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Abstract

Multi sensors networks are becoming increasingly prevalent in modern
engineering applications. In multi sensor networks, wireless sensors are
preferred over traditional wired methods. Sensors based upon the surface
acoustic wave resonators (SAWR) are often identified as a potential can-
didate to act as wireless and passive strain sensors. This thesis details the
design, fabrication, modelling, calibration and packaging of SAW strain
sensors as a general purpose modular strain sensor. The motivation of this
work is to develop an understanding of the practical implementation of
SAWR strain sensors for real world applications. Through collaboration
with an industrial organisation a SAWR strain sensor suitable for wireless
sensing was integrated into a commercial wireless SAWR temperature in-
terrogation platform. The sensors were then calibrated through a modified
version of the American standard test methods for performance character-
isitics of bonded resistance strain gages, for a range of temperatures and
loading conditions. Experimental results were correlated against existing
modelling techniques using a novel method for the validation of SAWR
strain sensors. Over the course of the work a range of adhesive were tested
to provide a rigorous assessment of SAWR as strain sensors. The proto-
type bare die sensors were then packaged to form a modular SAWR strain
sensor. This thesis provides an in-depth discussion on the development of
SAWR as strain sensors, it is hoped that the approach taken within will aid
future work in the development of a SAWR strain sensor.
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Nomenclature

S Definition Units
Q SAW decay into substrate -
o SAW Eigenvector -
B SAW wave number m~!
0;j Kronecker Delta =
€ Applied Strain -
n Electrode metallisation ratio -
A SAW wavelength m
[0} Surface Electrical Potential \%
(0] Angular Frequency rad/s
€ Dielectric Constant F/m
p Material Density kg/m?
a Electrode width m
Elastic Stiffness constant (2"¢ Order) Pa
Elastic Stiffness constant (3"¢ Order) Pa
Electrical Displacement component C/m?
Piezoelectric material property C/N
Piezoelectric material property C/m?
Applied Electric Field v
Resonant frequency of SAWR Iz
Electrode height m
Electromechanical coupling Coefficient -
Number of Electrode Pairs -
Number of Electrodes in IDT -
Number of Electrodes in RG -
Electrode pitch m
IDT reflector pitch m
IDT Grating pitch m
Q factor -
Grating separation m
Strain -
S-parameter -
SAW strain sensitivity Hz/ue




Symbol | Definition Units
Tg Glass transition temperature i &
Ti; Applied Stress Tensor Pa
3N Temperature b
Tsen Temperature Sensitivity Hz/°C
u; Particle Displacement component m
Vs Free surface SAW velocity m/s
Vin Metallised SAW velocity m/s
Wi Static Displacement Coefficient =
W Electrode Aperture m
W, Effective Electrode Aperture m
Z Impedance Q
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Chapter 1
Introduction

This chapter provides the project background and motivation for the research. The
contribution of the thesis is discussed. The project goals are outlined along with a

guideline to the thesis.

1.1 Motivation

A sensor can be described as a device which measures a physical quantity and converts
it into a signal that can be read by an observer. With such a description a sensor is
a broad term encompassing a wide variety of devices and measurand. Strain is one
measurand which is commonly measured. In the traditional engineering definition,
strain is the elongation of a body relative to unit length [1]. Strain, therefore is an
analysis of how bodies deform due to an applied external load. Strain is one of the core
concepts in engineering and is inherent in the measurement of other related measurand,
considered principal amongst these can be pressure, force and torque.

The preferred sensor for the measurement of strain is the bonded foil resistive strain
gauge. This sensor type consists of a thin metal structure formed on a foil polymer
backing, which is bonded to the surface at the point of measurement. Through the
piezoresistive effect, an applied strain changes the nominal resistance of the foil gauge
[2]. The foil gauge usually forms part of a wheatstone bridge. As applied strain will
cause a change in the resistance of the foil gauge the bridge will become unbalanced
and a strain can be inferred from the resulting bridge voltage.

The integration of sensors into processes and applications has led to what is com-

monly described as sensor rich environments becoming increasingly widespread [3].
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Sensors can provide real time information in many applications thus enhancing many
engineering processes and systems. In a sensor rich environment wireless methods
of sensing tend to be preferable over traditional wired methods. The foil resistive
strain gauge requires wiring to instrumentation which limits its usability. A sensor
type which is an ideal candidate for wireless sensing are sensors based upon the sur-
face acoustic wave (SAW) effect. SAW sensors are highly attractive for wireless sens-
ing as they can operate both wirelessly and passively, drawing all the energy required
for measurement and response through a series of RF pulses. While the ability of
SAW sensors to operate wirelessly should create flexible modular sensors, currently
all physical SAW sensors are highly application specific, and are mainly focused on
the measurement of torque or pressure for automotive applications. Typically this is
achieved with a sensor design and packaging tailored for the particular target applica-
tion. Even though commercial applications have been identified. The finer details on
the performance of SAW sensors is held as propriety information. // A key motivation
for this work is to develop a SAW strain sensor to a level comparable to that of the
foil resistive strain gauge, such that the SAW sensor can be integrated into applications
with the same flexibility shown by foil resistive strain gauges. The overall goal of the

project therefore is the development of a general purpose SAW strain sensor.

1.2 Project objectives

The motivation of this project is to investigate and develop SAW strain sensors and
demonstrate SAW strain sensors as a modular sensing component with greater flexi-
bility than currently available SAW sensors. This requires addressing practical consid-
erations for the implementation of SAW strain sensors. The key aims of the research

undertaken by the author in this project are:

Design and development of wireless SAW sensor measurement platform: A SAW
measurement platform will require a sensor to be specified and designed subse-
quently a manufacture run will be undertaken. The prototype SAW device must
then be integrated into a wireless measurement chain to form a modular sensor.

The development of calibration techniques for SAW sensors: Standardised proce-
dures for the calibration of SAW strain sensors are unavailable. Methods of

calibration are developed suitable for the characterisation of SAW sensors which
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will determine sensor performance over a range of loading conditions and tem-
peratures. This will provide a methodology for a comprehensive and detailed

investigation into the characteristics of a SAW strain sensor.

Characterise the performance of SAW strain sensors: While SAW sensors have been
documented as being strain and temperature sensitive, exact details on their per-
formance remain unknown. A key part of this project is focused on the practical
utilisation of SAW sensors including handling and methods of installation. This
will develop a refined understanding of the utilisation of SAW sensor in physical
measurement. Providing an investigation into the influence of adhesives on the

performance of SAW strain sensors.

Packaging of SAW strain sensors: The SAW sensor is a fragile component, which is
far too delicate to be utilised without proper packaging. As packaging is known
to influence sensor performance, a core component of this thesis will be the

investigation on the integration of the SAW strain sensor into a robust package.

Validation of Modelling Techniques: SAW devices are complicated structures fabri-
cated on anisotropic materials. As a result the performance of the sensors can
vary dramatically between relatively similar sensor designs. A project objective
is to validate theoretical models that predict sensor behaviour with experimen-
tally determined values. This will aid in the design of SAW strain sensors in

future works.

1.3 Contribution of thesis

This thesis evaluates one-port surface acoustic wave resonators (SAWR) as strain sen-
sors. Theoretical models will be experimentally verified through a novel method of
modelling validation, that will aid future works in SAWR strain sensor design. A core
component of this thesis will be the provision of the most comprehensive calibration
data set describing the behaviour of SAWR strain at range of loading and tempera-
ture conditions. A key contribution of this thesis is the investigation into the practical
considerations associated with SAWR strain sensors (mounting, handling and bonding
techniques) which are generally omitted in the literature but remain critical in the im-
plementation of SAWR sensors. These practical considerations are packaging and ad-

hesive effects. To the author’s knowledge the effects of adhesives and the relationship
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between adhesives and the SAWR strain sensor performance has not been discussed.
Furthermore, packaging effects have not been discussed to any great extent in the lit-
erature. These omission in publications are most likely due to the propriety nature
of SAW sensing. This thesis will expand the knowledge in the field of SAWR strain

sensors by creating a novel, general purpose, modular and wireless SAW strain sensor.

1.4 Layout of thesis

The thesis is subdivided into several chapters which address the key objectives in this
project. Chapter 2 provides details on the nature of surface acoustic waves, SAW
device structures and implementation of the SAW sensor as strain sensors. Chapter 3
introduces the reader to SAW sensors and provides details on the project sensor and
wireless interrogation methods including the wireless interrogation platform used for
this project. In Chapter 4 the performance of the SAW sensor as electrical devices
will be evaluated. A standardised testing method and apparatus will be described in
Chapter 5. Chapter 6 will discuss the performance of the SAW device as a strain
sensor for a range of conditions. An investigation in the methods and strain transfer
performance of various adhesives will be discussed. Chapter 7 will describe details on
sensor packaging. Finally, Chapter 8 will discuss the project as a whole and evaluate

the project.



Chapter 2
General theory of SAW strain sensors

A surface acoustic wave (SAW) is a mechanical wave which propagates along the sur-
face of a solid material [4], first documented by John William Strutt, the third Baron
Rayleigh in 1885. Rayleigh discussed the existence of a wave motion where the as-
sociated particle displacements are confined to a surface region approximately one
wavelength.

"It is proposed to investigate the behaviour of waves upon a plane free surface
of an infinite homogeneous isotropic elastic solid, their character being such that the
disturbance is confined to a superficial region, of thickness comparable with the wave-
length”

Rayleigh described a straight crested wave propagating in an isotropic medium
within an infinite half space as shown see Figure 2.1. The space x3 > 0 is a vacuum
and the medium occupies the space x3 < 0. In the isotropic case, the wave propagates
in the x; direction so all wavefronts are parallel to the x; axis. Thus the wave is said
to propagate in the sagittal plane (x,x3) and the associated particle displacements are
negligible in the x; direction. This wave mode has become known as the Rayleigh
wave, for the duration of this text and unless otherwise stated the acronym SAW will

refer to the Rayleigh wave mode.
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1\
X3 | Propagation direction

SAW wave tront
SAW substrate

Figure 2.1: Surface Wave fronts of propagating Rayleigh SAW in an infinite half
space

In his analysis Rayleigh did not address the generation of such wave modes. Rayleigh
instead provided a discussion on the treatment of the isotropic case and the propagation
of SAW in anisotropic materials was not dealt with. Indeed, any possible practical im-
plementation of SAW was not considered. In Rayleigh’s own words at the Presidential
Address to the British Association Montreal 1884:

"The history of science teems with examples of discoveries which attracted little
notice at the time, but afterwards have taken root down-wards and borne much fruit
upwards”

Since Rayleigh’s seminal work, several other wave modes which propagate along
the surface of an infinite half space and have been discovered and can be classified
as SAW. Such waves include leaky surface waves, surface transverse waves (STW),
Bleustein-Gulyaev and Pseudo Surface Acoustic Waves (PSAW). The modern SAW
devices can use a range of wave modes, substrates and propagation directions on the
substrate depending on the proposed application of the SAW device and the preferred
device characteristics. For example high frequency devices may use PSAW wave due
to the higher wave velocity, while water sensors may use Love waves due to the po-

larised particle displacement. Details on these wave modes can be found in [5] [6] [7]

[8].
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2.1 The theory of elasticity

In this section the theory of elasticity is introduced. The theory of elasticity describes
the deformation of solid bodies when subjected to external forces. When an external
force is applied to a solid body, the body becomes deformed. Provided the applied
external forces have not passed a threshold level the body may return to its original
form upon removal of the applied force. This deformation is defined as an elastic
deformation of the solid. If the solid body fails to return to its original form it is
described as a plastic deformation. Typically materials undergo elastic deformation
provided the applied forces are relatively small. The theory of elasticity is concerned
with how bodies deform and the internal stresses generated within the material due to
loading of the material. The theory of elasticity is designed to treat the linear and non

linear response of materials to applied external forces [9].

2.1.1 The elasticity of piezoelectric materials

In this section, the description of the elastic behaviour of anisotropic piezoelectric
materials will be presented. Forces will be expressed in terms of stresses 7" while
strains will be described in terms of S (which are the standard symbol’s used in surface
wave texts). In most analysis of elasticity the deformation of a solid subjected to an
external force is described as the displacement of a particle from its initial position
x=(x1,x2,x3), a particle is then displaced by u = (uy,us,us), therefore the position of

the displaced particle becomes x 4 u as shown in Figure 2.2.
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X3

X; U, X, 0, X3+,

v

Figure 2.2: Displacement of a particle

The strain at each point is defined as a second rank strain tensor given in index
notation as [10]:
1 du; 814]'
Siilriixoas) = = (o— 4 —2 L= 2.14
ij(x1,%2,%3) Z(axj & 8x,~) i,] QLB
The stress acting on the body is shown in Figure 2.3. The subscripts denote the
directions of the force and the plane it is applied.
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— T,
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Figure 2.3: Stress forces acting on a solid element

The stress-strain relationship for linear elastic behaviour in an anisotropic material

can be expressed as the general form of Hookes Law [11].

T;j :ZZCijk/Skl i)jakal = 152a3 (212)
kL

where c;j; is the stiffness tensor. In a piezoelectric material the stress component at
each point in the material is dependent on the electric field. The mathematical de-
scription of piezoelectricity was developed by Voigt [12] and incorporates electrical
characteristics of piezoelectric materials: D; is the electrical displacement of the ma-
terial, which is the charge per unit area in an insulator in an electrical field [13]. The
piezoelectric properties of the material are given by e;; which related to the piezoelec-
tric constants of the material dj;; (i.e its inverse) and el-Sj is the dielectric constant. The

superscript 5 indicates the constants were measured at a constant strain. The piezo-
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electric constant is described at a third rank tensor while the dielectric constant is a
second rank tensor property. It can be shown that Hookes general law can be expanded

to include stress generated by the applied electrical field E [14].

T}j = Zze,‘k[Sk[ —Ze}ngj, i,j,k,l = 1,2,3 2.1.3)
kil k

The electrical displacement D;, describes the charge induced per unit area in an

insulator by electrical field is given by:

Di=Y ) copSu—Y eniBy. Likil=123 (2.1.4)
k 1 k

Both equation 2.1.3 and equation 2.1.4 include components relating the mechanical
and electrical nature of the piezoelectric material. Thus the updated equations relat-
ing piezoelectricity to particle displacement can be incorporated into the equations of

motion for a surface wave [15], see Section 2.2.1.

2.1.2 Piezoelectric materials

It would not be possible to describe SAW devices without briefly discussing the na-
ture of the substrate they are fabricated upon. Piezoelectric materials are fundamental
for SAW devices. Piezoelectricity is the behaviour of certain materials (notably crys-
talline and certain ceramics) that when an external pressure is applied to the material
an electrical charge accumulates. The direct piezoelectric effect was first documented
by Jacques and Pierre Currie in 1885 [16]. It was discovered that an external mechan-
ical stress applied to certain materials generates an electrical voltage. The inverse was
demonstrated a short time later.

In its most general description the piezoelectric effect is caused by the displacement
of the electric dipoles in a material away from the their equilibrium position. When
no external forces are applied a material remains in equilibrium and no polarization
occurs in the materials. The application of a tensile force causes the dipoles to displace
and a net polarization appears. If a compressive force is applied the displacement of
the dipoles causes a polarization of opposite charge to be generated. Therefore, the

polarity and magnitude of the generated voltage is a function of the applied force.

10



2.2. RAYLEIGH WAVE VELOCITY CALCULATION IN AT-QUARTZ

2.2 Rayleigh wave velocity calculation in AT-Quartz

In this section the velocity of a SAW propagating in AT quartz will be discussed.
AT quartz is one of the first temperature stable quartz cuts introduced in the 1930’s
[17]. The method for the calculation of the particle displacements and SAW wave
velocity will be discussed. A particle is defined as “An elementary region smaller than

9

a wavelength but larger than the interatomic distance‘” [18]. Calculation results will
be provided which detail the nature of the propagating wave as well as the sensitivity

of v, to propagation direction.

2.2.1 Calculation of SAW velocity

In this section the propagation of surface waves in anisotropic materials will be dis-
cussed. The displacement profiles and velocity curves for a Rayleigh wave propagation
in AT-Quartz will be presented. A SAW propagates along the surface of a solid medium
with a velocity vy and an elliptical particle displacement which decays exponentially
with penetration into the material. In an isotropic medium the wave velocity is in-
dependent of the angle of propagation within the substrate. However, SAW devices
are fabricated on piezoelectric substrates which are naturally anisotropic. Therefore
the characteristics of the SAW (particle displacement, surface potential, wave veloc-
ity) become a function of the crystal cut and the propagation orientation relative to
the crystalline axis [19]. An evaluation of the characteristics of the SAW is generally
achieved through a numerical determination of vs. This section will discuss how the
characteristics of the SAW are determined through numerical methods and provide
results for the SAW in AT-Quartz.

The procedure for calculating v; was developed by Campbell and Jones in 1968
based upon the superposition of partial waves [20]. An in-depth discussion is pro-
vided by Slobodnik [21]. The method involves iteratively selecting a value of vy which
satisfies the equations of motion of an acoustic wave for a given cut and propagation
orientation. The material properties both mechanical and piezoelectric must be rotated
using the tensor transformations. Contracted tensor notation will be given where rele-
vant [22]. The description and notation used to describe the calculated wave velocity
corresponds to the description provided in Appendix A.3 of [19]. Additional sources
will be included with the relevant conversions to material properties in order to provide

consistency where appropriate.

14
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Acoustic waves propagating through a solid material can be described by six linear

equations. The equation of motion in piezoelectric medium as given by [21] are:

i=1,2,3 Q28

P pik
ot 8x,- 612
Where p is the density of the material, u; is the particle displacement, and T;; is the
stress tensor. A full description of SAW propagation in a piezoelectric medium would
require a description which includes both mechanical and electromechanical equations
of motion, however as a SAW propagates with a velocity 10° slower than an elec-
tromechanical wave, mechanical wave consideration can be assumed to dominate the
transmission process allowing for a quasi static assumption to be applied to Maxwell’s
equations.
Therefore under that assumption, the electric field E; is given by the gradient of the
potential ¢@:
Ei=— 5—(’) (2.28)
6x,-
As the piezoelectric substrate is an insulator, the electrical displacement coefficient
D; is given by
oD;
B =

For x3 > 0 the potential radiated into free space is described by Laplace’s equation

0 (2.23

Vip=0 (2.2.4)

The above equations 2.2.1-2.2.3 can be combined with the equations governing

piezoelectricity to form a description of a SAW propagating in a piezoelectric medium.

52uk 62([) 52uj
oL Sy e
2 2
Dy B (2.2.6)

o 8u,6x,- e 5uk5xi
The solutions of these equations 2.2.5 - 2.2.6 are assumed to be complex traveling
waves. The mechanical displacements u; and electrical potentials ¢ are induced by the

propagating wave. This leads to a linear homogeneous system of four unknowns. A

12
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solution can be found with the assumption the solution will have an exp(—jBx;) de-
pendence [19]. In contracted tensor notation the homogenous system of four unknowns

is given by:

Cisl?+ C35Q2+ e3 Q2+
Cs5Q2 +2C)5jQ T, e e
3 [C14 +Cs6jQ [Ci3+Cus]jQ  [e13 +e35]jQ
~Cl1+pv;
L e A Ry . SO D o S
CasQ2+ G+ G-t
o . C14Q% +2C4jQ ¢ , b )
[2C14 + Cs6]jQ ) 2C36+Cas]jQ  [e1a+e36]jQ ui
—Ce6€2 + Pvs
L el G BN e —Gse . e | |w
C35Qz—+- C4592+ C3 Q2+ €332+ u3
[2C13+Cs5)jQ [C36 + Cys) j2 2C46 82— Cgs [e13 + €35]jQ (0]
Lo R CEREs ek Bl Vi ap YR
e3592+ 6349.2+ 833.Q2-f— —833.(22
[€|5+€3|]jQ [€|4+€36]j.Q. [e|3+e35]jQ —2€13jQ+
—eq —el6 —els €11

(2.2.7)

where vi=w/B and Q = B8 /8x3. Q describes the decay of the wave as it pene-
trates into the surface of the substrate. For a non trivial solution to exist the determinant
of this equation must equal zero. The determinant is a polynomial generally described

in terms of €. The general solution of equation 2.2.7 is given by:

8
u;(x1,%x3) = ZA,-,,exp(BQ,,)@ — jBx1) (2.2.8)

n=1

A; are constants determined by the boundary conditions and may not be indepen-
dent of each other. Equation 2.2.8 will provide eight values of Q. The Rayleigh wave
mode is the combination of several wave components known as partial wave vectors
[20]. Each value of Q describes a partial wave vector. While eight vales for Q can
be found not all values are physically admissible for Rayleigh wave propagation. As
a Rayleigh wave particle displacements decay with depth into the medium the values
of Q which satisfy this criteria must be real values. In practice these values are found
to be roots of 2.2.7 which have non negative real parts, typically four values can be
found that fit this requirement. Each value of Q then has four corresponding eigenvec-

tors; o, 0, 03, and a4. The mechanical particle displacement and electrical field are

I3
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expressed as a linear combination of the eigenvectors o 73 4 at each decay constant

Q1234.

2.2.2 Boundary conditions

As we are concerned with SAW propagation in piezoelectric substrates, electrical and
mechanical boundary conditions must be considered in order to determine the correct
vs and displacement profile for the propagating surface acoustic wave. Two distinct

boundary conditions of a surface are applied to determine the surface wave velocity.

o Free surface boundary condition: The space above the medium space is a vac-
uum and no conductors are present. In this case the free surface wave velocity

Ve is determined.

e Metallised surface boundary condition: The surface above the material is cov-
ered by an infinitesimally thin layer of conducting metal. The role of this metal
layer is to short the electric field E while not influencing the mechanical bound-
ary conditions. For this set of boundary conditions the metallised surface wave

velocity v, is determined.

For piezoelectric materials the free surface velocity is always greater than the met-
allised surface. In both cases the surface is stress free. The surface is traction free and

no forces are present, therefore
T3j = C3jk[uk,[ + ek3j‘P-,k |X3:0= 0 (229)

2.2.2.1 Free surface boundary conditions

In a vacuum with a permittivity &, only the electrostatic field exists. For the free

surface case the potential in the air region x3 > 0.

® jo(t—x1)
P = aue |V (2.2.10)

The piezoelectric medium can be considered an insulator for the free surface case
with no free charges present on the surface the electrical displacement D3 which is a

function of free space can be written as

0]
Dy =&|~|¢ (2.2.11)
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2.2.2.2 Metallised surface

In the last section the solutions were provided for x3 > 0, for the metallised surface
of thickness h. Laplace’s equation must be satisfied for —h > x3 > 0; If a metallised
surface is present, the surface becomes shorted and the boundary condition surface
potential becomes ¢ =0 at x3 = 0.

Substitution of equations 2.2.7 and 2.2.8 into 2.2.10 results in a set of homogeneous

equations for the free surface boundary condition form in A,,,.

fm fiz fiz fia]| |Aa
fa fo fi3 fu| [Asw

=] = e =

= (2.2.12)
1 fn fz fual| |As
far faoo fa3 faa| |Asa
where each column is given in terms of
i [iCis +Q/Ce6] [jCs6+Q/Cas] [jCss + Q' Cse) [je1s + Q'ess)
fon| _ | liC1a+ Q!Cys] [jCas+Q'Caa] [jCas + Q! Cs4) [jers+ Qless)
fan [iCi13+Q/Cs5] [jCs6+Q/C34] [jCas + Q' Cr3) [je13 + Qless)
St [jest +Qless)  [jess+Qlesa]  [jess +Qless] —[jers +Qless + g
(2.2.13)

For the existence of SAW on the free surface case the determinant of the matrix in
equation 2.2.12 must equal zero. Therefore if a value of vy is found which minimised
the determination of the matrix in equation 2.2.12 this may correspond to the velocity
of the SAW on the free surface. For the metallised surface equation 2.2.12 takes the

form

Juu fie fizs fia| |Ax 0
A
P1 2 fi3z foa 5| N L 22.14)
f1 B 3 | A 0
1 1 1 1 Asg 0

A similar procedure is then used to calculate the v of the metallised surface.

2.2.3 Displacement and velocity profiles

Numerical methods are required to calculate the wave velocity and the associated par-

ticle displacements. The displacement and velocity profiles were calculated using the
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2. GENERAL THEORY OF SAW STRAIN SENSORS

methodology described and implemented in Section 2.2.1 as part of a previous project
[23]. To calculate the displacement profiles of the SAW the wave profiles are often
described as [15]:

4 —o)ox jo(t-xq)
A LA e e S (2.2.15)
& %
Quwxy —jo(t—xy)
o= Za4A’ Rt e (2.2.16)

7|

The A(;) are known as the partial field amplitudes and correspond to a weighting of
the superimposed partial wave components in the final Rayleigh wave.

A value of vy is determined for a given orientation and propagation direction. The
corresponding decay constants, & vector and partial wave vectors A are calculated
during the computation of v;. The free surface wave velocity for a SAW propagating
on AT-X quartz was found to be ~ 3151m/s

Particle Displacement for Rayleigh Wave Propating on free surface
T T T T T

— Jus|
--lul|

| ug |

Normalised Displacement

Depth in lﬁ'gvclengths 2 25 3

Figure 2.4: Particle displacement for a Rayleigh wave propagating on AT-X quartz
The displacement profile for a SAW propagating on AT-X quartz with free surface

boundary conditions are shown in figure 2.4. The displacements were calculated for

t = xp = 0. The displacements for metallised surface boundary conditions are almost
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identical. The displacements are normalised by the surface displacement at x3 = 0.

Wave penetration into the surface is measured in SAW wavelength A.

A=- 22,17
7 ( )

Several key points can be made on the nature of the SAW propagation and particle

displacement:

e The particle displacements of the Rayleigh wave decay quickly with depth. Thus
the energy associated with the propagating wave remains concentrated close to
the surface. This allows for ease of transduction of the wave from RF to me-

chanical wave and back again.

e The motion of the displacement component u3 of the wave is in the anticlockwise
direction at the surface of the material. With increasing penetration into the

surface the displacement undergoes a reversal and becomes clockwise.

e Minimal particle displacements occur in the x; direction demonstrating the SAW

1s more or less confined to the sagittal plane.

The material properties of the quartz substrate are highly anisotropic. The SAW
velocity will vary significantly for different propagation angles. By rotating the ma-
terial properties the variation in SAW velocity can be investigated [24]. Figure 2.5
shows that substantial deviation can occur as the orientation of the propagating wave
changes. The determination of SAW velocity is a key component in device design as

the variation in the SAW velocity across a range of propagation angles can be severe.
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SAW Velocity vs. Propagation Angle: AT-cut Quartz
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Figure 2.5: Variation in SAW velocity with rotation for AT-X Quartz

The wave velocity for a SAW propagating on a free surface and a metallised surface
are shown in Figure 2.5. This difference in wave velocities is commonly used to deter-
mine the suitability of a piezoelectric material for the fabrication of SAW devices. The
electromechanical coupling coefficient of the material (K?) provides a measure of the
piezoelectric coupling between the propagating SAW and the electrical perturbations
on the surface of the medium is given by:

K2mpt —m (2.2.18)
L
For weakly coupled materials such as quartz, K can be as low as 0.012%. Mate-
rials such as Lithium Niobate, which are described as strongly coupled, the K? value
can be as high as 5.4% [25]. As with wave velocities, K2 is highly sensitive to the
propagation direction of the SAW in the substrate material, as shown in Figure 2.6 .
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Coupling Coefficient vs. Propagation Angle: AT-cut Quartz
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Figure 2.6: Calculated in K? with rotation for AT-X Quartz

It should be noted that while the maximum coupling coefficient occurs at 35°,
and would indicate a highly suitable orientation for SAW devices, propagation effects
have to be considered. Diffraction of a SAW wave occurs as the SAW propagates
from the IDT into the far-field region (Fraunhofer). The wave is dispersed and is no
longer concentrated into a compact wave front. In a SAWR the reflective gratings are
located in the near field region (Fresnal) so beam diffraction is of moderate concern.
Surface waves propagating in anisotropic materials are influenced by beam steering.
Beam steering is an effect where the propagating wave front is steered away from the
propagation direction towards a crystalline axis of the medium [24]. The beam steering
angle describes the direction of the power flow of the wave and is more often called
the power flow angle; it is calculated as the slope of the velocity curve. In this work
the SAW propagates along the X axis of the crystal [14] where beam steering will be
minimal. This pure mode propagation angle ensures the SAW propagates along the
crystalline axis of the substrate. Another pure mode direction would be an orientation
of 90°; however inspection of Figure 2.6 shows that electromechanical coupling is
zero along that axis therefore such an orientation is not suitable for Rayleigh wave
SAW devices. In this case no piezoelectric coupling occurs, therefore a Rayleigh SAW
would not be generated by an IDT. However, wave modes can exist at this orientation

which have a different displacement profile than that of the Rayleigh wave. A shear
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horizontal SAW for example has been shown to be present at AT-90° [26]. (i.e a wave

with displacements in the x; direction and minimal displacement in the x3 direction).

2.3 SAW devices and components

Electronic components have taken advantage of acoustic waves for over half a century.
In the 1960’s the first suggestions were made that SAW might be useful for electronic
applications offering enormous potential to create versatile filters and resonators. Mass
production of SAW devices began in the 1970’s. The success of SAW technology in
electronic components is due to the robust and repeatable fabrication processes used in
the manufacture. This section discusses the typical structures employed in the modern
SAW device. Although many different types of SAW structures have been developed
for a range of applications and to excite various wave types this section will focus on
the two most important; the Interdigital Transducer (IDT) and the reflective grating
(RG). These structures are fabricated on a piezoelectric wafer. Wafers are taken from
the bulk crystal at various cuts. The structures are then deposited using photolitho-

graphic techniques at an orientation relative to crystalline axes [27].

2.3.1 The interdigital transducer

In 1965 Voltmer and White introduced the IDT to electrically generate surface acoustic
waves in a piezoelectric material [28]. They demonstrated that interleaved metal elec-
trodes deposited on the surface of a piezoelectric substrate could not only successfully
excite surface acoustic waves but also detect a wave and reconvert it into an electrical
signal. Figure 2.7 shows a single electrode non-apodized transducer. When a voltage
is applied to the busbar of the IDT, a periodic electric field is generated. Due to the
piezoelectric effect a contraction and expansion of the surface occurs. The resulting
elastic stress is caused by the piezoelectric effect and thus surface acoustic waves are

generated with a frequency strongly related to the pitch p of the transducer.
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Figure 2.7: Schematic of non-apodized IDT, SAW generation top and SAW reception
bottom

The IDT shown in Figure 2.7 is a bi-directional device, surface waves are launched
from both ends of the IDT. The IDT consists of two separate electrode structures which
are typically thin film aluminium structures fabricated by photolithographic techniques
[29]. However other methods can be used to achieve the required geometric disconti-
nuities. In general, the IDT has a periodicity p, a SAW beam width W, with a ratio
between p and electrode thickness known as the metallisation ratio 1. In a typical
transducer several hundred electrodes can be present.

The response of an IDT is probably best illustrated using a basic SAW simulation tool
The Delta-function model developed by Tancrell and Holland [30]. The delta function
model is one of the earliest models for analysing SAW transducers and describing the
frequency response of an IDT. The model treats each pair of electrodes in the IDT as
a source of SAW. The amplitude of the generated surface wave is related to the charge
density on the surface ¢. Surface waves travel through the IDT with a velocity v
which is independent of frequency. When an alternating voltage is applied across the
busbars of the IDT, the electrical field generated across each electrode pair will cause

a contraction and expansion of the piezoelectric substrate resulting in the generation
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of the SAW. The amplitude of the SAW will be directly related to the frequency of
the input voltage applied across busbars. The total response of the IDT will then be a
summation of the wave generated by each electrode pair, M. It can be shown that the
approximate amplitude of the frequency of an IDT with M electrode pair is given by

[18]:
sin(M0)

Alw) = M| (0) | 230
where
e (23.2)
wy

®, is defined as the frequency by A = 2p (by equation 2.2.17).Equation 2.3.1 is the
approximate amplitude response of the IDT, Figure 2.8

IDT Frequency Response
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Figure 2.8: Delta Model Frequency Response of an IDT

The Delta-function model demonstrates a direct link between the periodicity of the
IDT and the strength of the response. In Figure 2.8 the growth of the amplitude of the
response increases at frequencies close to ®,. Furthermore, the amplitude of the SAW
is directly related to the number of electrodes present in the IDT. This result illustrates
the benefits of utilising an IDT containing numerous electrodes instead of a few high
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powered electrodes. , is known as the resonant frequency and is typically described

as (f). T

Vs
fr= 5 (238.3)

The key result of the Delta model is that in the absence of electrode reflectivity
and mass loading influences the maximum frequency response of the IDT is related to
the electrode pitch and SAW wave velocity. The wavelength A of the SAW is directly
related to the pitch of the IDT.

2.3.2 Reflective gratings

The Delta-model analysis of SAW transducers assumes that the electrodes are massless
and electrically non active. In reality, deposited electrodes create discontinuities both
mechanical and electrical which lead to reflections of the propagating SAW. Deposited
electrode structures are utilised to create reflections on the surface of a substrate for
certain applications and SAW devices. The deposited electrode structures are usually
deposited in large numbers to form grating structures called reflective gratings (RG).
These structures can be either etched groves or deposited electrodes which are elec-
trically open or shorted. Four distinctive types of reflection mechanisms have been
outlined which contribute to how an incident SAW is reflected [31].
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Figure 2.10: Open Reflective Gratings

Figure 2.11: Shorted Reflective Gratings

Piezoelectric shorting: The SAW electrical field in the RG is shorted reducing the
SAW velocity. Due to discontinuities in wave velocities the SAW phase is
changed, this results in reflections. This tends to occur in materials where the

SAW has a large electromechanical coupling coefficient K> see Section 2.2.3.

Electrical regeneration: The incident wave arriving at the reflective gratings pro-
duces a time varying electrical field. This electrical field causes the generation
of SAWs. This regenerated component is larger than but with opposite phase to

that of piezoelectric shorting.

Geometric discontinuity: The presence of groves or deposited electrodes cause dis-
continuities in the surface profile in which a SAW propagates. The propagation
of the SAW is then altered leading to reflections.

Mass loading: The variation in density and elasticity properties in the propagation
path due to the electrodes and their presence on the substrate surface causes

SAW propagation discontinuities leading to reflections.
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The mechanisms by which a reflective grating induces reflections of the incident
SAW will be dependent on the properties of the substrate. The electromechanical
coupling coefficient will dictate whether piezoelectric shorting and or electrical re-
generation occurs. On substrates such as AT-X quartz reflections due to geometric
discontinuities will be the primary mechanism for reflections. Piezoelectric shorting
and electrical regeneration may even result in decreases in reflection strengths. The ef-
fects of a reflective grating can therefore be difficult to predict theoretically and SAW
device manufacturers tends to base RG design on experimental and manufacturing ex-

perience.

2.3.3 SAW delay line

Xq

B

Input IDT Output IDT

Figure 2.12: Schematic of a SAW Delay line with a SAW launched from the input
IDT and propagating towards the output IDT

A second type which is commonly used incorporates an IDT with reflective electrodes
placed at a distance from the IDT. As electrodes reflect an incident SAW back towards
the IDT, several electrodes deposited at various positions from the IDT will result is
a pulse train with a time delay between the SAW reflected by each electrode arriving
back at the IDT. The time delay corresponds to the electrode separation from the IDT.

Such arrangements are commonly used in RFID tags.
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Figure 2.13: Schematic of a SAW reflective delay line with an incident SAW
launched from the input IDT reflected by the reflective gratings

2.3.4 One port SAW resonator
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Figure 2.14: Schematic of a SAWR

The SAW resonator (SAWR) proposed by Ash [32] exploits RG to reflect a propagating
SAW back towards the IDT to form a resonant structure. Figure 2.14 shows a one-port
SAWR. An IDT is located between two RG, a SAW is launched from both ends of the
IDT and is reflected by the RG, this produces a standing wave in the resonant cavity.
The pitches of the reflective grating and IDT are usually equal. A single electrode
reflects a SAW weakly, however the combined effect of several hundred electrodes
allows for reflectivity’s of up to 95% efficiency to be achieved. The use of long gratings
limits the surface to bulk wave coupling. The RG is located within the Fresnal region
of the propagating wave, which limits beam steering effects. Overall the SAWR is a
highly efficient device with high Q-factors achievable. The frequency of an applied
voltage which causes the SAWR to resonate is called the f, and is the same frequency

which generates the strongest response in the IDT (see equation 2.3.3).
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2.3.4.1 Unwanted wave modes

A common source of degradation in the response of a one port SAWR occurs due to
the generation of unwanted wave modes which degrade the overall response of the
resonator. These spurious responses are due to the generation of unwanted transverse
wave modes that occur within the reflective grating. These unwanted wave modes
appear as higher order responses and are due to diffraction and beam steering within the
reflective grating. Higher order responses are of particular concern as they effect the
response of the resonator lowering the Q-Factor. In wireless sensing these unwanted
modes can be extremely disruptive as such modes may be misinterpreted as the SAWR
resonance response.

In SAW devices, responses due to acoustic waves other than SAW are spurious
bulk waves [19]. Bulk waves will also be excited by an IDT. Bulk waves propagate
through the bulk of a substrate material and reflect at the edges of substrates. Surface
treatments such as sand blasting and lapping on the base of a resonator can suppress
these bulk wave modes [33]. A separate bulk wave mode known as a surface skimming
bulk wave (SSBW) cannot be suppressed by sand blasting as the wave front penetrates
into the substrate slowly. A similar wave mode called the surface transverse wave
(STW) mode is commonly used as the wave mode in filters due to the higher wave
velocity compared to SAW [34].
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2.4 Strain sensing mechanism in SAWR

A strain sensor should demonstrate a measurable linear response to applied strain.
The resonant frequency of a SAWR strain sensor is a distinct feature of the device
and undergoes a quantifiable and measurable shift from the nominal value as strain is
applied. Equation 2.3.3 described f, as a function of two properties the electrode pitch
and SAW velocity. For the SAWR to operate successfully as a strain sensor either or
both of these variables must display a sensitivity to strain, the combination of which
causes a repeatable linear change in the resonant frequency of the SAWR. The effects

of strain on a SAWR resonant frequency are separated into two components;

e External strain biases changing the geometry of the electrode structures (IDT

and reflective gratings).

e External strain biases resulting in stresses developing in the substrate altering v;.

2.4.1 Geometric effects

Quartz provides a rigid substrate for SAWR, capable of surviving loading up to 2000 €
beyond which a brittle failure of the quartz occurs. A strain applied to the SAWR
causes an elastic deformation of both the substrate and aluminium electrodes. The
critical dimensions of the electrodes, width a, height 4 and pitch p, are all deformed
by the applied strain. The deformation of the IDT and reflective grating electrodes due
to applied strain alters the wavelength of the resonant SAW, therefore providing a de-
pendency between strain and resonant frequency. Reducing the pitch of the electrodes

causes an increase in the f,, conversely increasing the pitch causes a decrease in f,.

2.4.2 Effects of Stress on SAW velocity

The velocity of an acoustic wave propagating in an elastic medium can display a stress
dependence. This phenomenon termed acoustoelasticity by Hughes and Kelly in 1953
[35] was first referenced to SAW devices in 1975 when Cullen and Reeder measured
the changes in the delay time of a SAW delay line device as strain fields were applied
[36] . Further investigations show that the stress dependency of the SAW velocity
varies significantly with substrate orientation [37]. Nalamwar and Epstein suggested
that velocity-stress dependency was caused by changes in the elastic constants of the

material, density and equations of motion [38].The overall change of SAW velocity
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Figure 2.15: Contour plot of the 77 stress at the interface between substrate and
electrodes for uniaxial strain applied to AT-X Quartz to the direction of SAWR
propagation

in the substrate is a function of the longitudinal and transverse stress generated in the
substrate as strains are applied. The sensitivity of the v, can vary dramatically across
substrates. The stress generated in the SAW substrate can be calculated using Finite
Element methods, to this end an ANSYS v10.0 model was created to illustrate the ef-
fects of strain being applied to the surface region of a SAWR. A substrate volume with
dimensions A long, A wide and A /2 deep were chosen. The substrate was generated
as a quartz aluminium composite body. Symmetric boundary conditions were applied
to the edges of the quartz. A uniaxial displacement was applied in the x3 direction
equivalent to a 250ue. Figure 2.15 shows a contour plot of the 77 stresses (normal
to wave propagation) in the surface region of SAWR. The metallised portions of the
surface display significantly lower stress state than the free surface regions and the rest
of the substrate. The thin electrodes have a negligible effect in the overall stress state
in the material. Only moderate stress shielding occurs in the region directly under the
electrode of approximately A /8.

An applied strain bias leads to an alteration of the elastic constants of the material

to form a set of biased elastic constants known as the effective elastic constants [39]
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Cijkt = Cijit + TuSjk + CijktmnSmn + CijpiWk,p + CipkiWj p (2.4.1)

where Tj; is the static biasing stress, 0 is Kronecker delta and w; is substrate
deformation due to the applied mechanical bias. From Equation 2.4.1 it can be seen the
c;‘jk, values are a combination of the second order c; jx; and the third order coefficients
Cijkimn Of the material. Furthermore the contribution of the third order coefficients
is required to calculate the sensitivity of the substrate to changes in SAW velocity.
This is in keeping with the velocity stress-dependency that would be expected with
acoustoelasticity effects.

In the next Section the overall strain sensitivity of the project sensors will be cal-

culated based upon a combination of SAW velocity and geometric effects.

2.5 Theoretical Strain Sensitivity of AT-X SAWR strain

Sensors

Many authors have measured the changes in the velocity of a SAW due to applied
static biases [40][41][42][43]. Typically this work has been focused on identifying
the effects of strain, pressure, torque and temperature as they vary across substrates
and propagation orientations which allowed for the design of bias-insensitive filters
and oscillators or bias sensitive sensors. Recently a complete profile of the sensitivity
of all quartz cuts to torque has been theoretically determined with some experimental
verification [44]. Several high sensitivity quartz substrates have been identified which
demonstrate a strain coupling four times higher than conventional cuts with low tem-
perature sensitivities. The sensitivity of the SAW velocity to such external biases is
calculated by defining effective material constants which are the constants perturbed
by a stress that is introduced into the material by the external biases. While all ma-
terial constants are bias sensitive for quartz the elastic constants are dominant. These
effective elastic constants are then used to calculate a perturbed SAW velocity using
the methods described in Section 2.2.

In this section a similar procedure based upon the static deformation of the mate-
rial constants is implemented to calculate the variation in strain sensitivity of an AT-X
quartz at various alignment angles to applied strain as shown in Figure 2.16. Perturbed
velocities were calculated using the SAW velocity calculation program [23]. Hopw-

ever free software is available, such as VCAL [19], which allows for alteration of the
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material constants and can be used to calculated the perturbed velocity. The modelling

assumes that the wave mode propagating in the structure is a Rayleigh wave.

Direction of applied strain >

»
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Figure 2.16: Alignment of SAWR to applied strain for calculation of SAW velocity
dependency

The f, of a SAW strain sensor is primarily a function of v; and A. However, influ-
ences such as electrode reflectivity and wave attenuation will influence the resonance
of the SAWR [45] and are sensitive to applied external biases. Static frequency re-
sponse analysis techniques such as Coupling of Modes (COM) can be adapted to in-
clude stress components. However, COM parameters, such as reflectivity, are difficult
to calculate accurately when compared to experimentally fitted data. COM values can
be measured experimentally on predesigned dies [46]. Such devices were unavailable
for this project. Thus the calculation of the variation in f, was made with reflectivity
omitted. This approach is generally used in other research to calculate pressure and
torque sensitivities and is acceptable for this sensor model [42][44][47].

Additionally, the nature of the applied biases must be considered prior to the cal-
culation of the perturbed SAW velocity. When homogeneous biases are applied to
the SAWR, the ¢;jx; components remain homogeneous in the propagation zone of the
SAWR and can be described as in Equation 2.4.1. However when the applied bias
is flexural in nature an inhomogeneous stiffness coefficient occurs in the propagation
zone of the SAWR substrate. Thus the SAW velocity will not be uniform. Perturbation
procedures can be used to calculate the spatially-changing biasing fields. It has been
shown that provided the ratio of substrate thickness to SAW wavelength is significant
(~ 90), ordinary SAW calculations produce almost identical results [48]. Typically,
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perturbation procedures are used when the SAWR is fabricated on a thin substrate
which is acting as a pressure diaphragm [43]. The propagating SAW is confined to
the surface region of the substrate. The substrate is far thicker than the SAW wave-
length and is bonded to a thicker beam which is under flexure. Therefore biases can be
considered homogeneous. This is a reasonable assumption here. FEM analysis of the
surface of the SAW resonator confirmed the stress distribution in the working area of
the device was uniform. This is consistent with FEM analysis of SAWR torque sensors
with similar geometry [47].

It has been shown that for many substrates the SAW velocity changes will be dom-
inated by the influence of the stresses in the direction and transverse to the SAW prop-
agation, 771 and 733 respectively. Modelling of the SAW velocity sensitivities confirm
that for AT Quartz, stress velocity dependencies are dominated by 77, and 733 stress
components. This is shown in Figure 2.17. The sensitivities for 77| and 733 were found
to be —1.66542¢ ! '"WZ and 8.0512e“2%2, respectively for AT-X quartz. For this ori-
entation a compressive 77; will increase the SAW velocity. Similarly, ;‘% is positive
thus a positive 733 will increase the SAW velocity thus causing an increase in the f,
of the resonator. In the absence of electrode reflectivity and other COM effects the

sensitivity of f, to applied stress can be found in Equation 2.5.1 [23].
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Figure 2.17: Sensitivity of SAW velocity to 77 and 733 for various AT propagation
orientations
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where S is the strain on the surface of the resonator calculated from the compliances

(2.5\1)

of the rotated quartz substrate.

2.5.1 Strain sensitivity calculation as function of alignment

Once the velocity sensitivity is calculated for AT-X quartz the stress in the surface of
the substrate is calculated at various alignments in the applied strain field as shown in
Figure 2.16:

e The SAWR was defined in ANSYS v10 as an anisotropic block attached to the
measurement area of the SAW calibration beam. The material properties of the
attached die were defined as rotated values of the material constants found in
[49]. The SAWR was rotated on the SAW calibration beam to the appropriate

angle.
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Orientation 111 MPa T33 MPa
0° 2231 -0.68
30° 14.58 4.17

45° 9.07 10.27
60° 4.23 16.25
90° -1.67 19.39

Table 2.1: Calculated 77, and 733 at various orientations to applied strain for a

consistent loading condition

The beam and SAWR were then meshed. Boundary conditions were applied
constraining the beam in all DOF at the mounted end. A point load was applied
to the free end which generated a displacement equal to a loading point defined

in the calibration process.

Stress values were calculated on the surface of the SAWR for a coordinate sys-
tem relative to the propagation direction of the SAW in the IDT and reflective

gratings.

The relative shift in f, was calculated from the stress values calculated in the
SAWR and the stress dependency of the fractional change in SAW velocity Td”‘—'v
and % see equation 2.5.1.

% was converted to Sg., using a value of strain for a location parallel to the
SAWR in the ANSYS model. The strain value used was found at a distance
away from the SAWR where localised effects caused by the stiffness of quartz

substrate would not skew results.

The procedure was repeated for orientations of 0°, 30°, 45°, 60° and 90° to the

applied strain. The calculated values for stress in the SAW propagation zone on the

substrate surface are shown in Table 2.1

The resulting strain-frequency sensitivity for SAWR at various alignment angles

can be seen in Figure 2.18. The values are compared to the experimental values deter-

mined in Section 6.8

2.5.2 Discussion on Modelling of AT-X SAWR Strain sensors

In order to verify the modelling procedure outlined in Section 2.5 the predicted strain

sensitivities were compared to those found experimentally in Section 6.8. The overall
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Figure 2.18: Sensitivity of SAWR alignment to applied strain experimental and
theoretical

trend of the graph is correct. The sign of the frequency strain sensitivity matches
that of the experimental work thus verifying that the wave mode and model set up
for the determination of stress sensitivity for a Rayleigh wave mode is correct. For
an AT-X sensor aligned to applied strain a value of —571.2Hz/ue was determined,
this represents an over estimation of approximately 21% which is comparable to the
over estimation of the strain sensitivity for ST-X Quartz of 30% reported in [44]. The
over estimation between experimental and simulation is moderately improved at AT-
X aligned at 90° to the applied strain ~ 15%. In simulations of the SAWR strain
orientated 30°, 45° and 60° to the applied strain field the results are broadly similar
in error. For these alignments, FEM indicated significant shear stress is generated

in the surface of the material. While the velocity sensitivity to shear % was found
2 s :
to be 9.8617e14’"ﬁ, which is several orders of magnitudes lower than the calculated
sensitivities —le and Ti"— and will have a negligible effect on SAW velocity. Stress
1v 33V

shielding effects caused by the inclusion of adhesive layers for the bonding of the
SAWR sensor are known to be significant and may result in the offset in measured and
theoretical values.

However the results predict the decrease strain sensitivity of the SAWR as orien-
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tation to applied strain is changed, the correct sign change was calculated for AT-X
orientated at 0° and AT-X orientated at 90°. Thus demonstrating that alignment errors
and the effects on SAW performance can be calculated. It also demonstrates that strain
insensitivity can be achieved by mounting of the SAWR which could be of benefit for
compensation of the SAWR in electronic applications to stress and temperature. The
modelling schemes can also be used to predict possible substrate orientations of quartz
which could be suitable for strain measurements. From simulation cuts AT-40° to AT-
46 ° show strong coupling to 77; while simultaneously demonstrating an acceptable
K?. However reflectivity effects would need to be investigated to ensure suitability. To
the author’s knowledge this is the first instance of using rotated SAWR strain sensors
to validate the modeled response of a SAW strain sensor to experimental data. This
novel validation procedure negates the requirement to use a range of substrates to val-
idate theoretical modelling of SAWR strain and torque sensors. Thus decreasing the
complexity of sensor validation. The SAWR strain sensor remains at a single prop-
agation direction and the stress states are changing due to changes in the orientation
of the SAWR strain sensor. Die design is generally not considered in the design of
SAWR strain and torque sensors or at least published literature does not suggest so.
This method suggests the strain sensitivities can be controlled by designing the SAWR
die into a particular geometry in which an appropriate stress state in the substrate is
generated. Such a design approach could be included at the design stage along side
substrate selection and design of the IDT structures. This may in fact be a more suit-
able method for SAWR design and be preferential for creating multi sensor array in the
ISM band as strain sensitivities can be controlled rigidly thus limiting full scale sensor
bandwidths.

2.5.3 Conclusion

In this chapter a general overview into SAW strain sensor was presented. The basic
concepts on the nature of the SAW and the methods used to excite the wave on piezo-
electric substrates was presented. Modelling techniques used to calculate the SAW
velocity for a given substrate and orientation were detailed as well as methods to cal-
culate the effects of stress and strain on the wave velocity. These methods were then
employed to calculate the theoretical response of the SAWR strain sensor. These mod-
elling techniques were expanded to predict the variation in the SAWR strain sensitivity
at various alignments to applied strain. The theoretical SAWR response was then com-
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pared to experimental measured sensitivities and a novel method for validating SAWR
strain sensors was presented. The accuracy of the model was evaluated and the ad-
vantages and weakness of this modelling technique were discussed. The possibility of
incorporating this modelling technique into SAWR design to create sensors which can
retain the advantages of AT-X propagation whilst controlling the strain sensitivity was

also discussed.
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Chapter 3
Surface acoustic wave sensors

The application of SAW devices to the sensing of physical measurands was first re-
ported over thirty years ago [50]. Over the last fifteen years extensive research has
been undertaken to develop the reader technology to interrogate SAW sensors wire-
lessly. While the advantages of passive wireless sensing are obvious and have the
potential for extensive commercialisation, it has only been recently that commercial
interrogation units have come to market. The commercialisation of interrogation hard-
ware was a key development which facilitated this work. The availability of commer-
cial hardware will undoubtedly see another surge in SAW sensor development. It is
hoped this thesis can facilitate such endeavors.

This chapter discusses the development of SAW sensing over the last three decades.
A review of SAW sensors designed for the sensing of physical measurands such as
temperature, strain and pressure is provided. Details and an assessment of the sensor
used for this project is presented. An overview of the interrogation unit used in this

project is also included.

3.1 History of physical SAW sensors

The primary application of SAW devices is to act as electronic components where
highly stable performance is essential. This requires that components demonstrate an
insensitivity to temperature and strain. During the 1970’s investigation’s were per-
formed to assess the sensitivity of SAW devices to external biases. These early works
focused on identifying sources of instability in the performance of electronic SAW

based components. This lead to the discovery of several temperature and stress insen-
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sitive quartz cuts like the double rotated stress compensated SC cut [51] and the current
industry standard ST quartz [52] which exhibits minimal temperature sensitivity in the
range around ambient conditions.

As the sensitivity of a SAW device performance to external biases was known, the
possibility of utilising SAW device as physical sensors was assessed. One of the ear-
liest reported examples of SAW devices as sensors was performed by Dias and Kerrer
in 1974 [50]. They investigated the effects of stress on the delay time of SAWDL (see
Section 2.3.3 for a description of SAWDL). A SAWDL was mounted in a cantilever
arrangement and the free end displaced, the result was a demonstration of a force and
pressure transducer [50]. Further developments were made by Cullen and Reeder when
they fabricated a SAWDL on a machined diaphragm to create a SAW pressure sensor
in 1976 [41]. As SAW devices become more common in telecommunications systems
SAW research focused once more on eliminating SAW sensitivity to external biases in
particular to vibration [42] through package design [53] and the identification of other
stress and temperature compensated substrate cuts [54].

Research into mechanical SAW sensors slowed during the 1980’s mostly due to the
robustness of the competing technologies. SAW sensor development became focused
on chemical and biological applications. Today SAW chemical sensors are readily
available as commercial products [55]. Chemical sensing is the main application area
for SAW sensors.

The main attraction of physical sensing with SAW devices is the possibility for
wireless passive measurement, which can be achieved with either the SAW delay line
(SAWDL) or the SAWR [56]. This is the method by which SAW ID tags operate
and indeed the development of SAW sensing is closely related to the development
of wireless SAW RFID tags. By 1972 wireless SAW ID tags had been demonstrated.
Today passive wireless ID tags are in commercial use. The first reported demonstration
of a SAW wireless sensor was made in 1989 when Bao et al [57] demonstrated wireless
passive temperature sensing with SAW ID tags. During the 1990’s development of
wireless passive readers and interrogation units accelerated greatly with two separate
groups primarily developing reader technologies for SAWR and SAWDL. A combined
research group from Siemens and the University of Technology Vienna focused on
SAWDL sensors and developed a number of prototypes for automotive applications.
Reader units for SAWDL line devices were developed in tandem and shown to operate
in applications such as: tyre pressure monitoring and torque sensing [58].

At the same time research continued with the development of wireless SAWR sen-
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sors. In 1990s patents were filled by A and B Lonsdale demonstrating details on
SAW torque sensors [59].Buff et al at the Technical University of Ilmenau developed
SAWR wireless readers and sensors for pressure and temperature applications during
the 1990’s[60]. During this time differential sensing and temperature compensation
for SAW devices was introduced in both SAW delay line and reflective delay line sen-
sor types. Buff implemented differential measurement in SAWR sensors. Differential
measurement calculates a strain based upon the difference in response between two
or more SAWR on the one die and is commonly used in torque measurements [61].
Differential measurement in SAW sensor greatly lowers the temperature dependency
making it ideal for physical sensing. An additional benefit was that this difference
is almost independent of influences of the radio channel such as distance [60]. While
several research groups left the field, research into SAW sensors and reader technology
continued to grow mostly however in a commercial setting. Several companies have
commercialised reader and interrogator hardware and currently offer pressure, torque
and temperature sensors. Carinithian Tech Research have commercialised SAW delay
line sensor for use in measuring pressure temperature and strain [62]. While recently
SenSeor have commercialised temperature, pressure, stress and torque SAW sensors
[63]. Interrogation units have become available at a competitive price point designed
with off the shelf components. Transense Technologies probably the leader in SAW
sensing technology have begun to license technology to several companies, SenGe-
nuity currently use such hardware [64] for wireless SAWR temperature sensing. In
section 3.5 the interrogator hardware will be discussed. The Transense interrogation
hardware has also been commercially licensed to several automotive manufacturers.
However these licenses use a custom ASIC which performs signal processing and acts
as the Tx/Rx synthesizer. The custom ASIC has been reported to operate with a sensor
update rate of 6kHz with one sensor [65]. Currently, however, no major market has
adopted SAWR sensors and it seems unlikely that SAW sensing technologies will dis-
place existing technologies. However SAW devices may be best suited to niche oper-
ations or open applications previously unsuitable with other commercial technologies,

such as strain measurement on rotating shafts.

3.2 Specification of project sensors

At the commencement of this project suitable SAW sensors were unavailable. One

port SAW resonators were selected as the device type for this project. For mechanical
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sensing operations SAWR are preferred over delay line devices due to their narrow-
band performance, smaller die size and higher Q factor when compared to delay line
devices of equal dimension [47]. As will be discussed in Chapter 2 the properties and
behaviour of SAW devices can vary significantly depending on the design of the device
and selection of the substrate material. Therefore to operate successfully as a wireless

sensor a potential SAW device should demonstrate several key characteristics.

Passive wireless operation: For a SAWR to operate wirelessly and passively a high
Q-factor is required. SAWR strains sensors are required to store energy from an
RF pulse from which to supply a response signal. The Q-factor quantifies how

the energy stored in a SAWR dissipates over time.

Strain dependency and temperature independent To operate as a strain sensor, the
SAWR strain should operate with a sensitivity to strain which is larger than the
sensitivity to temperature. Temperature compensated cuts and stress compen-
sated cuts of quartz have been identified previously. Due to the anisotropic na-
ture of quartz, SAWR sensitivity to strain and temperature can vary depending on
substrate and propagation conditions. The strain sensitivity must be such that the
fr remains confined to a known full scale sensor bandwidth during operation to
avoid confusion with other sensor types while demonstrating a low temperature

sensitivity.

Physical size: One of the virtues of commercial SAW filter technology is the small
physical dimensions of the die typically 2.8mm x 1.7mm. Such dimensions
however are too small for manual handling. Physically small dies would also

suffer from inconsistent bonding and alignment errors.

Repeatable sensors: The test sensors should form part of a consistent manufactured

lot. The strain performance can be separated from inconsistency in manufactur-

ing.

3.2.1 SAWR sensor type

A SAWR strain sensor may be required to operate as part of a wireless passive network
which may contain several sensor nodes, or for differential SAWR sensor several res-
onators forming a single node. In each case the resonant response of each SAWR must

be distinguishable in the bandwidth of sensor operation. This is usually achieved by
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separation of f.. Figure 3.1 shows the S;; plot of several absolute measurement sen-
sors acting as a single sensor node. In absolute measurement, compensation of thermal

or transmission effects cannot be made.
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Figure 3.1: Multi SAWR network with several sensor nodes

Figure 3.2 shows a schematic of a differential SAWR sensor. A single sensor node
comprises of several resonators. The additional resonators are used for temperature

compensation.
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Figure 3.2: A single SAWR node incorporating several resonators for differential
measurement

For absolute SAW sensing each node must be separated by a bandwidth sufficiently
large to cover the frequency range of operation. It is possible however to implement
beam forming techniques on the interrogation signal to measure SAWR which are
physically separated [66]. This could facilitate the use of identical sensors in one
network. The implementation of such a scheme would be included into the reader

electronics and is beyond the scope of this project.
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3.2.2 Sources of SAWR sensors

This project forms part of the second generation of SAW research in Trinity College
Dublin. The previous project completed in 2007 used SAWR devices fabricated on
ST-Quartz [23]. However the fabricated devices failed to perform effectively. This
could be attributed to the complexity in SAWR design and the lack of trial and error
in the fabrication processes. For this project fabrication facilities were not available
to perform trial and error on the fabrication process and on the design of the SAWR
therefore the chances of success were felt to be limited. It was decided to commis-
sion a commercial organisation to aid in the design and fabricate the SAWR strain
sensor for this project. In most cases commercial SAWR sensor companies license the
manufacture to a commercial organisation. This allows for the SAWR sensor to enter
into a well defined and optimised process during fabrication which will lead to higher
yields. SAWNICS international, a South Korean manufacturer of SAW devices was
commissioned to design and fabricate SAWR strain sensors. Based upon details found
in the literature, the authors involvement in previous SAW sensors projects [67] as well
as recommendations by the manufacturer a design specification was agreed upon and
a fabrication run was commissioned. As the manufacturer was located in South Ko-
rea traveling to observe the process was not practical and many of the finer details on
the manufacture process are propriety knowledge. Details on the sensors specification
provided to the SAWNICS is shown in Table 3.1.

The final dies were delivered on a 4 inch wafer which was diced using a quartz
dicing saw.The completed wafer is shown in Figure 3.3 and a single sensor is shown

in Figure 3.4.
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Electrical Specifications

IDT type TCD Final Delivered
e Non-Apodized 433.42MHz fe £0.05 MHz
1e Apodized 433.92MHz fe: £0.05 MHz
Ie Apodized 434.42MHz fe £0.05 MHz
IZ] at f, 50Q £20Q 50Q +£20Q
Q factor 10,000 > 10,000
Broadband S —1dB > —1dB
Spurious Sy > —2dB > —2dB

Substrate Specifications
TCD Final Delivered

Material Quartz Quartz
Cut Type ST AT
Thickness 350um 350um
Length Smm Smm=+0.1mm
Width Smm Smm+0.1mm
Bond Pads 2 X 2mm 2 X 2mm

Table 3.1: Specification of SAWR senors
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Figure 3.4: Diced SAWR strain sensor
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3.3 SAWR Sensor Design

Each completed fabricated wafer contained 280 dies. For this project work was fo-
cused on the 434.42 MHz apodized sensor and 433.42 MHz non apodized sensor. This
section provides details on the layout of the SAWR.

3.3.1 Non Apodized 433.42MHz

A schematic of the layout of the non apodized SAWR sensor is shown in Figure 3.5.

The non apodized structure is the most basic design configuration for the IDT.

S d pt pe

Figure 3.5: Schematic of 433.42MHz non Apodized SAWR

The dimensions of the non apodized SAWR are given in Table 3.2. A magnified
image of the IDT is shown in Figure 3.6.
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pt IDT Electrode pitch 3.6162um
P8 Grating Electrode pitch 3.6162um
g Electrode width 0.35% pt
d Base of Electrode pt
Nt Number of electrodes in | 121
IDT
Ng Number of electrodes in | 280
Grating
s Grating Spacing 7/4 x pt
h Deposition thickness 1100A
Wo Aperture 120 x pt
w Aperture Wo+ 2xd

Table 3.2: Non-apodized 433.42MHz SAWR Geometrical Features

Figure 3.6: Photo of non Apodized 433.42 MHz SAWR at approx. 200x
magnification. The lighter regions are deposited aluminum
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3.3.2 Apodized 434.42 MHz

The second design incorporated an apodization function. Apodization is commonly
used in optics to control the input of an optical system. The intenisity of profile of the
optical input can be varied through apodization of the input source. In SAW devices
apodization is a method whereby the overlap of the active electrodes is varied along
the length of the transducer to control the profile of the SAW generated by the IDT.
When an impulse response of the transducer is considered, the frequency response of
the device can be given by the Fourier transform of its time response which is directly
related to the electrode layout.The strength of the time response of the SAWR varies
as the SAW passes through the IDT. As the Fourier transform from time domain to fre-
quency and vice versa creates almost identical results, the time response and frequency
response of the SAW can be controlled. Apodization can also be used to suppress the

unwanted transverse wave modes generated in the reflective gratings [68].

S d pt p

aQ

Figure 3.7: Schematic of 434.42MHz Apodized SAWR

A schematic of the IDT layout is shown in Figure 3.7.The apodization function

which defines the electrode aperture is given by Equation 3.3.1 and Equation 3.3.2.

gx = (=1)*cos(mk/(4 x N)); (3.3.1)
W+g
W= E(1+qu) (33.2)

This results in the overlap of the electrodes varying with position. In Figure 3.8 an
image of the IDT of the apodized SAWR is shown under magnification. The apodiza-
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3. SURFACE ACOUSTIC WAVE SENSORS

tion function of the IDT is typical of a classical apodization function for a SAW IDT.

Figure 3.8: Photo of Apodized 434.42MHz SAWR at approx. 200x magnification.
Lighter regions are deposited aluminum

pt IDT Electrode pitch 3.599um
Pg Grating Electrode pitch 3.599um
g Electrode width 0.35x pt
Nt Number of electrodes in | 120
IDT
Ng Number of electrodes in | 280
Grating
s Grating Spacing 7/4 % pt
h Deposition thickness 14004
Wo Aperture 120 x pt

Table 3.3: Apodized 434.42MHz SAWR Geometrical Features
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3.4 Discussion on SAWR Design

All sensors were fabricated on AT-X quartz. AT quartz has a turnover temperature of
~ 80°. It is similar in orientation to the substrate used by both SenSeor and Transense
for pressure and torque sensor (Y-34°). It is more suitable for strain sensors than
conventional ST Quartz as the turnover temperature of ST-X quartz is 24° [69]. The
temperature drift of AT quartz is lower than that of ST quartz, for an absolute SAWR
sensor low temperature drift is preferable. To the authors knowledge this is the first
implementation of SAWR fabricated on AT quartz for physical sensing applications.
The frequency response of a SAWR is a function of the design which can be a com-
promise between substrate properties and the fabrication capabilities. Generally, f, is
a function of the v; and the tolerances of the photolithographic processes. However
other factors can influence the overall frequency response. The presence of surface
metallisation introduces mass loading which effectively dampens the amplitude of the
SAWR response thus lowering vs. The propagating wave can be further attenuated by
parasitic losses due to bulk wave couplings, mass loading due to the presence of air and
acoustic losses due to the propagating wave interacting with the crystalline structures
of the substrate [70]. Beam steering and wave diffraction can introduce second and
third wave modes in the device response which should be avoided. During the design
phase these effects can be simulated, generally with COM [71].

e The resonant frequency of a SAWR is dependent on the reflective gratings [45].
The influence of reflectivity on the f. can be controlled by the spacing of the
reflective gratings. However through design the sensitivity of f. to the RGs can
be eliminated. The IDT and RG layout configurations can be divided into two
types described by the spacing between the IDT and reflective gratings. The
preferred layout known as the optimal design type, positions the reflective grat-
ings a multiple of the electrode pitch apart i.e (s = 1.75 x pt). This provides
that the total phase shift of the SAW within the resonant cavity is a multiple of
7 [31]. The optimal design increases the magnitude response of the SAWR at
resonance and minimise ripples in the frequency response particularly at the low
side of the stop band. The second configuration is the synchronous layout where
the reflective gratings are located at a position directly related to the periodicity
of the IDT (s = 2 x pt etc). Such designs may result in poorer overall magni-
tude responses at resonance and introduce ripples in the response at the stopband

edges. However such designs tend to be easier to manufacture as the tolerances
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on the position of the reflective gratings is directly related to the periodicity of
the IDT and is less critical. The advantage of the synchronous design is the
manufacturability as the response of the SAWR becomes effectively indepen-
dent of reflectivity. Synchronous configurations are generally used in high yield

commercial processes with a very low frequency deviation (£ 50 kHz) [45].

e In both sensor types for this project optimal spacings configurations were used.
For both sensor types equal numbers of electrodes are used in the RG. The pitch
of the electrodes in the RG is identical to the IDT while this is common design
trait in SAWR, RG in which the electrode pitch is varied can also be used. The
RG are very important in device design as their function is to reflect all the en-
ergy back towards the IDT thus maximising the Q-factor of the resonator, which
is preferable for this project. However long reflective gratings have been shown
to generate unwanted longitudinal wave modes (sometimes called multimodes).
These generally occur in two-port SAWR where resonant cavities are longer than
one-port resonators [72]. Beam steering and diffraction of the propagating wave
in the RG can cause higher order transverse wave modes to be generated. Such
transverse waves appear as an unwanted spurious response close to the resonant
frequency. Higher order transverse wave modes can severely influence the per-
formance of a wireless SAWR sensor. These wave modes can degrade the Q
factor of a one port SAWR and cause a misinterpretation of the f, in wireless

applications.

e Spurious modes may be avoided by splitting up the entire aperture into well
separated tracks where each track supports the fundamental mode [68]. This
approach, however, requires sufficient space in the transverse direction which
often is not available. Alternatively the excitation of spurious modes can be
avoided. This can be achieved by overlap weighting or apodization [73]. The
disadvantage of apodization is that additional IDT width is required since the
maximum excitation strength only applies in the centre of the device. A common
method is to control the overlap length of the IDT [74]. This techniques was used

in the non apodized sensors.

e In both designs shorted RG were used. This is the preferred configuration for
ST-X Quartz [31] and is not surprising that AT-X resonators use the same RG

configuration. Other methods can be used to increase the reflectivity of RG such
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as varying the polarity of the gratings, however for quartz substrates the low K>

coefficient would limit any possible success with such techniques.

At the design stage of this project it was decided not to pursue a differential style
SAWR i.e multiple resonators on one die. The performance of an absolute SAWR sen-
sor had not been fully validated at this time, which is a key step in the development
of a SAWR strain sensor. Implementing several resonators on a single die would com-
plicate the design brief introducing different propagation conditions which may not
have the temperature stability of conventional AT-X quartz. Furthermore the iterations
required in order to achieve the required electrical specifications of Table 3.1 would
increase the cost beyond that permissible for a University research project. Addition-
ally differential measurement can still be implemented using different die. i.e. using
a 433.42 MHz and 434.42MHz sensor, which is an acceptable alternative see Section
7.4.4.

3.5 Wireless Sensing

A wireless sensor consists of a sensing element coupled to a micro controller, a ra-
dio transceiver and an on board power supply, typically a battery. However, battery-
powered transmitting sensors have drawbacks due to their physical size and the require-
ment for periodic and sometimes frequent battery replacement. Commercial wireless
strain sensors which incorporate such an arrangement are available and can be used to
measure strain using a foil resistive strain gauge. The SG-Link for Microstrain [75],
see Figure 3.9, is a commercially available wireless strain gauge module. Each single
sensor node consists of 2.4GHz transceiver completed with on board bridge comple-
tion. However wiring from the gauge to sensor node is required and the module has a

limited temperature range of -40°C — 70 °C.
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Figure 3.9: SG-Link Wireless Strain Gauge Module

SAW sensors allow for passive wireless sensing and remove the need for a bat-
tery allowing for the complete installation to consist of sensor and antenna.While the
SAWDL and SAWR can both act as a wireless passive sensor, the required reader elec-
tronics and method of interrogation are different [56].Passive wireless interrogation of
SAW devices is possible due to the energy storage mechanism of the SAW propagating
on piezoelectric substrate. The resonant frequency of the SAWR strain sensor can be
determined wirelessly by time or frequency domain methods. Currently the preferred
method to determine f, of the SAWR device is time domain sampling. For this work
the SenGenuity TempTracker shown in Figure 3.10, was used to wirelessly interrogate
the SAWR strain sensors using the pulsed interrogation method, which is a time do-
main method. Phase lock loop methods have been reported [76] and it seems likely

such methods will be commercialised in the near future [77].
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Figure 3.10: Wireless temperature interrogator and SAWR sensor from SenGenuity

In the pulsed interrogation method a series of short RF pulses are transmitted wire-
lessly to the SAWR. A transmitter is used to load the sensor with an RF pulse which
excites the SAWR and generates a mechanical wave in the IDT which propagates be-
tween the RG. After the burst has been applied the interrogator enters a listening stage
where the SAW is reconverted to the RF signal by the IDT and discharged through
the antenna as a decaying sinusoidal response related to the Q factor of the SAWR
[78]. This response signal is transmitted to the interrogator where it is sampled and
processed. An on board DSP performs a final frequency measurement. Figure 3.11
illustrates the loading and unloading cycle for a SAWR sensors. The decay time of the
sinusoidal RF response is typically 6 s in duration.
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Figure 3.11: Interrogation Method for SAWR sensor a burst RF signal is transmitted
to the SAWR sensor.

The f, is determined by first searching for the SAWR across a band of frequencies

where the f, is expected to be located. This is the search phase of the measurement
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3. SURFACE ACOUSTIC WAVE SENSORS

cycle. The bandwidth of operation is divided into frequency bins. The system performs
a series of excite and listen cycles at these frequency bins and determines through
PSD analysis of the response signal, a rough value for the f.. A second phase is then
undertaken where f. is determined more precisely by subdividing the bin where the
SAW is located. The fine measurement phase is shorter in duration than the search
phase. Figure 3.12 shows a schematic of the SAWR interrogation cycle. Each block
contains several loading and measurement cycles typically 5-10 us. These loading
cycles are used to improve signal processing in the DSP through coherent accumulation

or averaging [79].

AN\

Transmitted
Power (dBm)

Time (ps)
Search Measurement phase
phase

Figure 3.12: Interrogation timing diagram for TempTracker

3.6 Conclusion

In this chapter a review of SAWR sensing and wireless interrogation was presented.
SAWR sensors and interrogation hardware have matured to the point where commer-
cial applications can be developed. Unfortunately much of the information associated
with these projects is held as proprietary information.

A customised SAWR strain sensor was developed and manufactured specifically
for this project. Details on the SAWR design was presented. The design of SAW
devices has been on going for 50 years. Several design traits which are commonly
used in device design can be identified in the SAWR strain sensor design. The design of
SAW devices for sensing is complicated by the requirement for wireless interrogation.

The SAWR sensor must provide a strong response at resonance. The SAWR response
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should be pure with spurious responses suppressed. The manufactured SAWR sensors
were found to operate effectively with the commissioned wireless system. In the next

chapter the SAWR strain sensor electrical performance will be investigated.
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Chapter 4
Bare die characterisation

Initial experimental testing of the SAWR strain sensors requires the electrical charac-
teristics and behaviour of the device to be measured on-wafer without the influence
of external mechanical biases, thus providing a base line for the sensors performance.
This will allow the effects of bonding and packaging to be quantified. The determina-
tion of the broadband frequency response of an individual SAWR will determine the
device’s suitability as a wireless sensor. From the fabrication of commercial quality
devices two wafers of devices at 433.42 MHz and 434.42 MHz were available for test-
ing. This section will detail the electrical characterisation of the prototype sensors on

wafer and the assessments made to determine the suitability for wireless sensing.

4.1 Microwave Testing Techniques

The on-wafer prototype SAWR strain sensors are designed to operate in the 434 MHz
ISM band. Due to the relatively high frequency of the devices circuit analysis tech-
niques that can be applied to DC and low frequency measurements are not applicable.
In high frequency testing the wavelength of the applied signal becomes comparable to
the length of the transmission line and becomes subjected to transmission effects such
as phase changes in the transmitted signal. Microwave analysis techniques are gener-
ally used for testing of SAW devices and were utilised for the testing of the SAWR
strain sensors. A good introduction to these techniques can be found in [80]. In the
analysis of SAW components such as oscillators and resonators, the device under test
(DUT) is typically treated as a N-port electrical network. A prototype sensor can be

considered as an N-port device in order to determine the broadband electrical response.
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4. BARE DIE CHARACTERISATION

While several techniques exist to describe the behavior of linear electrical networks,
the scattering matrix (S-Matrix) which contains the S-parameters is most commonly
used for the analysis of SAWR devices as many of the electrical properties typically
used to quantify the performance of a SAWR device can be found using simple calcu-

lations and conversions of these parameters [81].

V,* V,
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Port 1 Port 2

Figure 4.1: An 2-port network

Figure 4.1 shows the typical set up for 2-port electrical network. The behaviour
of an electrical network can be described as analogous to a beam of light reflecting
or defracting on a surface. When an RF signal is applied to one port of the DUT
a fraction of the incident signal is reflected, a portion is scattered and then exits the
DUT through other ports. Each individual S-parameters describes a ratio between
reflected and incident waves at the ports of the DUT. An advantage of the scattering
matrix is that it allows complex system such as the SAWR to be treated as a black box
where only behaviour at the ports is analysed. It is important, however, to differentiate
between incident and reflected waves in the transmission lines connected to the device
for which the microwave theory is applicable and the SAW propagating within the

SAWR structures. A two port network (N=2) which is described in S-matrix notation
is shown in Equation 4.1.1.
[Vl_} it {Sll(ﬂ S12(f)

Vﬁ
Al 4.1.1)
$2100 S200| |Va

+
V)
Where each element of the S-matrix contains an S-parameter which describes the

reflection and transmission characteristics of the DUT for a particular port at a given
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frequency. V| and V, is the amplitude of the voltage wave incident on port / and 2
respectively, while V,~ and V," are the reflected voltage at port / and 2 respectively.
S11 1s the voltage reflection coefficient on port 1 which describes the ratio of reflected
wave power to incident wave with no incident voltage at port 2 see (Equation 4.1.2) .
S||:% V2+:0 (4.1.2)
1
Similarly, Sy, which is the voltage transmission coefficient at port 1 is described as
the ratio of transmitted voltage at port 1 to the incident voltage at port 2 and describes
the flow through a DUT is described in 4.1.2
S|2=V—L V,b =0 (4.1.3)
V;
Electrical boundary conditions are achieved by terminating port 2 with a matched
characteristic impedance of 50 to allow for full transmission into the DUT. Passive
devices such as a SAWR will operate with 0 < |S;;| > 1. Three basic reflection coeffi-

cients may be considered.

Open Circuit: S;; = I; All the incident waves are reflected back to the source.
Matched Circuit: S;; = 0; All the incident wave is absorbed by the DUT

Shorted Circuit: S;; = —1; All the incident wave is reflected back to the source.

However the wave is phase shifted by 90°

At f, the behaviour of the SAWR can be described as that of a matched circuit
where the incident RF signal energy is dissipated into the sensor and very little is
reflected. For frequencies off resonance the sensor behaves with characteristics of an
open circuit or short circuit and little to none of the energy is dissipated into the sensor.

The impedance (Z) of the SAWR under test can be calculated from the Sj; values
by Equation 4.1.4, where the characteristic impedance of the network Zy was 50Q2.

1+S81
I —541

S11 values converted to impedance operate with:

Z=12 (4.1.4)

Matched Circuit: Z = 50Q Occurs at resonant frequency of the SAWR where ideally
all the power is absorbed into the DUT and no reflections occur.
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Open Circuit: Z = o« Occurs typically at off frequencies from resonance. No power
is absorbed into the device. SAW are not generated in the IDT.

Shorted Circuit: Z = (0 Again occurs at off frequencies, and all the incident wave is

reflected.

4.2 Testing Equipment and Set-up

SAWR devices can be analysed using both S;; and Sy, parameters. For this project it
was decided to test the Sy response of the prototype sensors. The Sj; response is the
industry standard for describing the response of the SAWR device as f, and impedance
can be found readily providing a link to static modelling techniques such as COM [46].
As the SAWR sensors are ultimately going to form a stand alone wireless sensor where
it will be configured with one port connected permanently to ground Sy testing is the
most appropriate method. On-wafer measurements were performed at the facilities in
the Microwave Laboratory at the University College Dublin. The experimental set up
for the static testing of devices on-wafer is shown in Figure 4.2. An Agilent E8361A
PNA vector network was used for S;; testing with one port of the SAWR connected
to the signal the second to ground. The probe SAWR interface is shown in Figure
4.3. Electrical probing of the die was performed using a set of calibrated probes, GB
ECP18-GS/SG-2500-EDP Picoprobes calibrated using a CS-17 calibration substrate.
The probes and die were held in a Cascade Microtech Summit 9000 probe station.
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Figure 4.2: Cascade Microtech probe station with Picoprobes installed performing on
wafer-open air calibrations of SAWR strain sensors.

For the S} testing of the SAWR sensors a short-open-load calibration of the VNA
was performed across a 2 MHz bandwidth which covered the expected range of oper-
ation of the devices as well as the ISM band. Calibration and internal error correction

can provide +10ppm frequency accuracy [82].
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Figure 4.3: Probing and Die Interface.
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4.3 Bare Die Testing

The bare die devices were tested to determine both their frequency and magnitude
response. Sy testing was performed on two sets of wafers with identical devices of
nominal frequency 433.42 MHz and 434.42 MHz respectively. A typical S11 response
for a SAWR can be seen in Figure 4.4. Each wafer layout was identical with 260
devices fabricated on each wafer and was divided into sides A and B each containing
130 dies. The numbering structure is shown in Figure 4.5.

S11 Response of SAWR strain sensors

T T T T

(= =S T ————— — e

—

‘/

_s5| “ 433.42 MHz
| —434.42 MHz

=30

433 433.5 434 434.5 435
Frequency MHz

Figure 4.4: Typical S;; response of 433.42 MHz and 434.42 MHz SAWR strain
sensor measured at the Microwave Research Laboratory UCD
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Figure 4.5: Layout of a 4 inch wafer with die numbering shown at the side.

Each device was tested using the process described in Section 4.2. The VNA was
calibrated across a bandwidth centred at f, of the DUT. The goal of on-wafer testing
was to determine several key parameters from which individual sensor quality could

be evaluated. These parameters were identified as:

Resonant Frequency of Device: The SAWR strain sensors are designed to operate
with a resonant frequency located within the 434 MHz ISM-Band which has a
bandwidth of 1.39 MHz. Determination of the resonant response on wafer allows
for an unbiased response to be determined prior to implementation of the SAWR

as a sensor.

Magnitude of the Resonant response Pronounced and defined response at resonance
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is required to differentiate the resonant response from the general broadband be-
haviour of the sensor. The magnitude of the resonant response must be signifi-

cant for the device to be considered suitable for sensing.

Q-factor For passive wireless sensing the unloaded Q factor provides an indication of

the energy storage capabilities of an individual die.

Device Yield General purpose sensing requires that the response of sensors fabricated
on the one batch be uniform in nature. Devices demonstrating comparable char-
acteristics across a wafer should be selected for strain calibration. Therefore the
yield of devices from a fabricated wafer will require each sensor to meet several

criteria simultaneously.

Sensors which displayed a definite incorrect performance were excluded as being
defective or damaged and thus were omitted in the calculation of any statistical repre-

sentation of the test wafers.
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4.3.1 Resonant Response of Dies

The test sensors fabricated by SAWNICS were specified to have a centre frequency of
433.42MHz + 50kHz and 434.42MHz + 50kHz. The variation in the resonant re-
sponse of SAWR across a wafer can be attributed to the inconsistency in the substrate
material and the repeatability of the equipment used in the fabrication process. Typi-
cally quartz wafers are artificially grown from seed wafers using hydrothermal growth
methods [83]. These wafers tend to show light non uniformity across their surface
which results in variations in propagation conditions and wave velocity which could
cause moderate variations in f, of each die. Furthermore, the fabrication of SAWR is a
multi step process which introduces possible sources of error at each step. SAWNICS
as a commercial organisation were unable to provide complete details on their fabrica-
tion processes. However the devices were fabricated using standard photolithographic
techniques. Using a photomask with a linewidth tolerance of 2.353 +0.1um [84] and
i-line stepper using light with a wavelength of 3651 m. Slight variations in the di-
mensions of the device structures should result in an averaging effect with the total
variation in response being therefore negligible. However as the devices are identical
in geometry, variations due to the location of the device on the wafer are far more
likely and therefore one would expect to see a profile in the device response showing
a symmetry and predictability across the wafer. Mass loading effects due to variations
in the deposition thickness of the surface metallisation could result in variations in the
SAW velocity across the wafer, this would result in a predictable variation in f, with
position. This could be caused during the spinning of the wafer during fabrication.
Without extensive details on the fabrication process a determination of the source of
this behaviour is difficult.

Figure 4.6 and 4.7 shows the resonant response from 433.42MHz wafer 2 and
434.42 MHz wafer 2. It can be observed that an approximate cyclic variation in the
resonant response occurs with on-wafer position. This could be attributed to a varia-
tion in SAW velocity due to the proximity of a die to a growth striation which develop
during the growth of synthetic piezoelectric crystals [85][83]. However as X-ray topo-
graph of the crystal prior to testing was unavailable this cannot be confirmed. For the
434.42 MHz wafers dies with higher f, are located towards the centre of the wafers.
However the distribution of die across the 433.42 MHz wafer is far more dispersed, see
Figure 4.8 and Figure 4.9
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Spread of f, for 434.42MHz SAWR
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Figure 4.6: Frequency spread of SAWR resonant frequency equal to 433.42MHz,
black dashed line indicate upper and lower bands in SAWR specification
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Figure 4.7: Frequency spread of SAWR resonant frequency equal to 434.42MHz,
black dashed line indicate upper and lower bands of specified performance
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Deviation of f, from Design on 433.42 MHz SAWR Wafer
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Figure 4.8: Plot of SAWR f, grouping across 433.42 MHz Wafer
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Figure 4.9: Plot of SAWR f, grouping across 434.42 MHz Wafer

Generally, across each of the wafers tested the fabricated devices were found to

show broadly similar results. Table 4.1 shows the results of each wafer tested. Posi-
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tional comparison fails to indicate a direction relation i.e similar devices at identical
locations on comparative wafers are not generally comparable. While such a relation
would be desirable it is unlikely that 100 % repeatability across different wafers could

be achieved due to the fabrication process and slight inconsistency in wafer properties.

Frequency Wafer Number Mean resonant fre- | Standard Devia-
quency tion

433.42MHz (1) 433.447 MHz 7.831kHz

43342MHz | (2) | 433.451MHz 11.691 kHz

434.42MHz (1) 434.420 MHz 2.776 kHz

434.42MHz (2) 434.434 MHz 2.349kHz

Table 4.1: Resonant Response of Test Wafer

Figures 4.10 and 4.11 shows histograms of the frequency spread across the tested
wafers. Interestingly the 433.42MHz wafers show a similar grouping of f, for both
wafers, the 434.42MHz wafers however, shows an obvious shift in the groupings of
the f,. The majority of die still were located in the nominal threshold specified by
the design criterion. As this is a once off manufacturing run the overall quality and
repeatability of the dies is unlikely to be as high as a commercial device. Through
contact with the manufacturer it seems three trial runs were made in order to achieve
an acceptable yield of devices. Commercial devices would be part of a manufacturing
run which is far more defined and validated than was practical for this project thus it is

reasonable to expect variation across the wafers to be greater [71].
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Histogram of f. spread of 433.42 MHz Wafer
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Figure 4.10: Histogram SAWR resonant on wafers designed to have nominal
frequency 433.42MHz + 50kHz
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Figure 4.11: Histogram SAWR resonant on wafers designed to have nominal
frequency 434.42MHz + 50kHz
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4.3.2 Magnitude Response of the dies

While the resonant frequency is an important criterion for measuring the quality of a
SAWR, the magnitude of |Sj;| (expressed in dB) at resonance is an equally significant
factor in determining the usability of the devices for both electronic or sensing appli-
cations. The magnitude of the resonant response will be due to the design of the SAW
structures, choice of substrate material and the fabrication processes. While the overall
magnitude response of the resonator at resonance is combination of all the design steps
involved in reaching a completed device. The response can be primarily attributed to
a combination of two factors, the coupling coefficient and the reflectivity of the SAW
structures (IDT and reflective gratings). In this section the analysis of the magnitude
response of the dies will be divided into two separate measurements. The broadband
S11 response was measured and the maximum value was determined. This will occur
at a frequency off resonance. Secondly the magnitude response at resonance, found at
the minimum Sy, value. The broadband frequency response occurs at frequencies off
resonance should ideally be OdB. In SAWR sensor applications a good broadband re-
sponse will cause the resonant response to appear more distinct. Of the sensors tested
95-100% of the fabricated devices operated with an acceptable broadband response.
At resonance a definitive and pronounced response is required to differentiate the
resonant response from broadband behaviour and the response of spurious wave modes.
Typically the resonant response between similar wafers show comparable behaviour.
The apodized structures demonstrate typically lower resonant response across the wafer
however with a greater consistency when compared to the non-apodized 433.42MHz

devices. Table 4.2 shows the results from the tested wafers.

Wafer Fre- | Number Broadband | Standard Resonant Standard
quency S11: Mean | Deviation S11: Mean | Deviation
(dB) (dB) (dB) (dB)
433.42MHz | (1) -0.2565 1.1407 -29.8421 7.5138
433.42MHz | (2) -0.1534 0.7044 -27.1640 7.9051
434.42MHz | (1) -0.5443 1.9516 -21.5821 SN824.
434.42MHz | (2) -0.1446 0.9544 -23.7942 3.0329

Table 4.2: Broadband and resonant Sy response of SAW Resonator
The majority of the devices demonstrate a |Sj;| lower than the —10dB specified

in the design requirements. While several outliers and defective devices are contained

within the batch, the majority of the die on the wafer met the requirement of the reso-
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nance response.

Resonant S7; magnitude of 433.42MHz Resonator
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Figure 4.12: |S1;| response of 433.42MHz resonators at resonance: wafer 2

Resonant Sy; magnitude of 434.42MHz SAWR strain sensor
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Figure 4.13: |Sy| response of 434.42MHz resonators at resonance: wafer 2
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4.3.3 Device Impedance and Quality Factor

The Q factor of a SAWR is defined as the ratio of stored energy to dissipated energy
in the half cycle. The Q factor at resonance (Q,) provides an important measure of
the energy storage capabilities of a die for wireless sensing application. While various
methods can be used to calculate Q, the most convenient method is based upon mea-
surement of the conductance plot, which can be found by converting S;; parameters.
The SAWR sensors were specified to operate as a part of a S0Q network. To
achieve maximum load transfer the die should operate with a |Z| of 50Q at resonance.
The impedance response from a pair of “good” 433.42 MHz and 434.42 MHz SAWR

which fulfil the specified criteria of Section 4.3.1 and 4.3.2 respectively is shown in

Figure 4.14.

Impedance response of SAW Resonators
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Figure 4.14: Comparison of the Impedance response of 433.42MHz and 434.42MHz
Resonator

Most of the device fabricated fulfilled the design criterion of 50 at resonance.
This is beneficial for load matching to an industrial standard 50Q antenna. The en-
ergy storage capability of a SAWR strain sensor is an important characteristic for the
performance of the sensor in wireless measurement chains. In order to determine the
energy storage capabilities of each die an algorithm described in [19] was used to cal-
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culated the unloaded Q, this method is based upon the conductance plot and is prefer-
able to methods based upon the Sy plot. The SAWR were specified to operate with a
Q, > 10,000. Table 4.3 shows the calculated results for the test wafers.

Wafer f, Number Mean Q, Standard Devia-
tion

433.42MHz (1) 10,000 1008

non-ap

433.42MHz 2) 10,100 1247

non-ap

434.42MHz ap (D 9920 1385

434 .42MHz ap 2) 10,552 735

Table 4.3: Q, for SAW Resonators from Test Wafers

4.4 Analysis of Finished Devices

Table 4.4 shows the results of on-wafer testing. While the response of the sensors
can be measured and evaluated, the commercial nature of the fabrication means that
minimal details on each of the individual design steps are available. Therefore the
correlation between sensor performance and the individual design and fabrication steps
cannot be made.

Wafer 0, 7 1Z] < 10dB Yield

433.42MHz | 139 238 241 240 138/242
433.42MHz | 148 240 249 251 141/252
434.42MHz | 145 226 219 227 145/232
434.42MHz | 148 240 249 251 141/260

Table 4.4: Die fulfilling Design Criterion

However some key points can be made on the performance of the die measured
on-wafer.

e The majority of devices fulfilled the criteria for the f,, magnitude response and
impedance at resonance while only 55% devices tested met the design require-
ment for a @, > 10,000 . However the average response Q, on three of the test
wafers fulfilled the design requirement. Over 90% of devices however did have
a Q factor greater than 9000 which while lower than specified is still acceptable

when compared to the Q, of the wireless sensor see Appendix 8.2.
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e Spurious response: The generation of spurious responses can be minimised dur-
ing the design stage. However in reality the spurious response cannot be fully
suppressed, apodized devices have a slightly lower magnitude of the 1*' order
spurious response which would be preferable for wireless sensing. The lower
magnitude response of the apodized devices would be expected [18]. The spu-
rious responses are generally 175kHz greater than the centre frequency and dis-
play the same frequency shifts with position that the resonant frequency demon-
strates. Generally speaking the form of the response of the devices across the

wafer is similar except with a stepped frequency response.

e Figures 4.10 and 4.11 shows that 434.42MHz test sensors demonstrate a sim-
ilar frequency distribution between wafers. However the 434.42 wafers show
a definite shift in frequency distribution, a frequency bias due to testing being
performed on different dates mean that changes in cabling, calibration and un-
seen errors could have introduced a frequency off set in the measurement, this is
unlikely. It is possible that the wafers are not completely unbiased prior to fabri-
cation. As-received untreated Quartz wafers can have residual strain of approx.
1400 € due to machining process [86]. Lapping of the back surface which is
achieved with sandblasting the back surface of the wafer, is a common process
in wafer preparations. The process can result in the wafers becoming slightly
curved (Radius > 50m), introducing stresses into the material, which can gradu-
ally relax [87].

e Figure 4.4 contains a typical Sy response for a433.42 MHz SAWR and a 434.42 MHz
apodized SAWR. The inclusion of an apodization function in the IDT has suc-
ceeded in suppressing the magnitude of the higher order transverse wave mode.

The trade however is that the response of the apodized SAWR is lower at reso-
nance than the non apodized SAWR 433.42 MHz SAWR. The magnitude of the
apodized SAWR at resonance shows greater consistency than the non apodized

sensors across the wafer.

4.4.1 Conclusion

In this chapter the electrical performance of the SAW test sensors was measured. The
on wafer response of the SAWR strain sensors was broadly consistent. The majority

of the SAW test sensors demonstrate a performance comparable or superior to that of
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commercial SAWR temperature sensor see Appendix 8.2 . While the Q, was slightly
lower than was specified in the design brief it will have moderate impact on the de-
velopment of the wireless strain sensors. Overall the decision to contract devices to a
private contractor was deemed justified.
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Chapter 5
Testing apparatus and protocol

A calibration data set detailing the response of the SAWR to strain applied at vari-
ous loading levels across an extended temperature range is vital in the development of
SAWR strain sensors and for application development. Experimental data describing
the SAWR response to strain has been available since the 1980’s [88]. While the sensi-
tivity of SAWR devices to strain and to temperature for specific substrate cuts such as
ST-X and Y — 34° Quartz has been documented. Prior to commencement of this project
a comprehensive calibration data set for AT-X SAWR sensors was unavailable. A rea-
son for this maybe that the majority of active research into mechanical SAWR sensors
now occurs in the commercial rather than the academic sector. The performance of
SAWR is dependant on the substrate and electrode configurations implemented during
the design and the response of the project sensors to applied strain must be evaluated
experimentally. In this project the SAWR strain sensor must be rigourously charac-
terised, initially bare die to determine the design’s suitability as a strain sensor and
subsequently, packaged to determine the influence of packaging on sensor behaviour.

In this chapter the apparatus and protocol developed for the testing of a SAWR to
determine the strain performance characteristics is presented. Details will be provided
on the design and development of a customised rig achieved through a combination of
the ProEngineer suite and ANSYS 10. The testing apparatus was fully automated to
improve robustness of calibration cycle. The methods for treatment of experimental
data will also be discussed.
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5.1 Design of Testing Apparatus

The dilemma that arises when characterising a new sensor is defining an appropri-
ate methodology and procedure. No test procedure has been adopted as the preferred
method for the calibration of SAWR strain sensors. In the absence of testing stan-
dards when calibrating a prototype strain sensors (MEMS,SAWR etc), typically either
the British or American standards [89] [90] for the calibration of foil resistive strain
gauges is adapted [91]. Both standards suggest similar if not identical testing appara-
tus and methodology wherein the general procedure requires a sensor to be mounted
on a test beam which is then strained. The response of the test sensor is then cali-
brated against a permanently mounted reference sensor, the performance of which is
known. A gauge factor is then determined measuring the normalised fractional change
in sensor response at intermediate strains.

ASTM E251-92 standard was selected as the basis in the development of calibra-
tion methodology for the SAWR strain sensors as it provides a thorough description of
the methodology for sensor calibration. However both methods are largely similar and
indeed indistinguishable in some sections. Within the ASTM E251-92 three separate

test apparatus for calibrating strain gauges are described.

Constant Bending Moment Test Method: This test method generates a surface strain
on a test bar by loading it with a constant moment. The test beam is placed be-
tween two dead weights and the beam is loaded until the desired surface strain

is generated along the beam

Constant Stress Cantilever Beam Test Method: A cantilever beam is designed to
have a constant stress over the major portion of its length. The surface of the

beam is strained by deflecting the free end of the cantilever.

Direct Tension or Compression Test Method: This test method produces strain in a
test bar by applying direct tensile or compressive loads.

Based upon evaluation of the three suggested methods of the ASTM standard, the
constant stress cantilever beam was selected for a SAWR strain sensor calibration rig.
The selection of the constant stress cantilever beam method for the calibration for

SAWR strain sensors was based upon the following criteria.

e The suggested apparatus can be easily adapted to operate as part of an inclusive
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