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Abstract

Achieving high quality factor in MEMS resonator devices is a critical demand for today’s
wireless communication and sensing technologies. In order to reach this goal, several dedicated
prior works have been conducted based on published literature at different frequency ranges.
Particularly, piezoelectrically transduced resonators, which are widely deployed in commercial
wireless communication systems, could benefit from greatly improved qualify factor. So far, their
development has evolved from thin film bulk acoustic resonators (FBAR’s) using surface attached
piezoelectric thin-film transducers with moderate Q factors to high Q resonators equipped with a
side-supporting tether (anchor) attached vibrating resonators that allow the devices to operate at
very high frequency (VHF) and ultra-high frequency (UHF) ranges.

This dissertation presents a newly developed fabrication methodology to replace existing
expensive SOI technologies with much cheaper single crystalline wafers using a modified Single-
Crystalline Reactive Etched and Metallization (SCREAM) process. Piezoelectrically transduced
MEMS resonators have been fabricated at USF cleanroom facility, which have been designed and
tested successfully in air with a quality factor of 1,528 and an insertion loss of -32.1 dB for a disk
shaped resonators. A quality factor of 1,013 along with an insertion loss of -19 dB have been
achieved for a rectangular plate resonator. In these devices, varied silicon layer thickness ranging
from submicrons to tens of microns from a single layer were achieved as opposed to an uniform
thickness of the device layer across the silicon-on-insulator (SOI) wafers, allowing device batch

fabrication while maintaining the same number of photolithography steps. Resonators with varied

viii
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Si resonator structure layer thickness have been implemented and studied in terms of motional
resistance (Rm), quality factor (Q) and resonance frequency.

To our best knowledge, this work has pioneered the implementation of soild/soild phononic
crystals (PnCs) in fully suspended, lateral extensional and contour mode bulk acoustic wave
(BAW) resonators. The in-house fabrication of the PnCs was performed on silicon-on-insulator
(SOI) substrate. Silicon and tungsten were chosen as alternated layers for PnCs with a 4.5 ratio of
acoustic impedance mismatch between the two chosen solid materials. The analysis of solid/solid
PnCs bandgap is also conducted for determining the frequency regime, where no phonons exist.
PnCs are strategically designed with piezoelectric transduction mechanism to operate within the
phononic bandgap regime. Finite Element method (FEM) is also performed to investigate PnCs
behavior in acoustic wave rejection, in which it was evaluated to be ~11 dB rejection per crystal.

Lastly, the fully released thin-piezo on silicon (TPoS) resonators in this work have been
fabricated, characterized and modeled. The work of fabricating fully released BAW resonators
with embedded PnCs one of the pioneering work of solid/solid PnCs in the MEMS resonator field.
The electrical equivalent circuit parameters of the devices were extracted and the quality factors

for these devices have shown 7-10 times enhancement as compared to counterparts without PnCs.
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Chapter 1: Introduction
1.1 History of Periodic Structures

The study of periodic crystal structures have started since centuries ago in 1883 when the
French mathematician, Gaston Floquet, introduced his theory in finding solutions to periodic
differential equation. The Floquet’s theory was then applied in solid-state physics by the American
physicist Flex Bloch in 1928 which is known now as Bloch's theorem. These theories are applied
to periodic structures in the electromagnetics and photonics field, known as photonic crystals
(PtCs), or in mechanical field, whether elastic or acoustic, which is known as phononic crystals
(PnCs).

The elastic wave study of the periodic structures have started since 1887 when Rayleigh
investigated the effects of these periodic structures on the elastic waves. He pointed out that waves
within a certain frequency ranges cannot propagate in the periodic structures. Then in early 1900s
Leon Brillouin carry the study of the periodic structures to a further extend the level of
understanding when he noticed that the waves’ propagation through the periodic structures can be
analyzed by studying one unit-cell structure only of the periodic structures in which he introduced
the Brillouin zone of a single structure.

The idea of reflecting the sound waves utilizing periodic layers was first introduced by W.
E. Newell in 1965 when he took the original ideas of Bragg reflector used in the
optics/electromagnetic domain and applied them in the acoustic domain [1]. Newell work is known

now as solid-mounted resonator (SMR) which is still used until now for enabling 4G and 5G
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technologies in communication systems. These periodic layers in SMR is known now as one-
dimensional phononic crystals (PnC).

In 1987, the work of E. Yablonovitch in PtCs have proven that these periodic structures
have their unique frequency bands to reflect the electromagnetic waves by eliminating the photons
emission [2]. Soon after that, the first published paper to show the comparison between the
electronic and acoustic crystals (i.e. PtCs and PnCs) was introduced by M. S. Kushwaha in
1993[3]. Ever since Kushwaha’s paper was published, the PnCs started to see its light largely in
theoretical developments until 1995 when the first experimentally PnCs was introduced in Madrid
by designing sculpture that attenuates the acoustic sound waves [4].

Further analysis were performed on Sempere’s sculpture by M. S. Kushawaha in 1997, in
which he proved computationally that the sculpture does not have a full band gap but instead the
sound attenuation occurs because the PnCs density of state have a minimum dip at 1.67 kHz [5].
In 1998, the first experimentally PnCs was reported to possess bandgap in the frequency band of
1-1.120 MHz designed in aluminum alloy with holes filled with mercury [6]. Soon after that in the
twentieth century, the investigation of PnCs has been widely explored globally and applied in
different fields of physics and engineering.

One of the first unique works that has driven the interest towards PnCs is the localized
resonant PnCs by Liu et al [7], where they proved that at a certain sonic frequency ranges, the
PnCs exhibits negative acoustic property [7]. This discovery puts the PnCs in the same category
as acoustic metamaterials, in which such artificial metamaterial’s properties cannot be found in
nature. In Liu et al paper, they showed the arrangement of macro-scale PnCs cubic shape operating

under kHz [7].
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Up until 2000, all the PnCs have been assembled manually and experimented in large scale
dimensions in millimeters and centimeters, therefore resulting in a maximum operating frequency
of 1 MHz. The larger the sizes of PnCs in lossy materials, the more difficult for them to be
implemented in actual productions. Thus, these large scale handmade PnCs are not applicable in
practical real-world devices. Miniaturizing PnCs from macro scale to micro and nano scales
allowed them to operate in very-high frequencies (VHF) and ultra-high frequencies (UHF) while
leveraging state-of-the-art microfabrication lab facilities, which allow them to be employed for the
radio frequency (RF) device applications. In 2005, the first work of micro-scale PnCs has been
demonstrated by Wu’s group in slanted SAW devices [8]. Then, the work of micro-scale PnCs has
been investigated and studied widely and intensively in both SAW and bulk acoustic wave devices
(BAW) devices by several groups around the globe.

1.2 Literature Review

As mentioned above, the early designs of PnCs were often in macro scales, which in turn
limits their operation at low frequencies. Researchers have spent a great deal of effort to develop
the theoretical analysis approach of PnCs [9-16]. After miniaturizing PnC to micro-scale, the SAW
and BAW devices integration with PnCs becomes feasible mainly for RF applications. Besides
these RF device applications of PnCs, there are other PnC applications, which will be discussed
later in the PnC applications section. In this section, a review of the literature of PnCs associated
with microfabricated devices is discussed with a focus on SAW and BAW devices.

SAW devices were the first type of devices to incorporate PnCs in their designs for RF
frequency ranges. One of the early works was demonstrated by L. Dhar and J. A. Rogers when
they introduced the one dimensional PnCs that operated at 0.573 GHz [17]. Their PnCs with

dimensions in micrometers was patterned on glass substrate [17].
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Then the work of the two dimensional PnCs was first experimented in 2005 by T-T. Wu et
al. when they observed the band gap effect of Si/air PnCs on the slanted interdigital fingers SAW
[8]. Soon after that, several works were published on solid/air PnCs crystals using different
varieties of solid materials such as SiC, AIN-TiN, LiNbO3, etc. to investigate the behaviors of the
designs with PnCs [18-20].

The exploration of two dimensional PnCs was then continued to include solid/solid PnCs
by R. H. Olsson and I. EI-Kady, who lead a group of researchers at Sandia National Laboratories.
Their works demonstrated several device studies using SiO2/W PnC [21]. In their works, the
materials were constructed to have high acoustic impedance material (e.g., W) filled in holes
surrounded by the low acoustic impedance material (e.g., SiO2). For signal transmission/detection,
they implemented tapered couplers of aluminum nitride (AIN) transducers to study the behavior
of PnCs.

Unlike the SAW devices where PnCs usage is built to control the acoustic wave, the PnCs
usage in BAW devices is mainly limited to one purpose which is suppress the acoustic leakage
from the devices. Intensive works of PnCs in BAW have been done during the years of PnCs
exploration. In fact, one can argue that one of the main reasons that we reached todays’
communication technology is the PnCs.

Solid-mounted resonator (SMR) devices, which are the commonly used in many cell phone
filters and duplexers in the world and still will continue to be used in future technology, is in fact
a special type of one dimensional PnC device. One dimensional PnCs, also known as acoustic
Bragg reflectors, were first discovered in 1965 by W. E. Newell as we mentioned and was strictly
applied in BAW devices operating in thickness mode[ref]. At that time, his idea was never

considered as PnCs since the PnCs studies did not start untill decades later. Then, when the PnCs
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was classified into three types, 1D, 2D and 3D PnCs, Newell’s work, since it is 1D PnCs, has
inspired the utilization of 2D PnCs to be applied in BAW devices operated in lateral extensional
modes to achieve the same purpose as his work which is to reduce the acoustic leakage to obtain
high quality factor (Q). The work in 1D PnCs was and still is of an utmost interest to lots of
researches and companies especially since the 5G technology also needs SMR devices. It is
worthwhile to mentioning that those who work in this type of research don’t call it as 1D PnCs but
instead naming it as acoustic Bragg reflectors. One of the latest works on 1D PnCs or acoustic
Bragg reflectors in lateral BAW devices is done by R. H. Olsson et al. and W. Wang et al in their
patents [22-23]. Olsson was the first who suggested that acoustic reflectors can be implemented in
MEMS resonators in his patent. He showed the fabrication process methods to obtain suspended
MEMS resonators with lateral acoustic reflectors [22]. W. Wang and D. Weinstein from
Massachusetts Institution Technology (MIT) carried Olsson’s work from a suspended MEMS
resonator to apply it on unreleased MEMS resonator [23]. In their work, the unreleased MEMS
resonator was integrated with CMOS transistor in one process to remove the need of the post
processing of MEMS-CMOS integration [24]. In their paper, they showed one of their
demonstrated devices which is a hybrid RF CMOS-MEMS resonator operates at 11.1 GHz at
IBM’s 32 nm transistor level using SOI process.

Other papers were also published by modifying the resonators anchors of in BAW
resonators and reshaping the anchors to represent one repeated cells of PnCs in 1D towards the
substrate. Unlike the works of Olsson and Wang where their PnCs are solid/solid, these PnCs are
not constructed using two types of solid materials but instead just the device layer that is etched

strategically in a certain shape to construct one PnCs cell, which is considered as solid/air PnCs
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type. These BAW resonators were actuated capacitively and peizoelectrically and have shown
improved Q factor with a 1.5 to 3 times of enhancement [25-27].

The building block of PnCs on these papers is in itself a unit cell which is a geometrically
2D PnCs but since it is repeated in one axes only, researchers categorize them as 1D PnCs [25-
27]. Two dimensional PnCs in BAW devices have also been widely studied in publications. The
main groups who investigated 2D solid/air PnCs in BAW devices are J. E.-Y. Lee’s group from
City University of Hong Kong and D. Weinstein group from MIT [28-29]. Weinstein’s group
applied 2D GaN/air PnCs on a released GaN resonator. Lee’s work investigated incorporation of
2D PnCs by strategically etching holes around the thin-piezo on silicon (TPoS) resonators. In their
work, the 2D PnCs was constructed using solid/air PnCs type and the Q enhancement due to the
use of 2D PnCs has shown an improvement up to 4 times.

To the author’s knowledge, the microfabrication of two dimensional solid/solid PnCs type
in suspended lateral extensional mode BAW devices has been patent as an idea by R. H. Olsson
but they have never been analyzed, fabricated or tested.

1.3 PnCs Applications

The development of high technology devices nowadays have not only improved people’s
quality of life but also have made it easier for us to be productive. Cell phones and computers, in
particular, are the leading electronic devices used by everyone in the globe and such devices were
enabled by manipulating and controlling the electrons in the semiconductor materials that led to
the existence of these devices. Similarly, manipulating and controlling photons have also led to
improve the electronic devices in the electromagnetic/optics devices which led to the existence of
the fiber optics, electromagnetic waves and microwaves used in todays’ wireless communications.

By knowing the importance of the manipulation of electrons and photons in the electronics and
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electromagnetics/optics waves, manipulating phonons in a similar fashion plays an important role
in controlling sound waves. Controlling the sound waves has led to the devices in the acoustic and
thermal fields. Much like their optics and electronic analogue, the control and manipulation of the
sound waves is an essential solution that would solve lots of issues in different fields of
applications that depend on the frequency spectrum. The operating frequencies of PnCs depends
on their scales so in order to apply PnCs at higher frequencies, the PnCs miniaturization is a must.
The dependency between the PnCs scale and its operation frequency regimes can be noticed clearly
and as such the PnCs can be scaled accordingly to the frequency regime of interest of different
applications [30-34].

Not only have Phononic crystals (PnCs) shown its effectiveness for acoustic isolation in
SMR resonators [35], but also PnCs, in macro and micro scales, have been used in various
applications such as signal processing and filtering [36, 37], acoustic sensing [38], thermal energy
scavenging via thermoelectrics [39], energy harvesting [40], acoustic waveguides [9, 41, 42] and
negative refractive devices [43, 44, 45]. Some of these innovative PnCs applications can be built
and manipulated depending on the application interest [46-49].

The fact that these PnCs can be scaled using microfabrication technology to micro and
nano scales to be able to work at very high frequency (VHF) band (up to 300 MHz) and ultra-high
frequency (UHF) band (up to 3 GHz) have intrigued the interest in developing microfabricated
PnCs devices [35]. Therefore, RF and wireless communication applications on these frequency
bands can embrace and utilize the PnCs. The main applications for RF devices of PnCs include
acoustic insulators, acoustic waveguides, cavities and filters.

One example of the employment of PnCs as acoustic insulators is the pioneering

application of the PnCs in SMR devices. The ability to reflect the acoustic wave leakage from the
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thin film resonators to the substrate using a stack of Bragg reflection mirrors have allowed them
to have higher Q factors and improved their power handling capability at the same time [50]. One
can argue that thin film resonators operating in thickness mode is the main enabler of today’s RF
wireless communication demands. SMR have risen above all other types of resonators in today’s
technology needs and was proven to operate at high frequencies up to 8 GHz, which makes them
the lead industry device types for duplexers [50]

MEMS lateral extensional mode resonators have shown its potential to replace RF switches
in RF front-end transceivers. Unlike the SMR resonators where the acoustic leakage happens
vertically along device thickness, the acoustic wave leakage in lateral extensional mode resonators
is occurring through the resonator side supporting anchors laterally. Hence, utilization of PnCs in
the anchors will not only result in increased Q factor, but also concurrently facilitate the
suppression of the spurious modes that appeared due to the mitigation of free boundaries [29].

The conventional waveguide mechanism in optics depends on the sum of the light
reflections by media of high and low medium indexes. This, in fact, has enabled PtCs, the
electromagnetics/optics analogue of PnCs, to be potentially suited and used in waveguide
applications. Therefore, similar to the optics analogue, the acoustic waveguide will potentially
utilize PnCs in this type of application. PnCs have shown its ability and effectiveness in controlling
the acoustic signals.

Acoustic waveguides can be implemented in different applications to gain several benefits
such as enabling slow sound to propagate through the delay line for communication applications,
collimation used in medical acoustic device applications and generally in acoustic imaging
applications used in today’s technology in which the signals from the transmitters need to be

controlled until they get detected by the receivers [51-55]. Acoustic cavities and filters is arguably
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one of the most promising application of PnCs in communication field. Not only micro PnCs will
allow the cavities in high quality material to operate at RF frequencies but they also will enhance
the RF devices performance, which can be seen as in key performance metrics improvement such
as insertion loss reduction and better frequency selection [18]. PnCs cavities and filters are a
problem solver to the tradeoff between the current two key technologies in MEMS resonators [56].
Energy storage in high-Q materials using PnCs can overcome the trade-off between the need of
high Q and low motional resistance in the today’s MEMS resonators technology [18].

Thermal application have also been utilizing PnCs to control the heat transfer using thermal
phonons. Thermal phonon is essentially the same as the acoustic phonon by designing PnCs that
manipulate and suppress thermal phonons in THz regimes [31]. These type of PnCs shows
potential application in reducing thermal conductivity for high Q materials [57-59].

1.4 Motivation

Periodic structures are investigated widely by many groups around the globe. PnCs studies
are not only a new and emerging topic in the past two decades but also they has covered everything
that is needed to be covered. In fact, some types of PnCs in certain devices have not been
experimentally demonstrated yet even though they were proposed by researchers who have studied
their concepts via theoretical models. The majority of microfabricated devices in which PnCs was
implemented are SAW and BAW devices. PnCs can be classified based on orientation geometry,
including one, two and three dimensional, and the material types that construct them, such as solid
and air materials. Three dimensional PnCs would indicate complexity in microfabrication
technology, therefore 3D PnCs have not been a key interest for investigation. As discussed above,
several group have investigated the effect of the PnCs in enhancing Q factors of BAW resonators

or disrupting the SAW signals at frequencies of interest. This work plans to extend prior works in
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PnCs investigation by introducing solid/solid PnCs in several lateral extensional BAW resonators.
Different types of PnCs were introduced such as 1D and 2D dimensional PnCs and localized
resonance structures. To the author’s best knowledge, this work would be the first work of its kind
in MEMS that utilize two dimensional solid/solid PnCs in suspended lateral extensional mode
BAW devices.
1.5 Dissertation Organization

The dissertation is organized as follow: Chapter 1 is an introductory chapter to PnCs
history, which also elaborate state of arts, applications and the motivations of this work. The
fundamental description of periodic structures, PnCs theory and its bandgap analysis are explained
in Chapter 2. In Chapter 3, the study of the development of MEMS BAW devices is illustrated
(SCREAM paper will be included) then followed by PnCs fabrication in BAW resonators in
chapter 4. Chapter 5 provides key concluding remarks and discussions followed by elaboration of
the future works in Chapter 6.
1.6 Contribution

To the author’s best knowledge, this work implements the solid/solid PnCs designs in
suspended BAW devices for the first time. TPoS resonators using SOI wafers were incorporated
with PnCs designs. The designs were fabricated in USF cleanroom at nanotechnology research
education center (NREC). The design layout was drawn using CAD tool. The main designs of
interest, 2D PnCs and 1D PnCs (Bragg reflectors), have been studied under different BAW
resonator design implementations. The contributions of this work can be summarized as:

. Development of an optimized TPoS devices process using single crystalline silicon

wafer by utilizing modified SCREAM process.

. Introducing the solid/solid PnCs for suspended MEMS BAW devices.
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. Newly developed fabrication methods of solid/solid PnCs devices.
. Measuring and validating PnCs improvements on MEMS BAW devices behaviors,

such as significant quality factor enhancement.
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Chapter 2: Background
2.1 Periodic Structures

Nature has always been the curiosity factor and source of innovation for people that drives
growing desire for technological evolution. Materials that are found in nature with their unique
capabilities of manipulating heat, electricity and sound waves have drawn scientists’ attentions
while periodic structural designs done by animals, like spider webs and honeycombs, have fuel
creativities of engineers. Certainly, people’s curiosity have grown much bigger with increasing
knowledge and technology evolution globally to meet the human daily life needs by studying and
replicating the nature structures that are adopted by today’s technology.

The man-made periodic structures, such as photonic crystals (PtCs) and phononic crystals
(PnCs), hold unique abilities to reflect the light and the sound in the form of
optical/electromagnetic and acoustic waves, respectively [3]. The created periodic structures
generally are classified based on their axial periodicity as can be seen in Figure 2.1 that illustrates

1D, 2D and 3D PnCs structures.

Figure 2.1 — Schematic illustration of phononic crystal (PnC) configuration of different
dimensions or degree of freedoms, including (a) 3D PnCs; (b) 2D PnCs; (c) 1D PnCs.
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The concept of PnCs, which is considered relatively new compared to other physics, has
quickly progressed from just a topic of discussion among wave physics to be a key enabler for
many device applications proposed by researchers. This topic has attracted a great deal of attention
by researchers due to its applicability to many applications and its compatibility with CMQOS or
semiconductor IC batch fabrication.

This is indeed a hot topic for microstructure devices especially in MEMS field where
acoustic wave manipulation is the core of this field. As mentioned earlier, many researchers have
embedded PnCs in SAW devices to study their wave manipulation effects. The compatibility with
MEMS fabrication allowed researchers to use PnCs with different substrates. Similar to photonic
crystals, PnCs are periodic structures that are constructed while using different material properties.
In photonic crystals, the dielectric constant (refractive index) is considered to be the most
important material property, whereas in PnCs, the elastic properties (acoustic impedance and
acoustic velocity) of the materials play an equally pivotal role.

PnCs are periodic structures that are constructed to control the acoustic wave propagation.
Acoustic waves at certain frequencies are not allowed to propagate within or through the periodic
structures due to the inability of phonons to pass in these regimes. These forbidden frequencies are
often know as band gap. The band gap phenomena exist in engineered periodic structures such as
photonic crystals for electromagnetic waves or phononic crystals for the acoustic waves. Similar
to PtCs, the wavelengths range of these forbidden frequencies are in spatial order of the PnCs
structure’s key dimensions. The formation of the band gap occurs due to the scattering and
reflections occurring to the incident waves, electromagnetic or acoustic/mechanical, inside the
periodic structures. Depending on the geometrical dimension and material hosting of the PnCs,

these waves are scattered differently.
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This chapter will provide an overview of the theory of PnCs. The first section will be about
the strategic choice of materials for construction of the PnCs. Then different geometrical
dimensions of PnCs will be discussed in details. To reach the focal point of this research topic,
more detailed theory will be included for modeling Bragg reflectors and two dimensional (2D)
PnCs. Lastly, Brillouin-zone diagram will be introduced and discussed for clarifying the end goals
of this research.

2.2 Mechanical Wave Propagation

Unlike photonic crystals (PtCs), phononic crystals (PnCs) cannot be constructed of the
same material properties as PtCs, in which the dielectric property or refractive index is the defining
factor of the PtCs. Instead, PnCs rely on the elastic properties of the material to influence and
manipulate the propagation of acoustic waves. Unlike electromagnetic waves, which can travel
through vacuum, the acoustic waves do not travel through vacuum due to its dependence upon the
elasticity. The acoustic waves can travel in different ways in different medium. The transversal
and longitudinal waves exist only in solid medium unlike the fluid medium where the transversal
waves do not exist because the shear deformation does not exist in fluid materials [61,62].

The acoustic waves can be understood by the movements of the atoms inside the crystal
material. If the atoms move along the direction of the wave then the waves are referred to as
longitudinal wave, whereas if they moved perpendicular to the wave then the waves are called
transversal waves. Figure 2.2 shows the ordinary state of atoms in the crystalline material and how
these atoms are disrupted when the incident mechanical waves come in and propagate through
them|[0,2].

The governing equation of the mechanical wave propagating through a materials is given

by [62]:

14

www.manaraa.com



1 0%u

2, _
c2 0t2

VZu (2.1)
where u stands for the displacement and c stands for the phase acoustic velocity
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Figure 2.2 — lllustration of elastic material atoms distribution by mechanical wave, including (a)
atoms 