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Abstract

This thesis proposes a novel design method for optimizing bulk acoustic wave (BAW)
resonators, including film bulk acoustic resonators (FBAR) and solidly mounted res-
onators (SMR). The purpose is to enhance their quality factors @) at the frequencies
of interest. These resonators are targeted for the filters in the radio frequency (RF)
front-end module of mobile devices. The significant losses at such high frequencies
make the optimization more challenging. In the present work, acoustic loss induced
by lateral leakage of Lamb waves in an FBAR or generalized Lamb waves in an SMR
is alleviated to obtain a high @) factor at its antiresonance frequency. This is done
by systematically modifying the resonator geometry. A dual-step frame placed atop
the periphery region of a resonator serves as a lateral Bragg reflector. Each step of
this frame is considered as a “mirror layer” of the reflector. Laterally propagating
waves once encountering this reflector bounce back into the resonator. These waves
are inhibited from escaping to the outside area and their energy is thus confined
within the resonator’s active region. The key feature of the proposed frame is its
ability to reflect the two wave modes that carry the largest energy. Accordingly,
the step widths are calculated by means of the diffraction grating method that was
previously recommended for the Bragg reflector of an SMR in literature. The step
heights are estimated so that sufficient acoustic impedance mismatches are created
between the non-frame regions and the step, and between the two steps. Since these
computations require insight about lateral waves propagating in a BAW resonator,
the characteristics of these waves in a mixed-multilayer stack of non-piezoelectric
and piezoelectric materials are studied. Both Finite element method (FEM) sim-
ulations and matrix methods are utilized to determine the phase velocities of the
waves, mode shapes, energy carried by each mode and acoustic impedance of each
resonator region. FEM simulations are then used to evaluate the operation and

performance of all the designed resonators.

The inclusion of more filters in modern RF front-end modules with limited areas
suggests the device miniaturization. The impact of a reduced area on the working
frequencies and performance of BAW resonators is thus investigated. As the area
shrinks, the significance of lateral edge contribution to the main resonance is more

prominent. The effects of a micro variation in the resonator area on its () factor



at antiresonance frequency are also determined. This finding provides an essential

guideline to designing the resonators using 2D FEM simulations.

The SMR-type resonators of three different non-framed designs are fabricated and
measured to demonstrate the impact of a resonator size and shape on its perfor-
mance. The (vertical) Bragg reflectors of these SMRs are designed to reflect both
longitudinal and shear waves. The samples are fabricated in a consecutive sequence

so that the later one can overcome the problems faced by its former one.
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2D, 3D Two-dimensional, three-dimensional

2@G, 3G, 4G, 5G The 274, 374, 4th 5t generation of mobile technology

ABR Acoustic Bragg reflector

BAW Bulk acoustic wave

BC Boundary condition

CA Carrier aggregation

CAGR Compound annual growth rate
DFT Discrete Fourier transform
DGM Diffraction grating method
EM Electromagnetic

FBAR Thin film bulk acoustic resonator
FEM Finite element method

GM Global matrix

IC Integrated circuit

IDT Interdigital transducer

LTE Long-term evolution

MIMO Multiple input multiple output
R-L Rayleigh—Lamb

RF Radio frequency

Rx Receiver

1X



SAW

SH

SMR

STM

SVD

SV

TCF

TE

™

Surface acoustic wave
Horizontal shear

Solidly mounted resonator
Stopband theory method
Singular value decomposition
Vertical shear

Temperature coefficient of frequency
Thickness extension

Transfer matrix

Transmitter

Ultra high frequency

Very high frequency

Modified Butterworth van Dyke
Quasi—longitudinal
Quasi—horizontal shear
Quasi—shear

Quasi—vertical shear
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Chapter 1

Introduction

1.1 Bulk acoustic wave resonators and filters — a

history

The prosperous era of RF bulk acoustic wave (BAW) resonators using piezoelectric
thin films and their filters began in the early eighties when they were first intro-
duced by Grudkowski et al. [1] and Lakin et al. [2] as a novel filter technology for
very high frequency (VHF) and ultra high frequency (UHF) bands. The proposed
resonators contained a thin ZnO film deposited on a thin p-doped Si membrane
below which the supported Si substrate was etched to form an air hole. The res-
onator was electrically excited via the Al electrodes. Such a configuration can be
categorized as thin film bulk acoustic resonator, known as the FBAR-type BAW
resonators. The thin Si membrane was excluded in the next resonator generations,
leaving a free-surface sandwiched structure of two metal electrodes and a piezoelec-
tric layer in between (Fig.1.1 (a)). The other category of BAW resonators is the
solidly mounted resonator, or SMR, type (Fig. 1.1 (b)), which was first proposed by
Newell [3] and later studied by Lakin and his colleagues [4]. An overview of these
resonators and their applications for filtering in their early years was also provided

by Lakin [5] and later by Mahon and Aigner [6]. Both types of resonators share the

1
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Figure 1.1: Simple 2D schematics of an FBAR (a) and an SMR (b). Figure is not
drawn to scale.

same working principle based on the generation and propagation of bulk acoustic
waves in piezoelectric media. That is, an electrical excitation generates longitudinal
bulk waves in the piezoelectric medium with proper crystal orientation. These prop-
agating waves are reflected back and forth in the medium, forming standing waves
in the vertical direction and causing resonances. The fundamental resonance occurs
when the thickness h of the piezoelectric layer equals half wavelength Ap /2 of the

longitudinal waves. The resonance frequency f, is subsequently calculated as

vy,

fr=g (1.1)

where vy, is the velocity of longitudinal waves in the piezoelectric medium. This
formula is only valid if the electrodes are assumed infinitely thin. In reality, due to
the mechanical contribution of the electrodes, f, holds a considerably lower value
than vy, /2h. The two resonator types, however, can be distinguished based on the
technique to confine acoustic waves in the piezoelectric layer. In the SMR, a stack of
alternating low and high acoustic impedance layers denoted by Z1 and Z2 in Fig. 1.1
(b), is placed under the bottom electrode, atop the Si substrate. This structure is
commonly known as an acoustic Bragg mirror, upon which the traveling longitudinal
waves are reflected. The reflection of these waves, in the case of FBAR, is achieved by
taking advantage of the large acoustic mismatch between the electrode materials and

air at both upper and lower surfaces. This means an air-gap cavity or a hole has to
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be etched below the bottom electrode of the resonator. A bandpass radio frequency
(RF) filter is created from two or more of such BAW resonators by configuring them
in various filter topologies such as ladder, stack, balanced bridge, lattice [7]. Two
filters, one used for transmitting (transmitter — Tx) and another used for receiving
(receiver — Rx) signal in the same band together construct the so-called duplexer
found in many communication systems. A quadplexer is formed by the integration
of two transmitters and two receivers, i.e. four filters, in the multiport module.
Other multiplexers of which resonators are the core building blocks are constructed

in a similar fashion.

The inventive combination of thin film technology and acoustic resonators has be-
come the foundation for a generation of sophisticated RF filters. Acoustic waves
propagate at velocities of about 4—5 orders lower, and thus much shorter wave-
lengths, than those of electromagnetic (EM) waves. This implies a great advantage
of acoustic wave resonators over EM wave resonators operating in the RF range up to
10 GHz in terms of physical size, power consumption, and circuit integration [8], [9].
More importantly, acoustic wave resonators provide low insertion loss and good per-
formance. They meet the requirements of modern wireless communication systems
especially when portability and compactness of the devices are demanded. Filters
based on surface acoustic wave (SAW) resonators, due to this reason, have been
widely used in mobile telephony since the dawn of cellular phones about 20 years
ago [10]. BAW filters were then developed and commercialized as a competitor of
SAW filters in 2001 [11]. SAW filters are capable of providing small size devices
with high performance, tolerable insertion loss and good rejection up to 1.5 GHz.
However, for frequencies beyond 2 GHz, they no longer fulfill the demands of inser-
tion loss, passband skirt steepness and power handling of the wireless applications.
In addition to the degradation of electrical performance, they are highly sensitive
to temperature variation and more challenging to fabricate because the interdigital
transducers (IDTs) need much narrower electrodes. BAW filters and multiplexers,

as reported in literature [10], [12-14], are a promising replacement of their SAW
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counterparts for the range above 2 GHz. They surpass SAW filters and are grad-
ually taking over the filtering market for high frequency range. Even though the
market continues to grow rapidly, there is still no new technology that can replace

them in the near future [15].

The large and potential market of BAW devices has attracted many companies into
developing and becoming the vendors of BAW products on a global scale. The world
has witnessed the flourishing of BAW filters and multiplexers in industry since they
were first introduced by Lakin and his group at TRF Technologies. In 2001, the first
FBAR duplexer developed by Ruby and his team [16] was commercialized by Agilent.
In 2002, Infineon Technologies produced their SMR filters [17] in volume. TriQuint
Semiconductors (the former name of the present Qovor) followed the flow with the
same technology for mobile handsets. In 2005, the division of Agilent was acquired
by another company, later becoming Avago Technologies. In 2008, Avago acquired
Infineons BAW business, completed its BAW technology and became the leading
FBAR filter and duplexer manufacturer of wireless systems. The company, after
the acquisition of Broadcom in 2016, has recently changed its name to Broadcom
Inc. Its top FBAR filtering technology supports more than 15 different frequency
bands for Forth Generation / Long-Term Evolution (4G/LTE) applications. Also in
2005, TRF was acquired by TriQuint. The company is now one of the top vendors
in the BAW market, the second only to Broadcom Inc., with its leading SMR filter
products working in various bands from several hundred MHz to more than 2.6 GHz.
The recent market is also shared by three other major vendors, including TDK,

Skywork Solutions, and Akoustis Technologies.

1.2 Motivation

Mobile communication remains an essential part of our modern lives with the emer-
gence of smartphone flagships, tablets, smartwatches, Bluetooth devices and other

handset innovations. The number of mobile connections to the Internet reached 7
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billion in 2013 and 8% of the compound annual growth rate (CAGR) in the period
2013-2018. At the same time, the demand for data rate augmented more than six-
fold from 2014 to 2018 and the speed of data being transmitted in 2030 will be 5000
times the speed it was in 2011 [18], which is an exponential growth rate! The increas-
ing demands for broadband and high data speed applications leads to the evolution
of network generations (denoted by G) from 2G to 3G, 4G/LTE and the incoming
5G. The rapid growth of the whole system occurs at a time when the frequency
range allocated to mobile communications is limited. Recently there are more than
45 cellular frequency bands sharing a spectrum between 700 MHz and 4 GHz and
this number increases as more bands are released [19]. This has entailed a great deal
of innovative terms, such as new bands, carrier aggregation (CA), multiple inputs
multiple outputs (MIMO) in order to solve the overcrowding problem [20]. The in-
creasing number of bands that a front-end module can support infers the increasing
of coexisting filters in a single device. The RF front-end modules of mobile devices
consequently continue to evolve in terms of complexity and integration. Indeed, the
average number of RF front-end filters per each device rises from 1012 in the year
2014 to 40—-50 in 2018 and could reach 100+ by 2020 [18], [21]. These filters are
squeezed into an allocated space of the mobile device that is mostly not expanded in
area since the ultra-thin smartphone trend thrives and a larger battery is required
for more power consumption applications. As a result, another problem is created

in the front-end modules - overcrowding in terms of physical size.

With an average of 2 billion smartphones sold each year, the market is in need of
50—-200 billion filters a year. For such a massive market, the filter technologies
that can fulfill the requirements of these rapidly-evolving RF systems are essentially
SAW and BAW filters. That means, for frequency bands above 2 GHz, BAW filters
are virtually invincible. The BAW RF filter market is hence predicted to grow
at 30.86% CAGR during the period 20162020 [22], implying a prosperous age of
microacoustic filter design. The reason is that, as the systems evolve so do the

BAW filters. They must fulfill more demanding criteria for selectivity, insertion
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Figure 1.2: Simple 2D schematics of an FBAR (a) and an SMR (b). Figure is not
drawn to scale.

loss, and bandwidth in order to provide a good isolation between Tx and Rx bands
without any significant drop in the signal level. In addition, compactness and low
temperature coefficient of frequency (TCF) are highly desired. This explains why
BAW filter designers worldwide work intensively on the optimization of the filters,
focusing on performance improvement, temperature compensation, and size and cost

reduction.

Fig. 1.2 shows the sketch of a ladder filter and its response with two edges resembling
a skirt. The name “filter skirt” originates from such an analogy. In order to solve
the band crowding problem, high performance filters are the most desired. They
can be achieved when the steepness of the filter skirts is very high, which closely
relates to the high quality factors @) of the component BAW resonators. In addition,
higher resonator @) can also be interpreted as lower insertion loss [23], which is also
a critical factor as more and more filter units are inserted into the RF front-end
modules of the mobile devices. The () factor is defined as the ratio of the resonator

total energy to the power lost in one cycle at the frequencies of interest that are
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normally resonance frequency f, and antiresonance frequency f,. The @ factors of
a resonator significantly decrease as its operating frequency increases. This implies
a big challenge in designing high performance filters when their operating bands fall
within the high end of LTE spectrum or even higher (e.g. 5G in the first phase
will support frequencies up to 6 GHz). As a matter of fact, the @ factors of a
BAW resonator rely on many factors such as material quality, resonator area and
geometry, uniformity of its layers, roughness of the layer interfaces and surfaces,
crystal orientation of the piezoelectric film, electromechanical coupling, electrical
interconnections. The deterioration of any of these factors can be the source of loss
and strongly affect the () values, making it harder to control them altogether. These
loss mechanisms in a BAW resonator were well documented in literature [7], [12],
[24], [25]. Consequently, despite more than 30 years of research and development,
there is still room for the improvement of () factors and the miniaturization of
the resonators working in the LTE bands and higher. The directions of research

regarding such enhancement over the past decades can be summarized as follows:

e Improving the materials of the resonator piezoelectric thin film in terms of
material quality factor, coupling factor, and growth techniques [26-29]. In
addition to the common materials used in BAW resonators like AIN, doped
AIN, ZnO, and PZT, other materials like GaN, langasite are also explored and
utilized [30-33].

e Reducing acoustic loss through the Bragg mirror for SMR-type resonators
with various combinations of low/high acoustic impedance materials, numbers
of layers, as well as engineering the layer thicknesses for dual wave reflection

34-36].

e Modifying the resonator geometry to handle spurious modes. These modes
result from the lateral resonances of Lamb waves or generalized Lamb waves
propagating in the piezoelectric layer. They appear in the resonator electrical
response in form of parasitic resonances (Fig. 1.3). Once occurring at or close

to f, or f,, they consume energy at these frequencies and make the () factors
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Figure 1.3: Resonator response with spurious modes on a Smith chart.
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Figure 1.4: Frames in BAW resonators of type I (a) and type II (b) following the
method proposed by Kaitila. The resonators are not drawn to scale.

degrade. There are two ways of modifications that can be applied either sep-
arately or combined together to obtain a better resonator response. The first
method is called apodization which does not eliminate spurious modes but
smears them out and creates large number of weak modes instead of a small
number of strong ones [37], [38]. The resonator thus has a smoother response
rather than better () factors. The second method is to engineer a so-called
frame (see, for example, Fig. 1.4 ) at the perimeter region of the resonator to
suppress spurious modes and confine energy in the main resonance, by that

enhance the (), factor.
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dispersion curves of a 2.5 um thick AIN plate (b). The left parts to the vertical zero

axes are plotted for imaginary values of k; and the right parts are for real values of
ky.

The frame method used in recent BAW resonators was first proposed by Kaitila et
al. for the SMRs [39], [40]. Another pattern of the structure for the FBAR was
also granted to another group [41], [42]. Since then, the method has been widely
applied for both FBARs and SMRs with different variations at many ranges of
frequencies. Some of the studies on this method can be found in [7], [43-46]. The
principle of the frame can be explained using a dispersion diagram of Lamb waves
in a plate, which nonlinearly relates the wavenumber component in the propagating
direction k1 = 1/ALamb mode OF wWave velocity of Lamb waves to frequency. The
curves seen in the diagram correspond to various modes of Lamb waves in which

S; indicates symmetric modes and A; indicates asymmetric modes. For instance,
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Fig. 1.5 shows such a diagram for a ZnO plate (which can be considered as a freely-
vibrating resonator with infinitely thin electrodes). It is called a type-I dispersion,
where the S; curve has a positive slope, or in other words, a positive group velocity
(Fig. 1.5(a)). A dispersion is said of type II if the slope, or group velocity, of the
S1 mode in the vicinity of its cut-off point is negative, normally seen in AIN-based
resonators (Fig. 1.5(b)). The cut-off frequency of the S; mode coincides with f, of
an infinitely large plate (for both types). For type-I resonator, since the S; mode
occurs closely above f,.; lateral resonances of this mode cause strong spurious modes
at these frequencies. A raised frame placed at the perimeter of the resonator, as
depicted in Fig. 1.4(a), will create a region where the dispersion curves of all modes
are shifted towards lower frequencies (e.g. see Fig. 1.5(a)). It means that at f,, the
wavenumber k; of the S; mode is zero in the active region (cut-off), real in the frame
region, and imaginary in the outside region. Such a condition creates a uniform
displacement throughout the active region, matching the constant electrical field.
Hence, the spurious modes caused by the S; mode cannot couple with the driving
field at f,.. The resonator is said to work in a “piston mode”. The theory has
been verified by experimental results, showing the suppression of spurious mode in
the electrical curves and flat displacement in the active area [40], [45]. For type-II
resonator, a recessed frame must be used instead of a raised frame, as shown in
Fig. 1.4(b). However, despite that the suppression of the S; mode and an amount
of improvement in () factors below f, were observed, () factors everywhere above f,

are degraded.

There are still some uncertainties remaining regarding the foregoing frame method
that have not yet to be unraveled. Firstly, at f,. and f,, there are at least four distinct
propagating Lamb modes, i.e. modes with different wavelengths, in the FBAR and
even larger number of lateral modes in the SMR, owing to its mirror. The frame is
designed with an emphasis on suppressing the spurious resonances caused by the S;
mode (i.e. in the FBAR case). It has not been proven that the resonances induced

by rest of the Lamb modes could be alleviated with the same frame design. Secondly,
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the reason this method is not efficient for type-II resonators remains unexplained.
Some argue that the recessed frame acts as a lateral impedance matching layer
and intensifies the transmission and thus the leakage of Lamb waves to the outside
region of the resonator [7]. This matching principle is commonly seen in medical
ultrasound transducers, utilized to maximize the transmission of sound waves from
the piezoelectric material to the tissues [47]. If this is the case, the lateral leakage
of Lamb waves might outweigh the loss induced by spurious modes and should be

the focus of interest in enhancing the @) factors of the resonator.

It is reported that an application of a raised frame contiguous to a recessed frame
in a type-II resonator [7], [44] has improved the @ factors, far better than those of
a resonator with only a recessed frame. The “optimal” width of such a raised frame
is found to be quarter wavelengths of the S; mode. The principle of such a frame
combination can be elaborated as follows: it is well known that in high-reflection
optical coating, an alternate combination of low and high index quarter-wavelength
layers, also known as a dielectric mirror or a Bragg reflector, can reflect incoming
light. An analogue of this mechanism can be made for acoustic waves. The recessed
and raised frames serve as low and high impedance quarter-wavelength layers, also
known as a lateral Bragg mirror pair, for the reflection of the S; mode. In [48],
a repetition of recessed and raised frames in the lateral dimension is reported to
further increase the () factors. It seems to be a reasonable enhancement since the
reflection coefficient of a Bragg reflector raises with its number of mirror pairs [49].
However, in this design, the width of the first recessed frame is calculated according
to the theory of piston mode (so not following the Bragg’s law) while the rest of
the frame widths are selected by simultaneously sweeping along the widths of the
recessed and raised frames to look for the combination that results in the highest
@ values. That is, no specific design guideline were provided for these frames. The
whole frame structure thus might not entirely function as an effective Bragg reflector

with multiple mirror pairs.

Surprisingly, the experimental results presented in [7] show that a type-II resonator
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Figure 1.6: The proposed frame structure for high-Q BAW resonators.

with only a raised frame provides even better () factors than does the one with
both recessed and raised frames. This implies the large impact of inhibiting lateral
leakage as well as the critical role a well-constructed lateral Bragg reflector plays
in achieving a high-Q resonator. In the previous work [7], [40], [44], [48], only the
mode S; is taken into consideration since this mode is the larger contributor to loss
(as compared to the Sop mode). Other A; modes are not considered mostly because
they are flexure modes and cannot be electrically measured like those S; modes.
However, it will be shown later in Chapter 3 that the acoustic energy the A; mode
carries is comparable to the energy carried by S;. It means the contribution of A; to
the total loss should not be ignored. All of these arguments become the inspiration
for a new design principle and guideline for high performance BAW resonators as
a counterpart of the aforementioned piston method. That is, a multi-step frame
(Fig. 1.6) is constructed as a lateral Bragg mirror based on the acoustic impedance
mismatch between the steps. The purpose of this innovative structure is to reduce
the acoustic lateral leakage of multiple Lamb modes from the active region to the
outside region thereby improve the performance of the next generations of BAW

resonators.
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1.3 Challenges

The generation and propagation of Lamb waves in BAW resonators are inevitable
due to the coexistence and coupling of longitudinal and vertical shear waves at
the free surfaces. The mechanism of Lamb wave formation can be explained using
a transverse resonance analysis [50]. These waves are the cause for acoustic loss,
spurious modes and additional ohmic loss in the electrodes, all affecting the @
factors [51]. A dispersion diagram of these waves is demanded in order to study
their characteristics in the resonator. There are several methods to obtain such
a diagram. The first one is to take the discrete Fourier transform (DFT) of the
tracked vertical displacement in the resonator using interferometry. This method is
done experimentally. The second one is to use finite element method (FEM) software
to simulate the resonator, obtain the vertical component of the surface displacement
to which a DFT is applied. Lamb waves in BAW resonators have the wavelengths
of several microns. Resolving these waves requires an extremely fine discretization,
i.e. mesh size, over a large area compared to the wavelengths. This results in bulky
FEM models that demand huge computer memories and large amount of simulation
time. In most cases, the models have to be reduced from 3D to 2D to deal with
the issue. In return, the simulations for any shapes of the resonator rather than the

square or rectangular ones cannot be conducted.

Nevertheless, the first and second methods lack details about the mode shapes and
distribution of fields like strains, stresses, electrical displacements, power flow of
each Lamb mode, which, in order to design an efficient frame/reflector structure,
must be thoroughly understood. Fortunately, this can be done in a third way —
using matrix techniques to solve the wave equations. In general, the acoustic wave
problems are much more difficult to handle than electromagnetic wave problems.
For a single layer of isotropic material, the equations can be solved analytically and
the dispersion can be found by numerically solving the well-known Rayleigh-Lamb

wave equations [50], [52]. The situation, however, is significantly more complicated
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for BAW resonators. The active region of a BAW resonator is a stratified structure
with piezoelectric and non-piezoelectric layers. The mixed properties of isotropy,
anisotropy and piezoelectricity of the active region need to be handled by using
matrix methods — an analytical-numerical hybrid way to solve such an intricate
problem. Numerical errors and long calculation time are unavoidable challenges,
especially when the number of layers increases. Non-dimensionalization, scaling,
and matrix decomposition techniques must be also carried out in order to find the

correct solutions.

The designed frame modifies the acoustic impedance of the stratified region on which
it is located. All of its features including material, height, width, and number of steps
in the frame have to be carefully selected and calculated. This procedure requires
specific knowledge adopted from optics and transmission line theory in addition to

acoustic waves and fields in solids.

The techniques for fabricating the resonators is also a big challenge since their per-
formance depends on, inter alia, material purity, crystallinity and density, uniformity
of the deposited layers, precision of layer thickness, roughness of each layer at the

interfaces, and electrical parasitic components.

1.4 Objectives

In this work, Lamb waves propagating in the active regions and the frame regions of
BAW resonators are characterized by the use of Transfer Matrix and Global Matrix
methods and FEM simulations. The matrices of boundary conditions are modi-
fied so that Lamb wave problems in mixed-multilayer regions of non-piezoelectric
and piezoelectric materials can be resolved. The field distributions of various Lamb
modes in the active regions are then calculated so the mode properties can be stud-
ied. The power flows of each of the Lamb modes are calculated using the acoustic

Poyntings theorem derived in [53]. This helps determine the amount of energy car-
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ried by the modes based on which the strongest modes traveling in the resonators

at resonance and antiresonance frequencies are identified.

A design procedure for the frame with a novel working principle is proposed for
improving the @) factors of BAW resonators. These high-Q) resonators are used to
construct the filters operating in the range 2.3 2.4 GHz, which falls within the LTE
frequency range. The frame serves as a dual-mode lateral Bragg reflector that is
able to reflect the two strongest Lamb modes back into the active region, thereby
reducing energy loss due to lateral leakage. The proposed frame, unlike in the case
of spurious mode suppression methods, has two raised steps. Each step is designed
in such a manner that the step region can be considered as a layer of a lateral Bragg
reflector. In order to do that, the characteristic acoustic impedance of each step
region is computed for each Lamb mode. A so-called Diffraction Grating Method
(DGM) adopted from optics [35], [54] combined with transmission line theory for
acoustic guided waves [55] is applied in designing the height and width of the steps.
FEM simulation is chosen as a reliable method of verification that is commonly

found in literature, e.g. [56], [57] for various types of BAW resonators.

Miniaturization of the designs is also a highly desired feature in modern BAW res-
onators. Smaller resonators are the key to resolving the overcrowding of physical
filters in a smartphone. The effects of a reduced active area on the performance
of the BAW resonators is therefore studied. In addition, this work covers the fab-
rication and characterization of non-framed SMRs with various configurations of
their vertical Bragg reflectors. They are designed to reflect dual waves including
longitudinal and shear waves in the vertical direction so the acoustic loss in this
direction is minimized. The area — performance relation of these fabricated SMRs
is also investigated. All the experiments were conducted in the Microsystems and

Electronic Materials laboratory of the Technical University of Madrid, Spain.



Chapter 2

Propagation of lateral acoustic

waves in BAW resonators

2.1 Lamb waves in an isotropic plate

In an excited infinite solid medium, there are only longitudinal and shear waves trav-
eling in the bulk. The situation, however, differs when the medium is bound by free
surfaces, e.g. a thin plate. At the free boundaries of the plate, due to the difference
between material properties (of air and plates material), bulk waves undergo such
events as reflection, refraction, and mode conversion upon reflection. One example
of the mode conversion phenomenon is that when longitudinal waves encounter a
free surface, the reflected acoustic energy can trigger particle disturbances in the
transverse direction and create shear waves. Here, shear waves refer to the vertical
shear (SV) type of waves that are polarized in plane with the longitudinal waves
and thus able to interact with them. The horizontal shear (SH) waves, in contrast,
are out-of-plane polarized and propagate independently with the other kind of bulk
waves. Between two surfaces of the plate, the successively reflected longitudinal and
SV waves, when coupling and reconstructing themselves along the plate, generate

propagating disturbances named Lamb waves [50]. The plate becomes an acoustic

16
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Figure 2.1: An infinite isotropic plate.

waveguide that can support a finite number of propagating and an infinite number
of evanescent Lamb modes. These waves are analyzed by solving the guided wave
problem, that is, the governed partial differential wave equations with proper phys-
ical boundary conditions (BCs). For an isotropic plate (Fig.2.1), the problem can

be formulated as

= 2.1
ox; ' or (2.1)
Tij:Cijlekl (2-2)

where 4,5, k,1 = 1,3. p (kg/m?) is the mass density, z; (m) the Cartesian coordi-
nates, ¢ (s) the time variable, u; (m) the displacements, T;; (N/m?) the stresses, Sy
the strains, and ¢;j; (N/m?) the stiffness constants of the material. The plate is a
homogeneous medium that has uniform thickness. It is also assumed infinite in the
lateral dimensions so the reflection at the side extremities is disregarded. The solu-
tions to (2.1) have to satisfy the BCs: vanishing vertical stress components at free
surfaces. This problem can be solved using methods such as FEM, potential theory,
or superposition of partial waves. Once solved, the solutions reveal two types of
Lamb waves — symmetric modes and antisymmetric modes, depending on the sym-
metry of their displacement profiles about the median plane. These modes fulfill the
Rayleigh-Lamb (R-L) frequency equations, also known as the dispersion relations
that non-linearly relate the wavenumber (or in many cases, the wave velocity) to

frequency [50,52,58]. The relations have the form

t h 4k?
an (gh) = — i 5 (2.3)
tan (ph) (2 — k)
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for modes that are symmetric about the median plane (denoted as S;) and

tan (qh> — _ (q2 — k%)2 (2 4)
tan (ph) 4kipq '

for antisymmetric modes (denoted as A;).

Here p? = <%>2 — k¥ and ¢* = (%)2 — k?. vy and vg (m/s) are, respectively,
the velocities of longitudinal and shear waves in the isotropic medium. w (rad/s)
is the angular frequency and k; (rad/m) the propagation constant of Lamb modes
in the waveguide direction. It is noted that in literature and in the present work,
the term wavenumber of Lamb modes, which refers to the inverse wavelength (i.e.
1/ALamb mode = k1/2m with the unit of 1/m), is commonly used. There are three
cases of k; that correspond to various physical meanings. If ky is pure real, the
waves are propagating waves. If ky is positive and pure imaginary, the waves are
exponentially decaying waves, assuming that the time harmonic factor has the form
edkie=wt) Tf k1 is complex, the waves are oscillatory evanescent waves. These waves
play an important role in studying “near field” wave scattering. For a “far field”
propagation, the contribution of these waves is often ignored. The R-L equations
are transcendental equations and can only be resolved numerically. Fig. 2.2 shows

an example of the wave dispersion of a steel plate with v,= 5840 m/s and vg= 3150

m/s plotted only for propagating Lamb modes.

The problem, however, is more complicated for anisotropic media since the crossed
terms in (2.1) do not vanish as they do in the isotropic case. Since the method of
potentials is no longer applicable in this circumstance, the partial wave technique
has to be used instead. At any interface between two media, there are upward
and downward bulk waves, denoted by lower indices “,” and “;” respectively as
depicted in Fig.2.3. In piezoelectric media, apart from quasishear ((—SH and q—SV)
and quasilongitudinal (q-L) waves, electromagnetic (EM) waves also propagate in
the bulk [59]. Although these partial waves have different wavenumber components

ks along the x3 direction, they share the same x; component, i.e. k;. The solutions
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Figure 2.2: Dispersion curves of propagating Lamb modes in an isotropic steel plate
where v= 5840 m/s and vg= 3150 m/s.
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Figure 2.3: Partial waves in a piezoelectric plate.

are the superposition of these waves that satisfy the BCs of the plate. For complex
mixed-multilayer structures like the BAW resonators, it is rather difficult to find
analytical expressions of Lamb wave solutions. Some attempts are in fact made,
but the formulas are restricted to a narrow range of frequencies close to resonance
and k; range where k; << k3 , with or without the mechanical contribution of the
electrodes to the acoustic behavior of Lamb modes [60], [61]. Traditionally, due to
the complexity of the problem, a numerical search is necessary and is associated with
matrix techniques, e.g. Transfer Matrix or Global Matrix method, to find the wave
solutions for large frequency and k; ranges. These techniques are semi-analytical

methods and need to be aided by powerful computational systems.
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2.2 Transfer matrix (TM) method

The TM method, first introduced by Thomson [62] and Haskell [63] for directly
solving the wave problem in stratified media, can also be found in many other
studies. The aim is to analyze the waves in various media and layered structures,
for instance, solving a 2D problem in a stack of all isotropic layers [64], in a single
piezoelectric layer [65], [66], in non-piezoelectric monoclinic multilayered media [67],
in piezoelectric multilayers [68], or in a 1D problem of piezoelectric resonators [69—
71]. For guided wave problems in multilayers, the TM relates the electrical and
mechanical fields at the lower surface to those at the upper surface. The fields at the

intermediate interfaces are eliminated due to continuity properties and substitutions.

X3
0
“ -0
OX,
+
huz - Metal (M2)
1 +
he Piezoelectric (P)
e . Metal (M1)

Xy

Figure 2.4: Simplified FBAR schematic for guided Lamb wave analysis.

In the present work, the TM method is applied to the mixed-multilayer BAW res-
onators to find the solutions for guided Lamb waves along the active region (2D
problem). The structure to be analyzed is depicted in Fig.2.4. The perfectly con-
ducting electrodes with isotropic property are treated as layers with fully defined
mechanical and electrical properties. The problem is, in the electrode layers, the
vanishing of EM partial waves causes the size of their layer matrices to shrink. In-
deed, there are only six partial waves (upward and downward longitudinal, SV, SH
waves) in isotropic media, as opposed to eight partial waves (upward and down-

ward q-L, ¢SV, g-SH, EM waves) in piezoelectric media. This leads to a failure in
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the interfacial matrix multiplications between the piezoelectric layer and the elec-
trodes. Therefore, the expressions for electrical fields must be included in the matrix

representation of the electrodes.

For piezoelectric media, the constitutive equations must also be satisfied

Tij = clSu — erigEr (2.5)
D = euijk + €; E s (26)
ou ou 0
where Sy, = (83:1; + a—:mi) and Fj = —a—i. erij (C/m?), e;; (F/m), Ex (V/m),

D; (C/m?), and ¢ (V) are, respectively, the piezoelectric constants, dielectric con-
stants, electrical field, electrical displacement field, and potential. Here, the super-
scripts ¥ and © above cijr and €;; indicate that these parameters are measured under
constant E and S fields. Equation (2.1) thus becomes

0%y, 0%¢ 0%u;

-y o — 2.7
C]klﬁarja:l + ekjf)x]@xk P ot? (27)

Assume that the particle displacements and the potential of the partial waves have

time-dependent harmonic forms

. i=1,3 (2.8)

uipar _ Aiejkgxge](klxlfwt)

(bpar — A4ejk39f3€j(k111*"-’t) (29)

and plane strain, i.e. 9/0xo vanishes, (2.7) can be written, e.g. for uf*", as

O o2 B2 O 92l O
C1111 ?21];; 61113@6: C1311 5%328 pm+ 1313 32 zpw‘i‘ C1121 ?21;); C1123 %;
+C1321 gxsa ; =+ 6132328—1:3 + C11312 B2 2 + 0113328 18 s + 2135;8 2201, + 613338—x3§+
+€111a il + es11 o + e113 0 qji”a"“ cialil o

07 D301 Dm0z BT P op

(2.10)

The same derivations can be made for us and us. The electrical displacement field
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also satisfies the electrostatic approximation

V-D=0 (2.11)
which can be expanded as
2 par 2 par 2 par 2 par 2 par 2 par
6111& + 6113& 63118L + 6313a il + 61216 2 + 61238—+
0x? 0x1075 0x301, 2 0x? 0x1075
a%ugaﬂ" 82 par 82 pCLT‘ 82 par a% par 82 gar
+e +e +e +e e 3335 —
3218:17383:1 323~ 5 B2 2 131 5 5 5z 2 13389518 s + 33183:38 o + €333 B2
82 ¢par 62 ¢par 82 ¢par 62 ¢par
—811—2 — &31 — &13 — £33 5 = =0
Ox3 Gmgaxl 8x18x3 Oxs

(2.12)

The second order partial differentiations of the various fields in (2.10) and (2.12) are

82 Pm‘ 82 paT 82upa7" 82upar
= k2P . S Y S S — 2 (Y S i~
?m LY 7 ?x 3t 7 3x2ﬂ9x3 1t T 0t?
a ¢pa7‘ a ¢pa7‘ a (bpar
— —]{52 par . —]{52 par . — —k k’ ar
8.7:1 1 ’ 8.7:3 39 " 0x,073 k¢
(2.13)

Together (2.7)—(2.9), (2.12), and (2.13) form the Christoffel equation

Iy — pw? ISP I'is I Ay
'y Lo — pw? I3 [y . Ay CTA—0 (2.14)
I'sy I'sy ['33 — ,0002 I3y As
| Ta I'yo I'ys Fa || Ay |
N ~~ J/ W
r A

where

Lij = csisiks + (csnj + cuisj) kaks + ik, i,7=1,3 |
Dy = Ty = ezisks + (e1is + €3i1) kiks + ennk? (2.15)

F44 = — [833k§ + (513 + 531) k1k3 + 511k%]

and A,,n = 1,4 are the coefficients of polarization of the partial waves. The linear

2 par

W u;

7
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system of equations in (2.14) has non-trivial solutions when

T|=0 . (2.16)

Equation (2.16) is an eight-order polynomial equation whose eight roots are the
propagation constants of eight partial waves. Each root corresponds to a polarization
vector A, thus there are a total of eight four-component polarization vectors denoted

by A,,(r = 1,4 and p = 1,8) . The solutions to (2.7) are, as mentioned, the

superposition of all the found partial waves

8
ulont = B N7 4, O (2.17)
p=1
8 (p)
. -1.(p
¢Lamb — ej(k1w1—Wt) ZA4pOp€jk3 3 7 (2]_8)
p=1

where (), are the coefficients of the eight partial waves. The expressions for normal
stress components and electrical displacement are obtained by substituting (2.17)
and (2.18) into (2.5) and (2.6), respectively. In order to implement the TM tech-
nique, a state vector Pggate comprising ulemb TLamb - plamb and pLemb components

is defined. More specifically, Pgiate can be expressed as

[wl [ Ay An An Au A A Ay Ag |
uptem Ag1 Agy Agg Apy Ags Az Ayr Asg
ughem? Azi Azx Asy Asy Ass Ase Asr Asg
P — Dg"em? _ Ga1 Gz Gsz Gay Gzs Gse Gar Gag W (ki1
Ty Mo Fin Fip Fi3 Fuy Fis Fig Fir Iis
Ty Foy Fyy Faz Fay Fas Fae For  Fos
Ty F31 F3 Fz3 Fsy F3s Fze Fzr Iss
ot | | An A Az A A A A Ass |
X

= XWCe¢/h1m 1)

(2.19)
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. . . . 1(P) .
where W is the diagonal matrix whose entries have the form ei%s" s and C is the
vector of coefficients. X is called state matrix. The term e/ 1%1=%%) is the common
term in the BC equations and can be omitted when the matrices are computed. In

(2.19),

8 8 8 8
Gsp = jkiesq Z Agp + Jesgs Z k’;g,p)qu — Jkies Z Agp—jess Z k’;g,p)Asz , ¢=1,3

p=1 p=1 p=1 p=1

(2.20)

and

8 8 8 8
Fmp = jklcSmln Z Anp + jc3m3n Z kép)Anp+jklel3m Z A4p+j633m Z kfép)Aélp , m,n = 17 3

p=1 p=1 p=1 p=1
(2.21)
The 8x8 layer transfer matrix Lp;.., of the piezoelectric layer is constructed as

presented in Paper 3 so that

+ _ —
Pstate,Piezo - LPieZOPstate,Piezo ) (222>

Here, the upper notations ¥ and ~ denote the upper and lower surfaces of a layer.
For the metal electrodes, which are isotropic and perfectly conductive, the coupling
constants e in (2.5) and (2.6) are zero and each electrode layer is equipotential.
Under these conditions, (2.5) reduces to (2.2) and the EM partial waves in these
layers vanish. The Christoffel matrix I', consequently, reduces to a 3x3 matrix
according to which equation (2.16) has only six roots. As a result, the layer transfer
matrices Lyy and Lygg of the bottom and top electrodes reduce to 6x6 matrices.
The overall transfer matrix of the resonator is the product of L2, Lpjezo, and L.
Therefore, Lyp; and Ly have to be modified by introducing the electrical relations
between the lower and upper surfaces of each electrode layer so they become 8x8

matrices. That is, for the top electrode,
JY _
D;—,MQ = w_A¢ + D3,M2 (2-23)

Qﬁ/[z = ¢JT42 (2-24)
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where Y is the electrical admittance of the resonator and A the overlapped area
between the electrodes. A similar expression can be written for the bottom electrode,
only that the current has an opposite sign. The wave problem is subsequently

simplified as

P;:ate,M2 = LP;:ate,Ml' (225)

Here L is the overall transfer matrix. The BC applied to (2.25) includes

e mechanical BCs, free traction on free surfaces;

e clectrical BCs, either zero potentials (short circuit condition, 1/Y — 0) or

zero D3 (open circuit condition, Y — 0 ) on free surfaces.

Solving these BC equations results in the dispersion diagram of the analyzed struc-
ture. The advantage of this technique is that the matrices to be handled are rela-
tively small in dimension (8x8), compared with the Global Matrix method intro-
duced in the following section. The numerical error caused by large matrices is thus
reduced and common zero finding algorithms like bisection or Newton’s method can
be applied. However, due to the large difference between, e.g. the entries of X
matrix in (2.19), the transfer matrices could be badly scaled. To avoid this type of

numerical error, it is essential to non-dimensionalize the quantities. Therefore

k’/ o hPiezok: k?l o hPiezok / o Cijkl
1= 9 1 3 — 9 3 ikl — )
™ m C3131,Piezo (2 26)
Clij ' €ij , hpiezo w ’
8. L= — w =

/
Chij = ———— =
j ) l] b
v/ €3131,Piez0€33 €33 2 \/C3131,Piezo

are used in the equations instead of ki, ks, ¢ijui, €kij, €15, and w respectively. The
disadvantage of the TM method is that, due to the matrix manipulation of the
electrode layers, it is difficult to find C through matrix inversion in order to compute

all the fields in the analyzed structure.
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2.3 Global Matrix method

The Global Matrix (GM) technique is also a common method for solving wave
problems in stratified structures. It was first developed by Knopoff [72] and can also
be found in later work [73-78]. Unlike the TM method, in the GM method all the

BCs at the layer interfaces and surfaces are assembled together, including

e The continuity of mechanical (normal stress T3¢ and displacement compo-

nents) and electrical fields at each interface between two layers;
e The vanishing of 2% on the upper and lower surfaces;

e Either short circuit or open circuit condition on the two free surfaces. (2.27)

As a result, when the number of layers increases, the number of BCs increases and so

does the size of the GM. For each layer in the stratified structure shown in Fig. 2.4,

defining
N=XW , (2.28)
the GM can be written as
_N3+ 0 0
Cs
N3— _N2+ 0
C, | =ZC=0 (2.29)
0 N2~ N
1 C
i 0 0 N~ ] \7_1
7z

Here Z is the global matrix, the upper notations ** and ‘= denote the upper and
lower interfaces of the " layer. i=1, 2, 3 for the M1, piezoelectric, and M2 layers,
respectively. It is noted that the stack is bounded by vacuum (or air) in which all
the fields vanish, subsequently N4~ = N°* = 0 and the field continuity conditions
are replaced by the BCs on free surfaces. Hence Z can be expanded, e.g. for the

open circuit BC described in (2.27), as expressed in (2.30). Equation (2.30) has
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non-trivial solutions when the GM matrix Z is singular, i.e. the matrix has zero
determinant. However, for the GM method, even when non-dimesionalizations are
carried out, using zero determinant as a criterion for judging the singularity of the
matrix is not recommended due to large numerical error. A criterion for condition
number — the ratio between the largest and smallest non-negative singular values
— is thus used to solve (2.29) instead. These singular values are found by taking
the singular value decomposition (SVD) of Z [79]. More information about this
mathematical technique is provided in Paper 3. Although the GM size is generally
larger than that of the TM (e.g. a 22x22 matrix found in eq. (2.30) versus an
8x8 L matrix for the same three-mixed-layer stack), by using the GM method all
the fields (ulamb mlamb Qlamb glamb) a any position in the resonator can be
readily reconstructed once C is obtained from the SVD. This method is thus more
preferable for any further analyses that require these fields such as for calculating

the complex acoustic Poynting vector.
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2.4 Testing the methods

The analyzed structure is a simplified FBAR model comprising a stack of three
layers — two tungsten (W) layers, each one of 115nm thick, serving as the metal
electrodes, and an AIN layer 1150 nm thick, serving as the piezoelectric layer. The
structure is thus symmetric about the median plane. In the TM method, the local
coordinate system is used for each layer in order to simplify the calculations. In the
GM method, a global coordinate system in which the origin is placed at the middle
of the AIN layer, is used instead. In this way, the reconstructed fields are either
symmetric or antisymmetric about the median plane and various Lamb modes can
be identified easier. It is noted that solving (2.7) not only gives Lamb wave solutions
but also the solutions for the out-of-plane SH waves which independently propagate
in the plate. In the present work, in order to reduce the size of the matrices, these
Lamb

out-of-plane SH waves are initially excluded by omitting the u; and TE™" terms

in all equations.

The vertically propagating waves in the piezoelectric layer of a BAW resonator are
rather ¢—L and q—S waves than “pure” longitudinal and shear waves. The main
operating mode in the analyzed resonator is the fundamental q—L mode, or first-
order thickness extensional TE; mode. The frequency at which this mode resonates
depends on the lateral dimensions of the resonator. A detailed explanation for this
property is given in Chapter 4. At the moment, to achieve a good agreement among
the results of FEM simulation and the two matrix techniques in which the analyzed
stack is assumed laterally infinite, the length of the simulated FBAR needs to be

sufficiently large. Here it is chosen to be 200 pm.

Fig. 2.5 and Fig. 2.6 show the dispersion diagram of the FBAR computed from vari-
ous methods including TM, GM, and FEM. The FEM results are obtained by taking
the discrete Fourier transform (DFT) of the extracted vertical displacement on the
top surface of the FBAR’s active region [57], [80], [81]. From Fig.2.5 and Fig. 2.6,

it can be observed that the electrical BC at the free surfaces strongly affects the S;
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modes but not the A; modes at frequencies around f, and f,. The mode shapes
of these Lamb modes can help to explain the phenomenon. For the A; modes, also
called flexural modes, the periodic flexing motions of the horizontal boundaries does
not change the relative spacing between them. The mode-induced voltage across
the two electrodes at any point on the resonator thus remains constant. In other
words, these A; modes cannot be directly excited or affected by the constant ap-
plied electrical field over the electrode surfaces. Dilatational S; modes, in contrast,
do not have such a behavior due to their symmetric profiles of contraction and ex-
pansion regions of the resonator about its median plane. The voltage induced by
these modes are different at different points on the resonator. The applied field thus
has a significant impact on them, especially at the frequency range where the elec-
tromechanical coupling is the largest. In the short circuit case, the cut-off frequency
of the S; mode coincides with the resonance frequency of the TE; mode. In fact, at
resonance frequency, the electrical admittance Y is at maximum (tends to infinite),
similar to what happens in the short circuit condition. The cut-off frequency of Sy,
on the other hand, occurs at antiresonance frequency of the TE; mode in the open
circuit case, where electrical admittance is at minimum (tends to zero). For type-I1
resonators, the S; mode dispersion curve has two branches — to the left of the mode’s
bifurcated point the curve’s slope is negative (hence named S;_) and vice versa for

the one to the right of that point (thus called S;.).

In the GM method, in addition to the Lamb wave solutions, there are other solutions
represented by the (dotted) straight lines as seen in Fig. 2.5 and Fig. 2.6. The reason
is that the GM takes into account all the bulk waves in the internal layers. If the
wavenumber of the solution Lamb wave is approximately that of the bulk wave,
then the GM is also singular due to identical columns. Indeed, the wave velocity
calculated from the line with the smallest slope is 2880 m/s, which is the velocity
of shear wave in tungsten. For the line with the largest slope, the wave velocity is
10290 m/s, which is approximately the velocity of q—L waves in AIN. However, since

they are the bulk waves in each internal layer, they cannot satisfy the conditions of



30 Chapter 2. Propagation of lateral acoustic waves in BAW resonators

field continuity across the layer interfaces and thus can be distinguished from the

Lamb waves.

The displacement profiles of various Lamb modes plotted in Fig.2.7 and Fig. 2.8
show the notable symmetry of these modes. That is, symmetric Lamb modes have
symmetric u; and antisymmetric ug about the median plane whereas antisymmet-
ric Lamb modes have antisymmetric u; and symmetric ug about this plane. This
agrees with the symmetry properties of propagating Lamb modes in a single-layered
isotropic plate [52]. However, when the thickness of the top tungsten electrode is
gradually increased, the structure loses its symmetry and so does the mode shape.
The modes behave like the so-called generalized Lamb waves as mentioned in refer-
ences [50], [82]. Fig.2.9 shows the phase velocity of guided waves in a W/AIN/W
stack in which the thickness of the top tungsten layer is ten times larger than the
one in Fig. 2.5. Here the modes, despite their antisymmetric profiles, are still named
as A; and S; modes, analogous to those found in the 115nm/1150 nm/115 nm case.
This analogy shall serve the frame design method presented in the following chapter.
For a large thickness of the top tungsten layer and a high frequency, the low order

mode (Ag and Sy) velocities approach the velocity of Rayleigh waves traveling in
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Figure 2.5: Dispersion curves of an FBAR’s active region by various methods. The
stack configuration is W/AIN/W of 115nm/1150 nm/115 nm thick. The short circuit
boundary condition is used on the free surfaces of the stack.
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Figure 2.6: Dispersion curves of an FBAR’s active region by various methods. The
stack configuration is W/AIN/W of 115nm /1150 nm/115 nm thick. The open circuit
boundary condition is used on the free surfaces of the stack but only for the matrix
methods.
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Figure 2.7: Displacement profiles u; of various Lamb modes propagating in a
W/AIN/W stack of 115nm/1150 nm/115nm thick at antiresonance frequency.

tungsten, which is given in [83].

0.874 + 1.2
Vi ~ %05 = 2672 (m/s). (2.31)



32 Chapter 2. Propagation of lateral acoustic waves in BAW resonators

A0 A1
1
5
0.5
’é —— W electrodes
S 0f — AN 0
Rm
-0.5
-5
-1
-0.22 -0.2 -0.18 -0.16 -0.14 -0.08 -0.06 -0.04 -0.02 0
S0 S$1
1 1
0.5 0.5
€
S 0 0
RM
-0.5 0.5
-1 -1
-0.4 -0.2 0 0.2 0.4 -0.02  -0.01 0 0.01 0.02
U (pm) U, (um)

Figure 2.8: Displacement profiles uz of various Lamb modes propagating in a
W/AIN/W stack of 115nm/1150 nm/115nm thick at antiresonance frequency.
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Figure 2.9: Dispersion diagram of guided waves in a W/AIN/W stack in which the
thickness ratio between the layers is 1150nm /1150 nm/115 nm. Vg is the velocity of
Rayleigh waves in tungsten.

Here, ¥=0.28 and vg=2880m/s are the Poissons ratio and velocity of shear waves

in tungsten, respectively. At a relatively high frequency, e.g. 3 GHz, the wavelength
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of a Rayleigh wave is
Vr

= ~ 891 . 2.32
5100, 89 (nm) (2.32)

AR

The top tungsten layer thickness is comparable with this Az and under this condi-
tion, the Ay and Sy Lamb modes become surface acoustic waves of Rayleigh type
that propagate on the surface of the top tungsten layer. If the height of the top
tungsten step is further increased, this phenomenon starts to occur at an even lower
frequency. The velocities of the A, S, and higher order modes, on the other hand,
approach the velocity of shear waves in tungsten when the step height becomes
larger, as previously featured in [58]. This means, at an appreciably large frequency
and step height, the whole stack in the step region appears as a semi-infinite medium.
The so-called A; and S; modes become generalized Lamb waves [50] and lose their
symmetry properties. This partly forms the basis for setting the upper limit of the

height of the frame steps, introduced in the next chapter.

For the SMR, due to its stratified structure of many layers including the resonating
part (top electrode—AIN piezoelectric layer—bottom electrode), the mirror, and the
substrate beneath the mirror (Fig. 1.1), the resulting GM is relatively large and hence
will not be carried out in the present work. In addition, the behavior of laterally
propagating waves in this type of resonator is much more complicated than in the
case of FBAR type. Indeed, the q—S wave velocity in AIN is larger than the shear
wave velocity in any material in the mirror and substrate below. This leads to the
fact that the lateral waves in this device are not really Lamb waves [82]. These waves
are identified as generalized Lamb waves and can no longer be categorized as S; or
A; modes due to the highly antisymmetric structure. FEM simulation is therefore
utilized in place of matrix methods for the SMR and consequently, the construction

of the fields like ut@mb TLamb plamb ElLamb g jimited as a trade-off.



Chapter 3

Design of high-(QQ BAW resonators

using dual-step frame method

3.1 Acoustic Bragg reflector (ABR)

3.1.1 Conventional ABR

An ABR, also known as an acoustic Bragg mirror, comprises alternating layers of
high and low acoustic impedance called mirror pairs. It is named after its optical
analogue, commonly found in photonic applications such as fiber laser and solid-
state bulk laser [84-86]. An ABR functions as a reflector to a chosen acoustic
wave, hence coining the phrase “acoustic mirror”, in which each layer typically has
a quarter-wavelength thickness, i.e. Arg, /4 for BAW resonators. In an SMR, the
ABR is placed underneath the bottom electrode (Fig. 1.1(b)) for the acoustic energy
confinement of the TE; mode in the piezoelectric layer. The reflectance of an ABR
strongly depends on the impedance mismatch between the two layers of the mirror

pair and the number of mirror pairs. Indeed, the reflection coefficient of an ABR

34
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that has m mirror pairs is given by [87]

2m 2m
Za,OZa,Q - Za73Za,1

2 2
Za,oZafS + Za,3Za,T

R= (3.1)

where Z, 0, Zq1, 242, and Z, 3 are, respectively, the specific acoustic impedance of
the medium in which the incident wave propagates, the media of the mirror pairs,

and the substrate medium. They are defined by

Zy = pUg, (3.2)

where p is the mass density of the medium and v, the wave velocity in that medium.
This is analogous to the well-known transmission line theory. The behavior of each
acoustic mirror layer is similar to the way a transmission line behaves as EM waves
propagate in it. It can be seen from (3.1) that R is larger for a larger mismatch
between Z,; and Z,». Material selection is thus essential for designing an efficient
ABR for BAW resonators. Several examples for this significance can be found in

18], [89].

3.1.2 Dual-wave-reflected ABR

At f, and f,, more wave modes exist in the bulk of BAW resonators rather than
just a single desired TE; mode. They are thickness shear (TS) waves (SH, SV)
propagating vertically and plate waves (e.g. Lamb waves) propagating laterally
in the resonator. If carefully designed, the ABR of an SMR can simultaneously
reflect two wavelengths. Indeed, the thicknesses of the mirror layers in an SMR are
normally regulated so that it effectively reflects both the TE; and T'S; modes at the
frequencies of interest. For most materials, the velocity of shear waves is roughly
half of that of the longitudinal waves, i.e. each mirror layer is nearly Arg/2 thick.
For such a thickness, according to transmission line theory, the TS waves can simply

propagate through the ABR and are lost in the substrate beneath. This potently
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Material vy, (m/s) wvg (m/s) C:)Fr?\igiliisjal Thickness — Thickness
L s
ABR (nm) STM (nm) DGM (nm)
Porous SiO, 5210 3150 651.3 434.2 1953.8
W 5210 2880 651.3 868.3 3256.3

Table 3.1: Porous SiOy/W mirror pair thicknesses for various methods, calculated
at 2 GHz

lowers the resonator () factors even if the energy consumed by the shear waves is as
small as 1% of the total energy [34], [36], [90]. A dual-wave-reflected ABR therefore
plays an important role in minimizing the acoustic leakage through the mirror in an

SMR-type resonator.

The design methods for this ABR were previously proposed in [35], introducing the
two approaches — stopband theory method (STM) and diffraction grating method
(DGM). For the STM, the average velocity ratio between longitudinal and shear
waves needs to deviate from 2 by 15% or less to ensure good results. In contrast,
the DGM method gives the best results if this ratio deviates from 2 by 15% or
more. In addition, the calculated layer thicknesses using both methods are rela-
tively large compared with those in a conventional ABR. For instance, Table 3.1
shows the thicknesses of the porous SiOs/W pair calculated for various methods.
Sputtered porous SiO, has a lower Z, than normal sputtered SiO,, suitable for the
low impedance layer of the mirror [91]. For typical high acoustic impedance ma-
terials such as W or Ir, thin film deposition process for large layer thickness could
be challenging. In such situation, by systematically varying the layer thicknesses
or applying mathematical optimization to the Mason model [30], [92] to find the
thicknesses that provide the best reflectance, a combination of thinner layers could
be achieved without degrading the robustness of the ABR. However, these methods
are relatively more complicated than the two foregoing methods and it is not always

assured that they can provide a large dual wave reflectance.

In the present work, the dual-wave-reflected ABR is also laterally applied to both

FBAR- and SMR-type resonators in order to alleviate the laterally leaking Lamb
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Figure 3.1: Displacement profile of a simulated 2D FBAR at its antiresonance fre-
quency. Only half of the structure is shown due to symmetry.
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Figure 3.2: 2D schematic of a dual-step frame FBAR.

waves or generalized Lamb waves and further improve the @) factors, especially the

one at f,. More details about this method are presented in the following section.

3.1.3 Dual-step frame method

Fig. 3.1 shows the displacement profile of half a conventional FBAR design at its f,.

The displacement seen in the outside region is the consequence of lateral acoustic
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leakage that cannot be neglected in designing high-Q BAW resonators. In fact, it is
one of the loss mechanisms that prominently degrades the resonator performance at
fa as previously discussed in [12], [24], [90]. The cause of this loss is addressed to the
laterally propagating Lamb waves (in the FBARs) or generalized Lamb waves (in
the SMRs). While those losses caused by material viscosity and impurity rely on the
material deposition technique and process, this kind of loss is strongly influenced by
the resonator geometry. It can be alleviated by implementing a so-called dual-step
frame on the periphery of the resonator. This frame is able to reflect the two wave
modes that carry the largest amount of energy among the lateral modes. Fig. 3.2
presents a simplified FBAR with such a frame acting as a dual-wave-reflected lateral
ABR. By successfully reflecting these wave modes, the @) factors, especially @), are
significantly enhanced. In this frame structure, each step is considered as a mirror
layer of a lateral ABR. The non-framed, the stepped, and the outside regions are the
acoustic waveguides for the laterally propagating waves. The point is that sufficient
acoustic impedance mismatch for these lateral waves needs to be created among

these regions. By using materials with high mass densities for the two steps, these
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Figure 3.3: Dispersion curves obtained by GM method for the active area of AIN-
based FBARs with the same bottom electrode (115nm W), the same piezoelectric
material (1150 nm AIN) and various materials and thicknesses of the top electrode.
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mismatches can be achieved following (3.2), except that p is now replaced by the
average mass density p of all layers in the stack. The average mass densities of the
steps are a crucial key to the success of this method. The reason is that p needs to
be sufficiently large in order to surpass the drop in the wave velocities of the modes
of interest as the step height increases. This property can be readily observed in
Fig. 3.3, recalling that v, = f/k;. It highlights the importance of material selection

in designing a robust lateral ABR.

For the lateral ABR proposed in the present work, the DGM method is chosen for
calculating the step widths W, and W5 shown in Fig. 3.2. Accordingly, each width si-
multaneously and approximately equals odd multiples of quarter wavelengths A; »/4

of the two lateral waves to be reflected at f,, or

A1 A2 :
Wi = (2m +1) i = (2n+1) z’ L i=1,2 (3.3)

Here m and n are as close to integers as possible.

3.2 Acoustic Poynting vector for piezoelectric me-

dia

Acoustic wave fields in solids, though more complicated to analyze, strongly resemble
the EM wave fields. The complex Poynting vector, used to quantify the power flow
of the waves, is one of the resemblances. For EM waves the well-known complex

Poynting vector is defined as

P— % (B x H) (3.4)

where E is the electrical field and H* the complex conjugate of the magnetic field.
P represents the average power flow density during one cycle. Its unit is W/m?.

The analogous form of P for acoustic waves in non-piezoelectric media, as derived
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in [93], is called complex acoustic Poynting vector. It has the form of
P=——(Txv", (3.5)

where T and v are, respectively, the stress and particle velocity fields of acoustic

waves. For piezoelectric media, P becomes

T x v ¢ (jwD)"

P=

where ¢ and D* are, respectively, the electrical potential and complex conjugate
of the electrical displacement fields, provided that the displacement field has its

exponential term of e’(k<—«t),

The total power flow of a wave mode is found by taking the integral of vector P
over the closed surface normal to its direction. This results in a complex number.
Its real part is the real power and its imaginary part the reactive power. For Lamb
waves propagating laterally in a stack of three mixed layers as shown in Fig. 2.4, the
Poynting vector of each wave mode is parallel to the wave propagation direction (i.e.
x1) and normal to the vertical cross section of the stack. For a simplified 2D stack,
the total real power flow P; reduces to a line integral over the layer thicknesses and

has the unit of W/m. That is

—hp/o hp/a harathp)o
P1 = Re / PLMldiL‘g + / PLdeL‘g + / P17M2dl‘3 (37)
—hayi—hp)o —hp)o hpjo

More specifically, for the piezoelectric layer, with the displacement and potential
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given in (2.17) and (2.18), P, p is expanded as

1 . ) .
P p= 3 [Ty, + 0(jwDq)"] =

6 6 6 6
1 () () - (p) ()
. 1 k —ik k —jk
= — 5w > FNC,eR Y " A, Cre T N " A, ClelT Y T G, Cpe IR T )
p=1

p=1 p=1 p=1
m = {1, 3}

(3.8)

where v, = Ju,,/0t, and the coefficients F,%lg and G, are calculated using

6 6 6 6
Chp = Jhrerq Z Agp + je13 Z ki(’)p)qu — Jkien Z Ay — Jeus Z k:(%p)Asz ;
p=1 p=1

p=1 p=1
q=A{1,3}

(3.9)

and

6 6 6 6
Frgg - jklclmln Z Anp + jclmi’m Z kép) Anp+jk1611m Z A4p + j631m Z k:;gp)A4pa

p=1 p=1 p=1 p=1

m,n = {1,3}.

(3.10)

Here the superscript (V) in Fé}g implies that these are the coefficients for the T1,,, m =
{1,3} components, distinguishing them from the coefficients F,,, for T5,, in (2.21)
in which the superscript @ is intentionally omitted for a simpler presentation in the
state matrix. Note that the upward and downward q—SH partial waves are excluded

in these calculations, hence in (3.8), for example, there are only 6 partial waves in
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total. The second term inside the parentheses of (3.7) is afterwards derived as

hp/2
PLpdl’g =

—hp/2

hp /2 6 6
(n) (g (D) . (n)
=y (sz 4, e 33 A O O ) s =

—hp/2 p=1 n=l peind
( 1 6 6
— 5w DD (FChAmCy — AppCrGinCh) X
p=1 n=1
) e )1 _ |:€j<k§")—k§p))hp/2 B e—j(kém—ké”’)hp/?} ’
j (k5 = k)
1 6 6
_§jw Z Z (Fr(nlr)LCnAmpCp — ApCyG1aCn) hp, n=p
p=1 n=1

\

(3.11)
Here m = {1, 3}. For the electrode layers, the term ¢(jwD)" is eliminated from the

integrals, applied for the first and third terms in (3.7).

3.3 A design guideline for high-Q BAW resonators

3.3.1 Material selection

Material selection, as previously mentioned, is a vital step in designing any high
performance BAW resonators. For the piezoelectric material, high acoustic ve-
locity, low loss, good thermal conductivity, reliable deposition process, high elec-
tromechanical coupling factor k;, and integrated circuit (IC) integration capability
are highly desired. Among common piezoelectric materials like AIN, ZnO, PZT,
LiNbOs3, BaTaOs, and GaN, AIN is the most promising candidate that can fulfill
the mentioned requirements [7], [26], [27], [36], [94-96]. AIN is thus the preferred
material for BAW manufacturers like Broadcom (holding three quarters of the BAW
market), Akoustis (known for its manufacturing process using single crystal AIN that
provides superb k2 1) [97]. More specifically, AIN is mainly found in the commercial
FBAR devices. ZnO, on the other hand, is chosen by SMR-type BAW providers like

n#p
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Material AIN W Ir Ru Mo SiOy Si
Z, (x10° Pa-s/m) 37.0 100.8 119.6 75.3 64.8 13.6 19.6

Table 3.2: Acoustic impedance values of various materials

Qorvo, TDK. In the present work, AIN [94] is selected as piezoelectric material for
both the FBARs and the SMRs.

For the top and bottom metal electrodes, their material(s) must satisfy demanding
requirements of conductivity, Z,, and acoustic loss. For a good confinement of TE;
mode between the two electrodes, they need to be materials of very high Z,, yet
low sheet resistance in order to reduce ohmic loss. Generally, these characters do
not always go hand in hand in one material [7]. However, metals like tungsten (W),
molybdenum (Mo), iridium (Ir), ruthenium (Ru), can offer a reasonable compromise
and are commonly applied in recent RF BAW devices [12], [29], [32], [46], [98]. In
the present simulation, W is chosen for both electrodes of the FBARs and Ir is for
those of the SMRs. In addition, due to their excellent Z, values, they are used as the
high impedance layers for the vertical ABR of the SMRs. They are also the selected
materials for the frame, owing to their relatively high mass density. For the low
impedance layers of the vertical ABR, SiOs is the successful candidate regarding its
low Z, and thermal compensation ability. This is based on the fact that SiO, has a
unique physical property of positive TCF while most other materials have negative
ones [99]. Table 3.2 shows a comparison of Z, (for the TE; mode) among various

materials, clarifying the selection.

3.3.2 Thickness optimization

The thickness of each layer in a BAW resonator directly influences its resonance
frequency and performance. The electrodes need to be sufficiently thick to reduce
the bulk resistance that causes ohmic loss in the resonator. The resonator (), factor
is significantly affected by this kind of loss. However, too thick electrodes relatively

to the piezoelectric layer may cause a large degradation of the k:gff factor — or
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the separation of f, and f, — leading to narrower filter bandwidth. Therefore, a
proper thickness ratio between the electrodes and piezoelectric layer is required for
a satisfying k2, factor [36], [100], [101] while their total thickness must be regulated
to obtain the desired resonance frequency. The layer thicknesses in the ABR of an
SMR also need to be optimized for dual wave reflection of the TE; and T'S; modes.
For instance, Fig. 3.4(b) shows the transmittance of a 7-layer SiOo/W ABR of an
AIN-based SMR that has a Mo top electrode and an Ir bottom electrode. The layer

materials and thicknesses are described in Fig. 3.4(a).

3.3.3 Lamb wave characteristics and power flows

In the proposed BAW structures the lateral ABR, or frame, is designed to reflect
Lamb waves/generalized Lamb waves. It is thus essential to study the characteristics
of these waves beforehand. The dispersions of these waves are plotted for the active
regions of the resonators so the type of dispersion (i.e. type I or type II), the cut-
off frequencies, and the corresponding wavenumbers in those regions at the desired

frequency can be determined. For the FBARs, GM method is carried out and verified
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Figure 3.4: Example of an SMR layer stack (a) and the transmittance of its vertical
ABR (b).
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by FEM results. Afterwards, when ylamb qfamb plamb 7phamb - gLamb = qnq pLamb
are found, the mode powers are calculated following (3.7) and two Lamb modes
with the largest powers are identified for future steps. For instance, for an FBAR
design with W/AIN/W layer stack of 115nm/1150nm/115nm thickness ratio, the

two strongest Lamb modes are addressed to the S;. and A; modes.

For the SMRs, only FEM simulations are carried out due to the foregoing reasons
given in Chapter 2 and the power analyses are consequently excluded. The two
strongest lateral modes are assumed to be those with the smallest wavenumbers. It is
noted that the DF'T applied to the position-dependent simulated FEM displacement
data is called the spatial DF'T. The resolution of a spatial DFT spectrum depends on
either the number of displacement samples in the region of interest or the resonator
length. In order to increase the resolution of the dispersion, zero padding technique
[102], i.e. adding more zero samples to the original vertical displacement data,
could be applied. Increasing the resonator length is not recommended since it leads

to cumbersome FEM models that are memory- and time-consuming to simulate.

3.3.4 Frame calculation

The proposed structure has two steps with different heights and widths. The widths
are computed from the quarter wavelengths of the lateral modes and are closely
related to the step heights. The heights are chosen in such a way that the acoustic
impedance mismatches created among the resonator regions are as large as possible.
As the step height becomes sufficiently large, an increase in its value results in a
smaller drop in Lamb wave velocities. The acoustic impedance of the step region is
then decided by the average mass density p. Since the step itself has an impedance
considerably higher than that of the fixed-thickness piezolectric layer, p is dominated
by the step height. It means a larger Hy value relatively to Hy (Fig. 3.2) provides
a larger acoustic mismatch between the two steps. Nonetheless, the two heights are

still limited by the following factors:
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Adequate mismatch needs to be created between the non-framed active region
and the first step. This suggests the lower limit for H;. Sufficient mismatch
between the two steps, on the other hand, predetermines the upper limit for

H, and lower limit for H,.

At f, as the height increases, in the step there are more lateral modes to which
the total acoustic energy is shared (Fig.3.3). This potentially decreases the
efficiency of the frame since it is targeted for reflecting only two modes. The
ceiling value of Hy is thus chosen to limit the number of modes excited in the

Step 2 region.

As discussed at the end of Chapter 2, at a very large Hy, the lateral waves
turns into generalized Lamb waves. They approach Rayleigh-type surface wave
on the upper boundary (for Sy and Ay) or degenerate into vertically-polarized
shear waves (for S;, Ay, and higher order modes) in the step medium. Due to
the appreciable changes in the nature of these waves and subsequently their

complicated behaviors, Hy is limited to avoid this circumstance.

Fabrication limitation. Indeed, sputtered metal like W typically undergoes
residual stress in the film that builds up with the increased height. This
kind of stress, if uncompensated, may cause delamination and failure in the
structure [103]. For e-beam evaporated Ir, its low deposition rate requires a
long deposition time for thick layers. This may entail failures in the devices

due to long exposure to high temperature in the vacuum chamber.

Once the heights are determined, the widths are calculated so that (3.3) is fulfilled.

Since m and n in this equation are hardly integers simultaneously, finding the op-

timum widths might be challenging. In addition, the (m,n) pair preferably holds

as smallest value as possible so the frame area is not too large. In fact, the area

of the frame has an unwanted yet substantial impact on the resonator performance

when its total active area is reduced. This will be further discussed in Chapter 4.

In Table 3.3 and Table 3.4 is an example of a step calculation for a W/AIN/W
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Step material Step height H (nm) A4, (nm) Mg, (nm)
W 173 2858 2220

Table 3.3: The targeted Lamb modes in the step

m 1 2 3 4 5 6
Calculated n 1.431 2.718 4.005 5.292 6.579 7.866
Rounded n 1 3 4 5 7 8
Step width for the A; mode (nm) 2143 3572 5001 6430 7859 9288

Step width for the S;; mode (nm) 1665 3886 4996 6106 8327 9437

Deviation AW between two widths (nm) 478 313 5 324 468 149

Chosen width (nm) X X 5001 X X X

Table 3.4: Step width determination

FBAR structure with thickness ratio of 115nm/1150 nm/115nm. The chosen re-
flected Lamb modes are S, and A; since these modes have the largest power at f,.
So A1 and Ay in (3.3) are respectively A4, and Ag, .. The velocity ratio of these two
modes deviates from 2 by less than 15%, proving the DGM method is a reasonable

choice [35]. The chosen width is the one that
e results in small AW,

e has relatively small value (compared with the electrode length);

e is the corresponding odd multiple of A4, since among the analyzed modes,
mode A; exhibits a larger acoustic mismatch for the same change of the step

height (e.g. see Fig.8 in Paper 1).

3.3.5 Performance evaluation

The designed resonators are evaluated using FEM simulations. The investigated
parameters include f,, f,, @, Qq, kzgf 7 and the characteristics of electrical impedance
Z. For a better visualized comparison of various resonator designs, in several cases,

the @ factors are not only calculated at f, and f, as formulated in (3.12)

_  JradZZ

Qr,a— BT )
2 df f=fra

(3.12)
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but also for a frequency range using Bode formula [104]

dlSH |Sll|
QB = —onf 3.13
d2rf)1— 1511’2 ( )
Z — Zref . .
Here S;; = ————, known as one of the scattering parameters in an RF network;
Z + Zref

Zyes is the characteristic impedance, typically holding 50 2.

3.4 High-Q BAW resonators

3.4.1 Designed resonators and FEM simulation setups

Fig. 3.5 depicts the 2D schematics of both types of BAW resonators with the pro-
posed frame structure where all the materials and dimensions are detailed. Since
COMSOL software is utilized to verify the designs, all the relevant simulation se-

tups are also declared. Only 2D simulations are carried out for more efficient use
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Figure 3.5: High-Q FBAR (a) and SMR (b) designs using the dual-step frame
method.
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of computer memory and processing time, as recommended in [56]. For calculating
the electrical impedance Z, the width of each resonator is assigned a value equal
to its length, meaning square resonator. At the outermost edges of the resonators,
perfectly matching layers of 10 um width are applied to avoid artificial reflected
waves. Spatial DFT decomposes the vertical displacements into wavenumbers of
the existing lateral waves. For facilitating this technique, the regions of interest are
uniformly spaced, or sampled. The gridded type of mesh is therefore chosen. The
mesh size is one tenth of the smallest wavelength of lateral waves propagating in
the structure — that is, 100nm — to guarantee precise results. Consequently, for a
common 100 x 100 pum? area of the active region, there would be 1000 elements just
along its length. Symmetry boundaries thus becomes a game changer in saving time
and computer resources, recalling the fact that all the resonators are horizontally

symmetric.

Apart from acoustic loss of all materials and dielectric loss of AIN, ohmic loss caused
by electrode resistance is also taken into account. Since this is done by introducing
an external resistor in series with the resonator, the part of ohmic loss caused by
lateral modes and their induced eddy currents has to be neglected. For a non-framed
resonator design, the resistor value is Ry = 2R;, where R, = p.l/A. A is the area of
the electrode’s cross section, [ the length of the active region, and p. the resistivity
of the electrode material. For the dual-step frame design, due to the added metal

frame, this value reduces to

Ro_ 2Wy N 2W4 n
* e (Hy +te) 2Wo (Hy +te) + (1 —2Wa) (Hy + o)
[ =2(W, +W.
+ ( L 2) +R,
2Wy (Hy +te) +2W5 (Hy + ta) + ta (I — 2W1 — 2W5)
(3.14)

where t. is the thickness of the top electrode in the non-framed region. Other

parameters can be found in Fig. 3.2.
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3.4.2 Simulation results

The BAW resonators designed with a dual-step frame exhibit a significant enhance-
ment of the ) factors over the frequency range from f, and f,, compared with those
of the one without a frame and even the one with a single frame. For instance,
Fig. 3.6 visualizes the obtained Bode ) values for three different FBAR structures
of the same active area (100 x 100um?). More details about the results and the

discussions for these FBAR designs can be found in Paper 1.

The dual-step frame SMR design also offers better () factors than do its counterparts
single-step frame and non-framed SMRs. For instance, Bode @) values for three dif-
ferent SMR structures, including the one without a frame, the one with a single-step
frame, and the one with a dual-step frame with the same active area (100 x 100 pm?)
are shown in Fig.3.7. The descriptions of these structures are elaborated in Paper

2.

3.4.3 Side effects

The obtained simulated results have shown significant enhancements in () factors
of the BAW resonators with the proposed frame designs. The improvements are
not only seen at the frequencies of interest, i.e. f. and f,, but extendedly for the
frequency range between them. However, with the implementation of the frames, of
which each step can be considered as a distinct resonator in parallel with the one
that provides the main resonance, the kZ;, factors considerably diminish (Table 3.5).
The reason is that these step-resonators have relatively large total areas compared
with the active area, and operate at frequencies lower than f, due to the thickened
top metal layer. The larger the step height is, the lower frequency at which the
“stepped resonator” resonates will be. Since part of the total energy is shared to
these resonators, the effective electromechanical transduction of the main resonator

degrades. The second “side effect” is the more pronounced lateral resonances, the so-
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Figure 3.6: Bode @ plots for the three FBAR designs with the same active areas (a)
and the narrower frequency range around resonance (b) and antiresonance (c). The
dots, circles, and asterisks mark the () factors at the resonance and antiresonance
frequencies of these designs.

called spurious modes, that superimpose on the main resonance and cause stronger
ripple in the frequency range of interest. This implies two possibilities. First, more
laterally propagating energy is confined in the active region. Second, the lateral
standing waves are formed in a smaller area — the non-framed area, leading to larger
coupling energy to the spurious modes [45]. Either case shows an implication of the

reflection of lateral waves at the frame.
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frequencies of these designs.

Devices | Parameters | without frame | with single-step frame | with dual-step frame
fr (MHz) 2422.75 2422.70 2422.65
FBAR | f, (MHz) 2490.35 2487.30 2480.80
kzsz (%) 6.52 6.25 5.65
fr (GHz) 2297.10 2297.00 2296.90
SMR fa (GHz) 2361.80 2351.00 2340.10
kgff (%) 6.58 5.54 4.47

Table 3.5: Comparisons of results




Chapter 4

The impact of area on BAW

resonator performance

4.1 Resonance and antiresonance frequencies af-

fected by transverse behavior of the TE; mode

The 1D analyses of the resonator, such as modified Butterworth van Dyke equiva-
lent circuit [105], [106] and Mason model [107], only take into account the pure TE;
mode and disregard its transverse behavior. Even the 2D matrix methods discussed
in Chapter 2, despite the lateral component of the propagation constant being con-
sidered, the lateral boundary conditions are ignored. As a result, these methods do
not take into account the effects of the lateral dimensions on a resonator’s frequency
spectrum and performance parameters. Tiersten, in his paper [61], has developed an
analysis showing the essential contribution of lateral dimensions to the operation of
resonators with rectangular electrodes. His method of analysis is then adopted in the
present work for investigating a simplified 2D FBAR structure and its f, (and f,) —
area dependence. Due to the difference in layer structure between the active region
(metal/piezoelectric/metal) and the outside region (piezoelectric/silicon), each of

the regions shall have a corresponding dispersion equation that relates the lateral

23
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Figure 4.1: Dispersion curves of the S; mode in the vicinity of its cut-off frequency
(TE; resonance) for the active region.

and vertical components of the propagation constant to frequency, such that

_Mn/lérzw - 5537_772”” + pfw2 =0 (41>
MOUt»"ﬂézut,np, - E?J:Sngut,n + pfw2 =0. (42)
. . f f (6:];3)2 fof
Here, the stiffened stiffness constant ¢33 = ¢33 + —F—. The constants p, Chs, €33,
€33

and 5:],:3 are, respectively, the mass density, the stiffness, piezoelectric, and dielectric
constants of AIN. EW and &yt are the lateral components of the n* mode’s prop-
agation constant in the layer stack while 7, and 75, are the vertical components
of the propagation constant in the active and outside regions, respectively. The
lengthy formulae of the MW and Moy, coefficients can be found in [61]. By using
an approximation for the lateral BCs, including the continuity of vertical displace-
ment and its first derivation [108], the condition for the laterally propagating mode
that has cut-off frequency at the TE; resonance frequency (that is, the S; mode) to

be trapped in the active region is

Enu tan (gnul) - gout,n,u (43)
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where [ is half the top electrode length. This analysis, however, is confined only
to part of the S; curve close to its cut-off. The term “trapping of wave mode”
here implies that the mode laterally propagates in the active region and decays in
the outside region, i.e. its energy is confined in the active region. Eq.(4.3) implies
that the resonance frequency of a resonator (and its frequency spectrum in general)
is greatly influenced by its lateral dimension, especially when it is miniaturized.
Fig. 4.2 depicts such a relation. The f, and f, values are found by respectively
determining the maximum and minimum of the resonator’s electrical admittance.
As the electrode length increases, the f, and f, curves approach saturation and
become independent of the length. The saturated values are identical to those
found in the case of pure TE; mode, that is, Enu = 0 in (4.1). The impact of
lateral dimension on the behavior of the TE; mode therefore diminishes when the
resonator becomes appreciably large. For a small resonator of type II, this impact
cannot be ignored since the resonance frequency of the main mode shifts to a value
notably smaller than the one obtained from, for example, a 1D model. Note that
for type—I resonators, the shift is towards a higher frequency [61]. This finding leads
to an essential criterion for miniaturizing a BAW resonator — the lower limit of a

resonator lateral dimension at which it still operates at the desired frequency. More
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importantly, this limit cannot be predicted using either a 1D model or the matrix

methods.

4.2 Influence of area on resonator performance

4.2.1 Background

Due to the demanding integration level of the RF front-end modules in mobile
handsets, filters and multiplexers are inevitably miniaturized. However, the core
resonators can only be reduced to a limited size below which they will no longer
function as desired, owing to the significant deterioration of performance parame-
ters. This has been the motivation for further exploring the impact of area on the
performance of both BAW resonator types. More specifically, by using 2D FEM
simulations the behaviors of the proposed dual-step frame BAW resonators as their
size shrinks have been studied. The analyses presented in section 4.1 only focus on
the lateral contribution of the TE; mode, to the main resonance. 2D FEM, on the
other hand, additionally takes into account the involvement of other lateral modes
in a large frequency range of interest. It turns out that the resonances of these

modes might also affect the ) factors of any resonator that has a realistic area.

4.2.2 FBARs

The resonance of laterally propagating Lamb waves, the so-called spurious modes
(Fig. 1.3), accounts for unwanted in-band ripple. These modes occur once their
resonance path lengths fit into the resonator. For instance, if the electrode length of
a squared FBAR satisfies the half wavelength resonance condition of a Lamb mode

at any frequency, i.e.

A am . .
Electrode length 20 = (2n + 1) L2 ® " for non-negative integer n, (4.4)
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a spurious mode will occur at that frequency. In an unfortunate situation, (4.4)

could be fulfilled at both f, and f,, resulting in an undesirable phase change at

these frequencies (Fig.4.3) and consequently, exceedingly diminishing @, and @,

factors [see (3.12)]. Such an incidence can be avoided by slightly adjusting the

electrode length so that (4.4) is no longer true at f,. and/or f,. Since the adjustment

is negligible compared to the total length, f. and f, are barely affected. For a

macroscopic change in the area, e.g. the miniaturization of a squared non-framed

FBAR from 100 x 100 pm? down to 50 x 50 pm?, there is a distinct improvement of
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@, and a noticeable degradation of ),. The former is mostly because the current
running through the electrodes decreases with area, leading to a smaller ohmic loss.
The latter, on the other hand, is likely because of the dominant lateral wave leakage.
The proposed dual-step frame FBAR design has considerably lowered this leakage
and enhanced the (), factor when the area decreases. In addition, the added metal
frame also helps reduce R, and @), is thus improved. This improvement, however,
diminishes with the area for { >> W, and W3, according to (3.14). These behaviors
are shown in Fig. 4.4, where the results of a single-step frame FBAR design, which

is in accordance to literature [7], is also added for comparison.

4.2.3 SMRs

The performance of an SMR also largely depends on its area. As in the FBAR
case, a macro change in the resonator area towards a more miniatured SMR leads
to higher @), and lower @),. In contrast, a micro change might result in spurious
modes at f,. and f, and worsen both ), and Q),. The dual-step frame design is thus
implemented to improve these factors for the miniaturized resonators. The results

are presented in Fig.4.5.

4.2.4 kgf f factor of the miniaturized resonators

As expected, one of the main consequences of using the frame on a resonator is the
degradation of its kgf s factor. For resonators with areas significantly larger than the
frame areas, the decrease of k;gf s is minor. However, when they are miniaturized, the
phenomenon could become a vital issue for the applications that require broadband
filters [101], [109]. Despite the fact that achieving broad channel bandwidth is not
always the case, e.g. the 5G new radio channel bandwidth ranges from a narrow
band of 10 MHz to a 100 MHz broadband for the 2.5 GHz range and above [110],

kZ;; of small-sized resonators need to be improved if demanded. In such a situation,
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the first suggestion is to find the optimum layer thickness ratio. In addition, single

crystal AIN could be an alternative for the piezoelectric layer. The Akoustis company

has reported that their BAW resonators using single crystal AIN technology provide

far larger k7;; than those with the typical polycrystalline AIN [111], [112].

4.2.5 Impact of material quality

As an attempt to investigate the role material quality — in this case the acoustic

attenuation — plays in promoting the effectiveness of the dual-step frame BAW

resonators. The material quality has been proven to reinforce the efficiency of the

proposed designs especially as the resonator size shrinks.
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4.3 Microfabrication of the non-framed SMRs

4.3.1 The designed SMRs

This section briefly introduces the fabrication process of the SMRs without a frame.
The purpose is to demonstrate the dependence of the SMR performance on its area
and shape. The designed SMRs are presented in Table 4.1. In this table, the
SiO2 material used in the acoustic mirror of sample 7TWpSiO2 is porous SiOs [91],
whereas in samples TWdSiO2 and 5IrdSiO2 the normal SiOs is used instead. These

SMR structures are, in fact, successively designed so that the latter resonators could

overcome the practical limitations that the former ones undergo during the process.

1D simulated
transmission curves
of the mirror

Transmittance (dB)

0 1 2 3 5
Frequency (Hz) 9

Transmittance (dB)

Frequency (Hz) x 10

Sample property TWpSiO2 TWdSiO2 5IrdSiO2
Top 3 layers Ir/AIN /Mo Ir/AIN/Mo Ir/AIN/Ir
(bottom to top) 150/1200/150 (nm) 150/1000/200 (nm) 150/1000/140 (nm)
Mirror layers SiO2/(W/SiO9) %3 SiO/(W/SiO9) %3 SiOg/(Ir/SiOg) x 2
(bottom to top) | 600/(336/400)x3 (nm) | 600/(340/500)x3 (nm) | 620/(350/500)x2 (nm)
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Table 4.1: Various configurations of the fabricated SMRs.

4.3.2 Experimental setups and sample preparation

The SMR mirror layers are deposited atop of 100 mm silicon wafers using pulsed-
DC magnetron sputtering technique (for Mo, SiOy and W films) and electron beam
evaporation (for Ir films). The porous SiO, layers (mass density of 2000kg/m?) in
sample TWpSiO2 are deposited by sputtering a “pre-cleaned” Si target in a mixed

Ar/O, flow in a vacuum chamber. The power applied to the target is 1200 W.
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The percentage of Os in the gas flow is between 30% and 80%. This setup results
in a deposition rate of nearly 100 nm/min [91]. The regular SiO, layers in samples
TWdSiO2 and 5IrdSiO2 are achieved with a proper change in the gas percentage and
a lower deposition rate (48 nm/min). For the W and Mo targets in the chamber, the
DC power is set to 400 W and 200 W with deposition rates of 118 nm and 34 nm per
minute, respectively. Unlike other materials, Ir is evaporated from small slugs by an
electron beam at 107% Torr with the substrate kept at 400°C and the deposition rate
at 30 nm/min. Before the AIN deposition step (provided by the UPM group), the

2 samples for further

wafers with Ir bottom electrodes are partitioned into 2x2cm
processes. AIN piezoelectric films are then sputtered at the rate of 100 nm/min with
a 1:5 Ar/N, gas flow, and a pulsed DC power level of 10kW at 400°C in a Sigma fxP
cluster tool [29], [113]. It is noted that between two contiguous layers, except for
the electrode/AIN interfaces, seed Ti layers of 15-20 nm are necessarily deposited to
enhance the adhesion. The top SiOy mirror layers are mechanically polished with
0.05 um Al powder in advance of the deposition of a seed Ti/bottom electrode. They
are thus intentionally deposited with an extra thickness of 15-20 nm to compensate
for the loss during polishing. The top electrodes are then patterned into arrays of
various resonator areas and shapes by wet etching (for Mo) and metal lift-off (for

Ir) techniques. In the present work, resonators of both rectangular and elliptical

shapes will be measured.

4.3.3 Measurement results

The SMRs in the samples (Fig. 4.6) are characterized by measuring the scattering
parameters S1; for 30 kHz—3 GHz frequency range. This is done by using an Agilent
network analyzer connected to the sample through a ground-signal-ground coplanar
RF probe of 200 pm pitch. The data are then converted to electrical impedance
Z and fitted to Mason [30] and mBVD equivalent circuits [105] for examining the
features (e.g. layer thicknesses, electromechanical coupling constant of AIN) and

performance parameters of the resonators.
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Figure 4.6: Samples under test (a) and the optical microscope images of the fabri-
cated SMRs (b).
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Figure 4.7: @ factor versus area for various SMRs with rectangular (a) and elliptical
(b) shapes.

Fig. 4.7 and 4.8 show the results of all samples listed in Table 4.1. As expected, @),
factors of the samples drastically diminish with resonator area, while the trend is
opposite for ), and kgf s as the area increases. Among the three samples, TWpSiO2
gives a poorer performance than that of the other two. One possible reason is that
porous SiO, films fail to reach the desired mass density of 2000 kg/m3. With the
setups portrayed in the former subsection, the cathode voltage is, expectedly, around
250V [91]. The indicator, in fact, reached approximately 310 V when the SiOs films
in 7TWpSiO2 were deposited. This infers that the thicknesses of these porous SiO,
films may fail to provide an optimum reflection for both longitudinal and shear

waves. Normal SiOs is thus used in the rest of the samples, in place of porous
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Figure 4.8: kgf s versus area plot for various SMR samples.

Figure 4.9: Delamination occurring in sample 7WdSiO2.

Si0y. Sample TWdSiO2, on the other hand, undergoes a different technical issue.
Sputtered W films are known for theirs large thickness-dependent residue stress that
builds up as more layers are deposited. This causes bending and potential buckling
in the multilayered structure. For sample TWdSiO2, although the thickness of W
films is approximately the one in sample 7TWpSiO2, poor adhesion between normal
SiO4 and stress-borne W layers induces delamination (Fig. 4.9) in half of the sample
area. This explains its shape in Fig. 4.6. In sample 5IrdSiO2, this issue is overcome
by the use of Ir for high impedance mirror layers. This sample in general yields

slightly better (), values than do the others, even though it has fewer mirror layers.



Chapter 5

Conclusions and prospects

5.1 Conclusions

The rapid evolution of mobile communication technology has demanded an enhanced
RF acoustic filter technology. Improving the @) factors of the constructed elements
of these filters — the BAW resonators — is a key to that enhancement. This the-
sis presents a novel design method for achieving high-Q BAW resonators. The
description dual-step frame method has been coined for the implementation of a
two-step frame atop the periphery region of a resonator. Materials with high acous-
tic impedance are used for these frame structures. Impedance mismatches between
the non-frame and step regions and the multiple-quarter-wavelength widths of these
steps turn the frame into a lateral Bragg reflector. This inhibits the leakage of lat-
erally propagating acoustic waves (e.g. Lamb waves, generalized Lamb waves) into
the outer region of a resonator, hence reducing energy loss and improving the @

factor.

For designing the frame, the characteristics of lateral waves in a mix-multilayered
plate are studied using FEM simulations and matrix methods. The calculations for
the mode power flows in FBAR-type resonator were conducted by applyng acoustic

Poynting’s theorem. These calculations are not applied to the SMR due to the
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complex nature of generalized Lamb waves in a resonator locating on top of a Bragg
reflector and a thick substrate. The resonator area — performance relation is also
investigated. Apart from enhancing the @) factors for both types of BAW resonators,
the proposed frame method reveals the possibility of miniaturizing the resonators

for a smaller filter footprint in RF front-end modules.

The key findings of the present work include:

e An explicit design guideline for improving the @ factors of BAW resonators
using a dual-step frame. The frame serves as an acoustic Bragg reflector
that can laterally reflect the two wave modes that carry the largest amount
of energy. It was reported that above the resonance frequency of a type-II
(FBAR) resonator, the S;4 and Sy are the two strong modes that cause large
spurious resonances [7], [12]. These two modes are symmetric modes and can
be measured electrically. The contribution of the antisymmetric modes, on
the other hand, was ignored. However, it is proven in this work that the
Ay mode, though it cannot be electrically “seen” in practical measurements,
could be as “strong” as the S;, mode and even “stronger” than the Sy mode.
This conclusion is reached by comparing the mode powers, calculated from the
Poynting vectors of the lateral modes. By targeting the frame to reflect the two
modes Sy, and Aj, the @, factor of the optimized resonator is significantly
improved. It also provides a better (), factor due to a reduction in bulk

resistance induced by the metal frame.

e The effect of the resonator lateral edges on the resonance and antiresonance fre-
quencies of the TE; mode is also investigated. It is shown that a miniaturized
type-1I resonator has a lower resonance frequency of its TE; mode than that
of a large resonator. This occurs due to the contribution of the TE; mode’s
lateral component to its vertical resonance. This phenomenon, unfortunately,
cannot be predicted by such 1D models as Mason model or mBVD circuit.

Awareness therefore needs to be raised when designing small-size resonators
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using these models.

One drawback of using 2D FEM simulations for evaluating the resonator per-
formance is also discovered. Namely, if an odd multiple of half-wavelength of
any lateral modes fits into the resonator length, spurious resonance occurs. If
this happens at f, or f,, the corresponding () factor is strongly affected. This

situation should be taken into account during a design procedure.

The performance parameters, including the () and kgf s factors, largely depend

on a resonator area. The @, and k?;; factors increase with area while the
@, factor shows an opposite trend. With the use of a dual-step frame, a
miniaturized resonator with high @), and (), can be achieved. However, the
resonator size needs to be lower limited to avoid a drastic degradation in the

performance parameters.

The framed resonator undergoes a decrease in kgff factor since the supplied
energy is coupled to other resonances of the TE; mode propagating in the
step regions, apart from the main mode in the non-frame active region. This
decrease is more prominent if the frame area is more comparable to the total

active area.

The spurious modes in a framed resonator appear more noticeable than in the
one without a frame. This is mainly because of the reduced non-frame active

area and the increasing energy coupled to the trapped lateral modes.

In a practical SMR-type resonator, using W as high acoustic impedance (thick)
layers in its vertical Bragg reflector could result in delamination due to accu-
mulated residual stress. Should this occur, Ir is a promising replacement. By
optimizing the thickness of the SiOs/Ir mirror pair, high reflectance can be
obtained for both longitudinal and shear waves, as done in the case of SiOy/W

pair.
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5.2 Prospects

The BAW resonator-based filters play a key role in recent mobile communication
technology. In the near future, they will make a substantial contribution to the new
mobile technologies, as well as to the development of smart cities and the Internet
of Things (IoTs) as the number of handset devices continues to grow. The present
work proposes a design guideline for the BAW resonators so that the filters fulfill
the demands of such technologies. It is therefore essential to make the prototypes of
these optimized resonators, test the proposed method, and estimate the yield when
producing them in mass volume. The method also has a potential for applying at a
higher range of frequency, namely 5 GHz and above, given that the lateral acoustic

leakage is still one of the dominant loss mechanisms in the BAW resonators.
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