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SUMMARY

One of the most promising ways to reduce cancer mortality is through early
detection. The five year survival rate for many of the most common cancers is above 95%
when the disease is detected in its earliest stages. In contrast, the five year survival rate
for advanced stage cancers is less than 30%. These statistics indicate the need for assays
that are capable of detecting low quantities of tumor-associated biomarkers. A promising
technology in the development of highly sensitive, arrayable biosensors is acoustic wave
device technology. Acoustic wave device biosensors measure changes in the resonant
frequency of a piezoelectric crystal in response to changes in surface adsorbed mass such
as antibody-antigen binding events.

The object of this thesis research was to develop and characterize a new type of
acoustic biosensor - a ZnO-based laterally excited thickness shear mode (TSM) resonator
in a solidly mounted configuration. The first specific aim of the research was to develop
the theoretical underpinnings of the acoustic wave propagation in ZnO. Theoretical
calculations were carried out by solving the piezoelectrically stiffened Christoffel
equation to elucidate the acoustic modes that are excited through lateral excitation of a
ZnO stack. A finite element model was developed to confirm the calculations and
investigate the electric field orientation and density for various electrode configurations.
A proof of concept study was also carried out using a Quartz Crystal Microbalance
device to investigate the application of thickness shear mode resonators to cancer
biomarker detection in complex media. The results helped to provide a firm foundation

for the design of new gravimetric sensors with enhanced capabilities.
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The second specific aim was to design and fabricate arrays of multiple laterally
excited TSM devices and fully characterize their electrical properties. The solidly
mounted resonator configuration was developed for the ZnO-based devices through
theoretical calculations and experimentation. A functional mirror comprised of W and
Si0, was implemented in development of the TSM resonators. The devices were
fabricated and tested for values of interest such as Q, and electromechanical coupling
(K?) as well as their ability to operate in liquids.

The third specific aim was to investigate the optimal surface chemistry scheme for
linking the antibody layer to the ZnO device surface. Crosslinking schemes involving
organosilane molecules and a phosphonic acid were compared for immobilizing
antibodies to the surface of the ZnO. Results indicate that the thiol-terminated
organosilane provides high antibody surface coverage and uniformity and is an excellent
candidate for planar ZnO functionalization.

The fourth and final specific aim was to investigate the sensitivity of the acoustic
immunosensors to potential diagnostic biomarkers. Initial tests were performed in buffer
spiked with varying concentrations of the purified target antigen to develop a dose-
response curve for the detection of mesothelin-rFc. Subsequent tests were carried out in
prostate cancer cell line conditioned medium for the detection of PSA. The results of the
experiments establish the operation of the devices in complex media, and indicate that the
acoustic sensors are sensitive enough for the detection of biomolecular targets at

clinically relevant concentrations.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Most experts agree that early detection is a key component to reducing the
mortality rate of cancer. The primary barriers to early detection are insufficient diagnostic
markers and the lack of highly sensitive diagnostic tests that are affordable enough for
screening purposes. With the exception of prostate specific antigen (PSA) which is FDA
approved for prostate cancer screening, no currently known markers are widely regarded
to have sufficient sensitivity or specificity for use in screening [1]. However, as screening
tests become ever more sensitive, the ability to monitor extremely low concentrations of
markers will allow physicians to explore new markers for use in early detection and
prevention.

Every year, approximately 33,700 Americans are diagnosed with pancreatic
cancer and approximately 32,300 will die from the disease [2]. Pancreatic cancer is one
of the most deadly types of cancer with an estimated 5-year survival rate of only 4% [2].
This is in-part due to the fact that most cases of pancreatic cancer go undetected until the
cancer has reached an advanced stage. There are, unfortunately, no screening tests that
have the sensitivity and specificity needed to screen for pancreatic cancer. One of the best
available tests for pancreatic cancer is serum carbohydrate antigen (CA) 19-9 [3, 4].
While CA 19-9 is useful for following the therapeutic response of patients with
pancreatic cancer that have an elevated serum CA 19-9 level, there are several significant

shortcomings with serum CA 19-9 levels as a screening test for pancreatic cancer. First,



the test is not specific [4]. Diseases other than pancreatic cancer, including benign
diseases, can elevate serum CA 19-9 levels. Second, the test lacks the sensitivity needed
for a diagnostic test. In addition, many of the cancers detected using serum CA 19-9 as a
screening test are advanced incurable cancers. Clearly, there is an urgent need for tumor
markers and for detection systems capable of measuring slightly elevated amounts of
these markers in the body. One potentially valuable marker is mesothelin, a 40-kDa
glycoprotein, which was identified by Chang and Pastan in 1994 as an antigen present on
the surface of mesothelial cells, mesotheliomas, and ovarian cancers [5] but was not fully
characterized until 1996 [6]. In 2001, Argani ef al. demonstrated that mesothelin is
overexpressed in almost all pancreatic adenocarcinomas [7]. Because of this
overexpression, the discovery of elevated levels of mesothelin in the blood may prove a
sensitive marker for this disease [5, 7-9].

Breast cancer is another disease from which patients and doctors alike could
benefit greatly from improved early detection screening tools. Each year, approximately
214,000 Americans are diagnosed with breast cancer and approximately 41,000 will die
from the disease [2]. Despite a relatively high five-year survival rate of 88% [2], there
exist no true molecular biomarkers for the early diagnosis of breast cancer. Cancer
antigen (CA) 27-29 is a monoclonal antibody to a glycoprotein (MUC1) that is present on
the apical surface of normal epithelial cells. CA 27-29 is highly associated with breast
cancer, although levels are elevated in several other malignancies [1]. The level of CA
27-29 is elevated in approximately one third of women with early-stage breast cancer
(stage I or IT) and in two thirds of women with late-stage disease (stage III or IV).

Another marker, CA 15-3 has been studied in the past as a potential marker for breast



cancer. It is typically used to monitor the course of treatment in women diagnosed with
breast cancer, especially advanced stage disease. CA 15-3 levels are rarely elevated in
women with early stage breast cancer, but in a study comparing CA 15-3 to CA 27-29 in
preoperative serum, both markers showed a statistically significant, direct relationship,
with pathological stage [10]. Elevated levels of CA 15-3 have also been correlated with
the presence of lymph node metastases in preoperative serum and have been indicated as
a possible prognostic marker [11].

A detection method exhibiting extremely high sensitivity and selectivity is
required to identify the telling compounds like mesothelin or CA 27-29 which could
indicate the development of pancreatic, breast, or other types of cancer. Moreover, it is
critical that such a detection method have a process for minimizing reports of false
positives or negatives. Most diagnostic procedures today require immunological lab
equipment and trained medical staff to perform the procedures. This is expensive and
there is often a significant delay in obtaining results. For many applications, current
techniques such as ELISA tests are infeasible for efficiently screening a large number of
patients. The results of an ELISA test often take 2 to 4 days to become available and
these tests are most commonly used to screen for only one target antigen. The solution to
these problems is to make use of existing technology to develop a cheaper and more
accurate minimally-invasive diagnostic test that improves and shortens the decision
making process and requires minimal training or expertise. I am proposing the
employment of piezoelectrically-based solidly mounted bulk acoustic wave (BAW)

biosensors in an array configuration to address these issues.



1.2 Biosensors & Sensor Arrays

A sensor is typically considered to be a device or system that produces an output
signal in response to some input. The output signal is a representation of the input
quantity and can be used to predict the presence, absence, or concentration of specific
targets in the environment. More specifically, a biosensor produces an output signal as a
result of some sort of biochemical interaction with the device. Figure 1.1 illustrates a
typical series of events for a biosensor. The process begins with the exposure of the
biosensor to the sample. This is the sample that is being tested for the presence or
absence of the molecular target(s) of interest. If the biosensor contains a biorecognition
element, such as an antibody coating, then it will react with the antigen for which the
antibodies are specific. After exposing the device to the sample, molecular recognition
events will occur if the sample contains the target of interest. These are often called
“binding-events” because of the physical interaction that takes place in an antibody-
antigen interaction. As a result of this interaction, one or more properties of the sensor
may be altered. The type of property that is altered by the interaction, whether it be a
physical, electrical, or optical property of the sensor depends on the mode of operation.
The response of the device to a change in one of these properties will manifest itself as a
change in the output signal. After suitable signal processing and conditioning, this
quantity can be used to provide information about the type and magnitude of binding

events that occurred in the sensor.
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Figure 1.1 Biosensor detection: a typical sequence of events

This dissertation focuses mainly on the development of a particular kind of
biosensor that uses elastic waves as a signal transduction mechanism. This type of device
is referred to as an acoustic biosensor. The output signal of an acoustic biosensor is an
oscillatory voltage that represents the frequency of resonance of the piezoelectric
substrate that comprises the device. When the device is configured as a resonator,
changes in operating frequency of the resonator can be a highly sensitive indicator of
changes in the surface conditions. A resonator can be transformed into a biosensor
through the immobilization of a bio- or chemi-specific layer at the surface of the device.
Binding events at the biolayer cause perturbation of the boundary conditions which
results in a change of the resonance condition (i.e. resonance frequency) - an easily
monitored parameter. As a result, acoustic sensors are sensitive to mass-loading at the
surface of the device. The added mass of proteins bound to the surface of the device can
affect the resonant frequency. Devices that are sensitive to mass loading are often termed
“gravimetric sensors”. The general principle behind the operation of an acoustic

biosensor is depicted in Figure 1.2.
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Figure 1.2 The principles of a general bulk acoustic wave sensor. (a) A resonator device coated with
antibodies. The image to the right of the sensor drawing illustrates the output signal voltage at
resonance f, when the device is in its normal state. (b) The resonator after target molecules have
bound to the antibodies located at the surface. The output signal frequency is reduced which
corresponds to a reduction in the operating frequency of the device. This “frequency shift” can be
used to monitor molecular recognition events.

Acoustic devices are one type of sensor technology that is currently being
explored, however there are many others. In optical sensors, the output voltage or current
typically corresponds to the magnitude of fluorescence or optical density. Optical
technologies have shown great potential and are useful for large-scale array testing.
Cantilever-based biosensor systems often take advantage of piezoresistive materials.
When the target molecule of interest binds to the cantilever causing it to bend, the
resistivity of the material changes and the output current is altered. Surface plasmon
resonance devices operate on the principal that light can excite surface plasmons at
metal-dielectric boundaries only at certain angles of incidence. The excitation condition
is dependent upon properties of the boundary. When biomolecules adsorb to the surface,
the boundary conditions are changed, and the angle of maximum light absorption is

shifted.



Sensors are typically characterized by four major quantities: Sensitivity,
specificity, resolution, and detection limit. The sensitivity of a device refers to the
measure of the output signal in response to an input quantity of given magnitude. The
specificity of a device quantifies how well a sensor can distinguish between two different
input quantities. In the case of biosensors used for medical diagnostics, high specificity is
important for minimizing false positives. The resolution of a device refers to the
minimum change in input quantity that manifests itself as a repeatable change in the
output signal of the sensor. A device that has good resolution is desirable for most
biosensors that are used for quantitative purposes. The detection limit is the minimum
detectable input quantity that effects a change in the output signal above the inherent
noise level of the sensor. This is tied to the resolution of the device. In biosensor
experiments, this is typically referred to in units of g/ml or M.

There are many types of biosensors that are currently being developed to meet the
needs of the scientific and medical communities. One of the most important aspects of a
cancer biomarker sensor technology is that it be amenable to an array configuration. An
array of biosensors allows for the flexibility of detecting multiple different targets
simultaneously from a single sample, or for detecting the same target with multiple
sensors. This type of multi-sensor testing adds a level of redundancy and statistical
significance to the test that is important especially in diagnosis applications where false
positives or false negatives can have disastrous effects. Optical sensors have been widely
used in array formations, including microprotein arrays. However, these tests require
expensive equipment to operate and are generally very expensive to perform at

approximately $1,700 for one array (note: one array can look for 8,000 proteins at once).



Acoustic sensors possess the capability to be configured into multiple device arrays.
There is theoretically no limit to the number of acoustic sensors that can be operated
simultaneously, however the circuitry required to run and process many sensors becomes
more difficult to design and implement on a very large scale.

It is believed that one method for developing highly predictive tests for
individual cancer types will involve the evaluation of a combination of biomarkers from a
patient sample. This would give rise to a protein level “signature” that may be more
effective in predicting the onset of disease than a single non-specific biomarker. The goal
for researchers however, is not just to make an array of biosensors to detect the
expression of various biomarkers, but rather to do it well and do it inexpensively. This is
the key. If a sensor is both inexpensive and highly sensitive, then it holds implications as
a cancer screening technology for all people, regardless of their access to healthcare. The
acoustic sensors discussed herein are fabricated using standard microelectronic
fabrication techniques — similar to those used for the production of microprocessors

which is easily streamlined and can be implemented for very high throughput.

1.3 Specific Aims
In this thesis, the development of a new type of bulk acoustic wave sensor that
draws on many of the strengths of other existing acoustic sensor technologies is detailed.
The pertinent aspects of the device including material choice, excitation configuration,
and acoustic mode of operation as well its characterization as a biosensor are discussed.
The specific hypothesis behind the proposed research is that the lateral field excitation

(LFE) of a ZnO-based thickness shear mode resonator can result in a sensor that is



highly sensitive to mass loading. The specific aims have been designed to provide a

comprehensive analysis of the bulk acoustic wave sensor from theory to application:

1. To develop the theoretical underpinnings of the acoustic wave propagation in ZnO,
establish finite element models to corroborate the theoretical findings, and provide a
proof-of-concept study for Thickness Shear Mode gravimetric biosensors.

Theoretical proof that the lateral field excitation of c-axis oriented ZnO couples to
the thickness shear mode (TSM) is important for validating the proposed sensor design.
In order to do this, the crystal structure of the piezoelectric film was verified through
XRD as a basis from which to build the models. The theoretical calculations were carried
out by solving the piezoelectrically stiffened Christoffel equation to elucidate the acoustic
modes that are excited through lateral excitation of a ZnO stack.

A ZnO finite element model was developed to investigate the electric field
orientation and density for various electrode configurations. The models were used to
visualize the electric field for assurance that the piezoelectric thin film is being laterally
excited as well as the energy density and particle displacements for comparison with the
theoretical calculations.

A proof of concept study was carried out using a Quartz Crystal Microbalance
(QCM) device to investigate the application of thickness shear mode resonators to cancer
biomarker detection in complex media. The verification of this commercially available
TSM acoustic wave device helped to provide a firm foundation for the design of new

gravimetric sensors with enhanced capabilities.



2. To design and fabricate arrays of multiple laterally excited TSM devices and fully
characterize the electrical properties of the solidly mounted resonators.

The design phase of engineering new devices is the most time-consuming. Device
performance may be predicted by theory, but fabricating working devices and translating
theory into experimental results in the laboratory is another matter entirely. The devices
were fabricated and tested for the purpose of characterization.

A program that calculates the stack layer thicknesses needed to produce a mirror
that will approximate air for reflecting the acoustic wave was developed. The purpose of
the acoustic mirror is to transform the apparent acoustic impedance of the silicon
substrate into that of air to allow for reflection of the acoustic wave at the lower
boundary.

Electrode designs for the sensor arrays were developed through finite element
modeling and prototyping. The devices were fabricated and then tested for values of
interest such as Q, and electromechanical coupling (K?) as well as their ability to operate

in liquids and the energy losses associated with that.

3. Investigate the optimal surface chemistry scheme for linking the biolayer to the ZnO
device surface.

Developing acoustic wave device technology into a standardized biosensor
platform requires that the biospecific coating be uniform and reproducible over a large
number of devices. From one device to another, if the number of available molecular
binding sites varies dramatically, sensor responses will be radically different given the

same initial target concentration.
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Crosslinking schemes involving organo-silane molecules such as
Mercaptopropyltrimethoxysilane (MTS), (3-glycidoxypropyl)trimethoxysilane (GPS) as
well as a phosphonic acid were compared for immobilizing antibodies to the surface of
the ZnO. A heterobifunctional crosslinker was used to link the organosilane to the F.
region of the antibody. The surface density, uniformity, and repeatability of each cross-
linking scheme was analyzed and compared through fluorescent microscopy and atomic
force microscopy. The optimal scheme was chosen as the method to be used for

subsequent biosensor tests in buffer and complex media.

4. To investigate the sensitivity of the acoustic immunosensors to potential diagnostic
cancer biomarkers.

To perform biosensor experiments with these devices, resonator arrays were
coated with antibodies using the preferred method as determined from the completion of
aim 3. Initial tests were performed in buffer spiked with varying concentrations of the
purified target antigen to develop a dose-response curve for the detection of mesothelin.
The development of a dose response curve indicates the sensor’s ability for detecting
specific amounts of the target molecule when compared to reference sensors.

Following successful completion of the initial buffer tests, further tests were
carried out in prostate cancer cell line conditioned medium to look for levels of PSA in
fluids of prostate cancer cell lines. The results of the tests help to establish the operation

of the devices in complex media for clinically relevant biomarker detection.

The work described in this thesis is one that, in my opinion, is truly

interdisciplinary. The research is comprised of principles from the fields of physics,

11



electrical engineering, chemistry and biochemistry, and the final result is applied to solve
problems in the field of medical oncology. It was my goal to pursue the work in each of
these scientific areas with as much rigor as one who works solely in one of the fields
would.

The next chapter introduces the various types of acoustic biosensors and the
underlying physical principles behind their operation as well as the different ways each of
these devices are currently being used as biosensors. Chapter 3 focuses on the QCM and
developing finite element models to simulate the operation of the QCM. Also included
are results from a study performed with QCM devices illustrating their effectiveness in
detecting tumor markers in complex media which are detailed in [12]. Chapter 4 details
the development of the ZnO-based LFE TSM acoustic resonators. The theoretical
calculations are provided as well as finite element modeling results which supply
supporting evidence for the excitation of the TSM mode in ZnO. Also included in
Chapter 4 is data from the characterization of the experimentally realized devices [13-
15]. Chapter 5 focuses on the functionalization of the TSM resonators through the
exploration of immobilization techniques for linking antibodies to the ZnO surface. This
is a critical step in the development of high precision biosensors. Sensor testing results
are provided in Chapter 6 for the detection of mesothelin and PSA as well as
characterization of the devices as acoustic biosensors. A look at a new type of acoustic
sensor system is provided in Chapter 7. This sensor system is based on the traditional
ladder-type filter structure in which each device that comprises the filter network can be
configured as a sensor. Rather than looking at the frequency shift of an individual device,
the system exploits changes in the frequency response of the overall structure which is

determined by the individual sensors that comprise it. Circuit modeling and experimental
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results are provided. Some general conclusions about the work presented and suggestions

for future work are provided in Chapter 8.
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CHAPTER 2

ACOUSTIC WAVE DEVICE BIOSENSORS

There are numerous types of acoustic waves and an even greater number of
devices that utilize these waves for a particular purpose. Acoustic wave devices in
general are extremely versatile. They can be found in a wide variety of applications in a
wide variety of industries. This chapter is meant to provide the reader with a discussion
of how acoustic devices operate and the way in which such devices can be utilized as
biosensors. An explanation of piezoelectricity will first be offered, followed by a non-
rigorous mathematical description of acoustic wave propagation in solid piezoelectric
materials. Subsequently, a discussion is provided of the main types of acoustic wave
devices and how they operate, followed by the different ways each of these devices are
currently being used as biosensors. The chapter will close with a discussion comparing
and contrasting the various acoustic wave devices and an explanation will be given for

why thickness shear mode resonators have been chosen in this work.

2.1 Acoustic Device Background
The name acoustic wave sensor comes from the fact that these devices “sense” by
responding to physical and chemical changes in the characteristics of the path over which
an acoustic wave propagates. Waves that propagate through the substrate or at the surface
of the substrate will undergo changes in velocity or amplitude as a result of characteristic

changes in the acoustic wave path. The frequency and phase information of the acoustic
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wave can be measured electrically to determine if a change from the initial operating
characteristics in the wave has occurred. This is possible because of the property of

piezoelectricity.

2.1.1 Piezoelectricity

Almost all acoustic wave devices use a piezoelectric material to transform
electrical signals to mechanical stress and vice versa. Piezoelectricity, which is greek for
“pressing electricity” is the direct link between electrical and mechanical phenomena. It
occurs only in specific materials comprised of certain crystalline structures which do not
possess inversion symmetry [16]. The piezoelectric effect couples mechanical properties
(stress and strain) to the electrical properties of the crystal. The coupling of these
properties occurs as a result of polarization. Polarization occurs when an electric field
causes physical separation between positive and negative charges, which results in a
dipole moment and a polarization vector, which is proportional to the electric field.

In piezoelectric crystals, the polarization vector can be created not only by an
external electric field, but also by an external stress that deforms the crystal — causing a
separation of charges. As a result, stress or strain in a piezoelectric crystal will produce
an electrical response. Similarly, the inverse effect also takes place: the application of an
electric field produces a mechanical response. This means that a wave propagating
through the piezoelectric crystal can be excited using an external field produced by
transducers. It is also possible to measure the electric field generated by a returning
acoustic wave at the transducer. Because the substrate material is piezoelectric, the

traveling acoustic wave exists as a mechanical deformation, but also “carries” with it a
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potential distribution. It is possible to excite a wave electrically, and then determine
whether its characteristics have been altered during the course of wave propagation. This

is a fundamental concept behind acoustic wave biosensors.

stress

O <z
||
L

Figure 2.1 Coupling of a stress to electric polarization. The arrows represent individual dipole

moments. Both a) and b) indicate hexagonal symmetry, but only in b) does the applied stress result in
overall polarization (adapted from [17])

The coupling of an electric field to a mechanical strain depends on the symmetry
class of the crystal. Typically, there are only specific external electric field orientations
with respect to the crystal axes that will couple to a stress and vice versa. An applied
symmetric force on one crystal symmetry class may not result in any polarization at all
while the same symmetric forces on another crystal class will result in polarization. An
example of this is shown in Figure 2.1. The figure illustrates two hexagonal crystal

classes with the same external force applied. In Figure 2.1(a) the individual dipole
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moments represented by the arrows all effectively cancel each other out leaving no net
polarization of the material. In Figure 2.1(b) the same external stress causes the
generation of non-symmetric dipoles, which leads to an overall polarization. The manner
and direction in which stresses and e-fields couple together for various crystal classes is
described by the piezoelectric coupling tensor. For the piezoelectric class, the inverse
piezoelectric effect is defined through the tensor relation:

S=d:E (2.1)
Where S is the strain matrix, d is a matrix called the piezoelectric strain tensor, and E is
the electric field vector. This can be transformed into an equation relating the stress and
the electric field:

T=e:E (2.2)
where e is defined as the material stiffness multiplied by the piezoelectric strain tensor, d,
and is named the piezoelectric stress tensor. T is defined as the stress vector. Of
additional value is the introduction of D, the electric displacement. The displacement
vector is related to E through the relation:

D=¢, :E (2.3)
Where ¢, is the relative permittivity of the material multiplied by ¢, - the permittivity of

free space. These equations will be of more use in the next section when they will be

integrated into the equations that describe acoustic wave propagation.
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2.1.2 Acoustic Device Theory

The purpose of this section is to provide the reader with a fundamental
understanding of acoustic wave propagation and the equations involved. The equations
discussed here will be used later for deriving more directly useful equations, but they
provide fundamental understanding of the forces involved in acoustic wave propagation
and help in the development of intuition for understanding acoustic waves. While in-
depth derivations of this theory can be found in many sources [17-19], a less rigorous
approach will be taken here so that the information presented is useful to a wider
audience.

Before a discussion of acoustic waves can take place, some important terms must
first be defined. Stress refers to a force F applied per unit area 4 of a solid. Typically
mechanical stress is denoted by the letter 7 and has units of N/m”. To completely
represent the state of stress at each point in a solid requires the use of a stress tensor.
Each element of the tensor, 7}, represents the i"™ direction component of the force acting
on the j"™ face of an infinitesimal volume (i and j = x,y,z).

The particle displacement, in three dimensions can be represented by a
displacement vector u(x,y,z,¢). A plane wave in a solid will produce harmonically varying
particle displacements in the direction of the wave propagation. This can be described by

a harmonic equation
u(x,y,z,t) = (ux+u,y+ u_z)e ™ (2.4)

where i is the direction of wave propagation and o is the angular frequency of the wave.

In acoustic wave propagation, simple translation is not of interest. Rather, local

18



deformations such as local rotations or changes in the inter-particle distance are of
primary importance.

Strain, denoted by S, is the gradient (spatial rate of change) of the particle
displacement due to an applied stress and is dimensionless. It can be calculated for any

direction in the solid and is given by the equation:

ou,
5, =+ %+i]=5ﬁ 2.5)
2{ ox; o

S;; = S;; are components of a 6x6 strain tensor that relates the rate of change of particle
displacement in the i™ direction to the along the jth axis. For example, Sy represents the
gradient of x displacement along the x-axis. This term would be nonzero in the case of a
material fixed at one end being stretched along the x-axis. Thus, S,, and S;; represent
strains in the y and z directions, respectively. The terms Sj; where i # j are called shear
strains. Nonzero shear strain represents, in a physical sense, an angular difference
between elements initially in the i™ and " directions. Both stresses and strains in an
elastic solid can be either compressive, tensile, or shear. A compressive stress tends to
push particles together, while a tensile stress tends to pull them apart. These stresses
form the class of longitudinal stresses [17].

An elastic medium behaves as a distributed mass-spring system. The perturbation
of a single particle will propagate throughout the system due to elastic coupling between
adjacent particles. Much like the high school physics system of a harmonically oscillating
mass on a spring, the particles in an elastic medium will oscillate under perturbation.
Thus, in an elastic solid, there exists a linear relation between the internal stresses and the

deformation. In one dimension, this is known as Hooke’s law, which relates the
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deformation of an elastic system to the force applied. It is possible to generalize this

equation to three dimensions for non-piezoelectric solids:

T;’j = Z cijlekl (2.6)

k,I=1
In which the individual values c;; that comprise the larger matrix of values are called the
stiffness coefficients. The large matrix of all of these values is called the stiffness tensor.
The stiffness coefficients can be thought of as “microscopic spring constants” that
characterize the elastic behavior of a solid. At this point, it is useful to introduce a
notation used to simplify the tensor notation. Since the stress and strain tensors are
symmetric (ie. Tj; = Tj;), at most six of the nine elements of the tensor are unique.
Therefore, it is possible to reduce the index ij to a single index usually denoted with a

capital letter. Table 2.1 clarifies how the notation relates to the expanded subscripts.

Table 2.1 Reduced Index Notation

1,J i, j
1 xx (11)
2 vy (22)
3 2z (33)
4 yz (23), zy (32)
5 xz (13), zx (31)
6 xy (12), yx (21)
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Use of this notation reduces the stress and stiffness matrices to 1x6 column vectors and
the stiffness tensor from an &1-value matrix to a 6 x 6 matrix. This reduced notation is

often referred to as “Einstein notation”. Equation 2.6 can now be written in reduced form:
6

T,=>c,S, (2.7)
J=1

This equation is called the Reduced Elastic Constitutive Relation and is a three-
dimensional form of Hooke’s law. It relates the stress and strain in three-dimensions for a
non-piezoelectric substrate. However, the sensors described here are piezoelectric
devices, and we are interested in how stress and strain are related for piezoelectric
materials. To develop a relationship that incorporates the piezoelectric effect, we can
combine Egs. 2.2 with 2.7 to get an equation in reduced form:

T, =c,S, —e,E, (2.8)

This equation describes stress at a particular point as a function of the material
parameters as well as strain at that location and the electric field. In this equation,
summation over the repeated indices is assumed. The values of the stiffness tensor are
measured at constant electric field. The mechanical constants must be measured from a
grounded crystal to prevent charge buildup, which can significantly alter the results [17].
From this equation, another equation can be derived which relates the electrical

displacement D, to E and S from Equation 2.3:
D, =¢)E, +e,S, (2.9)
where 5;- is the permittivity which must be calculated from values measured at constant

stress [17]. Together, Equations 2.8 and 2.9 are named the Piezoelectric Constitutive

Relations. These equations are useful for making acoustic wave calculations because the
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strain is related to the particle displacement by Eq. 2.5. This relationship can be written in

a simpler form using a differential operator:

0
— 0 0
ox
S, o 2 o
S, >
u
S 0 0 — RY
s=| 5|2 o ||y (2.10)
S, 0 o 0 Y ’
S or oy |LY:
5
0 0
S — 0 —
= P 0z ox
o 0
— — 0
| Oy Ox |
where §, =2S =28 ,S§,=25_=25,,S,=2S, =25, . This can be written in

shorthand notation as

S=V.u (2.11)
where the gradient matrix operator V can be written as V, where [ =1 to 6 for the six

rows and j = 1 to 3 for three columns.

Another useful equation that can be derived from the piezoelectric constitutive
relations is the wave equation for piezoelectric substrates. We can describe the electric
field as the gradient of a scalar potential:

E=-V¢ (2.12)
Newton’s law in three dimensions can be written as:

0*u
V-T=p— 2.13
P o (2.13)

Where T is the stress vector, p is the density of the piezoelectric substrate and u is the

particle displacement. In similar fashion to the gradient matrix operator in Eq. 2.11, the
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divergence of stress in Eq. 2.13 can be expressed as the product of a divergence matrix
operator and stress matrix. The divergence matrix operator is a 3 x 6 matrix and often

written using shorthand notation V, :

9 9 0 o & 9
Ox 0z Oy
2.14
0 20 2y L 19
oy Oz Ox
o o 2 2 2
L oz 0Oy Ox ]

This matrix is simply the transpose of the gradient matrix operator matrix. Substituting
Egs. 2.11 and 2.12 and applying Eq. 2.13 into Eq. 2.8 results in the wave equation in

piezoelectric media:

ou
ot*

V.e":Vu+V-e:Vg=p (2.15)

This equation contains a term involving the electric potential ¢. The term may be

considered a source term responsible for the generation of an acoustic wave by a time-
varying electrical potential [19]. As a result of the piezoelectric effect, an electric
potential can generate particle displacement and therefore an acoustic wave, but the
particle displacements accompanying the acoustic wave also generate an electric
potential. Consequently, electrodes can be used to generate an acoustic wave, and they
can also be used to measure electric properties of the returning acoustic wave such as the
frequency and phase. This is a fundamental result of the equations discussed in this
section and forms the theoretical groundwork behind the operation of the acoustic wave

devices discussed elsewhere in this thesis.
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2.2 Types of Acoustic Wave Devices & Sensors

There are many different types of acoustic wave devices and a wide variety of
applications for which the devices are used. The key to this wealth of applications is
twofold. First, there are many types of acoustic waves that can propagate in elastic media.
Each has specific attributes that can be employed to produce considerably different
devices. The second key lies in the materials used for making acoustic wave devices.
Device performance relies heavily on the material properties of the crystalline substrate.
There is wide variation in crystalline material properties that arises mostly from a
combination of the atoms that make up the crystal, the crystal structure, and the
uniformity of the crystal with respect to defects and grain boundaries. Properties such as
density, material Q, electromechanical coupling, piezoelectricity, and ferroelectricity
among others arise from the atomic and structural makeup of each unique crystalline
material. In this thesis, the devices are designed using Zinc Oxide primarily because it
has specific properties that are useful for the type of sensors we wish to design. As will
be shown in Chapter 4, the hexagonal crystal structure of the ZnO can support a thickness
shear mode resonance through lateral field excitation. Additionally, it can be deposited
through RF sputtering techniques to form highly oriented polycrystalline thin-films.
Resonators made from these thin-films are often referred to as film bulk acoustic
resonators or FBARs. Unlike some other piezoelectric materials such as Quartz and
LiNbO; which are difficult to deposit in crystalline thin-films, ZnO can be deposited onto
a Si wafer to form solidly mounted devices. These solidly mounted devices are
structurally more robust than free-standing quartz crystal devices. Additionally, they are

less expensive to produce than quartz devices and can be integrated with other ICs.
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2.2.1 Bulk Acoustic Wave Devices

Bulk acoustic wave (BAW) devices are characterized by an acoustic wave that
propagates through the bulk material. They are widely used in radio frequency (RF)
filters for military applications and consumer electronics. One of the advantages of using
BAW devices in RF applications is their capacity for operating at frequencies well above
1.5 GHz. Similarly, for sensor applications, BAW devices can be fabricated at
frequencies well into the GHz range using standard microelectronic fabrication
procedures. This is an important point because it has been shown that the sensitivity of a
bulk sensor is related to the square of the operating frequency. Thus, as the operating
frequency increases, the ability to detect smaller and smaller mass changes improves.

There are two major types of bulk acoustic waves that can be excited in a
piezoelectric substrate. The most important for sensing applications is called the
thickness shear mode (TSM) which is so named because the acoustic wave propagates
through the thickness of the piezoelectric film while the particle displacement is
perpendicular to the propagation direction vector. This is a type of transverse wave. The
other main type of bulk acoustic wave is the longitudinal wave. The longitudinal wave is
characterized by particle displacement in the same direction as the propagating wave. In a
thin-film resonator, the wave propagates through the thickness of the thin film and the
particle displacement is similarly normal to the surface. The propagation of a sound wave
in air is an example of a longitudinal wave. The two main types of bulk waves are

visually represented in Figure 2.2.
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Figure 2.2 The two main types of bulk acoustic waves. a) The thickness shear mode illustrating
particle displacement normal to the direction of wave propagation through the thickness of the
crystal and b) the longitudinal bulk mode illustrating particle displacement parallel to wave
propagation

Bulk acoustic wave device biosensors operate in a fairly simple manner.
Typically, the device is comprised of a piezoelectric material with electrodes positioned
either in the lateral field excitation or thickness excitation configuration. The lateral field
excitation (LFE) electrode configuration involves two plane-parallel electrodes which can
generate a laterally oriented electric field between them. The thickness excitation (TE)
electrode configuration consists of electrodes on either side of the piezoelectric bulk
which generate an electric field vector through the thickness of the bulk. The electrodes
are used to excite and maintain an acoustic resonance. Positioned on one surface of the
device is the sensing layer. This layer could be a chemical sensing layer or biological

layer comprised of antibodies. During a sensor experiment, this surface is exposed to the

sample under test and if the target of interest is present in the sample, it will react with
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the sensing layer. The interaction will produce a mechanical change in the sensing layer
through the addition or subtraction of mass, or some other mechanism. The mechanical
change at this surface will affect the acoustic resonanc