 GHz) at — 1.0 V. When negative DC bias voltage from — 2.0 V to — 4.0 VV were
applied, the S11 curve was buried by the noise level, no resonance was observable.

Figure 6-11 (b) and the zoom in view (Figure 6-11 (b)) show the phase near the resonant
frequency of Sample E. The maximum phase (frequency) was changed from — 77.88°
(14.159 GHz) at 4 V, through — 81.43° (14.136 GHz) at zero bias, down to — 84.78°
(14.121 GHz) at — 1 V. No phase change was observable when negative DC biases of —

2.0 V or larger were applied.

From the absolute impedance near the resonant frequency of Sample E (Figure 6-11 (c)),
one can see that the resonant frequency and the anti-resonant frequency were around
14.15 GHz and 14.23 GHz, respectively. With tuning the DC bias voltage from 4 V to

— 4V, the impedance curve gradually evolved into a straight line.

The S11 peak and phase peak of Sample E display an analogous way in responsible to
the DC bias voltages shown in Figure 6-11 (d), suggesting a tuning efficiency
(tunability) around 7 MHz/V (0.05%/V) for the 95 nm a-In,Se, based FBAR under a
small DC bias voltage range from—-1Vto4 V.
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6.3.5 Tunability and Comparison of our devices with other dynamic FBARs

Comparison of the performances between our a-In,Ses based FBARs and FBARS based

on several mainstream ferroelectric materials is shown in Table 6-1.

] Resonant | Tuning Tuning Switched-off

Materials o Reference
Frequency | Efficiency | Range Voltage

STO 2.2GHz 0.067% 1.62% Normally-off [111]

BST 3.76GHz 0.04% 2.3% Normally-off [70]

Crystalline
2.42GHz 1% 16.6% -4.6V [112]

PZT

AIScN 2.93GHz 0.007% 2.9% 350V [68]

a-In2Ses 8.60GHz 0.05% 0.3% -4V This work

Table 6-1 Performance comparison between our o-In;Se; based FBARs and other reported
FBARs based on STO, BST, Crystalline PZT and AIScN in terms of the resonant frequency,
tuning efficiency, tunability and switched-off voltage.

Our a-In2Ses based FBARs show the highest resonant frequency. They possess the
smallest switched-off voltage among all the other FBAR devices by other groups. The
tuning efficiency of our a-In>Ses based FBAR is larger than AIScN based FBARSs,
comparable with STO/BST based FBARSs, but largely lower than the crystalline PZT
based FBARS. a-In2Ses based FBAR has relatively low tuning range among all the

devices.

6.3.6 Mechanism of the switchability and tunability of a-In2Ses based FBARs

The generation of the longitudinal acoustic wave inside the o-In>Ses based FBARS
originates from the strong out-of-plane piezoelectricity of the a-In,Ses flakes. While the
DC controlled switchability and tunability of the a-In2Ses based FBARs results from the

room-temperature ferroelectricity of the a-InzSes flakes.
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Off

Figure 6-12 (a)(7) Atomic structure of 2H a-In.Ses. (ii) lllustration of vertical dipoles and
polarizations of adjacent layers of 2H a-In2Ses resulting from its asymmetric structure.
(b)Schematic diagram of the polarization direction of the domains in o-In;Ses flake in
response to the DC bias.

An a-InxSez flake is constructed from a space group P6:mc with hexagonal stacking
(2H). Adjacent Se-In-Se-In-Se quintuple layers with a 60 degree in-plane rotation
relative to each other are bonded through vdWs force as illustrated in Figure 6-12 (a)
(1).[113] The vertically oriented dipoles, resulting from the vertical dislocation between
positive indium ion centers and negative selenium ion centers, have the same orientation
in each quintuple layer, contributing to the intrinsic out-of-plane polarization or

ferroelectric characteristics.[26]

The switchability of a-In>Ses based FBARS can be interpreted using the illustrations of
the domains’ polarization tuned by DC bias voltage inside an a-In>Sez flake shown in
Figure 6-12. When the applied external electric field aligns with the polarization
direction of the a-In,Ses flake (corresponding to the positive DC bias voltages in our
case), the vertical dislocation between the two ion centers would be stretched, enhancing

the out-of-plane piezoelectricity of the a-InpSes flake. As a result, the vibrations near the
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resonant frequencies are strengthened under positive bias voltages. In contrast, an
external electric field opposite to the polarization direction (corresponding to the
negative DC bias voltages in our case) could lead to reduction of the vertical dislocation
between the two ion centers, so that the polarization direction in some domains could
be reversed. When the negative bias is increased up to a certain value, around half of the
domains undergo a reverse of their polarization direction, opposite to the rest domains.
As a result, the overall net polarization could vanish, resulting in nearly zero out-of-
plane piezoelectric coefficient. Consequently, the a-In2Ses based FBAR device would
disfunction as an acoustic wave resonator under certain negative bias voltages, for
example, — 4 V for Samples D and E. This is also qualitatively consistent with our PFM
observations (see Figure 4-6 (c) and (e)) where the measured amplitude reached to the
minimum under a bias voltage around — 1 V under the On-field and a bias voltage around
— 2.5V under the Off-field.

It is well understood that modulation of polarizations could cause internal
electrostrictive strain. [114, 115] As discussed above, positive DC bias voltages (the
electric field in the polarization direction) would create a tensile strain and higher out-
of-plane acoustic velocity v;. As v; « f,., the frequency modulation by the applied bias

(or electric field) could mainly originate from the strain modulation.

6.4 Summary

Tunable and switchable FBARs based on a-In2Ses flakes with high resonant frequencies
of 8.60 GHz are successfully designed, fabricated, and characterized. The devices have
demonstrated high tuning efficiency of 4.3 MHz/V (0.05% tuning/V at the resonant
frequency up to 8.60 GHz). The devices are at the on-state under zero bias voltage and
can be switched off under a small bias voltage of — 4 V. The bias voltage dependence
of the resonant frequency tunability and resonance switchability originate from the
unique atomic structure and the polarization directions of the domains in a-In2Ses flakes.
Utilization of 2D piezo/ferroelectric materials, like a-In2Ses flakes in this study, for
tunable and switchable FBAR devices is promising for high performance tunable and

switchable FBARSs in RF circuit and multi-band, high-speed communications.
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Chapter 7 Conclusion and Future Work

7.1 Conclusion

In this thesis, a systematic study of 2D piezoelectric/ferroelectric materials has been
conducted for development of high performance FBARs. 3R-MoS; multilayer flakes
were experimentally confirmed to be of good piezoelectricity. a-1n>Ses multilayer flakes
were found to possess not only good piezoelectricity but also ferroelectricity. 2D
piezoelectric 3R-MoS; based SMR-type FBARs with the resonant frequencies up to
27.5 GHz and 2D ferroelectric a-In2Sez based tunable and switchable FBARSs with the
resonant frequencies of 8.60 GHz have been successfully designed and fabricated for
the first time, to the best of our knowledge.

The out-of-plane piezoelectricity of 3R-MoS; flakes with thickness ~200 nm and a-
InoSez flakes with the thickness ranged from 50 to 200 nm have been characterized by
PFM technique. The out-of-plane piezoelectric coefficient d;; of 3R-MoS; flakes was
found to be 2.0-3.5 pm/V. The out-of-plane piezoelectric coefficient d55 for a-In2Ses
flakes with thickness from 50 to 200 nm was found to increase from 4 to 7 pm/V. The
ferroelectricity of a-In2Ses flakes was confirmed by the DART mode PFM in which
hysteresis loops were clearly observed in both On-field and Off-field.

3R-MoS; based SMR-type FBARs have been designed according to the observed
piezoelectric properties of 3R-MoS> multilayer flakes and successfully fabricated with
conventional semiconductor device fabrication techniques. The SMR devices with 210-
290 nm 3R-MoS:; flakes involved could operate at frequencies higher than 20 GHz. The
SMR with 240 nm 3R-MoS; flakes involved was of very high electromechanical
coupling coefficient K? of 47.6%. According to the FEM simulation, the observed
resonance belongs to the fundamental longitudinal acoustic modes. Boost of the
operating frequencies originates from the excellent piezoelectricity and atomically flat
surface of the sub-micron thick 2D 3R-MoS; flakes. This work proves that utilization
of 2D piezoelectric materials could be a feasible way-out to break through the
limitations to high performance FBAR devices based on conventional piezoelectric

materials reported so far.

a-InxSes based air gap type FBARs have been designed and fabricated. The RF
characterization under different DC bias voltages was conducted to test the switchability
and tunability of the devices. High tuning efficiency of 4.3 MHz/V (0.05% tuning/V at
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the resonant frequency of 8.60 GHz) was achieved by the device with a 160 nm thick o-
InoSez flake involved. They were at the on-state under zero bias and could be switched
off under a small bias voltage of — 4 V. The bias voltage dependence of the resonant
frequency tunability and resonance switchability originates from the unique atomic
structure and the switchable polarization directions of the domains in a-In,Ses flakes.
This work shows that 2D ferroelectric materials are promising for tunable and
switchable FBARs with high operational frequencies, large tuning efficiency and good

swichability.

Both 3R-MoS: based SMRs and a-1n2Ses based air gap type FBARS are repeatable under
our laboratory conditions. As the challenge of synthesizing large area atomically flat
2D piezoelectric materials has not be conquered, 2D-based FBARS are not industrially

or commercially viable at this stage.

7.2  Future Work

This thesis has showcased that 2D piezoelectric materials are promising for high
performance FBAR devices. As this is the first report on 2D materials based FBAR
devices, the design and fabrication of the devices are still in the proof-of-concept stage.
There is a large room to improve the performance of the devices and optimize the
architectures of the devices. Several important systematic studies could be conducted in
this field in future, including exploring new 2D piezoelectric materials and developing
new types of acoustic devices. Hence, several recommendations for the future works are

summarized as follows:

e To optimize the design of the fabricated devices and to develop RF filters with
the developed 2D piezoelectric material based FBARs. For 3R-MoS; based
SMRs, the quality of the Bragg mirror requires further improvement in both
design and fabrication processes. Mismatch between the Bragg mirror and the
3R-MoS: flake could be solved by growing the 2D materials in a thermal CVVD
system with precise thickness control. For a-In,Sesz based FBARs, the depth and
the width of the air gap, and the thickness of the supporting layer can be
optimized to enlarge the vibration of the piezoelectric materials. Additionally,

the performance of the FBARs could be further improved by optimizing the
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materials and thickness of the electrodes, the impedance matching of the outer

circuit and the de-embedding technique.

To decrease the thickness of the 2D piezoelectric materials involved in the
FBARs to further increase the resonant frequencies of the FBARs. Since 2D
piezoelectric materials could maintain their piezoelectricity with thickness down
to a single atomic layer, it might be feasible to develop ultrahigh resonant
frequency FBARSs with very thin 2D piezoelectric materials. The upper limit of
the resonant frequencies of the FBARs could be explored, and quantum effect
may have to be introduced when the acoustic wavelength is approaching to the

thickness of few atomic layers.

The interface effects between the piezoelectric nanoflakes and the electrodes can
affect the resonant frequency of the FBARs. This influence becomes more
significant as the film thickness is further reduced. A model could be developed
to analyze the impact of these interface effects by examining the relationship
between the resonant frequencies and film thickness.

Beyond telecommunication, 2D-based FBARs may have potential applications
such as sensors and detectors. For example, In2Ses nano flakes have excellent
surface adsorption capabilities for gases like NO2, NHs, and CO2.[116, 117] As
a result, In,Ses FBARs could be used as gas sensors.[16] It has been reported
that the surface chemistry of MoS, flakes is compatible with biological
systems.[118]. MoS, based FBARs might have potential in detecting
biomolecules. Since 2D-based FBARSs have been successfully developed, and
no research has been conducted in those field, studying of the 2D-FBAR based
sensors and detectors could lead to promising results.

Unique merits may come from the stacking structures of the 2D vdWs layered
materials. It’s highly worth to conduct more work to experimentally study the
elastic/piezoelectric properties of the 2D materials. Notably, several components
of the stiffness matrix and piezoelectric coefficient matrix for 2D piezoelectric
materials are either poorly understood or lack experimental confirmation. For
instance, existing techniques are insufficient for accurately measuring in-plane
and shear piezoelectric coefficients in these materials. Developing advanced

characterization methods and conducting more comprehensive studies on 2D
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materials would address these gaps and further unlock their potential.

Most of the 2D piezoelectric materials possess the odd-even effect that the
piezoelectricity would be canceled out for adjacent layers because of their
opposite polarization directions, which highly limits the applications of them.
However, several 2D piezoelectric materials do not affected by the odd-even
effect. In addition to 3R MoS; and a-InzSes, CIPS (CulnP2Ss) is another 2D
piezoelectric material which possess room-temperature ferroelectricity and good
dielectric properties, regardless of its thickness. As a result, it might be
interesting to develop CIPS based tunable and switchable FBARs. For FBAR
design, the XBAR structure is easily fabricated and is suitable for the
piezoelectric materials which can be excited by lateral field. Employing 2D
piezoelectric materials for XBAR may lead to very interesting and meaningful

results.
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