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Abstract

Numerous devices need filters for capturing signals and then conditioning them in communications
and wireless systems. For several decades, microwave filters have been the center of attention for this
type of signal conditioning. However, acoustic filters have recently been gaining attention, mainly

because of their miniature size and high quality factor.

Among the various different types of acoustic filters, SAW filters with only metal layers on top of
the piezoelectric substrate are studied in this work. The piezoelectric material used in this thesis is
aluminum nitride, which exhibits a higher quality factor in SAW resonators compared to lithium

niobate or other piezoelectric materials.

An extensive analysis of SAW structures is carried out here, along with an investigation into the
relationship between physical dimensions, piezoelectric properties and filter specifications. The
proposed design procedure is followed, after which the design is verified by simulation tools such as
COMSOL and Coventorware, several prototype units for resonators and filters are fabricated through
MEMSCAP.

The tests were performed at the Center for Integrated RF Engineering (CIRFE) lab at the
University of Waterloo, Waterloo, Ontario, Canada. The Q factor of the designed aluminum nitride
resonator was proven to be higher than that of lithium niobate resonators. The results obtained
demonstrate the feasibility of realizing aluminum nitride-based SAW resonators using a commercially

available fabrication process from MEMSCAP.
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Chapter 1

Introduction

1.1 Motivation

Microwave filters play an important role in telecommunications and satellite systems. Among the
many types of microwave filters, acoustic Microelectromechanical Systems (MEMS) filters have

received increased attention recently for their simplicity, low cost and higher quality factor.

The three different types of acoustic piezoelectric MEMS filters are bulk, thin film and surface
acoustic wave filters. Each of these filters has its own specific properties and fabrication processes,
but they all work by converting acoustic vibration to electrical signals, and vice versa. These filters
tend to have higher quality factors in frequencies of several hundreds of MHz.

In this research, a new PiezoMUMPs process which was introduced by MEMSCAP in 2013 is used
in the fabrication of SAW resonators and filters. The piezoelectric material in this process is
aluminum nitride, which is considered able to reach higher quality factors than conventional
piezoelectric materials used in SAW, like lithium niobate.

1.2 Objectives
The objective of this research is to explore the theory behind the applications of acoustic filters and
mathematical and simulation analysis of the structures. The major research tasks include:

» Analyses and simulation of SAW resonators

» Investigation of the feasibility of using the PiezoMUMPSs process in the realizations of SAW

resonators and filters.

» Design, fabrication and test of aluminum nitride-based SAW resonators.

1.3 Thesis Outline

Chapter 2 presents a literature review on acoustic filters and resonators in general, along with their
applications. Chapter 3 presents the PiezoMUMPs fabrication process in detail, while Chapter 4 talks
about the mathematical and simulation analysis of piezoelectric devices and the design procedure of
this study. Finally, Chapter 5 provides the measurement and fabrication results, and discusses

comparisons between measurements and simulations.



Chapter 2

Literature Review

2.1 Introduction

Microwave filters are important parts of communication systems. Although significant advances have
been made in developing new ways to make microwave filters, there is always room for further

improvements in the area.

One type of these filters that has attracted more attention recently is the Microelectromechanical
Systems (MEMS) filter. MEMS filters usually have higher quality factors, as they incorporate a
piezoelectric material. There are several different types of configurations of MEMS filters, including
Bulk Acoustic Wave (BAW), Film Bulk Acoustic Resonator (FBAR), and Surface Acoustic Wave
(SAW) filters. Each of these filters has its own specifications and fabrication processes. In BAW
structures, a layer of piezoelectric material is sandwiched between two layers of metal [1]. This
excites the piezoelectric material in bulk mode. An FBAR is the same as BAW, with the only
difference being that piezoelectric is used as thin films and has increased frequency of operation,
which can function up to a few GHz frequencies [2]. SAW filters, on the other hand, have a different
fabrication process. In surface acoustic wave resonators, the surface of the piezoelectric is excited,

since there is no metal layer on the bottom of the piezo material [3].

In designing piezoelectric resonators, choosing the right piezoelectric material is an important part
of the process. Different piezoelectric materials have different electromechanical properties which
could cause different effects on resonance frequency, electromechanical coupling, the fabrication
process, etc. There are various kinds of piezoelectric materials, such as zinc oxide, lithium niobate,

and aluminum nitride. A comparison of the different properties of these materials can be found in [4].

According to Table 2.1, a piezoelectric material can be selected depending on the specific resonator
requirements for a particular application. In this study, we chose aluminum nitride (AIN), in

accordance with the PiezoMUMPs® fabrication process.



Table 2.1 Properties of different piezoelectric materials [4]
Materials LiNBO3
Density

Longitudinal
Acoustic Wave

velocity

Shear Acoustic

Wave Velocity

Piezoelectric

Coefficient, es3

2.2 Surface Acoustic Wave Resonators

SAW devices can operate up to a few GHz and can be easily fabricated using conventional MEMS
fabrication techniques [5]. In order to create surface waves on a piezoelectric material, the metal
electrode on top of the piezoelectric is deposited and then etched to make interdigitated fingers (IDT).
As can be seen in Figure 2.1, IDTs can be used as the input and output electrodes for a 2-port

network.
Input 10T Output 1DT
" =
BE
I
in

Piezoelectric
substrate

Figure 2.1 Typical SAW configuration [5]



A SAW resonator can be measured either as a 1-port or 2-port device. The designer can choose
either one, depending on the measurement facilities to which they have access. Figure 2.2 shows the

1-port resonator in [6].

V

X

Piezoelectric substrate

Figure 2.2 One-port SAW [6]

Important features of any SAW structure are its center frequency and the relation between the
center frequency with the dimensions of the IDTs and the piezoelectric material properties. As a
general rule of thumb, if the acoustic velocity in the piezoelectric material is V and the wavelength is

A, the resonance frequency can be defined by Equation 2.1.
f=v/a 2.1

Another important physical property of the SAW device is the period of the IDTs, which is defined
as the distance between the middle of two adjacent IDTs (one input and one ground). The periodicity

(p) is half the wavelength, which means:
2

SAW devices have many practical applications. They have been used as strain sensors [7],
microwave filters [8] and in chemical sensing [9]. Surface acoustic wave resonators can also take

different shapes, such as rectangular or ring, as can be seen in Figure 2.3 and Figure 2.4 [10].



Figure 2.3 Rectangular-shaped SAW resonator [10]



Figure 2.4 Ring-shaped SAW resonator [10]

Surface acoustic wave resonators, like any other resonator, have an infinite number of resonant
frequencies. However, the design frequency has the greatest displacement in impedance, admittance
or S11 compared to other resonant modes. Displacement refers to the change in magnitude of the
characteristics of a SAW resonator such as impedance. By knowing at what frequency the greatest
displacement occurs, we can know the device’s resonance frequency and can configure an operating

point for the resonator.

Figure 2.6 shows an example of the response (susceptance) from a typical surface acoustic wave
resonator [11]. As can be seen, the susceptance has the greatest spike at the main resonance
frequency. If we look at the displacement of the IDTs, we can see a huge spike at the main resonance
frequency in contrast to other resonances (Figure 2.5). Another aspect that is usually considered in
SAW resonators is utilizing two sets of reflectors on two sides of the IDTs. Reflectors are IDTs that

have the same periodicity as IDTs but are not connected to either signal or ground and are placed on



top of the piezoelectric material. The reflectors capture the acoustic energy and reflect it back to the

IDTs so that the dissipation of energy is smaller and the quality factor thus becomes larger [12].
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Figure 2.5 Displacement of IDTs at resonance frequencies [11]
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Figure 2.6 SAW resonator response [11]

16 161 162 163 164 165 1.66 1.67 1.68 1.69
Frequency (GHz)

v

F

-

o [

/ -
Reflectors 'E/w Vour

Figure 2.7 SAW resonator with reflectors [12]

1.7

In order to analyze the SAW resonators, an equivalent electrical circuit needs to be extracted. A

SAW resonator consists of four lumped elements: motional inductance (L), motional capacitance

(Cm), motional resistance (Rm) and static capacitance (Co) [13]. Figure 2.8 shows the Butterworth Van

Dyke (BVD) model, which represents not only SAW but any acoustic resonator around its
fundamental resonance frequencies. To formulate these components in terms of the physical

characteristics of SAW, we have to take a closer look at the resonance frequency of the SAW

resonator response. As depicted in Figure 2.9, there are two spikes in impedance (or admittance) at

resonance frequencies. One is called resonance frequency (f), and the other is called anti-resonance



frequency (fx). Resonance frequency is also called series resonance, and anti-resonance is also called

parallel resonance.

)
(]

——
——

Ra

Figure 2.8 BVD model for SAW
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Figure 2.9 Typical SAW response with f. and far

According to these figures, we can formulate the lumped components as the following equations

[4]:

“’T_i 1
fr=90:= LnCm 2.2 [4]

ar Cm
far =2 =f, [14+50 23 4]

Qr=—= 24 4]

w; Ry, Cr




Qur = — 25 [4]

@arRimCim

where Qr and Qq are loaded Q-factors at f; and fa, respectively. From Equation 2.1, we know that the
series resonance or f; is equal to the ratio of acoustic velocity by the wavelength. So, we can design
the series frequency and find the static capacitance by simulation or mathematical analysis. After

measuring the resonator response, we can then find the rest of the lumped element components.

2.3 Aluminum Nitride SAW Resonator

As mentioned in section 2.1, various piezoelectric materials can be used in acoustic wave resonators.
Aluminum nitride has received increased attention recently with the introduction of PiezoMUMPs
fabrication rules by MEMSCAP™ in 2013. Several papers in the literature utilize AIN as their

piezoelectric for acoustic wave devices [14], [15], [16], [17].

Device layer Resonator body

J11R 1111
Tethers
\ PnC arrays /
L N si B AIN
Handling layer cr/Al 1 sio,

Figure 2.10 Acoustic wave resonator using AIN [14]

Another example of a device which uses AIN is a 2-dimensional mode resonator like [18]. In that
paper, there is only one set of IDTs and this is used only for the signal electrode, as shown in
Figure 2.11.

10
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«

Figure 2.11 Two-dimensional AIN resonator [18]

Another configuration in the literature that uses AIN is the cross-sectional lame mode resonator
(CLMR), which is used in two structures. One of them utilizes bottom electrodes (fBAR), while the
other, which is called lateral field excitation or LFE, has no bottom IDT (SAW). The frequency of
operation is around 1 GHz and 2.8 GHz and there is an increase in k¢ [19].

e Aluminum Nitride
P : We

+ -

Figure 2.12 LFE CLMR [19]
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In another study, quasi-symmetrical lamb waves were used to achieve high quality (Q>10000) and
low motional impedance (Rm<50 Q). In the study, AIN on an Si wafer was used as the structural

layer, and the frequency of operation was 260 MHz [20].

Z
yd

X
B scs Il AIN
Il sio, Al

Figure 2.13 High Q low-resistance AIN resonator [20]

Many other configurations and applications can be used for designing AIN SAW resonators, but these

are beyond the scope of this research.

2.4 Finite Element Analysis of SAW

Finding the anticipated response from the MEMS devices can be done in several ways, including
lumped element (ad hoc), mathematical analysis, and finite element analysis (FEA). Each of these
approaches has advantages and disadvantages. The lumped element technique can give us a good idea
of the device response, but only in a narrow frequency range, since lumped elements cannot contain
all of the mechanical properties of the SAW devices. Mathematical models can be helpful, but as the
device becomes larger and more complex, the number of equations likewise grows, making it very
difficult and time-consuming. The finite element approach can be extremely useful for MEMS

structures. In this method, the structure is reduced to very small meshes and the differential equations
12



governing the structure are solved in each mesh. If the results converge with an acceptable error, the

analysis returns an answer [21].

The biggest advantage of the finite element method is that the device can be simulated in three
dimensions, so the designer can get a good idea of the actual device response. Several different
software programs, such as COMSOL, Ansys and Coventorware, can be used to do a finite element
analysis on MEMS devices. These software programs are commercially available and widely used in
MEMS design and fabrication.

Although simulating in 3-D is the biggest advantage of FEM-based software, the results can also be
unreliable depending on the choice of mesh size. In FEM-based software, the bigger the mesh size,
the more unreliable the result is. When the mesh becomes smaller in a 3-D structure, there is an
exponential increase in simulation time. So, there is a trade-off between accuracy and simulation

time.

In SAW structures, since the IDTs are periodic, the structure can be reduced to a smaller size and
periodic boundary conditions can be defined. This reduces the size of the structure and thus reduces
the simulation time. In addition, since the thickness of the piezoelectric material and the periodicity of
the IDTs (and not their length) play the most important role in SAW responses, we can simulate the
2-D structure instead of a 3-D one, which reduces the simulation time by a significant factor.

Figure 2.14 and Figure 2.15 are examples of 2-D simulations in the literature.

An important feature of FEM software is that material properties are predefined and editable, so the
designer can use them for characterization [22]. Furthermore, the BVD model can be extracted from
the response of the FEM software [12]. In addition to COMSOL, ANSY'S can be used to simulate the
MEMS structures to find the response of the SAW structure [23], as can be seen in Figure 2.16. In

this work, zinc oxide was used [23].

Almost all of the simulations in the literature were done in 2-D instead of 3-D, and the simulation
and measurement results match perfectly. In this study, both COMSOL and Coventorware are used

and the detailed procedure is outlined in the simulation section.

13



freq(473)=5.472e9 Surface: Electric potential [V] Max: 2.336
Arrow: Displacement

..................... 05

‘‘‘‘‘‘‘‘‘‘ g 1

x107 Min: -1.336

Figure 2.14 FEM-based analysis of GaN SAW in COMSOL [22]
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Figure 2.15 FEM-based analysis in COMSOL [12]
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Figure 2.16 Ansys simulation of SAW resonator [23]

2.5 Tunable SAW Filter

Numerous attempts have been made in the literature to develop acoustic tunable filters. Some of these
efforts were more successful than others [24]. The idea behind tunable filters is to change the
bandwidth or center frequency of the filter by tuning the resonators of the filter. Since each resonator
has a BVD model, the tuning can be done on the circuit level and then reverse-engineered to physical
dimensions. Usually by adding a capacitor in series or parallel to the resonator, one can tune the f,. or
far Of the resonator, depending on the parallel or series connection of the additional capacitor. From
Equations 2.2 and 2.3, we know the formula to find resonance and anti-resonance frequencies from
lumped components or vice versa. When an additional capacitance is connected in series (parallel) to

the resonator, the £, (f,,-) will be changed using Equations 2.6 and 2.7.

o Cm

fi=f, / 1+ 2.6
o Cm

fo=fr /1 + 2.7

where C and C,, are the series and parallel additional capacitors, respectively.

15



Figure 2.18 SAW resonator with additional parallel capacitance

For example, if a filter consists of three series and two shunt resonators, as in Figure 2.19, series
and parallel capacitors can be added to make the filter tunable [25]. By changing the additional

capacitances, the bandwidth (BW) can also be changed.

Csi Cs2

J/l’ | |
I I
S] 82 SB
IN | Tmll ouT
]
— 00l
— Cyp

/ar L
T 1 p,

GND T GND
o O

Figure 2.19 Resonator using three series and two shunt resonators [25]
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Another example of making SAW resonators somewhat tunable is to move f,,- away from f,. and
use f,- as a bandstop filter, since the response at the resonance frequency is very high quality. These
filters are called acoustic wave resonator based filters [26]. To do this, a shunt inductor is added to the
SAW resonator to move the anti-resonance frequency, as shown in Figure 2.20. In Figure 2.21, the
added inductance L, shifted f,,., from f,., and created a bandstop filter using only the resonance

frequency.

Lp

Figure 2.20 Shunt inductance to create acoustic wave lumped element resonator (AWLR)
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Figure 2.21 Adding shunt inductance response [26]

To find the appropriate value for L,,, we have to figure out what happens to the resonance
frequency mathematically. The important point to consider here is that we need to adjust the anti-
resonance and not the resonance [27]. The idea is to remove the effect of C,, on the f,,- by adding an

inductor parallel to it that produces a resonance at f,..

1

After calculating the desired value, we can add it to the resonator and make whatever tunability we
want. Adding 90° transmission lines can be effective for changing the BW of resonance at f,.. The
bandwith can also be changed by using different port impedances than the input impedance of the

resonator (Z,), which we assume as 50 Q.
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Figure 2.22 Adding port impedances to change BW [27]

r= (%)2 2.9

BWAWLR = TBW,.eS 2.10

As mentioned previously, there are many different ways to create tunable acoustic filters.

According to the application and fabrication processes, any of these techniques can be used.
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Chapter 3

PiezoMUMPs Process

3.1 Introduction

In this study the PiezoMUMPs fabrication by MEMSCAP™ is used for fabricating the SAW
resonators. MEMSCAP provides three other different Multi-User MEMS Processes or MUMPs®:
MetalMUMPs, PolyMUMPs and SOIMUMPs. The PiezoMUMPs is an addendum to SOIMUMPs
that can be used for fabricating various fabrications featuring piezoelectric materials such as acoustic
devices [28]. A cross-section of the fabrication layers for PiezoMUMPs can be seen in Figure 3.1.

Figure 3.1 Cross-section of PiezoMUMPs fabrication (not to scale)

A summary of the PiezoMUMPs is described below (the detailed fabrication steps are given in

section 3.2):

1. The SOI wafer used as the substrate is <100> oriented. It uses 400 um thick silicon as a handle

layer, along with 1 um of oxide and 10 um of silicon on top of the oxide.

2. The top silicon can be etched down to the oxide to make vias or mechanical figures. The top

silicon is doped first.

3. The 400 um substrate can be etched from the bottom and stop at the oxide layer. This layer can

make holes that can be used as through points.

4. A thermal oxide layer can be patterned on top of the silicon to create electrical isolation

between the silicon and metal layers.
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5. The piezoelectric layer, which is the AIN, creates the piezoelectricity needed for acoustic wave

devices.

6. The metal layer is patterned on top of the silicon to create electrodes.

3.2 Fabrication Process

In PiezoMUMPs, only five masks are used. The fabrication process is described in detail in this
section. As mentioned previously, the AIN used in the PiezoMUMPs process has a d45 of 3.4-6.5
pC/N, with d33 being the piezoelectric strain coefficient. As mentioned in section 3.1, an n-type
<100> oriented silicon on insulator starts the process. A layer of phosphosilicate glass is deposited on
top of the silicon and it is annealed at 1,050 in Argon to dope it. The PSG layer is removed
afterwards, using chemical wet etch. The first mask to be used is PADOXIDE, which has a thickness
of 2000 A. This layer is not deposited but grown and patterned using RIE, and is the layer that can be

used to make electrical insulation.

So, the first deposited layer is the Aluminum Nitride or AIN. It has a thickness of 500 nm and is
defined by a PZFILM mask. AIN is patterned by wet etch.

After the piezoelectric material, the second deposited layer is aluminum. Since aluminum will not
stick to the layers below, there should be some kind of adhesion. In this case, the adhesion is
chromium, so 20 nm of chromium is used. For creating switches where the aluminum is used for
electrical connections, the thickness of the metal is 1um, but for acoustic applications, as given by
MEMSCAP, the thickness of PADMETAL is 520 nm. The silicon etching is done using the SOI
mask level. The special recipe of SOI from MEMSCAP prevents the undercutting of the silicon.

The last mask, TRENCH, is used to etch the silicon from the bottom. First, a protective layer is
used for the top parts and RIE does the bottom etch. Then, to remove the buried oxide, a wet etch
follows the RIE.

The minimum feature size in the PiezoMUMPs process is 2 um [29].

Table 3.1 shows the colors used for each layer in the graphs.
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Silicon Substrate Bottom Oxide Pad Metal

Buried Oxide Piezoelectric Material Front Side Protection

Table 3.1 PiezoMUMPs Layer Colors

Figure 3.2 PSG (purple) deposited on SOI, which is also protected by bottom oxide

Figure 3.3 Thermal oxide is grown and patterned by the first mask, PADOXIDE




Figure 3.4 Piezoelectric material is deposited by reactive sputtering and patterned using
positive photoresist and the second mask, PZFILM

Figure 3.5 The metal is deposited via negative photoresist and the third mask,
PADMETAL
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Figure 3.6 The top silicon can be etched to create via holes with DRIE and SOI mask level

Figure 3.7 Polyimide coating to protect top layers



Figure 3.8 Silicon in the handle layer is etched from the bottom with the mask TRENCH,
after which the oxide is etched using chemical wet etch

— -

Figure 3.9 The front side protection is removed and the fabrication process is done

A summary of the levels, masks, thicknesses, and minimum sizes of each layer can be seen in
Table 3.2.



Table 3.2 Summary of PiezoMUMPs Layers and Their Properties

Material Thickness (um) Mask Level Name Minimum Feature
(pm)
Pad oxide 0.2 PADOXIDE 5
Piezoelectric 0.5 PZFILM 10
Material
Pad Metal 0.52 PADMETAL 3
Silicon 10 SOl 2
Oxide 1 N/A N/A
Substrate 400 TRENCH 200
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Chapter 4

Simulation

4.1 Introduction

In this study, finite element analysis is carried out using the commercially available software
COMSOL and Coventorware to design SAW resonators. A combination of these two FEM software
packages was needed to get the proper results and to create the resonator models. Although both of
these software programs have the ability to simulate the MEMS Piezoelectric structures, with the
addition of the fastpze add-on to the Coventorware, the simulation of 3-D MEMS Piezoelectric
structures becomes almost 30 to 40 times faster than other FEM software packages such as
COMSOL. In this chapter, the simulation we used will be discussed in detail.

The design process of the surface acoustic structures starts with choosing a frequency of operation.
According to Equation 2.1, the frequency can be related to the acoustic velocity of the piezoelectric
material and the wavelength. The wavelength is considered to be twice the periodicity of the fingers.
We designed the resonator to operate at 450 MHz; since the acoustic velocity is 10127 m/s [30], the
wavelength will be approximately 24 microns (A). This leads to a 12-micron period (p) and 6-micron
electrode width (w), as can be seen in Figure 4.1. Once the device dimensions are calculated, the
number of fingers needs to be determined to start the design. A combination of analytical and
simulation approaches is used to find the number of fingers., The equivalent circuit of a SAW
resonator is the Butterworth-Van-Dyke (BVD) model given in Figure 2.8. The Cy in this circuit is the
static capacitance. To find the number of fingers, the input impedance (Z,) of the resonator needs to
be defined in order to find the static capacitance at that frequency. The defined impedance for one of
the resonators, for example, is 106 Q. Using Equation 4.1, Co is calculated to be 3.336 pF.

1
Co =
0™ 2nfz,

Equation 4.1
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Figure 4.1 Surface acoustic wave resonator dimensions

COMSOL is used as a simulation tool to determine how many fingers can satisfy this capacitance.
In COMSOL, there is a built-in function to find out the capacitance of a structure in different
conditions or frequencies. A structure with only 6 fingers was simulated in COMSOL, as shown in
Figure 4.2 (the air box around the structure to account for the fringing fields is removed to show the
fingers more clearly). After the C, of 6 fingers is found, we can find the number of fingers needed to

realize the required Co value since the addition of IDTs acts effectively as parallel capacitors.

Figure 4.2 COMSOL simulated model of SAW resonator with 6 fingers

The COMSOL simulation for the 6 finger structures yields a capacitance value of 0.213 pF.

Therefore, to achieve a capacitance of 3.336 pF, we need 94 fingers. The simulation does not end
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here. After calculating the required number of fingers, we have to simulate the whole structure to find
out the response of the circuit over a certain frequency range. Simulating 3D structures in COMSOL
is a step that takes a huge amount of time and is essentially unfeasible. However, in Coventorware,
there is a new Add-On called fastpze that combines python with 3D simulation and gives accurate
results much faster than COMSOL. Even though fastpze is fast, simulating the whole structure with
small meshes to obtain accurate results still takes a long time and a lot of CPU. With this in mind,
structures with 6, 12 and 18 fingers were selected. A meaningful mathematical relationship was then
found to approximate the response of the actual structure with 94 fingers. Another advantage of
Coventorware is that it provides the BVD model as part of the results. Therefore, by finding the
relationship between the BVD components of 6, 12 and 18 fingers the BVD circuit model for the 94

fingers resonator can be approximated.

4.2 Coventorware Simulation Setup

To simulate the structures, the dimensions of the structures need to be listed. The important parts of
the dimensions that are under the control of the designer are finger length, width and period, which in
this case are 106, 6 and 12 um, respectively. The simulation is started with 6 fingers, then 12, then 18,
and so on. After each simulation, the BVD circuit elements are extracted. The values for Co, Cm, Lm,
and Ry, for the different structures are then compared to see if the values match with the mathematical

model.

For the purpose of this simulation, the tutorial provided by the Coventor for using the fastpze
module was used. The procedure was modified to make it like the PiezoMUMPs process. The first
step in Coventorware is defining the process. The defined fabrication process can be seen in
Figure 4.3.

-0 Substrate Substrate SILICOM_100 10 LM

1 Stack Material |LM AlN 0.5

2 Stack Material | Metal ALUMIMUM_FILM | 0,52

-3 Straight Cut Metal + 0 0
-4 Straight Cut ReleaseHoles - ] 0

Figure 4.3 Process used for Coventorware simulation
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As shown in the picture, this is a 2-mask process which has been simplified from the real
PiezoMUMPs, since the complexity is not needed for these types of simulations. The next step is

drawing the layout. The first layout with 6 um pitch and 6 fingers can be seen below in Figure 4.4.

Figure 4.4 Simple layout for 6-finger resonator (AN, Metal, )

After the layout is done, the meshing begins. The meshing is performed by using the smart mesh of
the Coventor simulator. According to the tutorial, the best mesh to use is Manhattan Bricks. The mesh
settings and meshed structure are shown in Figure 4.5 and Figure 4.6, respectively.
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Mesh Type |Manhattan bricks E]|

Element order O Linear @ @ Parabolic @

[]  Useshell elements

“¥direction

Element size |D.9 |

Biasing |None E]|
Bias ratio 1.00
¢
- direction

Element size |QD.D |

Biasing |N0ne E]|
Bias ratio 1.00
¢
~Zdirection

Element size |D.4 |
Biasing |None E]|

. . 1.00
Bias ratio |

| o

¥

Figure 4.5 Mesh setting for the simulation

Figure 4.6 Meshed structure
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The same mesh settings are used for all the structures made in this work. After meshing, the next
step is naming the boundaries so that the boundary conditions on these faces can later be defined. The
boundaries are GndEnd, InputEnd, VGnd and Vin. The first two define the fixed boundary
conditions, while the second two define the ground and signal, respectively. After defining the faces,
the piezoelectric analysis needs to be set up. The analysis is MemMech Piezoelectric analysis, the
specifications for which are shown in Figure 4.7. The boundary conditions are defined in this analysis
setup. After the setup is done, the script of the analysis is saved and imported in the script part of the
Coventorware. Then a Python code is written to use a combination of MemMech and fastpze to
expedite the simulation time.

[ MemMech Settings L=
Analysis Options
Linear or Nanlinear?
Restart from last analysis run Oves @ No
Time Dependence SteadyState E
Stop Time(s) [ 1085 |
Output Timestep(s) [1.0E8 |
Timestep Method \Vamable E\
Solver Timestep(s) \ 1.0E-7 \
Residual Tolerance(ph) \ 10.0 \
Max Temperature Increment (k) \ 10.0 \
Additional Analysis
Solution Method Lanczos E
Modal Analysis
Specify modes by Frequency Range E
MNumber of Modes 1
Minimum Freq. (Hz) 5000.0
Maximum Freq. (HZ) 41E8
Freg. of Interest (Hz) BES
MNumber of Yectors 0
Harmanic Analysis
Minirmurm Freq. (Hz) 4 488
Maximum Freg. (HZ) 57588
MNo. of Freguencies 10
Modal Damping Ratio 4 0E-4
Include thermoelastic damping? @Ko OYes
General Contact Options
Model possible contact among all pars? Oyes @ No
Friction \ 0.0 \
Softened Surface Interaction
SofCo (00 g
S0P (00 |
Include suppressed pars? QOves @ No -
‘ Advanced
[t | [ cancel | Gl

Figure 4.7 Analysis setup for the simulation
The codes are as follows:

import fastpze
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modelName = 'PZE_Resonator_prebuilt’
baseScript ='n_port_Vin.py'

portList = ['Vin']

baseAnalysisName = 'PZEAnalysisl'

a = fastpze.Analyzer(baseScript, portList, baseAnalysisName, modelName)

4.3 Simulation Results

After the simulation has been set up, the results are exported from the Coventorware solver. The
results of these simulations are reported in this section. First, resonators with 6 um pitch and 6 fingers

are chosen. The admittance response vs. frequency (410 MHz to 600 MHz) is depicted in Figure 4.8.

Frequency Response: Admittance, 1V ac

105

Admittance, 1V ac (8)

@
@

Phase (deg)
2
=

42E8 4.4E8 46E8 4.8E8 SE8 52E8 54E8 5.6E8 58E8

|—y1 1__amplitude —y1 1_phase|

Figure 4.8 Admittance for 6-finger resonator

The next part of the results is the extraction of the BVD model components. You can see the results
and also what formulas were used to find out the values of BVD components. The components for the

6-finger resonator are shown below.
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Motional resistance, Rm = 1511939.48778 Ohm, Motional inductance, Lm = 0.518522455813 H,
Motional capacitance, Cm = 2.49847414664e-19 F, Series resonance frequency, fs = 442179818.488
Hz, Parallel resonance frequency, fp = 442196097.532 Hz, Supplied Q-factor (recomputed), Q =
952.822370257, Capacitance to ground, CO = 3.39318e-15 F.

The next structure is made with 12 fingers. The admittance vs. frequency is shown in Figure 4.9,
where the BVD component values are also given.

Frequency Response: Admittance, 1V ac

Admittance, 1% ac (5)

44E8 4 6E8 48E&8 5E8 52E8 54E8 56E8

[—v11_ampituse —y11_phase]

Figure 4.9 Admittance of 12-finger resonator

Motional resistance, Rm = 720928.006162 Ohm, Motional inductance, Lm = 0.242237254005 H,
Motional capacitance, Cm = 5.51681198297e-19 F, Series resonance frequency, fs = 435367065.641

Hz, Parallel resonance frequency, fp = 435383227.973 Hz, Supplied Q-factor (recomputed), Q =
919.145951708, Capacitance to ground, CO = 7.43022e-15 F.

The admittance vs. frequency of the 18-finger resonator is shown in Figure 4.10.

34



Frequency Response: Admittance, 1V ac

Admittance, 1% ac (5)

90.0
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80.0

Phase (deg)
®
w

4.3E8 4.4E8 4.5E8 46E2 47ES 4.2E8 4.0E8 SE2 5.1E2 5.2EB 5.3E8 5.4E8 5.5E8 5.6E8 5.7E2

[—v11_amplitude —y11_phase|

Figure 4.10 Admittance for 18-finger resonator

Motional resistance, Rm = 575169.412577 Ohm, Motional inductance, Lm = 0.11608315587 H,
Motional capacitance, Cm = 1.15923351574e-18 F, Series resonance frequency, fs = 433860451.571

Hz, Parallel resonance frequency, fp = 433882385.736 Hz, Supplied Q-factor (recomputed), Q =
550.178172576, Capacitance to ground, CO = 1.14646e-14 F.

As can be seen in the results listed above, the BVD model components follow a pattern. The
following section provides a comparison.

The next step is adding reflectors. Some SAW resonators include reflectors to increase the quality

factor. Here, 12 fingers with 6 reflectors on each side are simulated. Figure 4.11 shows the resonator
with reflectors.
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Figure 4.11 Twelve-finger resonator with reflector

According to the simulation results, the Q-factor turned out to be 1089, which is an increase from
the original 919. The same procedure was done on an 18-finger resonator with 9 reflectors on each
side. In this structure, the simulation showed an increase in the Q-factor. The Q with reflectors turned

to be 747, whereas without reflectors it was 550.
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Figure 4.12 Eighteen-finger resonator with reflectors

4.4 Discussion and Comparison

According to the circuit analysis, the relationship between BVD components of different structures
was examined to see whether the mechanical simulation is consistent with circuit theory. If the values
of BVD components of a single 6-finger resonator are Rm, Cm, Lm and C,, the values for the BVD

components of 6*n fingers will be as follows:
Rmn=Rm/N, Cmn=n*Cpn, Lmn=Lm/n and Con=nC,

So, for 12 fingers and 6 fingers, n is 2. Next, we will check to see whether the values extracted from
the mechanical simulation holds for this analysis or not.

In the previous section for 6 fingers, we had:

Rmes = 1511939.48778 Ohm, Lms = 0.518522455813 H, Cmg = 2.49847414664e-19 F, COs =
3.39318e-15 F

where the BVD components for 12 fingers are:
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Rmy, = 720928.006162 Ohm, Lm1z = 0.242237254005 H, Cm12 = 5.51681198297e-19 F, C012 =
7.43022e-15 F

So, if we compare them, we get:
Rme/Rmy2=2.1

Lme/Lmy=2.14
Cme/Cmy2=0.453
C06/C01,=0.46

Since n=2, the first two equations above should have been 2 and the second should have been 0.5.
These figures are very close.

We can do the same with 24 fingers and 30 fingers, with n=1.25.
The BVD values for 24 fingers are as follows:

Rmz4 = 372894.197319 Ohm, Lmgs = 0.0694080140121 H, Cmg4 = 1.95089915867e-18 F, C024 =
1.55015e-14 F

The BVD values for 30 fingers are as follows:

Rmsp = 163072.782878 Ohm, Lmsp = 0.0612366389652 H, Cma = 2.21446136333e-18 F, C03 =
1.9538e-14 F

Similarly, if we compare, we get:

Rmas/Rms3p=2.2

Lmaa/Lmsp=1.15

Cma4/Cm3,=0.88

C024/C030=0.8

Since n=1.25, the first two equations above should have been 1.25 and the second should have been

0.8. Except for Rm, they are very close.

4.5 Circuit vs. Mechanical Analysis

As mentioned previously, the piezoelectric simulation of Coventorware provides BVD circuit

components for a SAW resonator. In this section, circuit and mechanical simulation admittance
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provided by Coventorware was first shown, as illustrated in Figure 4.13. The purple designates the
mechanical simulation result, while the black indicates the circuit component analysis. As can be
seen, there is great agreement between the two graphs. Getting the electrical components is very
important to predict the filter characteristics with the fabricated filter. The next step is calculating the
estimated values for the filter components that were designed and looking at the behavior of the
piezoelectric filter in a circuit analysis software like ADS. The designed filter can be seen in

Figure 4.14. There are three resonators: two are identical, and one is different. They consist of 260

and 192 fingers, respectively.

hhase (deg)

Figure 4.13 Mechanical vs. circuit components
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Figure 4.14 Designed filter

The values for the circuit analysis can be calculated through the mathematical and circuit analysis
done and shown previously. The 12-finger resonator was used as a reference. The circuit made from
the filter and the 12-finger resonator is shown in Figure 4.15.
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Figure 4.15 Circuit model for the mechanical filter

The values calculated for the 260-finger resonator are as follows:
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Co=163e-15F, Cm=121e-19 F, Lm=0.011 H, Rm=32769 Ohm
Similarly, for 192 fingers:
Co=118e-15 F, Cm=88.32e-19 F, Lm=0.15 H, Rm=45058 Ohm

The circuit behaviour can be seen by S11 in Figure 16. It shows S11 in dB, with a frequency of
435.4 MHz.
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Figure 4.16 S11 of mechanical filter acquired by ADS

4.6 Conclusion

In this study, different surface acoustic wave structures were simulated using the Coventorware
fastpze simulation method. The results show the consistency between circuit analysis and mechanical
simulation, and an increase in quality factor was seen when reflectors were introduced in the

structure. A filter analysis was also performed; however, further investigation is needed.
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Chapter 5

Fabrication Measurement Results

5.1 Introduction

After the design was completed using the simulation tools and mathematical analysis, the layouts
were done using the KLayout software and the designs were sent through CMC to MEMSPCAP™.
After the chips were fabricated and shipped to the Centre for Integrated RF Engineering (CIRFE),
they were tested using Agilent PNA. We used a GSG CPW probe.

5.2 Measurement Results

The resonators are designed with three pads that were sized according to the probes. The pads are
almost 100 mm?, and the distance between the center of the pads is around 150 um. A Scanning

Electron Microscope (SEM) image of the designed resonator with 94 fingers is shown in Figure 5.1.

04-Jan-80 WD27.4mm 5.00kV x90

Figure 5.1 SEM image of 94-finger resonator
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After the measurements are made on the PNA, the result files are saved as an SnP file and brought

back to ADS for further analysis. Since this particular resonator is a one-port device, the slp file is

used for analysis. The log magnitude, phase and Smith chart of S11 can be seen in Figure 5.2, Figure

5.3 and Figure 5.4, respectively. The test frequency sweep is between 10 MHz and 2 GHz with

10,001 points, returning approximately 0.2 MHz steps, which is sufficient for this structure.

A0S

S11 (dB)

m2

freq=456.0MHz
dB(S(1,1))=-11.377
Valley

00 02 04 06 08 10 12 14 16
freq, GHz

Figure 5.2 S11 (log magnitude) of the 94-finger resonator
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Phase of S11

00 02 04 06 08 10 12 14 16 18 20
freq, GHz

Figure 5.3 Phase of S11 in degrees showing the biggest change around the main resonance
frequency
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S(1,1)

freq (10.00MHz to 2.000GHz)

Figure 5.4 S11 on the Smith chart, with each circle corresponding to a certain resonance

frequency and the biggest circle being the main resonance

To make things clearer, the S11 dB and S11 phase are shown with a smaller frequency span.
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S11 (dB)

Phase of S11
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freq=455.9MHz
dB(S(1,1))=-9.273
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Figure 5.5 S11 dB
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Figure 5.6 S11 phase
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In each MEMSCAP run, 15 identical chips are produced and shipped to the designer. The 94-finger
resonator was tested on three separate chips and the results were consistent and reproducible. The
simulation results obtained from the BVD model shown in Figure 5.7 are compared with

measurement results in Figure 5.8.

C
C1 )
+e  Term —  C=5.83e-12F [ L

Term2 Y
§ Num=2 J

Z=50 Ohm

\

—— C=0.0153 pF

S11 (dB)
3
|

'20|||||||||||||||||||||||||||||
440 445 450 455 460 465 470

freq, MHz

Figure 5.8 S11 (dB) Simulation and fabrication, with the right side being the simulation result
of S11, and left side the fabrication result
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As can be seen, the simulation and measurement results match perfectly with a difference of only
2.6 MHz, which is less than a 1% error, which shows great accuracy in the mathematical analysis and
design procedures. The other two tested resonators showed a similar response but had slightly
different resonance frequencies. A summary for the results obtained for the three resonators is shown
in Table 5.1.

5.3 Quality Factor

One of the most important aspects of a resonator besides its resonance frequency is its quality factor.
This resonator showed a very high quality factor, both loaded and unloaded. The loaded and unloaded

were obtained from [31]. Since the resonators are undercoupled, the Q-factor is calculated as follows:

$11,min

Q.= 1010g% 5.1
$11,min
k= _1—10s112:nm 5.2
1+10 20
Q.=0,(1+k 53

Table 5.1 Three Resonators and Comparison Between the Q-Factors

Resonator 1 Resonator 2 Resonator 3 Simulation

Frequency (MHz)

As indicated in Table 5.1, the Q-factors are relatively high and the resonance frequencies are

sufficiently close that we can consider the results to be reproducible and consistent.

5.4 Observations

The chip that was designed is shown in Figure 5.9. It has many different resonators with a different
number of fingers and one filter having three resonators. However, the difference between the 94-
finger resonator and all the other resonators is the use of the TRENCH layer for the mentioned
resonator. In the first iteration, we removed this layer from all the resonators except one. The tests
results show that the 400 um thick silicon underneath the structures affects the performance to a great
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extent electrically that the results are not even close to what they should be. Consequently, no

resonance is seen at the designed frequency.

Figure 5.9 The designed layout of different resonators and filter sent to MEMSCAP

As an example, one of the resonators that does not have a TRENCH layer is chosen. This resonator
was originally designed to have a 50 Ohm input impedance with 200 fingers and 7.07 pF static
capacitance, with a simulated resonance frequency of 450 MHz. The results are shown in Figure 5.10.

As can be seen, other than for some spurious modes, there is no significant or meaningful result.
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Figure 5.10 50 Ohm 200-finger resonator without TRENCH

5.4.1 Post-process

In order to correct TRENCH layer problem we had in the first design iteration, we tried to add the
TRENCH using a silicon etch post-process technique. To create the mask, a very thin layer
(approximately 200 nm) of aluminum was deposited on the bottom side of the chip. After the
aluminum was deposited, it was patterned using a LASER ablation system. An image of the ablated
structure and laser settings can be seen in Figure 5.11. The image shows the procedure done to ablate
the backside aluminum using laser. The darker area indicates the bombarded region. The process was
very fast and accurate. Following the ablation step, a DRIE system was used to etch through 400 um
of silicon and remove it completely. The mask was only made under the piezoelectric material. After
the DRIE (which took around 5-6 hours), the devices were taken to measure and test. Unfortunately,
some of the devices were destroyed by the etching process, but some could still be tested. Although
they showed great accuracy in the resonance frequency, the device layer was affected by the long
amount of time it took to do the etching, so the Q-factor decreased drastically. The dB of S11 can be

seen in Figure 5.12. This result is for the 200-finger 50 Q resonator.
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The results could be improved from the earlier ones, but it still needs additional processing.

Moreover, there are more chips to do the post-process on.

5.5 Second Run

A new set of resonator elements with built-in trenches was sent to MEMSCAP for fabrication. This

run includes some of the resonators from the previous run and a new tunable filter. The layout sent is
shown in Figure 5.13.

T i

ol ol ol e o o
o i s s T s s T % 2
o : : ; ; ; : T
e s B ’ ’ ’ i A ” e
s s it £ it il it it I s s s ! s i it
o] ’ 7 7
o ’ 2
~ ’ ’
. 4
~ ” i

Figure 5.13 Layout sent for fabrication
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One of the resonators is the same 94-finger resonator as the one fabricated in the previous run. A
version of this resonator included reflectors on each side with 27 fingers to see the effect. The same
filter as before, after adding the trenches, was also sent, along with two of the resonators from the
previous run (with 260 and 307 fingers). All of these resonators and filters have TRENCH
underneath. It was observed that the 94-finger resonator has a response that is consistent with the
previous run. The test results show adding reflectors slightly increases the Q-factor. The test results
obtained for the 94-finger resonator without and with reflectors are shown respectively in Figure 5.14
and Figure 5.15. With reflectors, Q was increased from 1300 to 1320.

The results for 260 and 307 fingers show a resonance at the designed frequency, however with a
much lower Q-factor. Figure 5.16 and Figure 5.17 show the results for the 260-finger and 307-finger
resonator, respectively. The respective quality factors are 206 and 56. The reason for this reduction in
Q is still under investigation.

The 3-pole filter response was also measured using the PNA. The filter shows high loss in the

response. Figures 5.18 and 5.19 show the return and insertion loss, respectively.

Although the filter shows a sort of filtering response, the loss is very high and the filter does not
work properly as a result. More investigations are needed to identify the reasons for the high insertion

loss and for the deviation of the measured results from the circuit simulation results.
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Chapter 6

Conclusions

6.1 Contributions

In this study, a fabrication process based on Aluminum Nitride was employed to realize SAW filters
and resonators. The quality factor for these resonators proved to be higher than the conventional
SAW structures, where Lithium Niobate is mainly used as the piezoelectric. It was shown that
PiezoMUMPs is a reliable process to make SAW filters, and that the trench layer plays an important
role in the resonator response. Without the trench layer, the bottom silicon acts as a conductor and
shifts the resonance frequency drastically. The measured results obtained for some of the resonators
fabricated showed a very good match compared to simulations, confirming the accuracy of the
mathematical models | implemented. This initial study is certainly not a complete study as it was
limited by only two fabrication runs that we could carry out under this MSc program. Further
theoretical and experimental investigations need to be carried out to explain some of the unexpected
measured results we obtained. Overall, the contributions of this study is it demonstrates the potential
of using the PiezoMUMP process in the realization of SAW resonators.

Some of the chips designed in this work were received after the publication of the thesis, so the tests
done on those chips will be part of future work. In one of the chips, a 3-pole filter was designed with
a provision to add variable capacitors to create a tunable filter. Future work includes study of efficient

techniques for realizing SAW tunable filters.
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