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I-Abstract

Surface Acoustic Wave resonators are considered to be very crucial elements in RF technology
since they are CMOS compatible. They emerged strongly in the market for many wireless and
sensing applications. SAW devices’ theory of operation includes propagation of surface waves
generated by transducers on a piezoelectric substrate with the capability of reflecting these waves
back and forth at a certain frequency to be used as a filter, oscillator, resonator etc. However,
SAW design and implementation demands controlling a lot of variables and has some major
challenges. Some of these challenges include frequency shift due to temperature and high
insertion loss. This work models and simulates multiport SAW resonators operating at 320 MHz
on COMSOL Multiphysics with proposing novel ideas for further advancements.

Several designs of multiport SAW resonators are compared regarding their specs in aim to find a
trend between the number of ports and the simulated specs like quality factor, insertion loss,
phase depth, temperature coefficient of frequency (TCF) and resonant frequency. Various
designs of buried and semi-buried transducers are also analyzed to find the lower TCF value
according to the application needed. The resonance frequency is obtained from COMSOL
Multiphysics frequency domain analysis along with the (TCF). The rest of the specs are
calculated from the BVD circuit model on Cadence Virtuoso. The TCF was calculated by
considering the Bleustein-Gulyaev wave approximation to obtain the relation between the
velocity and temperature. The relation is then imported in COMSOL to obtain the frequency
shift in ppm/°C. The fabrication steps of the various designs are reported for future
considerations and the needed masks are designed according to CleWin layout editor software.
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Task One: Understanding quartz resonators theory of operation.

Task Two: Understanding the SAW resonators theory of operation.

Task Three: Gaining knowledge of previous designs aspects.

Task Four: comparison between Quartz and SAW MEMZ OSC.

Task Five: Understanding methodology of extracting properties from simulation.
Task Six: COMSOL simulation for fixed-fixed beam resonator.

Task Seven: COMSOL simulation for 3D SAW MEMS resonator.

Task Eight: Verilog A Op-Amp Circuit simulation on Cadence.

Task Nine: COMSOL simulation for 2D SAW MEMS resonator.

Task Ten: COMSOL Simulation for 2D buried SAW MEMS resonator.

Task Eleven: Cross coupled Circuit simulation Cadence.

Task Twelve: Colpitts Circuit on Cadence.

Task Thirteen. Single stage Pierce OSC on Cadence.

Task Fourteen: Four stage Pierce OSC on Cadence.

Task Fifteen: COMSOL Simulation for 2D Semi- buried SAW MEMS resonator.

Task Sixteen: Applying admittance from COMSOL in Cadence simulation and extracting results
for all designs.

Task Seventeen: Calculating TCF of the proposed designs.
Task Eighteen: Concluding and collecting all results of the proposed designs.

Task Nineteen: Writing the thesis and Finishing the presentation.
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VI-Nomenclature

fr - Resonant frequency

A: wavelength

v: Acoustic wave velocity
W : Width of aperture

N : Number of reflectors
N,: Number of transducers pairs

Lg: Distance between reflector and transducer
L.: Distance between input and output transducers
L: Distance between reflectors

Lp: Penetration depth of the wave

Q,: Quality Factor

k?: electromechanical coupling coefficient

v: Velocity

fr- Resonance frequency

T: Stress Tensor

CE: elasticity matrix

S: Stain Tensor

e: Piezoelectric Coupling Constants

E}: Electric Field

D;: Electric Displacement

&5, dielectric Permittivity Matrix

wg: Series resonance (resonance)

wy,: parallel resonance (anti-resonance)

X: Displacement.

M: Mass.

&: Damping.



x: Velocity.

F: Force.

1/k: Compliance.

q: Charge.

L: Inductance.

R: Resistance.

I: Current.

V: Voltage.

C: Capacitance.

@, amplifier phase shift.

@, : phase shift around the loop.
P : integer number.

f4 : operating frequency

m: mass loaded on the surface

o : conductivity

a

: constant for the mechanical properties
€ : dielectric constant

p : density

S,: sensor sensitivity

CO0: parallel capacitance

L,,: motional inductance

R,,: motional resistance

C,,: motional capacitance

[e]: piezoelectric matrix of the material
[S] : strain matrix

[c] : stiffness matrix.
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Chapter One
Introduction



Oscillators

Oscillators are an essential part of any electronic circuit. Their applications are widely used in
telecommunications in carrier synthesis and as clock generators in CMOS ICs. Oscillator
circuits are made basically of two parts, the amplifier circuit, and a damping frequency-selective
RLC circuit, forming a negative feedback system. Oscillators circuit usually produce a periodic
output voltage indefinitely. Oscillator circuits has no input, it only has an output and the input
can be considered as a noise trigger to the closed loop circuit which initializes the loop[1].

Theory of operation:

A negative feedback system is shown in the graph below. oscillators can be considered as bad
negative feedback amplifier, as the aim to is get is a periodic signal with the same gain.

* :
——@—> Amplifier A

Y
Y

Frequency-selective
network S

A

Figure 1-Oscillator Feedback Loop[1]

The concept is that a signal enters to the amplifier, this signal is amplified with a gain A of the
amplifier. The negative feedback network, £, is a damping RLC circuit. The amplified signal

should be damped by a factor of g = % as to regain the original signal amplitude and shape.
Assuming the transfer function is of the form:
A(s)

YO =T A0
where s = jw

(1)

A(s) is the amplifier gain, B(s) is the feedback gain. If the amplifier suffers from a great phase
shift it may become a positive feedback, at which the oscillation occurs. At this case, the closed-
loop gain gets to infinity. In this case the oscillator starts to amplify its noise.

For the transfer function above, the oscillation criteria become:



ILGwo)| = [A(jwo)B(jwe)| =1 (2)
(LUwo) = (A(jwe)B(we) =0 (3)

Where A(s)B(s)is the open loop gain, This is called the Barkhausen criteria. Of course, in
reality this doesn’t happen due to many variations, so the open loop gain is made greater than 1
to maintain the oscillation. For the phase criteria, a negative feedback system usually suffers a

180¢ phase shift. The overall shift has to be zero as to restore the original signal. The progress of
the signal is shown below[2].

. J

Figure 2-Signal Progress in Oscillator[2]

Vo & s H(s) . f\/ H(s) N /\/H(s)

—It has to be mentioned that the RLC feedback circuit (RLC resonator) is frequency selective, it
only works with its resonant frequency, which is the needed frequency of operation, and
eliminates the rest. The RLC model of MEMS oscillator is derived from the topology and
features of the design to account for the same resonant frequency of the mems resonator.

The Colpitts is shown in the following figure[2]:
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Figure 3-Colpitts Oscillator with SAW Resonator Configuration[2]



Applying the oscillation condition, this results in:

R, ¢

—~ == (4

R, G, (4)
The block below the capacitors in the figure represents the MEMS resonator equivalent RLC
circuit.

MEMS SAW resonators resonates at it’s natural frequency. For a closed feedback loop
oscillator, the oscillation starts with a sine wave, and the amplitude starts to build up until in
reaches its maximum. The maximum is determined by the oscillator circuit so the sine wave
become clipped and transform to a square wave. In most cases, the output signal of SAW
oscillator is a sine wave[2].

For SAW resonator to be work with an oscillator circuit, the gain of the oscillator must be
maximum at the natural frequency of the resonator and to be minimum at every other frequency.
This can be done by connecting the resonator in series with the oscillator circuit.



Resonators

The concept of using MEMS as mechanically resonating structures was introduced in early sixties and has
gained a significant interest both commercial-wise and research-wise. These resonating microstructures
offered many advantages and applications for the MEMS market and have captured a large portion of this
market due to their impactful solutions and crucial applications such as filters, high quality clock signal
generators, or sensors[3].

These MEMS structures can be electrically brought into resonance. In this vibrating mechanical system,
there is the continuous conversion between the potential and electrical energies. Each MEMS structure
has frequency dependent responses, known as the resonance frequencies, in which this energy conversion
is at its optimum point (minimum losses) [3]. For each of these resonance frequencies, there is a unigue
shape or pattern of motion for the mechanical system, it is called the mode shape of the structure. In order
to achieve resonance, the structure must have the capacity to store the potential and Kinetic energies
similar to the idea of a mass-spring system. In the real systems, there are always loss mechanisms in the
energy that reduce the vibration and resonance of the system,[3].

Transduction Mechanisms

For the proper operation of the resonator, transduction mechanisms are used to interface between the
mechanical domain of the structure and the electric domain of the external circuits. So an electrical signal
(voltage) should excite the mechanical vibrations in the structure and the output is sensed by the change
in the electric current signal. Choosing the proper transduction mechanism is crucial for the overall
performance and efficiency of the system. The different parameters to compare between the different
mechanisms are the implementation complexity, coupling coefficient (determining the energy conversion
efficiency), and the power consumption. Capacitive, piezoelectric, and thermal/piezoresistive are the
common transduction mechanisms for the resonators, [3]. In this project, the main interest is the
capacitive and piezoelectric mechanisms, so they are explained in the following paragraphs.

Capacitive transduction
If there is a voltage applied on two conducting surfaces with an insulating medium separating them, this

results in a force that moves the two surfaces apart. The reverse can happen, if a force is applied on one of
the two plates and the separating distance changed, the capacitance will change leading to a change in the
current (if a constant voltage is applied between the two plates). They can be used in both the input
(actuation) and output (sensing) mechanisms. It is easy to implement as it only requires the electrode
plates material to be of high electric conductivity. Capacitive resonators have some of the highest (f.Q)
figure of merit. Due to this simplicity and high efficiency, it was the mechanism used for the first MEMS
resonators published and many commercial products, [3].

Piezoelectric transduction

The direct conversion between the external mechanical stress and the internal electric polarization inside a
specific group of crystalline materials (piezoelectric materials) is the basis of the piezoelectric
transduction. The reverse mechanism is allowed as if a voltage is applied, a mechanical stress is achieved.
These materials can be fabricated as films or be used in their crystal structure such as aluminum nitride
(AIN) and Quartz respectively. The key feature here is that the transduction mechanism is self-generating,
i.e., no excess power consumption, [3]. It also has large coupling coefficient so the transduction efficiency
is high. Similar to the capacitive transduction, the piezoelectric one can be used for the actuation and the
sensing parts in the input and output of the resonator,[3].



General Resonators Modeling

The MEMS structure operates in the mechanical domain and interferes with the electronics and electric
circuits necessary for operation. The mechanical simulations for such complex structures are
computationally expensive while the electric counterpart simulations are much easier to perform the
simulation. So, the resonating structures in general are represented and modeled in the electrical domain.
A proper mapping between the two domains is needed and it allows the co-simulation for the whole
system. So the quantities mapping should be as follows,[3].

Table 0-Electromechanical Mapping

Mechanical Domain Electrical Domain
Displacement, x Charge, q
Mass, M Inductance, L
Damping, & Resistance, R
Velocity, x Current, I
Force, F Voltage, V
Compliance, 1/k Capacitance, C

The common modeling for a MEMS resonant system is an RLC circuit, series resistance, inductance and
capacitance. The energy transductions between the electrical and mechanical domains are electrically
represented as transformers in the simulating circuit. The figure below is an example of an electrical
circuit representation of an electrostatic resonator, [3]:

Gy R
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Vin 1M, =Mt C=|1|IKeﬁ R=Cet Nout- 1 lout
° o e W || \/\N\—F PR »—o0

X
Fil"l
Coi=< —T=Cp
T . =

Figure 4-The electrical circuit model for an electrostatic resonator with the addition of two transformers as the transducers, [3].

As it is seen that the R,L,and C are the mechanically modeled parameters of the resonator and the
transformers model the transduction mechanisms and interfaces with the outer “real” circuits. So the first
input transformer converts the voltage to a force which is applied to the structure, and the output
transformer converts the structure velocity into current for the output circuit, [3].

Acoustic Micro-resonators
This project is concerned with using SAW MEMS resonators. SAW-based MEMS resonators are a

subclass of the acoustic microresonators. The acoustic microresonators are devices having an acoustic
wave propagation leading to vibration at one of the resonance frequencies. These resonance frequencies



are determined by the device dimensions and the material mechanical properties. Here the resonator
structure operates as an acoustic cavity which traps the wave propagating in the medium. For this
trapping, both the wave reflection and transmission are controlled by the proper electrodes design and the
layer the acoustic wave propagates through at this chosen frequency, [4]. The constructive interference
between the transmitted and reflected waves concentrates the energy in this cavity. To achieve this
constructive interference, the transmitted and the reflected waves need to be aligned in-phase so they have

to be /1,% or % phase-shifted (valid for any shift of % where n is an integer number). If both of waves are

out of phase, a destructive interference leads to suppressing both of them. The following figure shows this
principle of propagation, [4].

Electrodes
Propagation | Propagation
| |

Piezoelectric
(@) (b)

Propagation

\
\

Figure 5-The constructive interference between the transmitted and the reflected waves illustrating the acoustic cavity of the resonator, [4].

wave profile

Surface Acoustic Wave (SAW) Resonators

SAW resonators are the core of this project. They are based on SAW propagation and using one of the
electromechanical transduction mechanisms explained above. Accompanied with the appropriate
electronic circuit, they can be used as sensors, oscillators or filters. The transduction is done using
metallic capacitive electrodes (or piezoelectric electrodes) and a piezoelectric layer for the wave to
propagate through, [4]. Similar to the acoustic resonators, the SAW resonator works as a resonant cavity
with the input transducer electrode uses the electric signal to generate the mechanical SAW (vibrations)
which propagates through the piezoelectric layer to transmit to the second transducer electrode at the
output which converts this mechanical wave to the electrical domain. The SAW bounces back and forth
between the two electrodes and the transductions are repeated. A SAW resonator consists of these
components: transducers, a piezoelectric substrate or a piezoelectric deposited layer, and reflection
gratings or grooves, [4]. The input and output transducers transform between the electrical and acoustic
energies. Input transducers can easily excite this wave by introducing compression and tensile stress in
the piezoelectric substrate forming this wave. The output IDT is used to sense the change in phase or
frequency of SAW in the form of current. And the reflectors are used to produce reflections of waves to
minimize insertion losses and any wave losses through the substrate, [4].



Surface Acoustic Waves (SAW)

A glimpse on surface acoustic waves would facilitate the theory of operation and proposed ideas
later. Surface acoustic waves are mechanical waves composed of transverse and longitudinal
waves that propagate on the surface of a piezoelectric and elastic material. The amplitude of the
surface wave suffers from an exponential decay into the material in the direction normal to the
material. Different kinds of surface waves can be utilized for the SAW resonator, namely:
Rayleigh, Shear-Horizontal, Love and Sezawa-SAW [12, 13]. Firstly, in Rayleigh SAW, the
energy confinement during the wave propagation occurs very near to the surface. They are very
sensitive to the surface perturbations. Secondly, in the Shear-Horizontal SAW (SH-SAW), the
wave propagation direction is in the same surface plane and perpendicular to the particles
displacements. Specific crystal orientations only allow such propagation. Thirdly, Love SAW is
a special kind of the SH-SAW in which an additional elastic layer has to overlay the medium
guiding the SH-SAW. During wave propagation, the energy is confined in this overlayer [12].
This waveguide action requires specific conditions and optimizations over the overlayer
thickness and acoustic properties.

The following figure compares those three types [12, 13]:

Rayleigh-SAW (MHz-GHz) Shear-Horizontal SAW (MHz) Love-SAW (MHz)

The energy confinement is very near to The wave propagation direction is in the The energy is confined in this
the surface. same surface plane and perpendicular to overlayer.

Displacement is perpendicular to the the particles displacements.

propagation direction.

41 YX cut LiNbO3, ST-cut Quartz, 128 Y- | 36 YX-cut LiTa0Os, or 64 YX-cut LiNbO4 An additional elastic layer is added to
cut LINbO, the SH-SAW (SU-8, Zn0, Ti0, to Si0;)

propagating

propagation
—_—

Surface displacement

displacement

~ substrate

Figure 6-: Different types of SAWs

Accordingly, SAW devices operate by engendering these waves that are able to be used as
sensors if a change in the amplitude or phase of the wave is detected. Moreover, it can be used as
a clock generator if it is stable in terms of frequency. Acoustic wave velocity ranges from 2 to 5
km/s and operates in the frequencies of 30 MHz to 17 GHz in theory. This range of velocity is
much slower than that of electromagnetic waves, which makes SAW more promising in the
scope of lowering the sizes of the components or antennas.

The propagation of surface acoustic waves on a piezoelectric material is described by an
elliptical path taken by the particles on the surface. This elliptical path can be broken down into
two components: one in the same direction of propagation and the other normal to it and to the



surface of the material, which is responsible for the deformation carried out by the wave on the
piezoelectric material. By having these two components, the wave propagates by causing a
deformation in the material along with a forward motion to the other side of the material, which
will be discussed later in the theory of operation[12].
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Figure 7-Propagation mechanism of surface waves [15]
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These two components of propagation cause longitudinal and transverse stresses on the material
that are useful in considering the coupling between the electrical and mechanical components
that are discussed later.
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Figure 8-Representation of the stresses causing the wave propagation [16]

The designs present in this thesis involve electric to mechanical coupling as the mechanical wave
is electrically initiated. Moreover, the surface material used is a piezoelectric material to allow
the Rayleigh waves to travel on the surface of the material for the applications to be discussed.
So basically dielectric, stiffness, and piezoelectric coupling effects are considered. The equations
governing the motion of the surface acoustic are both Maxwell’s and continuum motion
equations.

Recall from basic electromagnetic that the electric displacement field D = ey,e,.E , where
D accounts for the displacement of the free and bound charges by an applied electric field.
However, if we have a piezoelectric surface material, we have to consider the displacement field



that are present due to the stresses in the piezoelectric material. Piezoelectricity is the
accumulation of electric charges engendered by a mechanical stress and vice versa[l7].
Piezoelectricity explains how the applied electric field could cause a mechanical deformation,
which is the reason behind the initiation of the surface mechanical waves.



Theory of Operation

The 2-port SAW resonator is basically constructed out of two interdigital transducers (IDTs), a
piezoelectric layer either thin or thick, and reflectors. The IDT looks like a comb-drive and it is
used to form a mechanical stress on the piezoelectric material successively to initiate the surface
acoustic wave as shown in Fig-9. The input IDT could be triggered by any form of noise and it
starts to oscillate till it reaches the designed resonance frequency. As the input could be thought
of an AC signal, the polarity of the charges on the IDT fingers starts alternating from positive to
negative and vice versa, creating the stress and forming the deformation in the piezoelectric
material to create a wave and transfer it to the output IDT. Fig-10.

[nterdigital Transducers (IDT)

ACQUSTIC

NTERDISITAL TYPE SURFACE WAVE

TRAKSOUCER, > J
AW e
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‘ " '-.

_ . N N N
Piezoelectric substrate

Figure 10-Schematic view of the SAW resonator IDTs Figure 9-View of the deformations in the piezoelectric layer[16]

The wave is then coupled to the output IDT by the same mechanism for detection or sensing. To
control the frequency of the wave, the IDTs have to be designed with specific dimensions to get
the resonance frequency needed. The spacing between two successive fingers is equal to A/
2 where A is the wavelength of the travelling surface acoustic waves and is given by

_ v
fr
Where v represents velocity of the surface acoustic waves propagating in the piezoelectric

material and f, represents the resonance frequency. Since the interspacing in one period of
fingers is in the range of micrometers, SAW MEMS resonators are used in RF applications.

A (5)
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Figure 11-Schematic view of the SAW resonator with reflectors
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The reflectors are gratings placed on the sides of the device, as shown in Fig-11, to reflect the
wave back to the delay line to minimize substrate losses and obtain a better oscillation condition.
In other words, the reflectors make the device act like a resonance cavity.

Acoustic waves propagating through a piezoelectric material are governed by the piezoelectricity
equations of state[16]:

Ti; = CipSia — eykEr (6)
D;=eySu+eyExr  (7)
Where:

T:Stress Tensor

CE: elasticity matrix

S:Stain Tensor

e: Piezoelectric Coupling Constants
Ey: Electric Field

D;: Electric Displacement

&5, dielectric Permittivity Matrix

From these equations, one can deduce that the elastic waves are accompanied by an electric field.
Moreover, the velocity of the wave inside the piezoelectric material depends mainly on
dielectric, elastic and piezoelectric properties. The coupling results in excess potential energy in
the medium, as a result, the stiffness increases by a factor of 1+ k?where kZ2is the
electromechanical coupling coefficient, the effective stiffness is given by:

Ceffective = Cbefore(1 + kz) (8)



And

== (9

ce

Where e, ¢ and ¢ depend on the direction of propagation, the electromechanical coupling
coefficient k is an indication of the electromechanical coupling inside the piezoelectric material
and its maximum is unity.

To obtain the best results, the electromechanical coupling coefficient k of the piezoelectric
material is to be as large as possible, as well as a large velocity of waves in the piezoelectric
layer, moreover, the piezoelectric material has to eliminate other unwanted bulk waves.

Modeling

The development and evolution of present day SAW devices has been possible only due to
simultaneous efforts to simulate these devices. The theoretical modeling and physical
development of devices go together, contributing to each other. Various models have been used
since the introduction of SAW devices in the late 1960’s to the present date and it has been a
constantly evolving process. In this chapter, the underlying assumptions, abilities, pitfalls, and
potentials of various models are discussed, eventually leading into finite element modeling for
SAW resonators.

Modeling SAW devices has been an important requirement since they were firstly introduced in
the late 1960’s because they are to be fabricated in cleanrooms and require specific designs and
materials. This fabrication process is not cheap and needs time, in addition the design of the
device has become complicated [18, 19]. So the accurate model for the device is not a choice and
is significantly important as it can predict the response before the fabrication step which leads to
overcome the different errors in the design and the production and consequently reduce the costs
needed for the whole process.

To achieve the required specifications, Different design parameters are to be accurately
calculated and optimized. These parameters include: 1-materials (substrate, over-layers, if any,
and different metals used), 2- geometry (IDTs, device thicknesses and the piezoelectric layer
thickness) [19].

There are various models proposed to simulate the SAW devices. Those models which describes
the SAW resonator behavior are divided into two categories: phenomenological models and
physics based models. For the first category, the model starts with physics governing the
generation of the waves in the piezoelectric domain and then solve those differential equations
describing these physics. In the latter model, previously obtained set of parameters is used to
predict the output response. This set of parameters can be obtained from experimental data of
physics-based models simulations [19]. So, it can be seen that both complement each other. Four
common models exist under those two categories: delta function model, equivalent circuit



model, coupling of modes model, and P-matrix model. In this project, the equivalent circuit
model will be utilized because it can be easily incorporated for subsequent electrical circuits
simulation using Cadence Virtuoso software.

Equivalent circuit model

The physics used in modeling the SAW devices is complex as it requires to couple the theory of
acoustic wave propagation, electric field approximations, piezoelectric material physics,
geometric dimensions and other mechanical properties of the materials [20]. The basic
importance of the equivalent circuit model is that it doesn’t need to delve in those complex
physics to solve for the device parameters. It is based on mapping the physics parameters and
equations into electrical lumped elements which are configured in certain circuit that produces
the same response. Here there are two conversions used: 1- the acoustic forces to the equivalent
electrical voltages, and 2- the surface waves to electrical currents [18].

In order to extract the equivalent electrical circuit model, the Butterworth Van-Dyke model
(BVD) is applied in the analysis conducted in this report. This is a commonly used model for
different filters, oscillators and sensors SAW devices [20, 21, 22]. The model utilizes a circuit
with two parallel branches: The R-L-C branch and C-branch. The first branch maps the series
resonance, it occurs when the value of the impedance has a minimum of (R). At this value, the
inductive part cancels the capacitive part in that resonance frequency. The latter branch
determines the parallel resonance or the so called antiresonance which occurs at higher
frequencies where the value of the reactance along the loop becomes zero and the current
primarily goes in the loop and doesn’t pass it. The following Fig.12 illustrates the circuit 20:

To derive the formulas for those electrical elements, the transfer function is directly expressed

Co

—e

Figure 12-Equivalent circuit BVD model for the SAW resonator [20]

using the resonator figure of merit parameters (resonance, anti-resonance and quality factor) and
is represented as [20]:

1 S?LC+sRC+1
— C (10)

ZBVD=SC
OSZLC+SRC+1+C—
0

and, the series resonance (resonance) wy, the parallel resonance (anti-resonance) w;,, and quality
factor Q are given by [20]:



C
w, =ws [1+ I (12)
0
1 wL
i = 1
¢ wsRC R (13)

S0, by substituting these parameters in the Zg,, equation, we get:

2 Ws 2
18 tSp W 1 s+ 58+ wl
SC052+S%+W5 sCys? +sp +wp

(14)

Zpyp =

and this impedance function can be plotted in Fig-13 & Fig-14 showing the relation of the
frequency with both admittance and phase[20].
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Chapter Two
Problem Definition



In this section, both quartz crystal resonator and SAW MEMS resonator are compared. First, a
glimpse over the theory of operation of quartz crystal resonator and its properties is needed.

Simply quartz crystals are made in the form of a piece of quartz between two electrodes as
shown in Fig-15 [23], quartz is well known with its high quality factor and its piezoelectric
properties. The piezoelectric material is simply a material that is affected by any electric charge,
which means that any applied electric charge will cause the material to mechanically deform not
only this, but also any mechanical deformation will cause the production of electric charges in
the material. Quartz has some advantages and disadvantages which are listed below [24]:

- Advantages [24]:

Figure 15-Quartz Resonator [23]

Very high quality factor, which implies great stability and low phase noise as an
oscillator, and high selectivity when used as filter

Low cost

Very stable with respect to temperature and time.

- Disadvantages [24]:

Size: the frequency produced is directly proportional to the dimensions of the
piece of quartz but there is limiting size or dimension, so it needs to be taken care
of, also the thinner the higher the frequency that’s why this is limited to certain
range of frequencies.

Fixed frequency: one of the advantages of the quartz crystal is that it can be very
accurately cut to get the exact accurate needed frequency with very tiny error and
that can be one of the disadvantage since it only has one frequency and if another
frequency needed it must be replaced with another resonator.

Quartz is CMOS not compatible, so it is not applicable to make it on chip, but it is
off chip that’s why the MEMS resonators are introduced to help make it on chip.

Quartz crystal can resonate in three different ways; Longitudinal mode, low frequency face-shear
mode and high frequency shear mode as shown in Fig-16. The mode is controlled by the method
and directing of cutting the piece of quartz from the source. There are several ways of cutting



that are discussed later but the most important way that is widely used in radio frequency
applications is called AT cut [25].

Longitudinal mode

[kl ]

; Low tregquency
i face-shear mode

High treguency shear mode

Figure 16-The Three Modes of Resonation of Quartz [25]

Quartz crystal resonator can be modeled into an electric circuit model that is needed to help
matching it to the feedback circuit that will form an oscillator at the end, and the circuit model

R C1 L

Co
Figure 17-The circuit model of the quarts resonator [25]

shown in Fig-17 is the same for most resonators [25].

C;: capacitance because of the compliance of the crystal
R: this resistance is mainly a result of the losses in the system and here the main loss is because
of the friction during mechanical stress.

L: inductance because of mass of the material
C,: Capacitance because of the capacitance of the two electrodes surrounding the quartz crystal.



As stated before quality factor of the crystal is very high and this is the most important advantage
of the quartz crystal besides giving an accurate resonating frequency. The quality factor can be
easily calculated by using the following equation:
1
= —— 15
Where F; is the series frequency of the resonator [25].

There are several quartz crystal cuts that are used to get the needed dimensions exactly with the
exactly needed orientation and plan of the cut, since this is a very important aspect that controls
the quality factor, temperature dependence and many other properties of the resonator, some of
the cuts are introduced below with the range of frequencies of each cut [26].

- AT cut: 0.5 - 300 MHz

- SCcut: 0.5-200 MHz

- BT cut: 0.5-200 MHz

- XY cut: 5-100 KHz

- GTecut:0.1-25MHz

- IT cut: 0.5-200 MHz
Manufacturing of the crystal passes by many steps since as stated before the dimensions of the
crystal is the only thing that affects the frequency and determines it, also as stated before the
thinner the higher frequency so the first step is to start by growing the quartz itself, then crystal
cutting and lapping according to the exact dimensions calculated that can determine the
frequency then final dimensioning, etching and polishing. Then the electrodes material is chosen
to give the best performance then the electrodes are cut and then everything is packed together
either in a class pack or other materials and it is evacuated and filled with nitrogen as an inert gas
to prevent any reaction between parts [27].

The main reason of this part is to compare the quartz crystal resonator and SAW MEMS
resonator, so the comparison will be based on some important points according to [28] & [29]:
- Power consumption
- Oscillator start up characteristics
- Phase noise and phase jitter
- Frequency temperature characteristics
- Frequency stability



Power consumption

Power consumption is calculating how much current that resonator consume, as stated in [28],
power consumption of 40MHz MEMS resonator and 40 MHz crystal resonator was calculated
and shown in Fig-18.

As appears from the graph, the MEMS oscillator consumes around five times more power than
the crystal one, this is due to the increased circuitry in MEMS oscillator since it uses increased
current, PLL and LC VCO to reduce the jitter.

mA 40.000MHz Crystal OSC vs. MEMS OSC for
Voltage vs. Current characteristic;
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Figure 18-Power Consumption of crystal and MEMS resonator [28]

Oscillator start up characteristics

This property studies how fast do the resonator starts resonating after the power is on, and how
stable is it, this has a great influence on the battery life especially in those equipment that are
switched on and off quickly to save the battery power. The characteristics of 40MHz MEMS
oscillator and 40 MHz crystal oscillator are shown in Fig-19 [28]
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Figure 19-Start up characteristics of 40MHz MEMS oscillator and 40 MHz crystal oscillator [28]



From the above graph appears that crystal oscillator has faster start up and are more stable than
MEMS oscillator.

Phase noise and phase jitter

This property measures the noise performance, [29] held an experiment that compared Epson
SG-210S*B crystal oscillator to two silicon MEMS oscillators and the result is shown in Fig-20,
but [28] held another experiment with three different frequencies (40MHz, 100MHz and 156.25
MHz) and compared both oscillators. The results of [28] are in Table-1.

Phase Noise (Vdd=3.3V,+25deg)

-—SG-210S°B
Si-MEMS®
——Si-MEMS®

8 8 8 8 o 3

8 8
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Offset Frequency (Hz)

Figure 20-Phase Noise of Crystal and MEMS oscillators [29]

Frequency (MHz) Phase jitter Phase jitter
MEMS OSC Crystal OSC
40 5.67 ps 0.19 ps
100 2.61 ps 0.07 ps
156.25 1.87 ps 0.03 ps

Table 1-Results of the Phase Jitter for Both MEMS & Crystal OSC [28]

From the above results, it appears that crystal OSC has much better phase noise than the MEMS
OSC.

Frequency temperature characteristics
Frequency temperature characteristics were measured firstly be reaching a stable temperature -40

°C and then keep increasing temperature by 2 °C/min until reaching 85 °C [28], [29]. The results
are shown in Fig-21.
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Figure 21-Frequency temperature characteristics of MEMS and Quartz OSC [28]

Quartz crystal OSC has analog compensation system, so it doesn’t suffer from any frequency
jumps and they are available, so even if the frequency temperature characteristics of the quartz
are higher than MEMS, it is still affordable since the temperature compensation are available
[28].

Frequency stability

From graph in Fig-22, appears that the quartz OSC is far more stable than MEMS OSC[29].
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Figure 22-frequency stability of both MEMS and quartz OSC at 3.3 V, Temperature 25 °C for 50 ms [29].

From the above experiments, it appears that quartz OSC are much better than MEMS OSC but as
it was stated above the size, fixed frequency and CMOS compatibility are the things that can
help MEMS OSC dominate in some specific applications.



Chapter Three
Market Research



SAW resonators are not that widely used since they are still under research and have a lot of
developments to be done to it in order to replace resonators in quartz crystal oscillators and be on
chip instead of being of chip.

That’s why there is limited number of companies that produce commercial SAW resonators or
oscillators, and they are listed below with the specs of each product.

1-Golledge SAW resonator Fig-23 [30]:
It is produced by Golledge Company, the frequency of operation ranges from 100MHz ~
1.1GHz, mostly one port SAW resonator.

Applications: Wireless communications Wi-Fi & Remote control.

% Golledge Key Product

Figure 23-Golledge SAW Resonator [30]

2-Qualcomm SAW resonator _Fig-24 [31]:
It is produced by Qualcomm company, the frequency of operation ranges from 315MHz ~
1.1GHz, insertion loss ranges from 1.1dB to 1.5dB, Temperature ranges from -40 °C to 125 °C.



Figure 24-Qualcomm SAW Resonator [31]

3-Qualcomm SAW filter & resonator kit Fig.25 [32]:

It is a kit that has both SAW filter and resonator, it has two types:
- Wideband product ranges from 1MHz to 97 MHz
- Narrow band product ranges from 0.1MHz to 0.36MHz

Its center frequency ranges from 25KHz to 150 KHz. The price ranges from 37$ to
46$ per kit.
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Figure 25-Qualcomm SAW filter & resonator kit [32]



Chapter Four
Literature Review



SAW and SAW devices are reported in the early literature but they became more valuable in the
70s in the work of Richard White [14]. The main idea of the work presented in this paper is
discussing the new applications of surface elastic waves in electronic systems.

Surface elastic waves are basically waves that have longitudinal and transverse components to
allow the deformation to occur on the normal direction to the material and to propagate in the
direction of motion, making a wave that travels on the surface of the material with a confinement
of few wavelengths.

,,.-:;; surface

-

B
L

Figure 26-Rayleigh Surface Waves [14]

It briefly mentions that the idea that surface elastic wave devices are devices that work with the
principle of generated surface acoustic waves from electric signals by a transducer and that this
wave propagates on piezoelectric crystals. Then these electric waves are converted back to an
electric signal on the second transducer, which demonstrates the reversible mechanism
underwent by the mechanical and electrical coupling.
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Preroelecing plole
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Figure 27-Basic SAW device[14]

Such mechanism is handled because according to Maxwell’s equations and continuum equations,
the presence of such successive alteration of electric field on the surface, a wave must be present.

Significance of elastic waves reside in the fact that their propagation velocity is low with respect
to electromagnetic waves, around 10° times smaller than electromagnetic waves. So elastic wave
resonators are 100,000 times smaller than electromagnetic wave resonator for the same
frequency. Previously, fabrication limitations suppressed the frequency under 100 MHz. It all
started from discovering Rayleigh Waves and how the travel on surfaces and then SAW devices
emerged. Surface waves are more accessible than bulk waves, which is more favored.

As mentioned earlier in the discussion of SAW, the electrical and mechanical coupling are
governed by the following equations



D = [e][S] + [€]E (16)
T = [c][S]—[e]E (17)

The transducer is reversible, it can initiate waves and detect them as well. Although only two
fingers are sufficient for generating a surface wave, more fingers are better for better efficiency,
without mentioning the negative side of parasitic capacitance, and it accounts for less band
width. In the Interdigital Electrode array, the field components change sign from one gap to
another, creating stress in the piezoelectric material.

The work also discusses that surface acoustic waves velocities depend solely on the material
properties e;5, €11, & C44 according to earlier models of surface acoustic waves. The velocity of
the surface wave on an electrode surface is

v? = (%“) (1-K* (18)

Where

s = caa(K + D and K2 = (-2 (19).

C44€11

Applications:

e Surface Studies: Studies by geologists regarding cracks and voids near the surface. So
surface waves attenuation and speed could give information

e Signal Generation and Processing: Electronic amplifiers or oscillators

e Surface scanning optical sensors.

A. N. Nordin and M. E. Zaghloul reported in a two port SAW resonator integrated using the 0.6
pm CMOS technology. The main trend in this work is to study three designs of CMOS SAW
MEMS resonator figuring out their characteristics at different frequencies and compare between
their results using the fabricated resonators to obtain the S,; as well as S;, parameters for each of
them.

The basic design of the CMOS SAW MEMS resonators presented in this work consists basically
of two ports for output and input interdigital transducers(IDT), and on each side there are
reflectors to eliminate the losses of the waves is shown in Fig-29, then three designs with
different parameters and different operating frequencies are obtained by making differences in
number of transducers, the distance between input and output IDTs, reflectors heights, etc. Fig-
30.
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Figure 30-Implementation of a two-port SAW resonator structure in CMOS.
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Figure 29- a- Cross section for the 1st and 2nd designs of the CMOS SAW resonator.
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Figure 28-A plan view of the basic design



A plan view of the basic design is shown in Fig-28, where:

fr: Resonant frequency

A:wavelenght

v: Acoustic wave velocity = A * f,

W:Width of aperature

N: Number of reflectors

N;: Number of transducers pairs

Ly: Distance between reflector and transducer

L.: Distance between input and output transducers
L: Distance between reflectors

Lp: Penetration depth of the wave

The three designs are obtained by using different values of these parameters for them as shown
in Table-2

Table 2-Comparison between the three designs

Design A fr w N L, L, Q
(wm) GHz (um) (um) (wm)
1 3.6 1 144 39 7.2 7.2 44
2 4.2 0.857 168 100 1.05 2.1 86
3 6 0.6 160 33 15 3 285

At first an AC signal is directed to the input IDTSs, as a result, surface acoustic waves
propagates into the piezoelectric material towards the output IDTs, these waves are detected at
the output IDTs and then translated again to electrical signals. The reflectors are used to confine
the surface acoustic waves inside the piezoelectric material and eliminate the losses which in turn
improves the quality factor of the resonator. And it can be concluded ,from Table-3, that
increasing the reflectors height increases the quality factor.

These designs are fabricated using only three processes of micromachining, firstly, reactive-ion
etching to release the electrodes of the SAW from the SiO, insulating layer. Secondly Zinc-
Oxide is deposited, and it was chosen as it provides outstanding performance compared to other
piezoelectric materials that can be used. Finally, the Zinc-Oxide is etched to release the structure
and to provide connection pads used for probing.



More specification of applications are considered in the last decade, and this can be seen in the
work of F.Sidek ,A.N. Nordin, M. E. Zaghloul [33].

The paper presents RF-CMOS circuit model designed for SAW resonators used in RF
electronics and transceivers. As SAW technology progressed to the range of GHz, it became an
important component in RF communication systems. Some applications include signal
processing systems, receivers, control units, keyless entry systems, etc. CMOS compatibility is a
privilege as well.

Input IDT Output IDT Reflectors

P Substrate
Figure 31--Two Port RF SAW Resonator([33]

This paper proposes a novel integration of RF-CMOS resonator on top of CMOS circuitry.

Acoustic Component

“GROUND SHEILD =
Figure 32-Proposed Circuitry[33]
The circuit is divided into two parts: Acoustic and Parasitic components. The acoustic
components describe the wave propagation by RLC where R, ,C, ,and L, produce the series
resonance frequency and Cr produce the parallel resonance frequency. R;, C,y, and C; are the

parasitic components and they exist to account for the presence of structures and layers.
Based on the design parameters in Table-3.



Table 0-Design Parameters

Design | A(um) | f(GHz) | W(um) | N Lg(um) | Lc(um) | L(um) | L,(um)
1 4.20 0.90 126.0 90 1.05 2.10 56.7 69.342
2 2.16 1.80 108.0 100 2.70 1.08 37.8 35.661
3 2.08 1.90 124.8 100 2.60 1.04 44.72 34.341
Reflectors Input Output Reflectors
— P S—
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Figure 33-Plan view of the design and the parameters[33]

the devices’ performances are measured after they are fabricated experimentally with IBM 0.18
um technology and by simulation tools to get the following results.
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Figure 34-Results of the 3 designs[33]

The modeling of the parameters is based on the following equations:

Ce = WeznoN; (20)

Cox = WepxN; (21)

The resonant impedance:

Resl

Lyes =

sCy

+ sL,

sCr (Rx + 1

sCy

The Parasitic Parallel impedance:

(22)

+ sLx) +1

3.5



Z, = R
P s(Cr+ Cp)Rs + 1

(23)

According to the given parameters and designs, the extracted circuit parameters are summarized
in Table-4.

Table 4-Extracted circuit parameters

Design R, (kQ) C,(aF) Ly(mH) | C-(fF) | Rp(k) Cox + R:(kQ)
Ct(pF)
1 14.8 5.02 5.155 1.87 1.00 2.998 0.50
2 21.4 -3.96 -0.786 1.51 0.50 0.336 0.70
3 19.7 -3.27 -0.796 1.108 0.25 0.434 0.80
Accordingly, the results obtained are:
Table 0-Measured Parameters
Design fs fo Series Quality Factor Parallel Quality
Factor
1 0.9889 GHz 1.017 GHz 61.36 317.8
2 2.855 GHz 2.82 GHz 71.37 201.42
3 3.12 GHz 3.055 GHz 38 235

A comparison between ZnO and AIN as IDTs for the SAW resonator is reported in, also
introduced the benefits behind the 2 ports design as input output instead of only one port design.
The paper used in simulations 0.35um CMOS process.

he 3D model of the stated design appears in Fig-35, but the paper depended on the 2D simulation
of the design on COMSOL, a top view for the design is in Fig-36.

Reflector

Input IDT Piezoelectric Material
/ompm DT

Reflector

A

SiO, layer

Figure 35-3D model of the 2 Port SAW resonator [34]
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Figure 36-Top View of the proposed design, 2 Port SAW resonator [34]

W:Width of aperature

Ly: Distance between reflector and transducer

L.: Distance between input and output transducers
L: Distance between reflectors

Lp: Penetration depth of the wave

In the comparison between the 1 port Design and the 2 port design, the 1 port didn’t need
reflectors on the sides, but it suffered from internal reflections that are weak on it’s own although
it would cause great deviation if it was constructively interfered, this is totally avoided in the 2
port design that the electrodes have 180 degrees phase and those weak reflections are canceled,
that’s why the 2 port are used when the frequency accuracy is needed since it can accurately get
the needed frequency without being deviated by any small reflections. But of course, it has a
disadvantage since it limits the maximum resonance frequency since divides the pitch by two.
The material used is to be chosen according to[35]:

e CMOS compatibility and ease of deposition.

e The piezoelectric properties of the material.
One of the main properties that must be taken into consideration is k2 which is the
electromechanical coupling coefficient, the higher it is the more suitable the material is for SAW
resonator, previously the quartz was used since it has a very high k2 but it is not CMOS
compatible that’s why research is looking for CMOS compatible material with high k2, ZnO
and AIN, has high k? and they are CMOS compatible, that’s why they are a very good candidate
for being used in SAW resonators[35].
The design parameters are stated in Table-6.



Table6-Design Parameters for both AIN and ZnO SAW resonators.

Parameters ZnO SAW resonator AIN SAW resonator
Wavelength (um) 3.48 3.48
Width of aperture, W (um) 150 150
Metal 2 width (A/8) (um) 0.435 0.435
Distance between input and 1.74 1.74
output IDT, Lc (um)
Distance between reflector 3.48 3.48
and transducer, Lg (um)
Piezoelectric thickness (um) 2.0 2.0
0.0035
0.003 4 Fundamental Mode
1=1.636 GHz
Q=669
0.0025 1
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Figure 38-AIN SAW resonator Design resonance frequency and quality factor. [34]]
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Figure 37-Zno SAW resonator Design resonance frequency and quality factor. [34]




The susceptance versus frequency graph for both designs is in Fig-39 and Fig-40, it is used to get
the resonant and anti-resonant frequency used to get the values of the electrical model of the
resonator to help matching it to the oscillator circuit.
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2.5
f,=1.126 GHz
2 4
()
g 1.51
&
L
w
el f,=1.128 GHz
0 . . - - -
11 in 1.12 1.13 1.14 1.15 1.16
Frequency (GHz)

Figure 40-ZnO SAW resonator resonant and anti-resonant frequencies [34]



The results of the simulation is shown in Table-7.

Table 7-Simulation results for both designs. [34]

Parameters ZnO SAW resonator design AIN SAW resonator design
Acoustic velocity, v (m/s) 3,925 5,953
Wavelength, A (um) 3.48 3.48
Fundamental Resonant 1.128 1.636
Frequency, fr (GHz)

Max displacement (nm) 4.86 2.90

Quiality factor, Q 1,030 669

Coupling coefficient, k? 0.43748 0.30164

Finally, as a conclusion form the above results, ZnO material is better than AIN material for the
same design parameters, since it produced higher k2 and Qs, also the 2-port design is better than

one port design since it decreases the undesirable reflections.

M. S. Pandian et, al. reported in 37 a new way for designing the interdigital transducers (IDTs)
different from the conventional ways of designing them. The conventional ways depend mainly
on a thick film of the piezoelectric material and the transducers are think metal layers, on the
contrary, they reported a new way by using a thin film piezoelectric material typically AIN, and
it is isolated from the substrate using a dielectric thin film as shown in Fig-41.

Figure 41-Thin film SAW Device Configuration [37]
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Aluminum Nitride, which is a CMOS compatible material, is deposited using Physical Vapor
Deposition (PVD) which forms non-planar films. Fig-42 shows a scanning electron microscope
for the proposed design and the non-planarity is clear.




Figure 42-SEM view of the thin film SAW Device Configuration[ 37]

The schematic of the proposed design is shown in Fig-43 the device is designed to operate at 1.4
GHez, as the velocity of the surface acoustic waves is assumed to be 5600 m/s and A is chosen to
be 4 um, number of fingers per transducers is chosen to be 72, the width of aperture W =

260 um, and the input and output IDTs has a distance difference of L= 5600 pm.

1
— ——
w L
Lt E—
Input port Output port

Figure 43--Design of two ports delay line [37]

This device is fabricated using the SAW MEMS on CMOS platform of the SilTerra Malaysia
Sdn Bhd [38]. Firstly, the Aluminum transducers are deposited by PVD on a silicon-on-insulator
SOl wafer, three different thicknesses are deposited in this work to figure out the variations in
results resulted from the change of the transducer thickness ( t; > t, > t3) where first and
second thicknesses are considered high non-conformal structure while the third one is considered
the best one in conformity , secondly, the Aluminum Nitride thin film is deposited by PVD and
patterned to provide padding.

Once the devices are fabricated, they are employed to a network analyzer characterizing them to
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Figure 44-521 magnitude with frequency for three IDTs thicknesses [37]



obtain the S,; magnitude graph with frequency as shown in Fig-44, it’s shown that the closest
achieved frequency to the theoretical value(1.4GHz) is of the design of t;which proves the point
that the more conformal the transducers are, the closer the measured frequency to the theoretical
one.

This design has the advantages of eliminating the electrical feed-through that may happened thus
only first mode of the surface acoustic waves is detected at the output transducer, as well as the
device implements no reflectors avoiding the interference of any undesired signals in the
electrical response at the output transducer.

As we have seen previously that there was not a clear method of extracting the electrical circuit
model, many efforts were spent in this scope to find a direct way to extract the electrical circuit
parameters. This can be seen [39]

Present a method to extract circuit parameters from a one port SAW device.

IDT

Lm CM’ Rm

Figure 45-One port IDT schematic and electrical equivalent[39].
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L,, and C,, are the motional inductance and capacitance that account for inertia and elasticity
while R,, accounts for the damping of the propagating wave. While C, is the static capacitance
of the comb-like structure responsible for generating the surface waves. It is inferred logically
that the motional capacitance and inductance are related to the material properties like stiffness,
piezoresistivity, and dielectric constants. Which is true as these properties also control the
resonant and anti-resonant frequencies, f, and f, respectively, along with the quality factor Q
that are used in return to calculate the circuit model parameters. Capacitance and inductance are
known to account for energy storage while resistance account for the speed of the wave and the
stiffness of the material. Accordingly the following parameters are governed by the following
equations:

Rm == GT' == G|f=fr

m WrQyrGyr



Where Af is calculated from the resonance graph by marking the peak of the resonance and
and measuring the bandwidth, which constitutes 50% of the peak
value. To calculate the circuit elements, Q,, f,, and f,, are calculated and plotted by COMSOL

subtracting 3 dB from the peak

Cm

Co = 2
()
Ly = _G;‘ir
fi
Qr = ﬁ

Multiphysics of the given design.

The COMSOL simulation of the one port SAW device uses the periodic nature of the device and
considers only one periodic part of IDTs and periodic boundary conditions are applied on the

boundaries as follows:

It

Figure 46-Two dimensional representation of the one port device[39]
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The design parameters are presented in following table:

Width of Substrate | Thickness of Substrate | Period (p) Thickness of the IDT
(x1) (—x3) (x3)
16um=12 160 um =102 8 um 0.2 um

The piezoelectric material is lithium niobate and the IDTs material is aluminum. The bottom of
the substrate is considered to be fixed because the thickness was used large enough in order to
prevent any wave reflection, so considering the bottom to be a fixed constraint is plausible and
feasible in this case. The frequency domain analysis is carried on and the following graphs are

obtained:
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Figure 47-Results of the frequency domain study. (a) Plot of admittance versus frequency to obtain the resonant and anti-
resonant frequencies. (b) Plot of the Quality factor.[39]

According to these values of f,, f,-,and @, , the parameter extraction equations are used to

obtain the following values:
Parameter Value
R, 77.29 nQ)
Cp 16.16 pF
L, 9.72 nH
Co 16.16 pF




So the final circuit model is:

16.16 pF

16.16pF 77.29n€2

9.72nH
I

Figure 48-Final circuit model of the one port device.[39]




Chapter Five
Simulation



COMSOL Simulation

Usually, the 3-D FEM with COMSOL for SAW devices is implemented on some assumptions
which can give the displacement of the acoustic waves on the surface and showing the modes
shape on the device but the 3-D FEM model cannot show the admittance graph which has the
resonance frequency that are required, to calculate the features of our devices like Series
resonance frequency, Quality factor Insertion Loss, phase depth, Temperature Coefficient Factor
(TCF), ....etc. Therefore, the 2-D FEM model was adopted instead. The 2-D FEM models in our
study was prepared in COMSOL 5.3. The geometry of our design that was simulated is shown in
Fig-49 this was simulated (the input interdigital transducers IDTS).
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Figure 49- geometry of the device and the materials used in simulation
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The resonance frequency of the SAW device depends on the width (4,) and the Rayleigh wave
velocity of the piezoelectric material which is Aluminum Nitride in our case. Fig-51 shows the
wave velocity, width and estimated SAW frequency from COMSOL parameters. The width was
calculated by trial and error to get a resonance frequency at exactly 320 MHz which was
required.

wR 5760[m/s] 5760 m/s Rayleigh wave velocity
width 17.63[urn] 1.763E-5 m Width of unit cell
i vRSwidth 3.2672E8 1/ Estimated SAW frequency

Figure 51- estimated resonance frequency of the device

The voltage applied on one of the electrodes and the other electrode is connected to ground, this
applied voltage is 1 volt. This volt represents a disturbance to the device to resonate it and chose
the resonance frequency to allow it to flow through the device reaching the output IDTs. The

width of the device must be equal to one wavelength (4,), the width of each electrode is (%0), the

spacing between the two electrodes is (%"), the thickness of the electrodes is 1 um and the

thickness of the surrounding insulator medium (Air is our case) is 2.5 um. These dimensions
constraints are to allow the resonance of the device to take place which is as required by the
SAW devices. [40]

The boundary conditions of our designs are:

- Periodic boundary condition at the two sides of the device.

- Fixed constraint at the bottom of the piezoelectric material.

- The thickness of piezoelectric material is (41,) or more to avoid the leakage of the waves
to the substrate. [40]

The modes shape of the basic design at the resonance and anti-resonance frequencies are shown
in Fig-52.
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Figure 52- modes shape
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The admittance versus frequency graph is shown in Fig-53. It shows the resonance and anti-
resonance frequencies which are the basic parameters of the SAW device. The resonance
frequency means the frequency at which the response amplitude is relatively maximum.
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Figure 53- Admittance graph extracted from COMSOL 5.3.

After getting the admittance graph and extracting the data from COMSOL, other parameters are
calculated from cadence simulation it is explained in cadence simulation section.

The designs simulated didn’t stop at this basic design of SAW resonator, another ideas are
implemented to see if they give us better device performance. There is a study done by Silterra
Company in Malaysia which is one of the leaders in CMOS and MEMS technologies [41]. They
changed the position of IDTs in the SAW device, they made them buried in the piezoelectric
material instead of being on the surface. A design is prepared having their idea to see if it will
acquire better parameters or not. The design is shown in Fig-54& Fig-55, it is exactly the same
as the basic design but the only difference is that the IDTs are buried in the piezoelectric
material.
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The materials used, boundary conditions and dimensions constraints are the same as the basic
design but the width of the device (wavelength) is different as said before each design has its
own wavelength to give the resonance frequency required which is 320 MHz.

The modes shape of this design is shown in Fig-56.
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Figure 56- modes shape

The admittance graph for this design is shown in Fig-57.
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Figure 57- Admittance graph extracted from COMSOL 5.3
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The proposed idea in our study is the Semi-Buried IDTs SAW device, in this design the
electrodes are semi-buried in the piezoelectric material which means that half of the electrode is
at the surface and the other half is buried in the piezoelectric material. The aim from this design
IS to get a better performance than the other two designs which have the electrodes at the surface
or the electrodes are totally buried in the piezoelectric material. The geometry of this design is
shown in figures 58 & 59.
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Figure 58- geometry of the device and the materials used in simulation
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The modes shape of this design is shown in Fig-60.
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Figure 60 - modes shape

The admittance graph for this design is shown in Fig-61.
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Figure 61- Admittance graph extracted from COMSOL 5.3
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The aim of the project is to find the optimum number of IDTs that will acquire the best
performance. The multiple ports devices are simulated for each design, started at 1 IDT pair (+ve
& -ve electrodes) to 7 IDT pairs. So the total number of designs simulated are 21 model. Figure
14 has some designs of 2 pairs and 7 pairs of the basic design (which has the electrodes at the

surface).

Fig-62 shows 2 and 7 pairs of the devices simulated only, the other designs just have different
number of pairs of electrodes.
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Figure 62- 2 and 7 pairs devices of the Basic design

The admittance curves of all the designs are shown in Fig-63
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Figure 63- Admittance graph of all devices extracted from COMSOL 5.3



The buried designs are shown in Fig-64.
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Figure 64- 2 and 7 pairs devices of the Buried electrodes design

The admittance curves of all the designs of Buried SAW devices are shown in Fig-65.

Admittance

10000

1000

100

10

Admittance®fBuried@esign

31 Gmid
0.1

0.01

0.001

0.0001

34 o6 o= 320 $70.2 3204

Frequency

Figure 65- Admittance graph of all devices extracted from COMSOL 5.3
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The Semi-buried designs are shown in Fig-66.

Figure 66- 2 and 7 pairs devices of the Semi-Buried electrodes

The admittance curves of all the designs of the Semi-Buried SAW device are shown in Fig-67.

Admittance@raphsfbemi-BuriedEDesigns

100000
10000
1000 = OnePair
100 e TwoFPairs
Q
§ 10 ===ThreelPairs
£
€ FourPairs
g 31 194 319 LWINW)
B K . 0]
0.1 — Five?Pairs
001 === Six@Pairs
0.001 === SevenlPairs
0.0001

Frequency

Figure 67- Admittance graph of all devices extracted from COMSOL 5.3



Cadence Simulation

Parameter extraction
As discussed before, the equivalent circuit model for a SAW resonator consists of two parallel

branches: the first branch is the static capacitance C,, which is related to the capacitance between
the electrodes due to the piezoelectric material between them, and the other branch is the
motional branch, which consists of L,,, C,,, and R,,. The motional branch model the physical
properties of the resonator. Although themselves they don’t have any physical meaning, motional
impedance parameters are related to the dimensions, material-related constants and process-
dependent variables. The model is shown:

Lm &
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||
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Figure 68- BVD equivalent circuit model

The series and parallel resonant frequencies are f; and f,, respectively, which represent the
emotional and static branches of the equivalent circuit. Since the admittance is maximized
(minimum impedance) at the series resonant frequency, it is the most used and the dominant part
in natural vibration. The impedance is maximum at the parallel resonant frequency.

In SAW resonators, parallel resonance is merely used in calculations as most of them operate
near the series resonant frequency, and only represent the situation where the resonator has a
high impedance.

The quality factor at resonance frequency is also an important value to measure. Quality factor
represents the ratio between the energy stored in the system and the dissipated energy per cycle.
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A high-quality factor usually means a low energy loss. It also represents the resonator bandwidth

at half power compared to the resonance frequency, and represented as: ;—;

Quality factor is usually related to the motional impedance of the resonator. Since the bandwidth
at half power is related to the electrical parameters via Li , toequal f, ;—m For the resonant

. 1
frequency being equal to P o
component of the impedance over the real component. It is worthy to mention that this value is
related to the motional (series) part of the resonator.

, the quality factor usually is represented as the imaginary

but how are those parameters extracted from COMSOL simulation admittance graph? COMSOL
produces admittance graph of each design showing the maximum admittance (Y11) value and
the resonant and anti-resonant (parallel) frequencies. The graph of one design is shown
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Figure 69- Admittance vs frequency COMSOL result

the admittance function of the BVD model can be written as:

1
Y = jwC, + — (4
R+j(wLm—w—C0)



and parallel and series resonance frequencies equal:

1

Cm
S omgnc, T (HZ_CO) =

£.

For a dominating series resonance, the BW at half admittance value (half power bandwidth) of
series RLC is given by:

BW = ! R 26
- 2m Ly, (26)

The maximum admittance occurs at resonance frequency. at this point admittance is purely real
. . 1 . .. .
and its value is equal to - and it the minimum occurs at anti-resonance frequency.

the procedure to extract R, L, C, and C, parameters from COMSOL admittance graph is as
follows:

1. Get series & parallel resonant frequencies at maximum and minimum Y
. . . 1
2. At maximum, all Y is real and the maximum value equals -

3. Get the bandwidth, §f at half the maximum value of admittance (half power, 3 dB value)
4. Calculate L,, from BW relation
5. Calculate C,,, C, from resonant and anti-resonant frequency relation.

COMSOL results are extracted as a text file to get the exact values of maximum and minimum
admittance. A MATLAB code is used to determine the values of the RLC resonator parameters
using the text file values from COMSOL.

In the next section, Cadence simulation and results are discussed for both resonator and proposed
oscillator.



Design & Simulation

Cadence virtuoso tool is used to simulate the electrical model of the resonator along with
designing a new pierce oscillator circuit to drive the resonator.

pierce oscillator design is modified from a proposal from [42]. it consists of four stages of
common-source amplifier. The oscillator and the resonator are shown:
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Figure 70- Pierce oscillator schematic



Figure 71- SAW resonator equivalent circuit schematic

The transistor in the lower level are the main transistor, which provides needed transconductance
for the amplifier gain to be high. Each stage has a transistor which provides the bias current and
another to perform as the large bias resistor for the gate. The resonator circuit is connected in
series with the pierce oscillator as is expected from it to be looking at minimum impedance
circuit.

This circuit is biased in weak inversion region. Which results large gate area, weak BW and the
resulting gate capacitance is large. This last problem affects the phase shift condition in the
operation of the oscillator. On the other hand of these disadvantages, the design has a very large
gain which is needed for the operation, low voltage needed to drive the circuit, high
transconductance and low power consumption. Gain of the of the circuit is designed to be high as
for the oscillation to start and maintain. The phase is designed to be near 360 degrees to meet the
oscillation condition.



Results and Discussion

Transient analysis is performed to see the oscillation output signal. The transient stop time is
varied to make sure the oscillation is continuous and maintained. Transient response at 10and
100nm stop times are shown in the following figure:
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Figure 72- SAW transient response for 10 and 100 nm stop time for Pierce oscillator



PSS analysis is an essential parameter for oscillator simulation as it describes the behavior of the
oscillator at the steady state after long oscillation time. PSS analysis using harmonic balance
method is used. Results are shown in the next figure:
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Figure 73- PSS simulation results

Transient and PSS results differs sometime due to initial conditions and large capacitors in the
circuit and transient time need to be run for a longer time to reach the same values as PSS.

Next, Reproducing the Same graph as COMSOL is needed to verify the results.

In order to get the admittance graph vs frequency, S parameters simulation is required. SP
simulations used input and output ports for multi-port SAW devices, to measure Y and S
parameters. The ports of SP should be matched with the real impedance of the resonator circuit
in order to right parameters, which is translated to the maximum power transfer to the load port,
so matching the ports is needed.



Next, results for different multi-port SAW resonators are shown. Simulation for 1 to 7 pairs of
ports are shown. A compare between insertion loss, phase depth, Quality factor is presented for
different configuration: Basic, Buried, Semi buried IDT ports.

1. Basic ports

The produced admittance graph for 1 port SAW resonator is Shown:
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Figure 74 - admittance for 1 port basic SAW resonator

As shown, series resonance is much more dominant and in accordance with the same resonant
frequency value as COMSOL results.

Insertion loss of a resonator is defined as the value of S21 in dB ( - 20 log S21). Insertion loss
represents the power loss that results from inserting the device in a system. It is defined as the
ratio between the power transmitted before insertion to the power received by the load after
insertion. The simulation is shown in the following figure:
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Figure 75- S21 dB for 1 port basic SAW resonator

The peak shows a value of 16.17 dB. This results of course is at a matched load with the
resonator impedance.

To measure the phase depth, the phase of S21 is needed. Phase depth is defined as the difference
between the maximum and minimum phase of S21. The results is shown in the following figure:
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Figure 76- S21 phase for 1 port basic SAW resonator

The value of phase depth is almost 166 degrees.

Quality factor is next calculated. Q factor is calculated from the formula ;—"f where §f is the

bandwidth at 3dB (half power). The value of the bandwidth is calculated at half the value of the
admittance, which corresponds to -3dB from the maximum dB graph of the admittance vs
frequency, where £, is the resonant frequency at the maximum admittance.

The simulation graph is shown:
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Figure 77- Quality factor with bandwidth at — 3dB for 1 port basic SAW resonator

The quality factor is calculated to be 7799. the same simulation steps are generated for basic
design with different number of ports’ pairs. Next is a schedule showing a comparison between

results for the 7 designs.

Table 8 - comparison between multi ports basic design SAW resonator

No. of IDT| f. far IL Q Phase Depth
pairs

1 319.99 320.14 26.3 7799 165

2 319.99 320.14 24.2 7603 155

3 319.99 320.14 20.3 6562 170

4 319.99 320.14 20.6 5294 173

5 319.99 320.14 19.4 4893 169

6 319.99 320.14 16 3752 170

7 319.99 320.14 11.8 1484 49




Looking at the graph, one can identify the correlation between the Q factor and No. of IDT pairs
as shown:

Q factor vs. No. of IDT pairs ( basic

IDTs)
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Figure 78 - quality factor vs IDT pairs for basic design SAW resonator

As the number of IDT pairs increases, the quality factor decreases. This is due to the increases of
the losses from the IDTs.

For the insertion loss, there is no general trend and they all vary with +- 4 dBs change.

Buried ports

Repeating the same simulations for buried IDT ports design, in the case of one pair of
ports, results in the following figures:
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Figure 79- S21 dB for 1 port buried SAW resonator
Insertion loss is found to be 31.7 dB.

For the phase depth, the result is as follows:
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Figure 80- S21 phase for 1 port buried SAW resonator

e Which is about 1.1 degrees.



Regarding the quality factor, the simulation results is:
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Figure 81 - Quality factor with bandwidth at — 3dB for 1 port buried SAW resonator

Quality factor is 1736.

Same simulation steps are done to different number of IDT pairs for buried design. And
quantitative comparison is done in the following table:

Table 9- comparison between multi ports buried design SAW resonator

No. of IDT | f. for IL Q Phase
pairs depth
1 320.47999 320.58 317 1736 11
2 320.47999 320.58 33.8 1668 0.9
3 320.47999 320.58 29 1686 15
4 320.47999 320.58 30.6 1612 1.2
5 320.47999 320.58 32.8 1551 1
6 320.47999 320.58 35 1273 1.1
7 320.47999 320.58 37.8 1241 1.5




Looking at the table, one could notice the trend between the Q factor and the number of IDT
pairs. It also worthy to mention the dramatic change in the phase depth compared to the basic
design, Insertion loss, However, is larger, and the quality factor in lower. The trend between
quality factor and No. of IDT pairs is shown in the following graph:
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Figure 82 - quality factor vs ID pairs for buried design SAW resonator

Regarding the insertion loss, except for the first two designs, it tends to be increasing slightly
with the increase of the No. of ports.

2. Semi buried ports

Simulation results for Semi Buried IDT ports ( 1 pair) are shown in the following graphs:
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Figure 83- a) s21 dB for 1 port semi buried design, b) s21 phase for 1 port semi buried design



As shown in the graphs: IL = 30.4, Phase depth = 176, and quality factor = 2693.

There is no general trend for Q factor in semi buried designs as they differ slightly from
each other. Here the phase depth is large again as the case in the basic designs. And the
insertion loss is near the results from the buried designs.

The following table shows a comparison between simulation results for different number
of IDT pairs for semi buried structure:

Table 10- comparison between multi ports semi buried design SAW resonator

No. of IDT | Fr Fa IL Q Phase
pairs depth
1 319.565 319.69 30.4 2693 176
2 319.565 319.69 334 1588 177
3 319.565 319.69 38.2 1510 178
4 319.565 319.69 39.6 2288 179
5 319.565 319.69 35.4 3355 172
6 319.565 319.69 31.7 2887 177
7 319.565 319.69 23.3 3374 172




Temperature Coefficient of resonant Frequency (TCF)

Frequency shifts can take place due to temperature variations. And as the proposed designs have
Aluminum IDTs, thermal expansion can take place that could shift the frequency produced since
the frequency produced depends on the spaces between the electrodes. Moreover, the wave
propagation is affected by varying the temperature since the elastic, dielectric, and piezoelectric
coefficients of the material change, thus altering the wave velocity on the surface of the material.
Such alteration of velocity directly affects the frequency produced as well. So basically the effect
of temperature on frequency is measured by both the delay line shrinkage and the change of the
material properties that changes the wave velocity. [43].

In talking about electronic components or MEMS, these devices are vulnerable to heating and
harsh temperature conditions. Accordingly, the effect of such temperature fluctuations on the
frequency should be studied in order to put a margin for heating conditions and to further
enhance the TCF.

TCF is basically the change of frequency with respect to temperature

1df 1dl 1dv
Lo 27)
fdT — 1dT vdT

Where [ is the delay line and v is the surface wave velocity as shown in the figure below as L..

Reflectors Input Output Reflectors
', A2

—-»

Figure 84 - Plan view of the parameters[17]

Delay line effect on temperature
As thermal expansion takes place of AL—L = a; (T —T,) where T is the new temperature and T is
the reference temperature, the electrodes expand and L. or [ shrinks, shifting the frequency in

ppm/°C. The idea here is to use a material that has low thermal coefficient «, to control the
change of length as much as possible to control the frequency shift. This discussion is about the

term %% , Which is the first term in calculating the TCF that is concerned with the delay line
shift[16].



Velocity effect on temperature
d

The other part of the TCF which is actually the dominant term is %ﬁ . Although a velocity-

temperature relation is found earlier in out literature where v¢ = (C:%) (1 —K*), we looked for

another model that has some penetration in the material as it is more realistic in the surface
waves propagation and also due to the fact that some of our designs have semi-buried electrodes,
which allow wave propagation to few nanometers in the material. In order not to confuse
between BAW and SAW, such waves are still considered SAW since they are only few
nanometers in the material.

Before simulating the TCF on COMSOL, TCF is calculated theoretically by the velocity models
and delay line change in order to have a sense of how TCF is calculated and to make sure that
COMSOL calculated all of the effects.

Bleustein-Gulyaev Wave

This type of wave considers piezoelectric symmetry in the planar surface of the piezoelectric
material, which is plausible in our case since we only care about one direction of motion from
the input IDTs to the output IDTs. Accordingly, there are two solutions to the surface wave
which are the Lord Rayleigh surface wave that follows the elliptical path of particles that causes
the deformation and the other is a perpendicular component that penetrates in the wave that
could be considered as a BAW if there was no piezoelectric wave.

According to this assumption, the wave velocity is calculated to be

v =v,(1—b?)? (28)

Where
1
B <c44(1 + K2)>2
‘ p
KZ — 6125
€11C44
KZ
b=



So basically the expanded equation is

1 2
2 2 2
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After finding the expression of the velocity in terms of the material constants, the next step is to
find the relationship between the temperature and the material properties.

N| =

AIN is used in all of our designs as the surface material as it has the lowest TCF and can be
compensated. According to literature, the only material coefficient matrix that is impacted by
temperature is the stiffness matrix. The Bleustein-Gulyaev wave analysis concludes that the
important matrix element in calculating the velocity is c,,. On the other hand, €;, and e,s have
negligible alterations with temperature, unlike other materials like lithium niobate.
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Figure 85- c_ij values and first order dependence in AIN. [44]

1 dC44

= —50 % 107°. Accordingly,
Cqq dT

the ordinary differential equation is solved to obtain c,,(T) with knowing that from Fig x. that
C44 at room temperature = 1.18 = 1011,

First order dependence of Tcyy = —50 * 107 means that

After calculating the velocity at different temperatures, the velocity-temperature graph is found
with the expected trend of negative slope since the stiffness increases by increasing the

temperature, applying resistance to the wave propagation that lowers the speed of the surface
wave.

Temperature Coefficient Compensation

TCF values calculated are still not very promising as some applications do not withstand any
frequency shift. Therefore, new methods of temperature coefficient compensation are used in
order to lower TCF as much as possible. One of these methods is adding a passive oxide layer
beneath the substrate in order to reduce the temperature effects. Such method is capable of



reducing the TCF to more than half of its original value. However, simulating this method or
solving it analytically is not a clear method yet, so the TCF is measured experimentally in this
case. [45]

TCF Simulation

As stated above, the TCF has two main contributing parts, the thermal expansion of the structure
dimensions and temperature dependence of the material properties of the piezoelectric material which in
turn affects the wave velocity in the material. TCF can be calculated directly from the equation
calculations using Excel or it can be simulated on a FEA tool such as COMSOL. In this project, both
tools are done but the main results are presented from COMSOL. The calculation of the TCF using
COMSOL requires the simulating the thermal expansion and material properties dependence effects
simultaneously in order to get accurate results.

Thermal expansion

There are two ways to include the thermal expansion in COMSOL. The first way is to include the
expansion coefficients in each dimension in geometry and the new lengths will be:

L = Lo+ aATL, (30)
where « is the thermal expansion coefficient for each material in the design and L, is the original length.

The other way to include the geometry expansion is by using the already default tool in the Material
under the Solid Mechanics node in COMSOL named: Thermal Expansion. Here the reference temperature
and the new temperature are specified in this window. In addition, the thermal expansion coefficient for
the materials are to be added, for the ALN is 4.5 * 10~°, and for the Al is 23 = 107°.

The second effect is the velocity dependence on the temperature. As explained above, the velocity
depends on the mechanical properties of piezoelectric, the density, c44, €1 and e;5. So the effect of these
properties is explained in the following paragraphs.

Elasticity Matrix, c44

The c44 is the tenth element in the elasticity matrix in the material section in COMSOL. The elasticity
matrix of a material is 6*6 type. So there are different notations to enter the elasticity matrix in
COMSOL. Due to its symmetry and having many zero-elements, the notation can be as the following
figure:
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Figure 86- (a) the complete elasticity matrix notation for a material, (b) the shortened matrix.

COMSOL has the symmetric notation and the values can be directly inserted in this window in the
material section.

Symmetric )
4.1e+011[Pa] 1.49e+011[Pa]  0.99e+011[Pa]  O[Pa] O[Pa] O[Pa]
1.49e+011[Pa]  4.1e+011[Pa] 0.99e+011[Pa]  O[Pa] O[Pa] O[Pa]
0.99e+011[Pa] 0.99e+011[Pa] 3.89e+011[Pa]  O[Pa] O[Pa] O[Pa]

O[Pa] O[Pa] O[Pa] 1.243765598e... O[Pa] O[Pa]
O[Pa] O[Pa] O[Pa] O[Pa] 1.243765598e... O[Pa]
O[Pa] O[Pa] O[Pa] O[Pa] O[Pa] 1.305e+011[Pa;

Figure 87- the elasticity matrix notation for a material in COMSOL

From the equations found in the literature, the c44 values for each temperature are inserted in this matrix.
And the effect is taken into account.

Density

The density of the piezoelectric electric material changes with the temperature. As mentioned above, the
wave velocity depends on the density following the equation: v = \/%, 4. So if the wavelength of the

wave is kept constant (which depends on the IDTs design), the resonance frequency will shift by
changing the density. For LiN 05, the density dependence on the temperature follows this equation:

p = 464444 x g~0383+107HT (37

This equation is added in COMSOL as an analytic function to describe the density dependence. And the
function name replaces the value of density in the material node.



A parametric sweep is done to vary the temperature from room temperature to 70°C with including the
geometry effects and the density following the above equation. The admittance response for all the
temperatures are graphed on the same figure to show the effect:
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Figure 88- the admittance curve with temperature sweeping, and the effect of geometry and density change with temperature
on the resonance frequency shift.

To calculate the TCF, the values of the resonance frequencies at every temperature should be plotted with
the temperature (frequency on the y — axis and the temperature on the x — axis). The slope is obtained
and the TCF value is calculated as:

106 ppm
fo °C

where f, is the original frequency at room temperature, and the frequency is plotted in MHz. And all the
above parameters (thermal expansion, density, c44, €,1 and e;5) should be included.

TCF = slope *

(32)

The following graph shows the results from the basic design and using the AIN as a piezoelectric
material.



Frequency VS Temperature

313900000

313800000 a,,

313700000 LT

313600000

313500000
y=-5577.4x + 3E+08

R*=0.99982
313400000 -'.'>._.

Frequency (Hz)
é

313300000

313200000 e
313100000

313000000

T (degrees)

Figure 89- resonance frequency of the basic design at each temperature taking into account the geometry and material
parameters

6
The slope is found to be —5577.42’—2, so the TCF = —5577 % ———
C 313700000
ppm

o which is very close to the value obtained from

_ —31%. This value is

obtained from the Excel calculation, it is —28
COMSOL.

Two piezoelectric materials are compared as well, AIN and LiNO5. The TCF value is calculated for the

basic design. The results are: TCFyy = —3155= and the TCFyiyo, = —815 7 It is clear that the value

for AIN is better, so all the other designs are implemented using this material.

To calculate the TCF value for other designs using AIN material, the parameter c44 doesn’t allow
variable definition to perform the sweep. So in each design, the corresponding parameters are inserted
manually in the material property at each corresponding temperature to plot a figure similar to Fig-89.



Conclusion of Results

TCF Analysis
Temperature Coeffiecient of Frequency (TCF)
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Figure 90-TCF of the three designs

It is obvious that the buried IDTs express the lowest TCF value. The semi-buried IDTs have
values of TCF exactly between the above surface IDTs and the buried IDTs. Recall that BAW
has lower TCF values when compared to those of SAW, which can be seen here when the IDTs

go in depth in the piezoelectric material.



Finalized Table of Comparisons
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Figure 91-Quality factor of the three designs
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Figure 92- Insertion loss of the three designs



As expected, the quality factor decreases as the number of pairs increases, except in the semi-
buried design. Moreover, the insertion loss in the above surface design decreases as the number
of pairs increases. The semi-buried and buried designs did not demonstrate a specific trend, but

there are design recommendations according to the applications needed.

Table 11- Basin Design

No. of fr for IL Q Phase No. of TCF
IDT pairs Depth IDT
pairs
1 319.99 320.14 26.3 7799 165 1 17.1254281
2 319.99 320.14 24.2 7603 155 2 -17.1254014
3 319.99 320.14 20.3 6562 170 3 -17.141
4 319.99 320.14 20.6 5294 173 4 -17.1253746
5 319.99 320.14 19.4 4893 169 5 -17.1877686
6 319.99 320.14 16 3752 170 6 -17.1880371
7 319.99 320.14 11.8 1484 49 7 -17.1884514
Table 12-Buried Design
No. of| f far IL Q Phase No. of | TCF
IDT pairs depth IDT
pairs
1 320.47999 | 320.58 31.7 1736 1.1 1 -15.56652924
2 320.47999 | 320.58 33.8 1668 0.9 2 -15.57633742
3 320.47999 | 320.58 29 1686 1.5 3 -15.55652632
4 320.47999 | 320.58 30.6 1612 1.2 4 -15.5563807
5 320.47999 | 320.58 32.8 1551 1 5 -15.60106212
6 320.47999 | 320.58 35 1273 1.1 6 -15.57546307
7 320.47999 | 320.58 37.8 1241 15 7 -15.57492851




Table 13-Semi-Buried Design

No. of | Fr Fa IL Q Phase No. of | TCF
IDT pairs depth IDT

pairs
1 319.565 319.69 30.4 2693 176 1 -16.64564354
2 319.565 319.69 334 1588 177 2 -16.63297752
3 319.565 319.69 38.2 1510 178 3 -16.64564354
4 319.565 319.69 39.6 2288 179 4 -16.64548728
5 319.565 319.69 35.4 3355 172 5

-16.65516074

6 319.565 319.69 31.7 2887 177 6 -16.63235296
7 319.565 319.69 23.3 3374 172 7 -16.62210711




Chapter Six
Fabrication & Characterization



Fabrication Masks

Fabricating the SAW MEMS resonators requires defining the masks to be used in the fabrication
process. It will not be a so sophisticated process as the proposed multi-ports designs will require
only one mask for patterning the IDTs as well as the reflectors.

As the proposed designs are periodic, then the designer is free to choose the number of fingers of
the IDTs, taking into the consideration the trade-off that exists between enhancing the
functionality of the resonator as the number of fingers is increased and the increase in area which
may be critical in some applications.

Using MEMSCAP ™ design rules [46] in drawing the mask for patterning the IDTs and the
reflectors which states that the minimum spacing between metal layers is 3um while the
minimum feature is 3um, too. Sticking to these design rules and drawing the masks for 2, 4, 6, 8,
10 and 12 ports SAW MEMS resonators was performed using CleWin LAYOUT EDITOR
software assuming the most generalized case where the number of fingers for each IDT is two.
From Fig-93 to Fig-97 show the masks for the multi-pairs two-ports SAW MEMS resonator.

gl

Figure 93-One Pair two-ports SAW MEMS resonator fabrication mask
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Figure 94-Two Pairs two-ports SAW MEMS resonator fabrication mask
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Figure 95-Three Pairs two-ports SAW MEMS resonator fabrication mask




Figure 98-Four Fairs two-ports SAVV IVIEIVIS resonator yabrication mask

Figure 99-Five Pairs two-ports SAW MEMS resonator fabrication mask
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Figure 96-Six Pairs two-ports SAW MEMS resonator fabrication mask
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Figure 97-Seven Pairs two-ports SAW MEMS resonator fabrication mask




The footprint of the delay-line of each design on the substrate is shown in Table-14.

Table 14-Footprint of the delay-line of multi-ports SAW MEMS resonators

Design Footprint
1 Pair 4158 um?
2 Pairs 5230.44 pm?
3 Pairs 6188.4 um?
4 Pairs 7179.84 pm?
5 Pairs 8154 um?
6 Pairs 9126 pm?
7 Pairs 10087.2 pm?

It’s important to notice that buried, semi-buried, and non-buried delay-lines will have the same
footprint as the number of ports and fingers is the same.



Fabrication Steps

Building the conventional SAW MEMS resonator doesn’t require many fabrication steps. The
fabrication process starts by deposition the piezoelectric material, which is Aluminum Nitride in
this case, on a Silicon substrate, it can be deposited by many means, but sputtering is most
preferred because it produces highly oriented and dense films, so an RF magnetron sputtering is
recommended to be used to deposit the AIN layer. Then to build up the IDTs as well as the
reflectors, it’s preferred to use lift-off process as it needs no etching but just developing the
photoresist. A summary of the conventional SAW MEMS resonator fabrication steps is shown in
steps from A to F.

A- Start with Si-Substrate B- Deposit AIN to act as the piezoelectric
material

N

D- Develop the photo-resist using the mask of the

C- Spin-coat photo resist i .
P P IDTs and reflectors (Leaving their pattern uncovered)

Reflector

) L AIDTS

Reflector

E- Deposit Aluminum F- Develop the photoresist
(IDTs and Reflectors are built)
Lift-off Technique



The above fabrication steps are for a conventional SAW MEMS resonator with only two ports,
any other multi-ports resonator fabrication process will follow the same procedures but with the
resonator specific mask.

For the fabrication step for the buried IDTs SAW MEMS resonator, the fabrication steps are
described as post-CMOS processing, as the IDTs and the reflectors are built during the CMOS
process, after that some processing and piezoelectric deposition is done to obtain the required
design. As the CMOS process ends, the chip is encapsulated, and it has a protective layer of
Si0,, so the first step in the CMOS-post processing is to etch the Si0, until the IDTs and the
reflectors are on the surface, reactive ion etching is the best choice for this step. Then AIN layer
is deposited and patterned to access the pads of the resonators for probing. A summary of the
Buried SAW MEMS resonator fabrication steps is shown in steps from A to D.

Reflector Reflector

! IDTs A

— . . —
A- The result of the CMOS fabrication process, B- After performing the RIE to Si0,
Perform RIE to the Si0, until the IDTs &
reflectors are on the surface

[ N [ NN . - _—

C- Deposit AIN to act as the piezoelectric D- Patterning AIN to provide probing.
material (Sputtering preferred) (Final Structure)

For the semi-buried SAW MEMS resonator, assuming a post-CMOS processing, thus
performing the RIE to release the IDTs as well as the reflectors from the SiO, layer is the first
step to be done. Then spin coating a photo resist and developing it leaving parts covering the
IDTs and the reflectors only. After that, the deposition of thin AIN layer takes place with only the
lower part of the IDTs and reflectors is buried underneath the AIN layer whereas the upper part
of them is on the AIN layer so it is called semi-buried SAW MEMS resonator. Then developing
the photo resist to obtain the final desired structure. A summary of the semi-buried SAW MEMS
resonator fabrication steps is shown in steps from A to E.



Reflector Reflector
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A- The result of the CMOS fabrication process,
Perform RIE to the Si0, until the IDTs &
reflectors are on the surface

= = . .

C- After performing spin coating and
developing the photoresist.

B- After performing the RIE to SiO,

AIN

B = =

D- After depositing the AIN thin layer.

E- After developing the photoresist to obtain

the final structure.



MEMS & CMOS Integration

CMOS nowadays is the leading fabrication technology and most researches are concerned to
improve the reliability and yield of this fabrication process besides decreasing the features size
and the cost of this process [47].

When talking about the integration between MEMS and CMOS integrated circuits there are
multiple challenges that faces this process, for example postprocessing process of MEMS,
fabrication temperature, interface between both MEMS and CMOS and packaging.

There are three well know integration techniques; hybrid integration, monolithic-integration and
heterogenous integration[47].

Hybrid integration

Hybrid integration simply is the integration using connecting wires, MEMS chip and CMOS chip
or circuit are fabricated independently, then a process of integration between two chips is held,
there are two ways of wire connecting: MultiChip-Module (MCM)-based approach, and
commercial wire bonding as shown in Fig-100 [47]

IC Wafer (CMOS) Resonator Wafer

(a)

(©
(d) % a% @ m

Figure 100 -MCM-based approach (a, b, ¢, d), and commercial wire bonding (e, f, g) Hybrid integration modes. [47]



As appears above, in the MCM-based integration the resonator chip is diced first then it is
flipped and well aligned above the CMQOS circuit the wire bonding tacks place and a final dice is
made to the whole chip, this is very useful since it reduces the used area, but it takes a lot of
work for implementation, dicing and alignment. But for the commercial bonding, the two chips
are put beside each other and bonded by wires, this will reduce the area used and the effort for
the alignment although it will introduce parasitic resistance and capacitance that must be taken
into consideration in the circuit model of the total design.

Hybrid integration is considered the cheapest way to integrate two chips since it only depends on
the bonding using wires, but it is done one wire by one wire, so it is very slow and not suitable
for mass production.

Mono-lithic Integration
This technique helped avoiding the problems of the hybrid integration, in this technique both

CMOS and MEMS circuits are fabricated on the same substrate, same chip. This technique is
divided into three techniques depending on the fabrication steps or procedures as follows: pre
CMOS, intermediate CMOS and post CMOS [47].

In the Pre CMOS procedure, the MEMS circuit is fabricated first using Micro fabrication
techniques, then the CMOS sequence takes place. The MEMS is movable system, so it can not
be located under the IC and this will increase the die area. In the intermediate CMOS, the CMOS
fabrication process is taking turns with the MEMS microfabrication. And finally, the post CMOS
has two different strategies, in the first one the MEMS structure is completely built on the
finished CMOS substrate, without any interaction with the CMOS structure. On the other hand,
if the MEMS was micromachined on the finished CMOS circuit. In post CMOS, Bulk and
surface micromachining are used for the fabrication of these chips [47].

Monolithic integration is very complex and requires specific abilities to choose the materials,
temperature and all the surrounding properties of the fabrication process. This concludes that this
process needs specific fabrication procedures for all the properties taking into consideration all
the limitations for MEMS and CMOS chips [47].

Heterogenous integration
This is a combination of both above, by stacking the substrates above each other as appears in

Fig-101 [47]. It overcomes all the restrictions of both the hybrid and mono-lithic integration.
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Figure 101-Heterogenous integration [47]
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SAW Lab Characterization Techniques

The basic idea of electrical characterization of SAW devices in the lab is to measure the important
parameters in the resonator such as “the equivalent circuit parameters, the quality factor, the
electromechanical coupling, and the elastic, dielectric, and piezoelectric constants of the resonator, [4].
Network theory and different measurement techniques are the core of this branch. There are different
kinds of these characterization techniques: the low/high frequency measurements, open- and short-circuit
DC measurements, and scattering parameters measurements.

The electrical characterization depends on passing current or applying voltage on the circuit containing
the resonator and other components. So the change in the current passing to the load impendence
connected to the frequency dependent impedance of the resonator Z,,, is characterized and analyzed. The
following figure illustrates the setup configuration, 4.

Zf” Z m(f )

_ o
et O- Bl
“@ V. 7,

Signal generator Resonator | Load

Figure 102-The electrical characterization setup for the resonator[ 4]

Low & High Frequency Electrical Characterization
There are two kinds of characterization; low and high frequency electrical characterization. Each has their

usage and analysis. The low-frequency characterization shows the effect of applying range of frequencies
(from 0, DC, to megahertz) on the actuation mechanism, and the resonator design, [4]. It can be used to
evaluate the fabrication process. The high-frequency characterization is concerned with the energy flow,
in and out of, the transmission lines connected to the resonator. So it is an energetic-based description. It
can be used in cases of complex systems with impractical or difficult lumped-circuit representation, [4].

Low-Frequency Characterization and Open-Short DC measurements:
As mentioned above, the low-frequency characterization has a wide band of frequencies which includes

the first mode shapes of the MEMS structures. It can be used to extract the material constants. The
electrodes and integrity of the MEMS resonator structure are measured by the open-short DC
measurements, [4]. The basic idea behind this DC measurement is to check if the different electrodes
designed to be non-connected are still not connected after the fabrication process and the electrodes
designed to be connected are connected as well. Here a DC probe station, capacitance meter and a
semiconductor parameter analyzer are used for this open-short DC measurement, [4]. At the end, the
functional device should pass these open/short circuit conditions. In the SAW devices, the two IDTs



should pass the open circuit condition. Also the fingers of an IDT should be connected to each other so
the short circuit condition is to be passed, [4].

Scattering-Parameters Representation and Network Theory
One of the most important tools for the device characterization is the scattering parameters description

and the analysis using the network theory. So measuring the transmission and reflection provides key data
about the electrical response of the MEMS device, [4].

The S-parameters or scattering parameters description is used for the transmission and reflection
quantification. It depends on the two-port circuit representation as indicated in the following figure, [4]:

—> <
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b, b,
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Figure 103-The two-port circuit representation to define the S-parameters, [4]

So the numbers 1, 2 represents the input and the output ports. And there are four quantities the scattering
matrix S relates them together. This matrix is:

bi] _[S11 Siz][%1

[bz] - [521 522] [aZ] (33)
To get the scattering parameters, the independent variables in each port are set to zero and the final
parameters are:

b

Si1=— (34)
al aZ = O
b

Sip=— (35)
a, a = 0
b

Spp=— (36)
aq a, = 0

S;a=—| (37
2 a1 - 0

Each of them represents either the transmission or the reflection coefficients at one port when the other
port is match loaded,[ 4].



Using these values, the device impendence (the resonator input impendence, Z; and the source
impendence, Zs) can be calculated using the following equations:
_ Zin
S11=
(2Zs + Zip)(1 + AL)

(38)

B 27
C(2Zs+ Zip)(1 + AL

S21 (39)

where A is the propagation constant and the L is the length of the waveguide,[4].

SAW Quality Factor Measurement
For a SAW device, the quality factor is one of the key parameters needed to be well designed and

characterized for the precise estimation of the oscillator operation. There are three methods for measuring
the quality factor. The first method is called the S,; — S;; magnitude method, [4]. The two-port scattering
parameters are obtained first and the quality factor is calculated using the following equation using the
minimum values of the S-parameters measured:

@
_ Wp (1 - |521Min|)(1 - |511Min|)
1— (&) 1S21min|IS11Minl
Wp

where w,, and w, are the series and parallel resonance frequencies, [4].

Another method to calculate the quality factor depends on the phase response @(w) in the open-loop, [4].
The quality factor depends on the slope of the phase proportionally as:

%| (41)

_Ys
Q= 2
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Figure 104-The quality factor calculation based on the phase response in the open-loop[4]

The final method, which is applied in this project, is to use the (-3dB) bandwidth definition, [4]. So the Q
is the frequency at resonance divided by the two-sided bandwidth at the -3dB.

_fo
Q=7 (42)

This method will be focused on more in the results section.



Chapter Seven
Applications of SAW Devices



SAW Devices

SAW phenomenon is a key to many applications and there are various electronic devices that are based
on using this wave in their operation. Devices range from simple structure such as the delay lines, to a
more complex implementation such as the SAW oscillators, filters, and sensors. It is important to know
these different devices in addition to the SAW oscillator, being the core of this thesis. The following
paragraphs explain these devices.

SAW Delay Lines
The SAW delay line is considered as the simplest and most widely used SAW device. It can be used in

signal processing applications that require delays between the input signal and the output signal (ranging
from milli/microseconds), [5]. It consists of two interdigitated transducers, one as an input and the other is
an output. Both are deposited on a piezoelectric substrate [6]. The input IDT generates the propagating
wave and the output IDT receives the wave after some delay, 7, = L/v, where L is the delay line distance

and the v is the SAW velocity, [7].

Input IDT Output IDT

Figure 105-Simple SAW delay line device,[6]

SAW Oscillators:

SAW oscillators witnessed increasing application and market demand for different communications
technologies. They are used in the timing circuits for clock recovery and generation. For their high-
guality factor, they can operate at frequencies till 3-GHz on ST-quartz substrates, [7]. There are two
broad classes of SAW oscillators: firstly, a single mode SAW oscillator using SAW resonator or delay
lines and operating at a fixed frequency, and secondly, the multi-frequency oscillators resonating at any
one of certain different frequencies using a SAW comb filter. The general condition for oscillation is that
the amplifier gain is designed to be greater than the overall insertion losses of the components around the
loop, [7].

This project is concerned with first class with is the fixed frequency oscillators, Fig-106. So in this class
the delay line should have a narrow band input transducer (the sending IDT) and a broadband output
transducer (the receiver IDT). If the time delay in the centers of wave phases propagating is 7, = L/v,

where L is the delay line distance and v is the wave velocity, [7]. Applying the above condition in this



case, the total phase shift around the whole loop is given by, where @, is the amplifier phase shift, @, is
the phase shift around the loop, and P is and integer number, and f; is the operating frequency [7]:

Tg2nfy + @y + @, = 2mP (43)

Phase
— - »RF amp. |+
shifter

Figure 106 SAW oscillator using the SAW resonator as a feedback element [11]

SAW Sensors:

Any sensor converts between physical quantity to an electronic signal to measure and analyze this
physical quantity which can be biological, chemical, temperature, pressure, elasticity change,
mass/density changes, viscosity, dielectric, conductivity moisture, contaminants, pH levels, or
concentration. SAW sensors are sensitive to most of these quantities perturbations on the surface. So, they
are known to be reliable, small in size, cheap, highly sensitive, simple in implementation and versatile in
nature (meaning that variety of properties change can induce the monitoring signal), [8].

The basic mechanism in SAW sensors is that the acoustic wave velocity is affected by these quantities
change. This velocity change intrinsically happens due to the changes in the resonant frequency, phase
angle or the transmission-reflection wave amplitudes. So if the phase velocity is v, so the resonant
frequency is f, = v/A. The following equation gives the signal change with respect to the different
quantities to be measured, [8]:

Af Av 1/0v Jv Jv Jv dv Jv Jdv
—_— == (—Am+—Aa+—CAc+—€Ae+—AT+—AP+—

= A +> 44
fo Vacoustics Y \Om do 0 0 aT dpP dp P (44)

where m is the mass loaded on the surface, o is the conductivity, c is a constant for the mechanical
properties, ¢ is the dielectric constant, p is the density.

The sensor sensitivity can be given by the following equation, [8]:



_ . A _df
Sr—llmm—fdx (4-5)

which indicates the frequency shift due to the perturbation in any of the factors to be measured.
One example illustrating that is small concentration analyte detection using SAW delay lines [9, 10]. It is
used for analyte detection. The structure is based on one input IDT that generates SAW in two directions

to hit the output IDT (delay line with one input and one output). The sensing area between the input and
output is used to deposit different analyte ligand for sensing as in the following graph:

Analyte to be  Microfluidic
Antibody detected channel

|

QOutput i

SAW
delay line

Figure 107-SAW biosensor implementation and analyte detection [10]

When the specific antibody binds to its key analyte, the mass loading on the surface changes which leads
to change of the viscoelasticity of the layer so the SAW velocity changes leading to the frequency shift,
[10].

SAW Port Configurations:

There are different ports configurations a SAW resonator can have. It is based on the number of IDTs and
functionality of each one. Resonators can have one, two or multi ports. It is important to know these
different configurations before designing a SAW-based device.

One-Port SAW Resonator:
One-port SAW resonator consists of one transducer and two grating reflectors. This one IDT has the role

of both generating and receiving the wave. During its operation, the IDT is excited and surface waves get
emitted from both directions [7]. The reflectors confine this energy and generate the standing waves at the
center frequency [7]. These standing waves can be characterized by either their amplitude or the potential
on the piezoelectric surface [7]. It is a two-terminal device that can be used in oscillators. It is to note that
the length of the gap between the reflectors and the transducer has a significant effect on the resonance
characteristics and the grating separation is to be designed for the resonance to be at the needed operating
frequency [7, 11]. The design issue in such configuration is how to make a suitable offset between the



series and parallel resonances [7]. The following figure show the configuration along with the electrical
equivalent circuit model mentioned above [11].
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(a) Structure (b) Electrical equivalent circuit

Figure 108-(a) the configuration of one-port SAW resonator, (b) the modeled circuit for the resonator,[ 11]

This resonator can be also characterized by using Fabry-Perot model. This model depends on replacing
the two reflectors with mirrors put at a distance of L from the center of the transducer. So the total
resonant cavity has the length of 2L as shown in the following figure [11].
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Figure 109-The Fabry-Perot model of the one-port SAW resonator,[ 11]

The realization of this configuration can be designed similar to the following figure.



Reflector IDT Reflector

(Piezoelectric substrate)
Figure 110-An example of the device realization of the SAW resonator, [4]

Two-Port SAW Resonator:
A two-port SAW resonator consists of two IDTs as transducers and two grating reflectors on both sides of

the IDTs. Here one of the IDTs works as an input which generates the wave, and the other IDT works as
the output which receive the transmitted wave. The two grating reflectors confine the wave between the
IDTs and have the role of generating the standing waves (bounce of the SAW back and forth between the
reflectors) in a coherent manner [7]. This kind of configuration is suitable for all the SAW devices
especially the bandpass filtering applications because it can be designed to have a large transfer
admittance at resonance so a filter with low-loss and narrow passband can be achieved [11]. It is to note
that they can be designed for multimode operation at different frequencies [7]. The following figure
illustrates the two-port configuration along with its electrical equivalent circuit [11].

And similar to the one-port resonator, the two-port resonator can be characterized by Fabry-Perot model.
It replaces the two reflectors with two mirrors at a distance L from the IDT center. The following figure
shows the model.
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(b) Electrical equivalent circuit

Figure 111-a) the configuration of two-port SAW resonator, (b) the modeled circuit for the resonator, [11]
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Figure 112-The Fabry-Perot model of the two-port SAW resonator,[ 11]

The realization of this configuration can be designed similar to the following figure.

Reflector IDT (in) IDT (out) Reflector

(Piezoelectric substrate)

Figure 113-An example of the device realization of the two-port SAW resonator,[ 4]



Chapter Eight

Conclusions & Recommendations



Multiport SAW resonator designs are simulated to compare their quality factor, insertion loss,
phase depth, and TCF. The various designs include above surface, semi-buried, and buried
IDTs. The trends for the IDTs above surface have high quality factor at 1 pair of IDTs and starts
to decrease as the number of pairs increases. The same trend for insertion loss was found, which
shows the trade-off between quality factor and insertions loss. Based upon the application
needed, the number of IDTs is used. The semi-buried did not show a remarkable trend regarding
the quality factor and insertion loss. However, some design recommendations are present were
high or low number of pairs is recommended rather than the number of pairs, which has high
insertion loss. The buried transducers do not show much fluctuations in quality factor, but it has
an overall similar performance to that of above surface transducers. The insertion loss of 2 pairs
of buried IDTs is not recommended as it has high insertion loss. The TCF comparison between
above surface, semi-buried, and buried IDTs shows that inserting the IDTs in the surface is much
better for TCF.

Picking the number of pairs and the design is dependent on the application needed. For example,
high quality factor is obtained from above surface IDTs with low number of IDTs . TCF
variations from the three different designs show that the design can be used as a temperature
sensor in case the TCF was high or as a clock generator in case the TCF was low. TCF still can
be modified by temperature compensation by adding an oxide layer under the piezoelectric
material, which is a recommended approach in the future.
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Cadence Appendix

1. To start transient analysis, choose launch >> ADE L as shown in the figure:
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Press on Choosing the analysis and choose tran. Choose an appropriate stop time and make it
conservative. To plot the output, choose setting output icon:
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And click on from design and choose the negative node of the oscillator ( output of the resonator.



2. PSS simulation:

From ADE L choose PSS as shown:

=" (T N P s g v T TR v w4 S - -
o A il = TS L s S Choosing Analyses -- ADE L (4) x
= = ADE L B= & ke Q-
= = % L BT Analysis _ tran Sde Qac _ noise =
“ac — - — 5 )
Il =rane 4] B* @ O L B {= L;l Ess [| = 2 simTime o xf _ sens _ dematch o stb
Navigator 7.8 x| - pz — sp — envip ® pss
< Instances _ pac _ pstb _ proise  _ pxf
pierce_original
_ ps _ gpss _ gpac _ gpnoise
a B- psp ap ap ap
T | _ apxf _ apsp  hb _ hbac
| pierce_original « hbneise . hbsp
A~ AL X Periodic Steady State Analysis
Launch Session Setup Analyses Variables Outputs Simulation Results Tools Calibre Help cadence Jengine Shooting @ Harmonic Balance
s = - = ;
I &2l =27 & 3= &8 & |
Anal 78 X = Tones
Design Variables Wl ) | he
Type | Enable Arguments | Sreans IName Expr Value Srcld £
Name | Value | E
=
®
) Beat Frequency [ ] Aucalculate
© Oversample Factor
Outputs 7.5 x|
Name/Signal/Expr Value | Plot| Save| Save Options | |\’
Number of Harmonics
Accuracy Defaults (errpreset)
<
_ conservative __ moderate __ liberal
Convergence
N Plot after simulation: U0 =) Plotting mode:Replace = Additional Time for Transient-Aided HB (tstab)
Save Initial Transient Results (saveinit) _ no _ yes
67(144] Plot Outputs Status: Read: T=27 C | Simulator: spectre
I (144 | 2 | y | E [| Harmaonic Balance Homotopy Method defaut Q)
e
mouse L: schSingleSelectPt() Dypamciaramece el ~
66(143} | @3  concel | Defauks  Apply | Help

Choose harmonic balance. In the beat frequency, put the initial guess of the fundamental
resonant frequency.

In Number of Harmonics, choose an appropriate value for example, 20 or 50.

In the accuracy, choose moderate, and make the tstab transient aided HB, a 100 nm.
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Enable the oscillator option and choose the terminals of the resonator as the node+ &



SP simulation:

First, insert two ports and insert the following parameters:

Edit Object Properties x
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The resistance part is dependent on the real impedance part of the resonator.
The parameters in the SP simulation is as follows:



From ADE L, choose SP,
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Sweep range is around the resonant frequency.



Click the green button netlist and run.
plot>>main form from ADE L as follows:

To plot the output. Choose
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Choose the desired simulation from the following window and click on add to output




Direct Plot Form x
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to plot Q factor, choose Y21 dB20 in and plot type rectangular.
At the peak point of the graph, press m and the double click the highlighted point as follows:
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Choose position>> by YMode and copy the value.

Close the window and press m on any point on the graph, double click this highlighted point and
choose position>> by YMode and subtract 3 dB from the peak point value. Click apply and ok.

Repeat the same steps for the other side for the same -3dB and calculate bandwidth and then
calculate Q factor from the relation (’;—; ,BW = &f.

Challenges and simulation recommendations

e Using the same simulation frequency and time step is essential for the consistency of the
results in both COMSOL and cadence, using different time steps is very tricky as it
produces greatly different results.

e Finding the BW is very hard specially that the graph from COMSOL is almost a unit
step. Polynomial interpolation is needed to evaluate the frequency values at half the
admittance values.

e It’s also recommended in designing pierce oscillators, to verify the same result with a
Verilog A op-amp to make sure that the circuit behavior is as expected before getting into
test errors.



During cadence resonator simulations, its recommended to choose the right nodes
around the resonator while graphing the output of the transient response.

its recommended to match the ports in the SP simulations with the real value of
impedance of the resonator, a slight change in the matching load impedance result in a
dramatic change in the values of the IL.

Choosing an appropriate method of initial conditions for oscillator is very important to
avoid simulation errors. Assigning initial condition values inside the resonator
component itself is the preferred method. Convergence aids is a bit tricky but it’s a
second option

Sometimes the peaks at resonance doesn’t show up if the range if the simulation is very
large, making the range just around the resonance frequency makes the graphs obvious to
observe.

PSS simulation can fail to converge for many reasons. Try to use harmonic balance with
an initial guess near the resonant frequency from the results from COMSOL. Increasing
the number of harmonics and Transient stop time also helps in converging PSS. Use
moderate setting in the simulation results. If PSS still not converging, try to make sure
from the transient simulation first that the oscillation is maintained at larger stop times to
make sure that the shown oscillation isn’t at the initial start of the simulation and then it
fades.

Using AC gain and phase simulation analysis helps to determine whether the oscillator
circuits need tuning in the gain by changing the sizing of transistors, or the phase needs to
be changed by adding/removing a stage, adding a capacitor.

PSS simulation is shifted from the resonant frequency sometimes due to capacitance of
the large area transistors.



COMSOL Simulation:

First the geometry is built as shown in figure below it composed of four rectangles, when the number of
pairs increases the number of rectangles will increase.
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The boundary conditions of the design:

First the physics used are solid mechanics and electrostatics the boundary conditions of the solid
mechanics are fixed constraint at the bottom of the piezoelectric material, periodic condition at the two
sides of the device to avoid the leakage of the waves from the two sides and piezoelectric material
condition to the piezo-material part in the device.
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The periodic boundary condition:
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The piezoelectric material chosen for the bottom part of the design which is the piezoelectric material:
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The electrostatic Boundary conditions. Choosing the Charge conservation, piezoelectric material for the

piezoelectric material part and the

e ifhEEHE
Home
A 4

Application | Com
Builder

Mode
- 1 =
4 @ saw_gas_sensol
4 () Global Defi

Pi Parame|

2= Materia

4 % Componen

= Definiti

A\ Geomet

4 525 Materia

2= Alu

2= Air

22 Alu

4 57 Solid M

& Line

€5 Free

B Initi

@ Piez

) Fixes

S Peri

4 % Electros

B Cha

&5 Zer

B Initi

@ Cha

& Gro

S Peri

electrode.

Charge Conservation
Force Calculation

Charge Conservation, Piezoelectric
Change Thickness (Out-of-Plane)
Space Charge Density

Terminal

Initial Values

Change Thickness (Out-of-Plane)
Ground

Electric Potential

Zero Charge

Electric Displacement Field
Surface Charge Density
Terminal

Floating Potential
Dielectric Shielding
Distributed Capacitance
Thin Low Permittivity Gap
Periodic Condition

Surface Charge Accumulation

C00DO0OCOO0OODO0OD0COOOOBOOD

External Surface Charge Accumulation

Pairs

Points

Group by Space Dimension

Copy as Code to Clipboard

saw_gas_sensor

Study Results Developer
x m A
Electrostatics  Add Build  Mesh
- Physics Mesh 1~
=]
]
-
B N
i
m

Settings

Then choosing the boundary condition charge conservation for the electrodes and air materials.
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One of the electrode is ground and one is 1 volt. Choosing ground and terminal 1.
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Study one is done to get the Eigen-frequency of the devices which is help in getting the mode shapes. The

parametric sweep is as follows.
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The Eigen-frequency is as follows:
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Study two is to get the Frequency domain here is the main part of the project to calculate the admittance
and Quality factor. This part of the simulation is time consuming it may take about two days for running

one model only.
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The admittance calculation, choosing 1D plot then choose global after that writing abs(es.Y11) in the part

that is shown in figure below.
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TCF Calculation

1) The values of the different mechanical parameters such as (density, c44, €,, and e;5) are to be
obtained for different temperatures in the temperature range of the device operation.
2) The geometry change with temperature should be included, the thermal expansion of the different

materials has to be tabulated.
3) Define the geometry, material, and physics nodes.

4) Under the solid mechanics, physics node, right click on the Linear Elastic Material, choose

Thermal Expansion.

P 235 Aluminum (mat3)
P 255 Air (mat4)
V¥ .= Aluminum Nitride (mat5)
=3= Basic (def)
%3= Strain-charge form (StrainCharge)
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5) In this window, specify the reference and the new temperature.
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» A Mesh 1 Temperature:
F o Study 1 T User defined
» o Study 2
» [§i Results T

~ Thermal Expansion Properties

Input type:

Secant coefficient of thermal expansion

Coefficient of thermal expansion:

¢ From material

Strain reference temperature:

T |293.15[K]
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6) Now, COMSOL requires to add the thermal expansion coefficient for materials with unknown

values of the coefficient in the material node.



R ;e
¥ i;% Materials
Aluminum (mat3)
Air (matd)
» £ Solid Mechanics (solid)
» X Electrostatics (es)
» .iyMultiphysics
» /A Mesh 1
>~ Study 1
P~ Study 2
» {@& Results
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¥ Material Properties

¥ Material Contents

Property Variable Value Unit Prope
[¥ Density rho 3300(kg/m*3] kg/m®  Basic
[V Coefficient of thermal expansion alpha_i... 4.5e-6 1K Basic
™ Elasticity matrix (ordering: xx, y... {cE11,.. {4.1e+011[Pa), 1.49e+0... Pa Stres¢
[V Coupling matrix {eES1.. {O[C/m"2], O[C/m*2), -0... C/m? Strese¢
[V Relative permittivity epsilo.. 9 1 Stress
Relative permittivity epsilo.. 9 1 Basic
Compliance matrix (ordering: xx... {sE11,.. {2.8987e-12[1/Pa), -9.3... 1/Pa Strain
Coupling matrix (ordering: xx, y... {dET1... {O[C/N], O[C/N], -1.9159... C/N Strain
Relative permittivity {epsilo... {9.2081, 9.2081, 10.1192} 1 Strain
Loss factor for comoliance matr... eta sE... O 1 Strain

7) Add the c44, in the Elasticity matrix, it is the tenth element in the matrix, or it can be added by
right click on the Elasticity matrix, edit, and the whole matrix will open, then enter the c44 value

here.
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Messages &2 . = Progress

8) For the density, either the value can be added at that temperature or an analytical expression is

added.



¥ Material Contents
Property Variable Value Unit  Prope
[V Density rho 3300(kg/m*3] kg/m®  Basic
[V Coefficient of thermal expansion alpha_.. 4.5e-6 1K Basic
[V Elasticity matrix (ordering: X, y... {CE11,.. {4.1e+011[Pa), 1.49e+0... Pa Stress
[V Coupling matrix {eES1.. {O[C/m*2], O[C/m*2], -0.... C/m? Strest
[V Relative permittivity epsilo.. 9 1 Strest
Relative permittivity epsil 9 1 Basic
Compliance matrix (ordering: xx... {SE11,.. {2.8987e-12[1/Pa), -9.3.. 1/Pa Strain
Coupling matrix (ordering: xx, y... {dET1... {O[C/N], O[C/N], -1.9159.. C/N Strain
Relative permittivity {epsilo... {9.2081,9.2081,10.1192} 1 Strain
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9) Similar to the normal Frequency Domain simulation, the frequency sweep is done.
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10) Export the admittance graph on a text or an Excel file to find the value of the new resonance

frequency.

Frequency unit: MHz
Frequencies:
Load parameter values:
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w [# Results
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» [~ Views
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11) Vary the temperature and record the different values of the resonance frequency corresponding to
each temperature.

12) Plot the regression line between the resonance frequency and the temperature in Celsius and get
the slope.

Frequency VS Temperature
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13) The TCF value is calculated from:
10® ppm
fo °C

TCF = slope *








