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Abstract

Thin Film Bulk Acoustic Wave Resonators (FBAR) are mechanical micro scale devices
that operate in the UHF/Microwave frequency range. This high frequency of operation
potentially offers increased sensitivity to the addition of surface mass loading as implied
by the famous Sauerbrey equation. FBAR was shown to be responsive to physical and
chemical changes in the environment and was further adapted to act as bio-sensor. Thus
indicating a universal platform from which to launch an enhanced sensing technology.
This thesis follows the research and development of a prototype chemical and biological
sensor based on FBAR. FBAR devices were fabricated in a clean room and on die RF
measurements were made to identify the units with performance characteristics of high
enough quality to be useful as sensors. The FBAR design was then adapted so that it
could be environmentally isolated, and microwave circuitry was devised to allow the
FBAR to remain in electrical contact with the outside world during its isolation. This
allowed for controllable environments in which to test FBAR responses to chemical and
biological agents free from interfering signals.

A software suite was written to specifically address the requirements for accurate and
sensitive data processing of FBAR responses to measured analytes in real time. The
isolation assembly and software was tested thoroughly, and the ultimate limits of
resolution and sensitivity for the instrumentation were found using temperature change as
the variable input parameter.

A gas delivery apparatus was constructed and the FBAR was coated with hygroscopic
polymer layers to sensitise the device to water vapour. Changes in the concentration of
water vapour in a gas stream were tracked and the range of detection was established
along with stability and resolution of the chemically sensitised FBAR.

FBAR device gold surfaces were coated with biological antibodies, these made the
devices ultra specific to measurand. Direct experimental comparisons between the FBAR
and the relative performance of well established but lower frequency acoustic wave
immunosensor technology systems were made and the relative increase in sensitivity was
established for the FBAR based immunosensor. Optical methods were used to
compliment the acoustic ones in determining the thickness and density of the protein
layers adsorbed to equivalent gold surfaces.

The thesis concludes with a section of speculative ideas for future work, with the
experimental results for a potential rheological probe device shown. A brief
demonstration of the FBAR performance when submerged in semi-infinite liquid
environments is shown. Arrays of FBAR devices are software modelled in a novel way
and demonstration of their possible applications are presented.
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CHAPTER ONE
1.0 INTRODUCTION AND LITERATURE REVIEW

1.1. Preamble

The multidisciplinary research topic of this thesis is primarily focussed on developing a
prototype, bulk acoustic wave (BAW) chemical and biological sensor' with substantially
increased mass loading sensitivity. This PhD topic follows in the tradition of the original
pioneering work of Sauerbrey (1959) ™ on micro-weighing of thin metal films on resonating
quartz crystals and the chemically-sensitised version of this developed by King (1964)° @
and the immuno-sensitised versioh subsequently developed by Shons (1972)."! The work in
this project exploits some of the relatively recent advances that have been made in the
improved performance characteristics of BAW thin-film resonators (TFR) through the use of
established modem microfabrication techniques ' and the associated emerging technologies,
for example the work of Lakin (1991) on the fundamental properties of thin film

resonators.'®!

For the purposes of micro-gravimetric sensing, increasing the mass loading sensitivity of
resonating transducers is a highly desirable function and it is obtained primarily by
increasing their natural or fundamental operating frequency ( fo ). Mass sensitivity (M;) of a
BAW is related to fundamental frequency as f;>. Simply put’, this means that there will be an
increase in the absolute negative frequency change (-Af ) per-unit-of-mass (in grams (g))
deposited on the surfaces of devices that are resonating at higher frequencies (in Hertz (Hz))
The time-honoured Sauerbrey theory " indicates that a relatively small increase in the f; of a
micro-gravimetric resonant sensor can lead to a rather substantial increase in device

sensitivity to thin-metallic “ideal” mass loads® on its surface.

! Physical sensing was also explored as a subsidiary topic.

“King’s 1964 prototype could deliver a sensitivity of 10”°g with a response time of 0.05s

? Neglecting the increased interfering noise and lower resonator quality factors typical at high frequencies.
* The relationship can significantly deviate from linearity when encountering “non-ideal” viscoelastic mass
loads as opposed to “ideal” perfectly elastic loads such as thin metal films.
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It is the thickness of a piezoelectric plate that is the predominant factor determining the
natural resonant frequency of a BAW device. Thinner plates of the same type of piezoelectric
material will resonate at higher frequencies. ((See equation 1.2). TFR technology is typified
by piezoelectric membranes with thicknesses in the micron (um) range, whilst piezoelectric
quartz plates usually have thicknesses in the millimetre (mm) range. The piezoelectric
microelectromechanical systems (MEMS) used in this work were TFR devices in the form of
thin-film bulk acoustic wave resonators (FBAR) that were designed to operate at resonance
frequencies some orders of magnitude higher’ than the current state of the art quartz based
BAW sensors, and as such, FBAR based sensors were expected to deliver greatly enhanced
sensitivity to mass loads placed onto their resonating surface(s). The concept of exploiting
the high natural resonance frequencies of TFR devices to gain substantial increase the M; of
micro gravimetric devices for selective recognition of analyte was first demonstrated by
‘O’Toole et al (1990 - 1992)'")

By depositing a so called “sensing layer” onto the surface of a BAW resonator, a specifically
targeted analyte or measurand® can be isolated i.e., selectively bound, out of an ad-hoc
mixture of materials which can be either chemical or biological in nature. In the simplest of
cases, the increase in the mass load on the resonator surface that is generated from this
selective interaction can be used to “zluantitaﬁvely analyse ‘the chemistry of the resonator’s
close proximity environment. However, even though mass loading dominates the responses
in the form of -Af, it is not the only factor to be considered, because changes in the acoustic
properties’ of the sensing materials during their interaction with target analyte(s) may also
contribute to the final output response in the form of electro-acoustic signal attenuation.
These types of acoustic interactions can change an output parameter of the acoustic resonator
known as the Quality factor (Q factor) and they are explored briefly in this thesis to show the
potential use of the FBAR and associated instrumentation in probing material theology.

It is shown in this work that FBAR devices are innately responsive to physical environmental

changes such as temperature variation, but also, that the deposition of sensing layers (organic

3 Typically operating in the UHF or microwave frequency range in this project, (~300 MHz to ~1.8 GHz),
% Analyte or measurand are roughly equivalent terms, indicating the target quantity to be measured.
? Important acoustic properties of materials are (i) density, (ii) thickness (iii) stiffness and (iv) acoustic loss.
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partitioning polymer films) onto FBAR surfaces simultaneously sensitises them, and makes
them partially selective, to the presence of chemical moieties in a gas stream. Also, the
FBAR was engineered to act as an immunosensor by coating its surface with a sensing layer
of biological antibodies which have ultra-specific binding affinities for target molecules. In
this way, a prototype reagentless immuno-sensor delivering greatly enhanced responses over
lower frequency BAW sensors to the antibody/target binding event was unambiguously

demonstrated.

A number of traditionally separate scientific disciplines were combined during the cc;urse of
this multidisciplinary work, and as such, it is neither possible nor desirable to discuss the
minutia of every topic, instead they are discussed at the level where the details remain
relevant to the development and continued optimisation of the prototype FBAR sensor. It is
subjectively considered that it is the overall hybridisation and the successful synthesis of the
separate disciplines that is pertinent to this work. However in taking this conscious and
deliberate approach, and with finite development time as a limiting consideration, a number
of potentially fruitful research avenues could not be explored with significant depth. Hence,
for some of the studies® the cursory experiments performed, and the interpretations of the
results subsequently obtained, are perhaps rather lacklustre, even if technically correct. But
on the other-hand, they do offer significant opportunities for future work since proofs-of-

principles have been demonstrated, and in some cases new discoveries have been made.

Figure 1.1 below, represents the author’s subjective interpretation regarding nature of the
instrumentation requirements and the amalgamation of the separate scientific disciplines that

were encountered during the creation of the FBAR prototype sensor.

® Referring to (i) Overall material rheology studies, (ii) FBAR responses to DNA irradiation, (iii) FBAR
responses to ambient light photons (iv) FBAR complete submersion in semi-infinite liquid loads,
(v) Suppression of FBAR spurious modes of resonance with the addition of hygroscopic polymer loads.
(vi) Interpretations of the mass loading results from the mathematically modelled FBAR arrays.
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1.2 A brief chronological overview of the work presented in this thesis.

In planning, developing and evaluating the performance of the FBAR prototype sensor, the
work was necessarily compartmentalised into separate systematic investigatory components
which were eventually merged together. Broadly speaking, the results of these investigations
are presented chronologically in the thesis. They involved the initial planning phases of the
prototype unit but much of the detail involved in the planning phases is omitted for the sake
of clarity since they become obvious by default: The actual microfabrication of the FBAR
devices themselves and the subsequent physical adaptations that were made for the best
performing FBAR devices selected for use in sensing experiments were shown along with

the results generated when the prototype was fully operational.

The thesis is split into six chapters, the present chapter, which is in the form of a literature
review, introduces the concept and scope of chemical and biological sensing technology in
general and shows the operational principles of BAW devices with the main focus being on

quartz based systems since they are so well researched and referenced.

The second chapter starts by giving a brief historical background of the work leading up to
the emergence of piezoelectric TFR technology, and describes the science behind the electro-
acoustic operation of FBAR devices specifically with focus on how they can be adapted for
use in sensing. It also reviews the scant literature available on existing TFR technology when
applied to chemical and biological sensing. Chapter two also gives the details of the
microfabrication stages involved in manufacturing of the FBARs on silicon wafers and
continues on to show the methods that were already in place to electrically characterise them
upon completion. It highlights the serious limitations existing in the established
characterisation methods when attempting to use FBARSs as sensors. The novel methods that
were devised to circumvent these limitations, namely in the design and construction of an
environmental isolation chamber for the FBAR and its associated microwave electronics are
described. The chapter concludes with a section following the major steps involved in
replacing the existing FBAR characterisation software with new measurement and control

software that was developed to give superior real-time access to the wealth of data that the

19



FBAR could deliver relating to its acoustic interactions with measurand on its resonating

surface.

~ Chapter three describes the main phase of the beta testing and evaluation of the new software
and prototype FBAR environmental isolation chamber. The associated microwave electronic
components of the chamber were also characterised. Temperature changes were used as the
main variable parameter with which to monitor the computer-controlled automated FBAR
responses in real-time. Here, the nuances of the interplay between the new software and the
hardware are leamed and the ultimate limits of resolution for the prototype apparatus are
discovered. The methods that were used to reduce system noise and to increase system
accuracy are clearly demonstrated. Along with frequency changes, (Hz), the use of
altemnative FBAR output parameters such as Q factor (or its reciprocal, the dissipation factor

(D)) and power transmissions (dB) are introduced.

Chapter four describes the construction of a gas flow delivery apparatus to connect to the
FBAR isolation chamber is clearly described. The chapter gives the details appertaining to
how the FBAR could be sensitised to the presence of moisture in a gas stream through the
addition of a sensing polymer layer on its surface, in essence creating a “model” chemical
gas sensor system. The FBAR characteristic responses to changes in relative humidity are
then evaluated and interpreted with various thicknesses and various concentrations of the
sensitising polymer layer used during the analysis. Some unexpected results, mainly in the
complete suppression of FBAR spurious modes of resonance when coated with the polymer
layer are presented. The results of this chapter should be considered as a qualitative

assessment of a FBAR based “model” chemical gas sensor.

In chapter five, the FBAR is demonstrated for the first time as a class of biosensor known as
an immunosensor. The FBAR surface, coated with biological antibodies, is shown to behave
in an ultra-specific manner toward measurand, and the subsequent immuno-accumulation of
mass is measured. Additionally, the immuno-sensitised FBAR is experimentally compared
directly against quartz immunosensors of the same type; the relative sensitivities of the two

BAW immunosensor systems are evaluated. Surface plasmon resonance techniques are used
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to estimate the thickness of the antibody layers and the results for these are shown.
Mathematical modelling of the estimates of the thickness of the antibody layers on the FBAR
surfaces are calculated based on experimentally deduced frequency changes and estimated
protein density. The results of this chapter should be considered as a quantitative assessment

of a FBAR based “model” biosensor.

Chapter six offers suggestions for future work after discussing and considering the overall
nature of the results. The sixth chapter also shows the results of two FBAR experiments that
were not placed into the main experimental body of the thesis. The first of these shows the
unexpected responses of the device when it was completely submerged in a semi-infinite
liquid environment and the second shows the results from the FBAR when it was used to
probe changes in the physical state of an intimately attached DNA layer brought about by
irradiation with UV light’. The results generated by mathematical modelling of FBAR
devices strapped into different types of array fbrmats are shown and discussed. Suggestions
for future-work in the development of a multi-analyte capable “in the field” sensor based on
FBAR technology conclude the thesis.

1.3 Literature Review
1.3.1 Authors note

In the literature that was reviewed relating to the phenomenon of mass loading onto BAW
devices, the equations that were presented in the various review papers to describe the most
simple case scenario, the so-called “ideal” mass loading onto resonators did not appear
standardised. In over twenty three theoretical and/or practical research papers studied during
the literature review, on the main, no two papers used the same equation, although they were
all based on the original Sauerbrey term, to describe ideal mass loading even when
attempting to describe the same type of experiments on quartz. When the more complicated
cases of so-called “non-ideal” or non-gravimetric loads were encountered in the literature,
the terms used to describe the phenomenon were always extremely complicated and often

seemingly speculative.

? This experiment was not performed with enough experimental controls to justify a place in the
experimental sections, instead is presented as a supplemental “look-see” type test.
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During the review, it was not clear how relevant the various extremely detailed arguments
presented for mass loading onto resonators given in the literature were to the actual thrust of
the thesis, which was of course prototype sensor development, and not theoretical electro-
acoustic physics. It was decided to note that the theoretical understanding of “non-ideal”
mass loading onto resonators is not completely understood by the scientific community at
present, and that this thesis would not attempt to address the problem. This problem was
mainly the lack of a universally accepted unified term to describe all of the behaviours of
BAW sensors in relation to the various types of mass loads that can be presented to them in

both the gas and the liquid phase.

A representative form of the classic Sauerbrey equation is shown, (See equation 1.4) while
the multiple variants that exist for it along with the more complicated non ideal loading terms
are presented in a supplemental review section in Appendix 1, this format it is hoped, will
serve to keep the fairly complicated topic succinct and relevant to the project while
condensing the various aspects of the theory into a single section to assist researchers in the

future, but without distracting from the thrust of the main literature review section.

1.3.2 Introduction to the concept of chemical and biological sensors.

A sensor can be defined as “device capable of converting (changes in) the physical
dimension which is to be measured into (changes in) an electrical dimension (voltage,
current or frequency) which can be processed or transmitted electronically”. A biosensor
has been defined by Tumer et al (1987) [11] as “ a compact analytical device
incorporating a biological or biologically-derived sensing element wither integrated

within or intimately associated with a physicochemical transducer”.

The detection and quantitation of biochemcials presents a large market potential,
estimated at billions of dollars annually. ® The increasing attention in chemical sensor
research is being driven largely by the increasing technological need to perform
analytical measurements remote from a central laboratory.” Sensor use is not limited
strictly to the chemical laboratory, since medical clinics, industrial processes and

bioreactors also rely on these devices. As time goes on, they are to be found more
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frequently in the domestic sector such as food freshness monitoring in shops, field
analysis of plants and soil, portable air pollution monitors and mény more.™ There is
interest in the continued application of biosensors for toxic chemical and pathogenic

biological agents of defence interest. **!

Several microsensor technologies are currently under investigation in an attempt to meet
the increase in demand. The microsensors are typically categorised either by their
detection mechanism or by the quantity they are measuring (the measurand). Common
sensing techniques include potentiometric devices (which are based on ionic charge and
chemical potential), chemiresisitve devices (which are based on chemically induced
resistivity changes in semiconducting films), calorimetric devices (which measure either
the heat of reaction or a change in thermal conductivity), optical sensors (which employ
either fluorescence or electromagnetic wave perturbation in the form of absorption) and
finally, acoustic wave sensors which measure perturbations of a mechanical wave ™ 1n
order to realise the full potential of acoustic wave sensors, coordinated efforts between
diverse disciplines such as electrical engineering, physics, chemistry, computer science,

microbiology and medicine are needed. ™!

A number of different criteria are in use for classifying sensors broadly listed as:
e physical or chemical/effect transduction principle
e measurand
e technology and material
e application
- & cost

e accuracy.
The physical sensing dimensions can be classified as magnetic, thermal & mechanical

signals, electromagnetic radiation and chemical volumes; these can all ultimately be

transduced as an electrical signal™
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As early as 1969, Lion " had suggested grouping the principles into the type of energy

the signal received and generated. He distinguished six types:;

mechanical;

electrical

magnetic;

chemical.

Table 1.1 The physical domains for current sensor technology.

MECHANICAL DIMENSIONS OF
SOLIDS

Separation,  acceleration, elasticity,
density, thickness, torque, speed of
revolution, pressure, diameter, shape
filling level weight, power, length,
height, hardness, mass orientation,
through low, tension, distance etc.

MECHANICAL DIMENSIONS OF
LIQUIDS AND GASSES

Density, pressure, viscosity of flow,
through flow, etc

OPTICAL Intensity, wavelength, polarisation,
RADIATION reflection, absorbance , etc
Sound , pressure, velocity of propagation,
ACOUSTIC VIBRATION absorption, intensity, sound frequency,
etc.
NUCLEAR RADIATION radiant energy, degree of ionisation,
radiant flux, etc.
CHEMICAL (;oncen!raﬁon, pH, particle form and
SIGNALS size, molecule or ion type, reaction speed,

humidity, etc

MAGNETIC AND ELECTRICAL
SIGNALS

Inductance, capacitance, resistance,
frequency, phase, current, voltage,
permittivity, magnetic field strength etc,.

OTHER IMPORTANT DIMENSIONS

Quality, pulse duration, time, etc.
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10A biosensor is a special class of chemical sensor, where the sensing layer is originally derived from an
animate source, it is also a misnomer for a device with an inanimately derived chemical sensing layer used
to detect analytes ofbiological origin.
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1.3.3 Types of wave mode and piezoelectric acoustic resonator modules used
in sensing

Piezoelectric sensors utilise an oscillating electric field to create a mechanical
displacement i.e., an acoustic wave, which propagates through the substrate in the case of
BAW devices, or on the surface of the substrate in the case of Surface acoustic wave
(SAW) devices, the mechanical deformation is then converted back into an electric signal

for measurement.

The SAW is a combined mechanical and electromagnetic disturbance that is localised to
around one wavelength on the surface of a solid. Usually on a piezoelectric substrate
generated by interdigitated electrodes and applying RF voltage across them, usually in
the range 10 MHz to 2 GHz. SAW devices have seen phenomenal success in sensing

m?2 1

mass changes of as little as 100 pg/c ana interpretation of the results from them are

increasing in sophistication.™™®

The projection to frequency is equivalent to transferring the information into a time-
interval value. Time is invariant to a change from thg mechanical to the electrical domain.
There is no loss of accuracy by the transfer from a mechanical vibration to the
piezoelectrically coupled corresponding electrical signal. The time interval is, with

several orders of magnitude-the most accurately measurable quantity of all. '}

Below are the main categories of acoustic module types used as sensors and based on

different acoustic modes.

1) Thickness-shear mode (TSM) sensors

ii) Surface acoustic wave (SAW) and leaky (SAW) sensors
1i1)  Shear-Horizontal Acoustic-plate mode (SH APM) sensors
1v) Bleustein-Gulyaév wave Sensors

V) Love mode sensors

vi)  Flexural-plate-Wave (FPW) sensors

vii) BAW compressional or bulk longitudinal extensional mode sensors.
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Each wave mode offers its own advantages and disadvantages in acoustic sensor
applications, however in this project only (i) and (vii) are used experimentally in sensing

applications.

1.3.4 The quartz crystal microbalance in acoustic sensor applications.

There are strong analogies to be drawn between FBAR and QCM principles of operation,
and understanding the principles of QCM form and function will help develop an
understanding of the principles involved in arranging for the FBAR to function as BAW

chemical and biological sensor.

After Sauerbrey, who in 1959 employed the QCM to measure rigid metallic films, W. H.
King in 1964, then developed the application of the technology further to make small and
selective chemical mass measurements. Here the QCM was employed as a sorption
detector, which only became possible when it was understood that QCM coated with gas
chromatographic substrates could act as gas chromatographic detectors. This work was in
essence, the birth of the electronic nose. King’s prototype could deliver a sensitivity of

10”°g with a response time of 0.05s. P!

QCM’s have been used to detect gasses, ions, microbes, biopolymers, and
electrochemical mass change.® studies with QCM in liquids have been reported ! and
detailed models have been developed to describe the behaviours involving viscoelastic
mass loading. Recently (2001), it has also been shown that a weak longitudinal wave can
also be generated by a modified QCM known as the electrode separated piezoelectric
sensor (ESPS) where one of the metal electrodes is separated from the main body of the
piezoelectric by a few mm in a conductive solution. These are interesting devices and
bear some resemblance to the wave motions in FBARs but they can not be given
deserved attention in this thesis. For review see (Yang. M., et al. 2001) ®3 A form of the
QCM, the so called electrochemical quartz crystal microbalance (EQCM), where the
electrodes are under potential control in an electrochemical cell, can work in a liquid and

can deliver sub-nmol sensitivity. For a review see, (Bruckenstein 1995).7!
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1.3.4.1 Thinning of quartz plates to increase frequency and sensitivity

Hung (2003) ®¥ has attempted to exploit the frequency to thickness and sensitivity
relationship by decreasing the thickness of quartz plates by deep reactive ion etching
(DRIE). Hong reported a substantial increase in Q factor, from (Q~100) for 1 mm
diameter plate 82.3 um to (Q~30,000) when the plate thickness was reduced to 17.8 pm,
fo for these plates was reported as 20.3 MHz and 94 MHz respectively, but they do not
say how it was calculated, or offer a suggestion as to what could underpin this increase.
However, the trend finds some agreement with Osbond et al (1999) who observed the
influence of ZnO and electrode thickness on the performance of FBARs and noted that
with thinner depositions of piezoelectric plate, both the resonance frequency and the Q
factor of the FBAR increased ! The highest fundamental thickness vibration to date for
quartz a crystal resonator is 2.074 GHz with a thickness of 0.6 um and a Q factor of 1037
by Iwata (2004)"™) Twata concluded from observation on the characteristics of the
admittance spectra of the device that it could not be expressed adequately with the BDV
model.

Interestingly, Hung 24

attempted to use the DRIE method to create arrays of high
frequency individual resonators within a single quartz plate, with some success. but
discovered that there were limits to the minimum thickness achievable with this method"*

due to the inherent fragility of quartz and its subsequent difficulty in handling.

1.3.4.2 QCM immunosensor technology

Shons et al (1972),"! were the first to endow immuno-specificity to the QCM by
depositing antibodies that were specific for a target analyte and observing mass changes
due to the immuno-accumulation of the target bound by the antibody. After this, over 100
papers devoted mainly to the detection of gasses and particulates appeared in the

' In this project, rather than thinning the piezoelectric bulk from the top-down like Hung, the piezoelectric
was instead built from the bottom up by means of physically depositing the piezoelectric onto a gold
electrode surface from an RF plasma of piezoelectric (ZnO) in a vacuum - and in this way, very thin (~ 0.5
-4 ypm ) piezoelectric membranes with natural resonance frequencies in the microwave range could be

crafted.
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literature with scant attention given to biosensor applications. In 1983, work on QCM as
biosensors remerged.?® The main workers in the field were, G.G. Guilbault, M.
Thompson and Y. Okahata. Between them producing some 40 papers mostly confined to
antibody-antigen interactions on QCM over about a decade. Kobliner er al (1992) 158
adapted the QCM to allow for immunological detection of anti-human immunodeficiency
antibodies, but their tactic was to coat the crystal electrode directly with a synthetic HIV
peptide and follow the subsequent immuno accumulation of the antibodies from solution.
Over the last decade, numerous studies have been conducted on QCM transduced
immuno accumulation with the bulk of them being in the field of clinical analysis, but
more recently interest has been focussed on environmental pollutants and biowarfare

agents.®"

In this thesis, the antibody-antigen interactions are used as a model system for validation

of FBAR as prototype biosensor based on affinity recognition principles.

1.3.4.3 QCM based humidity sensing.

Mecca et al (1994)‘52] reported that when a quartz-crystal resonator is coated with a
hygroscopic material it becomes a “very” sensitive moisture sensor, saying that the Du
Pont company had exploited this knowledge to manufacture QCM sensors with ability to
detect 0.1 ppm moisture changes in non-corrosive gasses.® In chapter three of this work, ’
the FBAR was coated with such a hygroscopic material and observations on the response

of the device to changes in relative humidity were made.

A variety of studies employing the coated QCM as humidity sensor are available in the
literature. For a good review, the reader is directed to (Grate 2000) 2™ By far the most
humidity sensitive layer yet to be discovered for QCM is the Cgo buckyball structure
giving sensitivity threshold responses of 0.01% changes in relative air humidity when
used as a surface coating .**! It would be interesting to attempt to repeat this work using

FBAR devices, but it was not possible due to time constraints.
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1.3.4.4 QCM based temperature measurements

The anisotropy of piezoelectric single crystals allows different angles of cuts (different
orientations of the resonator shape with respect to the crystallographic axis) AT-cut
quartz resonators provide a shear wave vibration with a resonance frequency that is
extremely stable over a wide temperature range, BT- cuts also display vanishing

temperature coefficients )

The first systematic approach to promoting the temperature sensitivity of the frequency
from an unwanted side effect to an attractive temperature sensor was published by Wade
and Slutsky (1962). % This field of work culminated in the discovery of the so called LC
cut (linear temperature coefficient cut) of quartz by workers at Hewlett Packard with an
accurate measurement range from -80 to 230 °C with a calibration accuracy of 0.02°C,
and in 1984 Ziegler ¥ introduced the HT cut with a sensitivity of 90 ppm °C™.

Since the quartz crystal is an anisotropic medium, the resonance frequency of the plate is
highly dependant on the crystallographic orientation, e.g., angle of the cut. A systematic
study was performed by Bechmann in 1962, on the temperature dependencies of
alternative cuts of quartz.

1.3.5 Fundamental sensor requirements and noise considerations

Table 1.2 below, shows most of the key issues associated with sensor output
requirements. The electronics and packaging must be considered when developing a new
sensor. In the case of the microwave (RF) frequency sensors such as those used in this
project, the additional complications of impedance matching and the subsequént
transmission line calculations involved needed to be considered carefully when designing

the electronics involved in the packaging for the FBAR sensor.

The highly desirable functions of a low noise output signal, a low power requirement and
ultimately, a computer bus-compatible'® output signal are fundamental requirements of
any modem sensor. In addition to this, the sensor should show substantial insensitivity to

interference and to ambient environmental influences, or that these types of interferences

2 In this project this was a General Purpose Interface Bus (GPIB) enabled communication link.
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are compensated. It should also have a relatively long life expectancy without significant

signal drift due to ageing and it should be problem-free when replacement of the module

is required.

Table 1.2 BAW sensor performance considerations

TERM EFFECT

A measure of how closely sensor output approximates the
ACCURACY .

true value. (Usually mass loading)

Describes how exactly and reproducibly an unknown
PRECISION . .

value is measured. (best for “ideal” mass loads)

Smallest increment in the value of the measurand that
RESOLUTION . . .

results in a detectable increment in the output.
SENSITIVITY Absolute change in frequency per unit of measurand

How susceptible the system is to additive interference
SELECTIVITY/SPECIFICITY

from erroneous non target analytes.

Determined by the noise performance of the transducer.
MINIMUM DETECTABLE SIGNAL . . ..

. and the associated oscillator circuitry.

Smallest initial increment in measurand that results in
THRESHOLD

detectable output.

A measure of deviation from linearity of the sensor
NON-LINEARITY (Presents as a problem when the mass load is not perfectly

elastic)
DISTORTION Deviation from the expected output
CONFORMITY Closeness of experimental curve to theoretical curve.

Difference in output of sensor for given mput from
HYSTERESIS o e & e

opposite directions.

Difference in output readings from same quantity of
REPEATABILITY measurand and also batch-to-batch reproducibility. Major

source of calibration issue.
SPAN Range of mput variable giving meaningful sensor output.

Random fluctuation in the value o the measurand that
NOISE causes random fluctuation in the output. ie. Allen

deviations.

Change in sensitivity or base line over time. (Often due to
INSTABILITY AND DRIFT

ageing of a device)

Whilst it is true that higher frequency resonators produce larger frequency changes per

unit of measurand than their lower frequency counterparts (See equation 1.4), it is also
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true that higher frequency can result in lower accuracy and in a lesser ability to resolve

small changes in the measurand. Vig (2000) B3

states that noise will limit the accuracy
with which one can determine the frequency of an oscillator and therefore seriously limits

the minimum quantity of measurand that can be calculated with a specified uncertainty.

Vig also shows the known causes of noise or short-term instabilities as random fractional

frequency fluctuations, and states that they are also known as Allan deviations;

o Johnson noise due to motional resistance of the resonator and within
the oscillator circuitry. ‘

. Phonon scattering noise in the resonator.

. Changes in external load.

. Thermal responses of the resonator

o Temperature fluctuations.

. Random vibrations

. Fluctuations in the number of adsorbed molecules.

. Stress relief and fluctuations at interfaces.

As a consequence of this, Vig **!

states that higher frequency sensors will provide;

o Larger frequency change per unit of measurand.

e Higher noise — offsetting the larger frequency change per unit measurand;
decreasing the ability to resolve small changes in the measurand.

o Higher hysteresis —offsetting the larger frequency change per measurand unit,
and resulting in poorer reproducibility.

o Increased aging rates, hence inferior long term stability and accuracy.

e Higher power consumption.

o Smaller devices
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1.3.6 Theory of BAW operational principles applied to sensing

For the purposes of this description, the quariz crystal is taken as a “model” BAW system
because it is well covered in the literature and because electromechanical principles of
operation are similar enough to FBAR devices to be considered as roughly equivalent,
and differ primarily in their frequency of operation. This is due to the thicknesses of the
respective piezoelectric plates, not changes in the physics, indeed the electrical equivalent
circuits for FBAR and for QCM are identical. The operational principles of FBAR,
specifically focussed on sensing applications are covered in detail in Chapter two of the

thesis.

Almost all acoustic wave devices utilise a piezoelectric material to generate the
mechanical vibration. The piezoelectric effect was first observed and recorded by The
Curies in 1880, they showed that an electric dipole could be developed in anisotropic
crystals under stress, it was named by Hankel in 1881 and a remained a scientific
curiosity for two decades until Cady discovered the quartz resonator for stabilizing

electronic circuits. ¥

When a crystal structure lacks a centre of inversion symmetry, the application of strain
changes the distribution of charge on the atoms and bonds so a net electrical polarisation
of the crystal results. There are seven different crystallographic systems (cubic,
hexagonal etc) and 32 different crystallographic point groups, 20 of these are
piezoelectric and are spread across the seven systems. The coupling between strain and
electrical polarisation that occurs in many crystals provides means for generating acoustic
waves electrically. Materials of this type also undergo piezoelectric stiffening; this is the
result of the increase of elastic modulus in the crystal due to the presence of

piezoelectricity.
As well as acting as a dielectric, a piezoelectric crystal placed in an electric field will

experience strains proportional to the electric field strength. If the resonant frequency of
the applied field is equal to the mechanical resonant frequency of the crystal, then the
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strain can become large. Since the electric conductivity of quartz is very low at room

temperature, the quartz plate can be represented by a pure capacitance.

G = ka;l_ (Eq 1.1)

Where A is the area ofthe electrodes, d is the thickness ofthe plate, ks0is the dielectric constant.

Electrodes

Quartz plate
Thickness of the
piezoelectric plate

Figure 1.3 Quartz crystal resonator with electrodes contacting opposite faces.

Near the mechanical resonant frequencies, the strain associated with die vibration results
in a further polarisation through the piezoelectric effect. The current passing through the
device consists of the dielectric displacement and piezoelectric displacement currents
which will lead or lag the applied voltage depending on whether the applied frequency is
greater or less than the resonance frequency. The acoustic resonance frequencies of an
unloaded plate occur when the plate thickness is an odd multiple of a half wavelength.
The operation ofthe QCM relies on the excitation into mechanical resonance induced by
an electrical field across the quartz crystal with two metal (usually gold) electrodes

sequentially polarised on opposite faces of the piezoelectric quartz plate.

The fundamental resonance frequency of quartz plates is usually between S MHz and 20
MHz but is entirely dependent on the thickness of the plate because resonance will occur
by means of coherent reflections at the top and bottom boundaries of the plate 1H
Therefore at the resonant frequency, a standing wave is formed between the two
electrodes and the wavelength of the standing wave is simply twice the thickness of the

plate, and the frequency is given as (Schmit et al 2001) Xl
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v (Eq1.2)

7=

where h is the plate thickness, v is the mode velocity of the acoustic wave.

Resonance also occurs at each harmonic of the fundamental frequency, forming a

sequence of resonance frequencies.

M (Eq13)
/= 2h

where N is a positive integer.

For a piezoelectric disk, there exist two sets of resonant frequencies, these correspond to
the two possible electric boundary conditions. The first set corresponds to a disk with an
open-circuit boundary condition i.e., where the electrodes are unconnected and is called
either anti-resonance or parallel resonance. The other set of resonant frequencies
corresponds to a disk with a short-circuit boundary condition i.e., the electrodes are
connected, and it is termed “resonance” or series resonance. For both the series and
parallel resonances, only odd harmonics occur and each parallel and series resonant
frequency will typically lie close together for crystal orientations with a large coupling

factor. B"

In the majority of acoustic sensor applications an approximation of the series resonant
frequency is obtained by measuring the frequency of an oscillator circuit that incorporates
the resonating transducer in a two-port (e.g., Sz1 or S;5) device configuration as the
frequency-determining element in the feedback loop of an amplifier. The oscillation
frequency, is the point where the phase shift across the entire feedback loop is 2nN,
where N=0,1,2....%

For sensor applications, a clean resonance spectrum clear from spurious modes is

obligatory™. This is because the resonance utilised for the sensor function shifts within a

13 The concept of spurious modes of resonance, and unexpected methods found to suppress them are
discussed in chapter four of this thesis.
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certain frequency range depending upon the measurand. If there are spurious modes, or
any other modes with different dependencies upon the measurand, resonance-frequency
crossings and mode couplings may occur within the measurement frequency range. Such
mode couplings not only produce significant deviations from linearity, but sometimes
even produce frequency jumps and activity dips. * If the unwanted sources of frequency
variation and energy loss can be made small relative to the amplitude of the analytical
response, then approximate resonant series frequency generated by this method is an
acceptable measure of response. Accurate measurements require specialised electronic

test equipment such as vector network analysers with precise frequency synthesisers.

The velocity of an acoustic wave in a solid is dependent upon the material used, but
usually is in the range 5000 to 10,000 m/s. for longitudinal waves, while shear waves
have velocities typically 3000 to 6000 m/s. Any physical changes in the properties of the
wave propagation medium will lead to changes in the wave velocity and/or amplitude
which can be monitored and subsequently interpreted as a measured sensing response.
A thorough review of the exact analysis of the propagation of acoustic waves in

piezoelectric systems has been performed by Stuart and Yong (1994) 1

Piezoelectric mass sensors are passive solid-state electronic devices that respond to
temperature, pressure and the physical properties of the interface between the resonating
surface and the contacting attached film. Changes such as interfacial mass density,
elasticity, viscosity and sorbed layer thickness can be monitored by cormresponding
changes in the acoustic wave.l? As the wave propagates through or on the surface of the
material, any changes to the characteristics of the propagation path affect the velocity and
or the amplitude of the wave. " The acoustic wave travels into the adjacent film and

deforms the film, thereby probing its mechanical properties.[*”!
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interfering lateral modes

Stationary centre

D=)J2

Quartz

piezoelectric

(A) [Bulk longitudinal mode] (B) [Thickness-shear mode]

Figure 1.4 (A and B)

(A) Bulk longitudinal direction of motional wave propagation typical of FBAR. The physical displacement
of surfaces at resonance (**) is in the order of 5-10 nm. (not to scale) Lateral interfering manifestations are

indicated.

(B) TSM mode typical of AT cut Quartz. pQ pFare the densities, cQ cFare the effective elastic constants
and L, an F are the thickness.(not to scale) It is a one dimensional model (section of an infinite plate) of a
thickness shear resonator crystal (e.g., AT-cut) loaded with a foreign film and excited at the fundamental

resonance.

© (D)

Figure 1.4 (C and D) Schematic of shear and compressional mechanical (acoustic) waves in solids.

(C) Bulk Longitudinal (compressional) wave in unbounded solid - e.g. FBAR. - The displacement is
running parallel to the wave vector.

(D) Bulk Transverse (Thickness Shear) wave in unbounded solid -e.g. Quartz crystal, the displacement is
perpendicular to the wave vector.
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As in the case of the simple clock pendulum, the resonant frequency is inversely
proportional to the square root of the oscillating mass. An “ideal” mass layer is assumed
to be infinitesimally thick yet impose a finite mass per area on the resonator surface. This
condition is approximated by a layer that is sufficiently thin and rigid so that negligible
acoustic phase shift occurs across the layer thickness and represents the simplest case
scenario for acoustic analysis. For chemical and biological sensors, an adsorbent that
selectively interacts with the analyte is coated on the electrode surface of the resonator

and the mass increase upon adsorption decreases the oscillating frequency of the crystal.

The classic Sauerbrey equation™® (1959) (Equation 1.4) describes the relationship

between the frequency change and the mass accumulated in the gas phase.

_ —2/2Am

- 22 am 14
Ap,u)" (Ea 1)

Where f; is the unloaded frequency, fis the loaded frequency and Af= fo+f. g and p, are the shear modulus
and the density of the quartz respectively. A is the area of the plate and m is the deposited mass.

and more recently the frequency shift per mass attachment for a simple piezoelectric
resonator can be given by: Gabl et al (2003) 5

S _Sop_ g
M Jo (Eq 1.5)

Where f; is the fundamental frequency, M is the mass of the oscillator.

It is often found that in liquids or with certain viscoelastic loads the induced frequency
shift of a (quartz in this case) resonator is not as expected from the mass of bound

analyte. In some cases not only is the magnitude in error, but also the frequency shift Af

" There are a large number a variants of this term and to keep the literature review succinct, the alternative
forms are placed into Appendix 1 as a supplemental literature review topic. The Sauerbrey term becomes
invalid for large loads, liquid loads or viscoelastic loads, and this concept is reviewed also in the
supplemental review section.
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is positive rather than negative’. ! This lack of correlation with the Sauerbrey equation
prevents confident development of a device with obvious potential as a sensor and it is
clear that a fresh appraisal of the underlying physical and chemical operation is
required ¥ |

Mass sensitivity (Ms) of a BAW (quartz in this case) can be described in equation 1.6
which is the quadratic function of the fundamental frequency. (Su 2000)

2 2
Ms=—2o__ (Eq 16)
(p,14)

But this term is idealised since it disregards the potential increases in noise highlighted
by Vig (2000) ¥ and it also disregards the effect of the change in the quality factor (Q)
of a device. A more realistic term would be that of useable sensitivity (e.g., lower mass
detection limits) which is related to the product of sensitivity and Q factor (See appendix
1 Eqn A25) The electro acoustic physics which underpins the Q factor of a device is
complicated and can not be discussed with significant depth in this work. For review see.
* Su, Kirby and Whatmoore (2001) 19 For the purposes of sensing , Q can be understood

simply as: Q = 2n.(maximum energy stored/energy dissipated per cycle)

In this project, the simplest possible measure of the Q factor is used, one that is related to
the width of the resonance curve, it is the ratio of the centre frequency of the resonant
circuit to its 3 dB bandwidth, most often referred to circuit Q.

__Jo 1.7
0=t (Bq1.7)

Where f; and f; are the 3 dB bandwidth on the resonance curve and f; is the resonance
frequency.
From this it can be seen that higher Q factors therefore allow higher resolution when

attempting to measure incrementally smaller shifts in Af

" Figure 4.7 from humidity experiment 1c showed a response where there was an increase in frequency
when a fall in frequency was expected.
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Equation 1.7 is effective in measuring any signal attenuation of the resonance curve due
to damping since it monitors the “narrowness” of the tip. Also, it was fairly
straightforward to write computer code to represent this for incorporation into the FBAR

analysis software that was developed during the project.
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The graphic below represents the basis of the acoustic sensor transduction pathway.

Bio/chemical Measurement
A4
Sensing film/interface interactions
v *
Micro structural changes
¢
\ A4 JV
Density Viscosity Electric
elasticity Dielectric
Acoustic wave property changes
v \ 4 4
Phase Attenuation Frequency
_ Velocity

T~

Acoustic
wave
sensor

Figure 1.5 A typical acoustic/piezoelectric sensing process. (Generic)

micro changes

macro changes
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1.3.7 Electrical equivalent circuitry for BAW resonators.

A BAW resonator can be represented by an equivalent electrical circuit. There are at least
two equivalent electrical circuit diagrams commonly used to describe the electrical
behaviour of quartz and FBAR resonators, these are the so called Butterworth Van Dyke
(BVD) circuit and the more complicated Mason equivalent _circuit.“" The powerful
mathematical FBAR model that has been constructed by researchers in our department is
based on the Mason circuit, but for the purposes of this argument, and the description of
FBAR sensor in chapter two, the simpler BVD circuit is invoked because it is easier to
understand, and in most cases completely adequate in describing mass loading onto BAW
resonators. In its simplest form, the BVD circuit only describes the behaviour of the
piezoelectric layer, whereas the Mason model also takes into account the other layers
present in the acoustic path, for instance the electrode layers. It contains two acoustic
ports connected by a transmission line'® that represents the phase shift undergone by an
acoustic wave propagating across the piezoelectric thickness. A transformer, representing
the electromechanical coupling between the applied voltage and the piezoelectric

displacement couples the acoustic port into an electrical one.

1 Transmission lines are conductive tracks that transfer energy efficiently at high frequencies by matching
input impedance (Z) which was 50€ in this project.
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Proportional

i j acoustic loss (o)
Density of film . °
e.g. inertia 1/stiffness of film np/m (energy

(mass loading) oor<ance / dissipation)

N \CI\AJ\/%/_ S
O— O

C1
||

COo \ & X Area of electrode/thickness of film.

Where £ = dielectric constant X
pemittivity of free space

Figure 1.6 (A) Shows the equivalent Butterworth Van Dyke (BVD) circuit for a
resonator at resonance. The circuit is acceptable for describing simple ideal mass loads
onto a resonator in the gas phase.

. Co
" o—h o

Figure 1.6 (B). Shows equivalent circuit of resonator at frequency (i) much lower than
resonance frequency (ii) much higher than resonant frequency.
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a:m% (Eq 1.8 A)

631‘

= A (Eq1.8B)
e’p
Ln= (Eq 1.8 C)
84% €,
2
Cn = 8;‘2:6 (Eq1.8D)

Where € = Piezoelectric stress constant, €, = the susceptibility of space,
r = damping coefficient, k = dielectric constant, c =elastic constant, e.

Each of the components in the BVD circuit has an equivalent representation; L,, by the
mass of the vibrating body, C,, by the mechanical elasticity of the vibrating load and R,
the resistance. Co simply represents the capacitance of the BAW device. The motional
branch of the BVD circuit arises from the electrically excited mechanical motion in the
piezoelectric crystal and is explored in detail by (Arnau 2002) ® These parameters can
be evaluated from the conductance (G) frequency and susceptance (B) frequency spectra
which can be obtained through impedance measurements. Conductance and susceptance
are the real and imaginary parts of the reciprocal of impedance respectively, and
impedance is V/L, where V and I are alternating voltage and current respectively. Several
factors affecting the resonant frequency can be separated by the impedance

measurements.[”]

Thompson and Yang (1993) ¥ concluded that for mass sensing applications, the BVD
circuit was satisfactory in simulating the impedance characterisations of TSM QCM in all
cases, except where the device was completely submerged in a liquid. However, Bandy et
al (1997) have argued that there are constraints on the applicability of the BVD model

representing large loads in the gas phase and any load in the aqueous phase.®™)
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CHAPTER TWO
2.0 ADAPTATION OF THE EXISTING FBAR DESIGN FOR
THE DETECTION AND MEASUREMENT OF CHEMICAL
AND BIOLOGICAL AGENTS.

2.1 Introduction

This chapter gives the main details of the strategies that were devised to specifically
address the problems that were encountered, and the solutions that were developed, in
adapting the existing Cranfield FBAR design for use in chemical and biological sensing
procedures. The recent advances that have already been made using FBARs in chemical
and biological sensing are presented along with the relevant American patents that were

already in existence prior to the start of this work in relation to FBAR based sensing.

The microfabrication procedures involved in the manufacture of FBAR devices on silicon
wafers in a clean-room environment are shown along with the methods that were already
in place to electrically characterise them upon completion. The important electro-acoustic
principles of FBAR operation are described."” The limitations of the existing FBAR
characterisation methods in relation to chemical sensing are explained and the methods
that were devised to circumvent these limitations are -described. The design and
fabrication procedures that were involved in the construction of a novel housing chamber
in which to isolate the FBAR from the ambient laboratory environment are shown along
with the main experiments that were performed to develop high quality, low loss,
microwave frequency electrical connectors which allowed the FBAR to remain in
relatively efficient electrical contact with the outside world whilst being environmentally
isolated from it.

The main points involved in the coding and in the initial implementation of a new
software suite that was specifically developed to meet the exacting requirements of the
FBAR sensing project are summarised, along with a very brief description of the key

abilities and advantages that it had over the existing FBAR characterisation software in

' These descriptions are more specific to FBAR than the general overview of BAW operational principles
given in Chapter 1
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place at the department. A more detailed consideration of the functionality of the
software is shown in Chapter 3 where its performance is critically evaluated during

preliminary FBAR based sensing experiments.

The specifics of the additional sensing layers that were used to coat the FBAR top surface
electrode to bestow selective chemical, gas, or biosensor type abilities upon it are not
addressed in this chapter, but are considered in detail in Chapter 4 (chemical sensing) and

Chapter 5 (biosensing).

2.1.1 Background to microsystems

Micromachining and MEMS technologies (also known as Microsystems) can be used to
produce complex electrical, mechanical, fluidic, thermal, optical and magnetic structures,
devices and systems whose size is in the micron range. This miniaturisation ability has
enabled MEMS to be applied in many areas of biology, medicine and biomedical
engineering. In the literature, this field is generally referred to as BioMEMS and is
possibly the cormrect term to describe the FBAR based immunosensor prototype

development demonstrated in this work.

MEMS is a technology that has been taken from the developments in miniaturisation that
were made by the integrated circuit (IC) industry e.g., Intel® and applied to the
miniaturisation of various types of other systems not just limited to IC. This
miniaturisation is accomplished with microfabrication processes such as micromachining,
which typically but not exclusively employ some form of photolithography. The classical
and seminal papers of the early stages of this research field can be found in [REF = W.
Trimmer. Micromechanics and MEMS: classic and seminal papers to 1990. IEEE press,
New York. (1996). Methods on MEMS fabrication procedures are comprehensively
covered by Kovacs 1998 ™ and Madou 1997

The goal of MEMS technology is the merging through solid state microdevices of the

functions of sensing, computation, communication and actuation. MEMS technology is

already quite well developed offering low-cost, small, light weight and increasingly
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reliable devices through durability and redundancy, and its perspective integration with
nanodevices is strongly attractive as a near-term technology for a multitude of

applications.P!

2.1.2 Background to the emergence of thin film resonator technology

The emergence of thin film resonator (TFR) technology per se can be traced back to the
work of Lakin and Wang (1981) who built further on the earlier pioneering work of
Sliker and Roberts." TFR devices are different from quartz in that the metal electrodes
can be a substantial fraction of the total thickness and of a large lateral extent compared
to resonator thickness.!™ There is considerable interest in the development of FBAR for
front-end filters for applications in communications systems, radar and electronic warfare
applications.”™ 7 The commercial impetus for developing these frequency selective
devices is to replace surface acoustic wave (SAW) and ceramic front-end RF filters in
mobile telephones with a higher performance, lower weight and size and power handling

and consumption properties. FBARSs can also be used as resonators for oscillators.

Originally designed for use as frequency filters for microwave enabled communications,
and missile RF receivers, FBARs are devices that can generate acoustic waves in the
UHF and microwave frequency spectrum. The FBAR is a MEMS TFR device based on a
thin (micron range) piezoelectric slab'®, and it is designed to considerably increase the

fundamental resonant frequency (fo) of bulk acoustic wave (BAW) devices.

MEMS technology dimensions allow for the fabrication of electrical circuits that are
comparable with the wavelengths of electromagnetic microwaves. In their 1992 paper
on applications of film bulk acoustic wave resonators, Horowitz and Milton fail to
consider that FBARs could be used in chemical and biological sensing applications,
perhaps indicating that it is not immediately obvious to RF engineers The UHF and
microwave frequency is typical of the acoustic frequency that was used to probe the

analytes that were measured in this project, but the desire was always to use higher

'® The terms piezoelectric slab, film or plate are used interchangeably in the thesis..
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frequencies where possible because in theory higher frequencies should give greater

sensitivity to the presence of the measurand in contact with the resonator.

2.1.3 Previous reports of FBAR chemical and biological sensing

The use of FBAR devices as a transduction element in chemical sensing applications can
likely be considered a concept that was first described by O’Toole et al (1990,1992) P19
where demonstration of TFR as a gas-phase sensor was demonstrated. Thiolate
monomers (fluorinated or carboxylic acid terminated) were used to generate basic
selectivity toward methanol and they that showed that FBARSs operating at ~1 GHz could
easily detect 2.5 ng/cm® methanol with uncertainties due to noise ~0.3 ppm. The results
of O’Toole followed the expected theoretical response of a well behaved “Sauerbrey”
type resonator. Xia et al (1995) "™ showed that FBAR with piezoelectric substrate of
AIN operating nominally at 1 GHz can be used to detect the mass loading effects from
the lightest of the elements as gaseous molecular hydrogen, H, Using a thin PdNi alloy |
which was known to irreversibly bind hydrogen gas as H-Pd, Xia showed that the
additional mass of the H, and the changes in the viscoelasticity of the layer due to the
hydrogen adsorption will change three key parameters in FBAR outputs namely, (1) series
resonant frequency, (ii) series resistance, and (iii) the Q factor. From this understanding
Xia deduced that it was possible to use an extended version of the one dimensional
Mason equivalent circuit to model the wave propagation in the additional rlayer. The
model they use predicts that the changes in viscosity do not affect the series resonant
frequency, but that they do affect series resistance and the Q factor. The mass loading
effect was shown to be linear with the square root of hydrogen concentration, and this
mass loading effect dominated the FBAR output response. As little as 5 ppm H; could be
detected using this method.

Zhang et al (2003), ™ showed for the first time that FBAR devices could still support
bulk longitudinal standing waves, especially overmodes, when submerged in a semi-
infinite liquid layer, although there is significant damping of the response. They also

showed that an uncoated FBAR device' could respond 10°g\cm® of isopropanol vapour

' A FBAR device with no chemical or biological sensing layers attached to its resonating surface(s).
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on its surface. They point out that high mass sensitivities are related to the high
fundamental operating frequency and that both of the sides (top and bottom electrodes)
can be used for sensing applications™. It is known that reactance is linearly related to the
series and parallel resonant frequency in BAW devices. Using reactance as inferred from
parallel and resonant frequency spacing, Zhang et al have reported the ability to detect
resonant frequency changes via reactance as small as 0.3 ppm if the Q factor of the
FBAR is 200-300. They suggest that using this method can improve the minimum
detectable signal resolution by an order of magnitude because the level of uncertainly in
their measurement of reactance approximated to ~ 400 mQ, and they had previously
calibrated this to approximately ~400 Hz. They report a 0.3 ppm uncertainly in the
signal, and 400 Hz was modelled to approximately 10”g cm?, the minimum measurable

detected mass change was therefore comparable to the best QCM.

However in this study, S parameters were not converted to reactance values and the
pertinent measurement values (i) series resonance frequency, (i1) power transmission, and
(111) Q factor were investigated as the variables in the output response of the FBAR
during its interaction with measurand/analytes. The level of uncertainty in the FBAR
response in this work was reduced by fitting polynomial smoothing curves to the

measured FBAR output data.

Webber et al (1992) ™ showed that FBAR could be used as a gas and chemical sensor
with nanogram sensitivity. The sensitivity and selectivity was inferred by coating the
TFR surface with organic, selectively adsorbing monolayer films. Interestingly, Webber
et al also show that the level of hydrophobicity and hydrophilicity existing on the FBAR
surface significantly alters its S; series resonance response to methanol vapour. This
finds agreement with Absolom’s (1987)*? work on the hydrophobicity and
hydrophilicity of QCM surfaces in sensing applications..

? This is a useful observation, since the etch hole that is made through the silicon substrate could likely be
used as a reaction vessel with which to hold liquids.
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Workers at Siemens AG of Munich under R. Gabl (2003) ™ have demonstrated the
feasibility of detecting DNA and protein with FBAR and reported that the higher
fundamental operating frequencies of FBAR give higher mass sensitivity and resolution
than QCM. They also note the expense of quartz and the difficulties involved in forming
arrays with it. Furthermore, they show that mass detection is not dependent on the
resonator’s working area, but on the mass per unit area. They suggest that in the future,
FBAR devices with working areas of 20 um X 20 pm are likely to be microfabricated by
downscaling. They conclude that an FBAR with an operating frequency of ~ 2 GHz will
give mass sensitivity ~ 2500 times higher than that of a QCM operating at 20 MHz.

A search for Patents exploiting TFR and FBAR as applied to chemical and biological

sensing has revealed a few interesting American inventions **

2.1.4 FBAR design and principles of operation

First generated artificially by Hertz and Marconi in the year 1888 by spark generators, the
RF or microwave signal is often designated as the electromagnetic frequency range from
300 MHz to 300 GHz having wavelengths of 1 mm to 1m. FBARs operate within the
lower end of this spectrum up to ~10 GHz, but the range of ~300 MHZ* to ~1.8 GHz is
considered in this project. FBAR is an acoustic device, slowing down the near-light
propagation velocity of an incident microwave photon in its electromagnetic form and
serving to transduce the frequency to an acoustic or mechanical wave®, and in doing, so
decreases the wavelength whilst maintaining the frequency of the microwave signal. This
property is a mechanical function of the piezoelectric substrate excited by microwave
frequency voltages,‘ the electro-acoustic conversion takes place at all frequencies, but the
amplitude of the acoustic vibration is small except at the natural resonance frequency and
the harmonic overmode frequencies (n =1,3...) of the device where the mechanical

displacement becomes large.

! This is actually in the UHF range, but for simplicity, the term microwave frequency range is used
shroughout the thesis
2 Acoustic waves are in fact mechanical waves of displacement/disturbance through a material.
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The generic concept of an FBAR is of a piezoelectric layer, usually AIN, ZnO or PZT in
‘between two thin (~100 nm), usually Au but sometimes Mo, conducting electrodes to
make a metal-piezoelectric-metal stack and an isolation layer of a resonant region from a
piezoelectric substrate”. The isolation layers isolate the propagation of acoustic waves
from the piezoelectric layer to the substrate with high acoustic loss. Therefore, the
acoustic wave is confined within the piezoelectric layer and this enables a FBAR device
to have a high quality factor (Q)."¥ The total thickness of the piezoelectric layer the
electrodes is frequency determining whilst the planar area of the active device determines

its impedance and is dominated by the clamped capacitance (Co) at most frequencies.

When a high frequency AC potential is applied to across the FBAR top and bottom
electrodes, the piezoelectric substrate between the two electrodes expands and contracts,
this creates an oscillatory vibration in the membrane structure of which the piezoelectric
layer is a part. The amplitude of the contraction and expansion reaches a maximum at the
mechanical resonance frequency of the membrane. As the AC is applied across the
device, the polarisation vector (P) will change in phase with the applied signal frequency.
At some voltage (V,), P will be in phase with the vector (E) created by the applied
potential. This corresponds to the series resonance of the device. At another voltage
frequency (Vi) the polarisation vector will be 180° out of phase with E, this corresponds
to the parallel resonance. The resonances are associated with rapid changes of the
electrical impedance, this behaviour is used to construct frequency selective filters and

oscillators.

The resonance frequencies in the microwave range are a very sensitive function of the
layer thickness and mass of the membrane, and it is this fact that leads to the

consideration of the FBAR device as a chemical and biological micro-gravimetric sensor.

® This is the place on the device where the Top and Bottom electrodes, which are separated by the
piezoelectric film, overlap each other. (See Figure 2.8 completed FBAR device)
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The series resonant frequency f; is given by:

1
_ v 2.1
/; 274l C Eq2.1)

m-m

And the parallel resonant frequency f;, is given by:

1 1 1
f==-

22
2z\L,C,+ L,C, Eq22)

Where Ry, Ly, and C, are motional resistance, motional inductance and motional capacitance respectively.
Cp and R; are the clamped capacitance and series resistance respectively.

The elecromechanical coupling constant K is a value representing the efficiency of the
piezoelectric conversion of input electrical energy to mechanical energy output from the
FBAR. It can be shown to be related to the difference between the frequencies of the

series and parallel resonances as;

7*(f, = 1)
A 23
: af (Eq2.3)
Su et al (2001)** "state that the presence of additional mass layers loaded onto FBAR
devices will result in lower effective electro-mechanical coupling coefficients. therefore
k¢ will decrease as Z,, increases) This fact is further verified by Zhang and Kim (2002)
1 who have shown empirically that K;* will decrease with the addition of a mass load

onto the resonator.

In a FBAR, the thickness of the electrodes, the support film and the optional upper SiO;
layer is comparable to that of the piezoelectric film. Therefore, these layers must be

included in the calculation of the resonant frequencies, and in this work, the thickness of

* In this paper, Su et al (2000) a much more in-depth analysis of FBAR physical design approaches, along
with detailed descriptions of the equivalent circuits used to model Q factor, S parameter derivations and
impedance calculations along with its use as applied in microwave filter applications and also descriptions
of advanced methods of FBAR measurement techniques and analytical procedures can be found.

57



these films was used to influence the FBAR resonance frequency. This fact has also been
noted by Osbond e# a (1999) who observed the influence of ZnO piezoelectric substrate
and electrode thicknesses on the performance of FBARs '

Typically, the characteristic use of a sensing piezoelectric resonator is as a frequency-
determining element in a feedback loop of an oscillator circuit.*” When incorporated
into a sensing system, the piezoelectric resonator, which is the frequency-determining

element is incorporated into an oscillator circuit.

At frequencies far from the resonance frequency, where the acoustic amplitude is small,
The FBAR can be considered as a parallel plate capacitor with a dielectric (the
piezoelectric ) between two conducting plates (the electrodes). But this is a special case,

since the capacitance transforms into a pure resistance at series resonance.

The basic operation of an FBAR can be understood simply by the use of the fundamental
equation; |

v=fi (Eq2.4)
Which relates the velocity v, of the acoustic wave to the product of frequency and

wavelength, for convenience, this can be written as;

v
f= 7 (Eq2.5)

If the thickness of the FBAR is say, 2x1 0% m, and if the acoustic velocity is ~ 5x10° ms™,
the frequency of operation will be approximately f = 5x10°/2x10® = 2.5 GHz. These
considerations show that even a change in thickness in the nanometre range will have a

measurable frequency change on suitable apparatus.

In the FBAR, like quartz, the resonance condition occurs if the thickness of the
piezoelectric thin film (d) is equal to an odd integer multiple of a half wavelength. (Ars).

= (Eq2.6)
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The fundamental resonant frequency (Fres 0T fo = 1/Ars) is then inversely proportional to
the thickness of the piezoelectric material used, and is equal to V,/2d where V, is an

acoustic velocity at the resonant frequency.

Using this equation, if the acoustic properties of an additional layer are, for the moment
neglected, and assumed to be continuous, then the resonant frequency will fall as the

thickness of the composite device increases as;

F, =l (Eq2.7)

If the metal electrodes and or the additional sensing layers make up a significant fraction
of the total FBAR thickness, then although equations 2.4 - 2.7 are still valid, the velocity
of the wave is now determined by its speed through all of the layers. (i.e., the composite)

Using this approach, it can be seen how the FBAR can act as an acoustic sensor.

Although the argument presented above is technically correct, it is somewhat simplified
since it does not take account of the mechanical nature of the layers that make up the
FBAR structure. The simplest model that does take the mechanical properties into
consideration is the physical Mason model whose electrical equivalent circuit is the BVD
model. Using a Mason model, the electrical impedance (Z) of the FBAR for the case of
thin electrodes (which can be ignored) is derived as;

z=—1 |1 1o (Eq2.38)

: Vel

Where o is angular frequency, C, is clamped capacitance, £, is the electromechanical coupling coefficient.
¢ is kd/2 = ©d/2v,; where d is the thickness of the piezoelectric film. v, is the longitudinal acoustic velocity
of the piezoelectric film.

When the electrodes are thick enough to make a contribution to the impedance, they can

be represented as;

(Eq2.9A)
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Where:

R=ptdt+plﬁ+pmdm . (qu.gB)

£~

p is the piezoelectric layer, d is the thickness of the layers. In this case R is the mass loading factor as a
consequence of the electrodes and is due to inertia. Subscripts t, b, and m are the top electrode, bottom
electrode and membrane

- Motional Impedance is given as: (Cemosek 2003) 2%

Z, =R + joL +— ln +Z,) (Eq2.10)
JT

where motional impedance is due to surface perturbation given by:*"

Z' =R, + jol, (Eq2.11)

See figure 2.1 below.

The electrical impedance is equivalent to mechanical impedance which is the equivalent

extra inertia” generated from mass loading. L, therefore dominates the response. R; is

dissipation of energy resulting from the attenuation of the acoustic probing wave when

interacting viscous i.e., lossy loadings. If the additional layer is not continuous, the

difference in the acoustic properties of the electrode and the additional layer become

significant at the interface. A perfect ideal mass load could therefore be represented by

merely increasing the thickness of the gold that makes up the electrode so that no

significant acoustic interface exists™®.

% This is why the word gravimetric sensor is really a misnomer, it will be recalled that inertia is a function

of mass which totally independent of gravity as it is commonly understood at present.

Tn Chapter 6, future work, math models are shown with increased electrode thickness and the subsequent

effect that this had on FBAR resonant frequencies.
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Piezoelectric static motional

dielectric — % 1V lv

d
thickness

Additional layer or substantial -
electrode thickness i.e. Zm

(4) (B) ©

Figure 2.2 (A) is a cross section of piezoelectric resonator, (B) is the BVD circuit and
(C) is the equivalent series L2R2> component representing electrical impedance which
comes from the addition of a mass load on the resonator. Adapted from LIl The BVD

model will not predict harmonic overmode responses o f the device.
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Top electrode |00 4ance mismatch

ELECTRIC FIELD Zn0O

Impedance mismatch
Bottom electrode

Figure 2.2 Schematic to show longitudinal wave generation (this mode is also known as
bulk longitudinal extensional) and propagation in an acoustic resonator by an electric
field in the thickness direction.

d = thickness piezoelectric (~ 0.5 -3 micron range) Top and Bottom electrodes are
usually gold. (-100 nm.)

(Taken from www.mems.usc.edu/fbar.htm)
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2.2 FBAR microfabrication procedures.
2.2.1 Materials and Methods

FBARSs were fabricated in a clean room” of 100 square meters with class 1000 filters and
locally 100 under the lamina flow hoods. FBARs were coated with metallic and oxide in
a Coatings laboratory with a semi-clean environment. Upon completion, the devices were
interrogated in the Measurement room on the HP 8753D network analyser. The list of
chemicals and the various apparatus used in the processing of the blank wafers is given in
Appendix 2. A summary of the main processing stages is given before the details of the

microfabrication procedures involved are described.

2.2.2 Fabrication of FBARs with micromachining techniques

The FBAR devices were created on silicon wafers using a thin film semiconductor
sputtering process to make an unsupported metal-piezoelectric-metal stack. The
fabrication was completed in 23 to 26 processing stages involving 10 main steps, the

steps are outlined as a schematic below in figure 2.3

2.2.2 1 Wafer handling

Wafers were handled with tweezers 45° relative to the main flat as this is where the wafer
possesses most mechanical strength. Care should be taken when handling wafers with
tweezers because wafers are brittle and prone to breakage most especially if the wafer

had notches or chips in it.

Wafers were assumed to be as clean as possible when immediately removed from the
packaging supplied by the manufacturer. Table 2.1, shows the common sources of wafer
contaminants. The required number of wafers were taken and their thickness measured
with a micrometer. They were then inspected with the naked eye (bringing the eye almost
horizontal to the wafer) under a very bright light to check for flocculent contamination.

Records were taken with the batch cards on the number and positions of any visible

7 This is a highly controlled environment where the presence of particulates in the air is minimised.
Particulate contamination of the devices during their development can deleteriously influence their
performance.
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particles. Micron sized particles were visible using this method. If heavy contamination
was observed over the wafer it was first washed with Acetone /IPA spinning, if heavy
flocculent contamination remained, especially over the areas that would later be
supporting the devices (i.e., towards the centre of the wafer) then it was rejected as part
of the quality control procedure. Contamination at the edges of the wafer was not seen as
overtly critical to continued processing. Repeated working of wafers after mistakes or
unavoidable processing failures would inevitably increase particulate/chemical
contamination and since certain particles would become electrostatically bonded to the
surface; they were difficult, if not impossible to remove. Wafers were diamond scribed
for identification if not already possessing a senial number and placed into the PTFE

spider boxes which were also marked for identification and tracking purposes.

Table 2.1 Common wafer contaminant sources From Madou (1997)

Wafer transfer box.

CXT_ ML L 31T

TV MAWA savsesnsaiRAfy

Process equipment

KResidual photoresist or organic coating
Matal carrncinn

Solvents and chemicals

Auuuaplxcxw

Clothing/lint

Electrostatic charge (cleanroom should have a
conduation flaoa

Humidity and temperature variation
unciean room rurniture

Ovberator — smoker or non smoker.
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(1) Represents the bare wafer (Silicon substrate)

(2) Coated with LOR2A & S1818 photo resist.
(Bilaver formation)

(3) UV exposure through mask for patterning and
deveiopmg.

(4) Represents the patterned and developed wafer

183 The patterned wafer is then PVP sputtered with

Ti/Au

- 173 M 3
{6) Represents the acetone “lift off” process,

leaving BE bound to the substrate

(7) Represents the PVD deposition of the ZnO
film over BE.

(8) Further photoresist (S1818) spin coating, UV
exposure and developing to etch via contact to BE

(9) PVD deposition of TE over the surface of the
ZnO film.

(10) Final substrate etch to release the
membrane. This represents the finished FBAR.

Figure 2.3 Schematic of the major steps in the microfabrication procedures involved in
construction of the FBAR device on 4 inch silicon wafere
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2.2.2.2 Bottom electrode deposition

2.2.2.2.(A) General and safety considerations

All wafer photoresist depositions were performed under the protection of a fume hood.
The dark-field mask that was used for the patterning of the bottom electrode (BE) was the
QQBASE mask. It was deemed to be good practice to clean the spinner chucks in sonic
acetone bath to remove any residues on them left by previous users before attempting all

of the following procedures.

The spinner collecting bowl was always covered with absorbent papers to collect spin
residues that could clog up the apparatus rendering it unavailable for use until servicing.
These resist laden papers were disposed of in plastic bags which were sealed under the
protection of the fume hood to avoid solvent vapour contamination of the clean room
working environment since the solvent vapours were noxious. It was also good practice
to remove these photoresist contaminated papers from the spinner before attempting any
further solvent cleaning procedures as the solvent spray did, on occasion, back

contaminate the wafer depositing residues of photoresist upon evaporation.

Mask aligners were powered up for at least 10 minutes for a warm up period and if
nitrogen cooled, nitrogen line was left running for 30 minutes affer the lamp has been
turned off to minimise explosion risk. Care should also be taken not to over expose the
photoresist in the aligner as UV light leakage will interfere with the immediately adjacent
non-pattern area and cause an etch profile with rough edges and hence decreased
precision of the micro components Care should be taken also not to over bake the
Photoresist as this will cause cracking since too much solvent will be removed and
flexibility will be lost. It was noted that if the photoresist was applied using a plastic
pipette, then in certain and unpredictable cases the liquid photoresist would form small
droplets and “skate” across the wafer surfaces often contaminating the edges and hence
the underside of the wafer. It was conjectured that this effect could have been due to
static charge carried from the inside of the plastic pipette and may have given rise to the
poor adhesion of the initial LOR2A photoresist layer. For this reason, it was deemed

good practice to only use glass vessels to hold and to deliver the photoresist.
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2.2.2.2.(B) Photoresist bilayer formation
A photoresist LOR2A/S1818 bilayer of was made by and an undercut developed to

ensure good lift-off was created with the procedures that are described below.

Photoresist was taken from the refrigeratof where they were stored at 4°C and poured
into small (25 ml) glass bottles, which were allowed to stand for ~30 minutes to warm to
room temperature 24°C — 28°C as cold photoresist likely possessed a viscosity other
than that specified by the manufacturer and hence alter its layer thickness upon spinning.
Photoresist containers were not agitated unnecessarily as this could introduce air bubbles

into the solution.

The wafers were pre-baked at 175°C for 5 minutes on the EMS hotplate which had
previously been washed with acetone. This allowed any moisture adsorbed onto the
surface of the wafer to evaporate. The wafer was centred onto the EMS spinner chuck,
the vacuum was engaged and the spin was manually examined for balance by spinning at
a reduced speed and looking for “wobbles” during the turns. When centred, HDMS
adhesion promoter was carefully pipetted onto the centre of the clean wafer and spun at
3000 rpm for 30s to produce a monolayer of the adherent on to which the later photoresist
could stick. If HDMS was not used, problems could occur with the adhesion of the
LOR2A and an excessive halo effect could be seen at the next inspection stage. This
indicated poor adhesion of the LOR2A and in these cases, the wafer would need to be

reworked by acetone bath and acetone/IPA spin.

LOR2A liquid photoresist was deposited onto the centre of the wafer and the spin was
engaged at 3000 rpm for 30 seconds. Immediately after, the coated wafer was removed
from the spinner and placed onto the pre-warmed hotplate at 175°C for 5 minutes to bake
the LOR2A by evaporating off its solvents. Once pre-baked, the wafer was centred onto
the spinner, and the S1818 photoresist at equilibrated to room temperature was poured in
a smooth motion from its glass container onto the centre of the wafer and the spinner
engaged at 4000 rpm for 60 seconds. Care was taken to ensure the resist did not reach the

edge of the wafer before spinning as this could result in resist contamination on the back
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side face of the wafer. A pre-bake (ﬁlso known as a soft bake) at 115°C for 1 minute
completed the formation of the photoresist bilayer. At this stage it was not practical to
confirm the film thickness of the bilayer.

Spun photoresist film thickness is a function of the spin speed, solution concentration,

and molecular weight of the photoresist polymer measured by intrinsic viscosity.

(Eq2.12)

Where K 1s an overall calibration constant, C 1s the polymer concentration in grams per 100 mi ot solution,
1} is intrinsic viscosity and @ is the number of rotations per minute. B, y and a are exponential factors. T is
thickness of the spun layer.

The wafer was then inspected for any obvious problems. Flocculent could cause streaking
of the resists and in certain cases, flocculent not noticed in the first inspection stage could
manifest as streaks in the resist. In cases where streaking was obvious and centred over
the proposed device locations, the wafer would be need to be reworked by dissolving the
bilayer in (i) acetone bath (ii) developer (iii) acetone/IPA spin clean and repeating the
procedure from the start. This situation was not desirable as it increased the chances of

wafer contamination from chemical and particulate entities.

2.2.2.2.(C) Bilayer exposure alignment and undercut development procedure.

The appropriate mask was acetone/IPA spin cleaned in its dedicated holder, then visually
inspected for any obvious streaks or residues. If any remained, then “micro-clean” cloths
were used to mechanically agitate any persistent residues. The MAS56 single sided aligner
was powered up; and its nitrogen supply and vacuum pump were engaged. The UV
intensity meter was placed under the exposure window of the MA56, its UV source
switched on left to warm and UV intensity readings were taken. If the reading was lower
than expected, then the UV exposure time was increased accordingly. The reading for
this work was somewhat low due to the age of the bulb (7.1 mW/cm?). Incident energy of
the exposure J/cm” is W/cm?® x exposure time (s). On occasion certain functions of the

MAS6 were taken not available due to servicing issues, specifically the semi-automated
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flat aligner, in which case the flat of the wafer and some arbitrary visible horizontal on
the mask needed to be matched by eye and the alignment made by manual rotational
adjustment of the wafer. Care was taken at this stage as if too great a degree of

misalignment was obvious after development, then the wafer would need to be reworked.

The clean mask was inserted into the mask holder of the MA56 with its metallic side
facing the wafer. Contact mode was set, that is the mask was firmly clamped onto the
wafer and then the appropriate exposure time, in this case 18 seconds, was set. The UV
light exposure at both the G and I line induced chain scission”® frequencies of the resist
was performed when the eyepieces of the MA56 moved out of place. Immediately after
the photoresist bilayer had been exposed for the set time, the wafer was removed from the
MAS56 and inserted into a dedicated development holding wand, then placed into fresh
developer (MF319) which had been poured into a dedicated square beaker previously

rinsed with developer.

Development times were somewhat variable, and although the mean range time was
around 60s, it was helpful to visually examine the dissolution of the exposed photoresist
(as a purple evolution) from the wafer during it immersion in the developer solution.
Once the purple evolution was no longer visible, the wafer was removed from the
developer solution and washed copious distilled water and then the wafer was blow dried
in nitrogen stream taking care to move the remaining liquid to the wafer’s edge so as to

leave little or no tarmish marks on it

For the purposes of float off as opposed to lift off ** an undercut formation was a
necessary prerequisite in the photoresist bilayer. Inspection of the developed wafer was
made for the presence of an undercut. The undercut was not visible directly though the
focussed microscope, instead a faint somewhat blurred halo around the edge of the top of

the developed structure was sought and it was only made visible by slight adjustment of

%8 The reaction scheme for the photoresist material property chnages is shown in Appendix 2

LAICOLL WIS IHEIOU 10 TEIIOVE TE JaVer Mat MVoIvea Sonicatmg e Waler WAIISE I acetone, DUt tis was
considered as a harsh treatment that should ideally be avoided and a passive longer lasting float off
procedure was preferred.

69



the micrometer on the microscope to bring the objective just slightly out of focus. Some
further manipulation of the contrast facilities of the microscope made this feature visible.
If the undercut was not visible, further development time was required. If the undercut
was not visible after a further two minutes of development, then it was assumed that the
procedure had failed, and the wafer was reworked by complete removal of bilayer in

acetone bath, acetone/IPA spin.

If undercut was visible, a further inspection was made to ensure the complete removal of
photoresist down to the wafer surface. Since the lower parts of the of the bilayer are, by
default, less exposed than the resist surface, partially exposed resist residues can persist
and these will not dissolve in the developer. The removal of these types of residues was
achieved by RF plasma barrel ashing the wafer in the Biorad® barrel etcher for 10
minutes in a process known as de-scumming, but this stage is was not performed until
immediately prior to the deposition of the Ti/Au layer in the Nordiko RF sputtering

apparatus since it also removed oxide films.

2.2.2.2.(D) Bottom electrode metal sputtering procedure.

Magnetron sputtering of thin films by plasma or physical vapour deposition (PVD) was
the method of choice for the deposition of both the thin au metal electrodes and the ZnO
piezoelectric substrate of the FBAR™. In the basic sputtering process which is performed
under vacuum, the target (or cathode) plate is bombarded by energetic ions generated in a
glow discharge plasma placed in front of the target. The bombardment process causes the
removal, i.e., “sputtering” of the target atoms, which may condense on a substrate as a
thin film.”? The technical details of magnetron sputtering and recent advances that have
been made in physical vapour deposition methods are reviewed by Kelly (2000)%*!

The N; level supplying the Nordiko was checked as the chamber would not open if it was
exhausted. The high vacuum was switched off by closing the “High vac” and “throttle”

valves. The chamber was vented and care was taken not to attempt to open the chamber

0 A dedicated PVD apparatus (a Nordiko) was used for metallic depositions and another sputtering
apparatus was used [Or the oxide deposiions ( a {3aiZers). {0is was gone (o ensure at uiere was no cros:
contamination of metallic and oxide films during the sputtering procedures.
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until fully vented as this can damage the lifting assembly, it was deemed good practice to
wait until an air flow could be felt on the skin from the rim of the chamber before lifting
the chamber, this usually took around three minutes of waiting time. After raising the lid,
the appropriate targets were checked or loaded. The wafers were placed by screw fittings
onto the Nordiko sample holding plate which was placed back into the Nordiko chamber
and the chamber lid closed after wiping the seals of the chamber with an IPA soaked
cloth to remove any particles that could interfere with the seal, and hence the vacuum of
the apparatus. Immediately prior to this, the glass slide in the view window was replaced
or the Au particulate cleaned from it to allow for later visualisation of the plasma ignition
in the chamber. The shutter was tested for operation since it was prone to stick, and the

marker flags for each sample holding were checked for visibility.

The initial rough vacuum was engaged via the Rotary pump, and pumped down to about
(0.01 Torr), this took about 3 minutes, with the rough valve open. The rough valve was
then closed, and the Hi Vac and Throttle valves were opened. The Rotary pump was
switched off and the cryo-pump only engaged. After three hours was the system was
checked for good vacuum (8 x 10” Torr was a working vacuum). The vacuum gauge was
then tumed off and the Throttle valve was closed. The RF power unit was turned on and
allowed to warm for about 10 minutes. The gas inlet was opened and the appropriate
target electrode selected. After 15 minutes of gas flow, the RF was engaged and turned
up to (0.1 kW), using the view window it was possible to see if the plasma had ignited by
the presence of diffuse pink/purple glow. If the plasma had not ignited, the shutter could
be manually adjusted and failing this the gas flow rate could be increased. Once ignited,
the RF power was tumed up to (0.3 kW) and the reflected power tuned to zero. The
appropriate pre sputtering times were observed, and then the power was altered and the
sample was coated with the metal simply by opening the shutter undemeath the target for
the appropriate time. With a chamber vacuum pressure of 0.01 mB, the sputtering times
for a 15 nm thickness of the Ti adhesion layer was 27 seconds at 300 watts, and for a 100

nm thickness of gold, the sputter time was 3.5 seconds at 100 watts.
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The next sample was then rotated over the sample using the target pro computer program
on dedicated Nordiko computer. This process was repeated for the next target using the
specified settings. When sputtering was completed, the RF was tumed to zero and then
- turned off. The gas supply was turned off, and the throttle valve opened. 20 minutes was
given to allow the RF supply to cool. The power supply to the RF unit was finally turned
off, the High vac and throttle valves were then closed and the vent valve opened. After
three minutes the chamber lid was opened and the samples were removed and quickly
placed into their holding boxes. The seal of the chamber was IPA wiped the viewing
window slide cleaned and then chamber was lowered. The Nordiko was pumped down

ready for the next operator. The appropriate run sheets were completed during operation.

To save time, it was on occasion necessary to share the Nordiko run with another user.
On one occasion, the other user required a platinum layer and the run was performed
under the same vacuum session. It was noted later that the quality of the gold layer on the
wafer was poor, and it was also observed that if the wafer needed to be reworked for
some reason, that the Ti/Au layer could not be removed by the normal process of
potassium 1odide + iodine rinse (KI +1I,) this may be indicative some contamination of the
gold layer by residual platinum ions in the chamber. After this observation was made, it
was decided that good practice was to only share the Nordiko vacuum runs with other
users’ employing the same elements in their run. Also, although it was not done during
these runs, experience has taught that an initial XRD trace should be obtained for both the
Titanium and Gold layers as these may influence the orientation of of the ZnO deposition
and its subsequent C axis orientation. More XRD studies are required to discover the
optimal conditions required for a the Ti/Au layer intended for as the nucleation site for
the ZnO coating. The effects various of bottom electrodes metals e.g., Al, Cu, Ti and Mo
have on the c-axis preferred orientation of another type of piezoelectric substrate for
FBAR, aluminium nitride (AIN) has been researched by Lee er al (2004) ®% AIN
deposited on bottom electrodes made from Mo were shown to give superior FBAR

characteristic responses.
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The Ti/Au layer contacting the unexposed “sacrificial” photoresist layer was floated off
by immersion in acetone for an hour or until the float off procedure was complete. After
half an hour or so, the surface layer of the wafer would start to bubble and this was
indicative of good float off initiation . Ti/Au Residues would be mechanically agitated by
means of forcefully spraying acetone from a container directly onto the wafer surface
taking care not to let the acetone dry on the surface, this was to avoid residues. A final
immersion in developer for ~2 minutes removed any residual photoresist, a final
acetone/IPA spin clean would complete the process. After inspection and surface profile
with DEKTAK the wafer would be plasma cleaned and this step concluded the formation
of the bottom electrode of the FBAR device and this is shown on whole wafer. (See
Figure 2.4) below. |
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numerous individual FBARs visible. Some o f the structures visible are destined for use a?
RF filters. The sensors project used only individual resonators.

Figure 2.4 (B) Shows a fairly weii formed Bottom electrode. Good ciean edges are
apparent. Bottom electrodes were designed to be ~100 nm thick with ~8 nm Ti adhesion
layer Dektak profiling scans would confirm this thickness. (Results not shown).

(Magnification 50X with 2X optical zoom)

74



2.2.2.3 Deposition of piezoelectric zinc oxide films

The Balzers sputtering system which was used exclusively for the deposition of oxide
films would be found under a high vacuum state, The “Hi Vac” valve was closed and the
switch moved from “pump” to “vent”. A few minutes allowed the chamber to
depressurise and when the side hatch could be easily removed, the chamber was known
to be depressurised. The chamber hood was raised and the sample holder was taken out of
the chamber with gloved hands and the sample wafer with BE was placed into the
holding tray, this was then rotated manually so as to face the ZnO target a fully facing as
possible. The chamber was then lowered, when completed, the side panel would be
removed and the thermocouple moved into place by means of a metal rod. Good contact
should be made between the thermocouple and the back of the sample holder to ensure
accurate heating. The side panel was replaced, and the switch was tumed fro m” vent” to
“pump”. The “Foreline” valve was then closed and the Bypass valve opened until
pressure reached (0.075 Torr) at which point the bypass valve was closed. The “Foreline”
and “ High Vac” valves were opened and the system was left to pump down to a value
below (1.5 x 10™ Torr). The time taken to reach this value was extremely variable, but if
not reached after 4 hours, it should be assumed that there is a problem with the vacuum
seals or oil back contamination, in any case the procedure should be abandoned and time
spent on examination the sputter system itself. The throttle valve was then turmed on, and
the (A1/O2 (20%)) gas flow let into the chamber for at least 10-minutes. A typical value
would be (40.8SCCM) and a pressure of around (20 mT). The sample heater was tumed
on usually about 150°C and the thermocouple temperature value checked. After a further
10 minutes, the RF was engaged and the power increased slowly to 300W, reflected
power dropping rapidly would indicate plasma ignition, and this value was then tuned to

zero using the power matching box.

The ZnO target was left to pre sputter for 8 minutes. The power was the decreased to
250W and after readjusting the tuner box to reflect zero power, the target was left for
another 2 minutes for pre sputtering. This time period was used on the advice of other
users who had found that the additional pre sputter time usually resulted in a better
quality ZnO film. The sample was then exposed to the ZnO plasma and left for deposition
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for the appropriate time, the ZnO deposition rate of the Balzers was about 0.5um/per

hour.

At the set time period, which was dependent upon the ZnO thickness desired the shutter
would be closed and the sputtering procedure stopped by reducing the sputtering power
to zero. then after 1 minute the RF switch breaker would be tumed off. At least half an
hour should be given for the samples to cool before closing the “Hi Vac” valve. All the
pressure reading panels were then switched off and the chamber vented. After 5 minutes,
the vented chamber side panel would be loose, the chamber was raised and the ZnO
coated wafer samples would be removed. The chamber was left for other users’ under
high vacuum by closing shutter, and lowering the lid, the chamber was pumped and the
“Foreline” closed, at (0.075 Torr) the bypass valve was closed and the “Foreline” and “Hi

Vac” valves were opened and chamber left to depressurise.

Si wafer samples (not devices) were also studied to examine the quality of the ZnO
deposition and for thickness measurements. This was to gain understanding of deposition
rates in relation to temperature and pressure variations in the Balzers system in attempts
to optimise the sputtering deposition processes for ZnQO films. Dektak thickness
measurements would be taken by dissolving the ZnO in Acetic acid around a photoresist
painted circle and XRD traces would be obtained to give an indication of the c-axis

orientation of ZnQ crystal lattice.

The ZnO coated samples would be examined with the SEM to look for any obvious
aberrations such as the common “sharks tooth” type formations in the ZnO film. The
ZnO coated samples were then passed on to other technicians for X-Ray diffraction
(XRD) analysis of the films by using an X-ray beam to obtain a full-wave-half-maximum
value from a rocking curve. This was done to gain insight into the quality of the ZnO
films in terms of its C-axis orientation, this orientation was in part but not exclusively
indicative of the piezoelectric responses that could be expected from the ZnO film; these
would become a major factor in the characteristic responses of the FBAR devices when

they were completed. A representative example of the XRD and SEM results for ZnO
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films are shown below with a poor sample and an acceptable sample shown. (See figure
2.6)

When the Balzers apparatus was eventually optimised for reproducible good quality ZnO
piezoelectric films, e.g. with a good vacuum and with stable and accurate temperature
and constant gas flow, the real device samples as opposed to wafer test fragments would
be sputtered with ZnO. However, the process was not always successful and this was
point for failure of FBAR devices, indeed many samples were lost at this stage. There
were no wafer samples obtained from the Balzers system where the thickness of the ZnO

layer was homogenous across the wafer. (See Figure 2.5 (A))
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Figure 2.5 (A) ZnO coated wafer.

Shows wafer after »vu aenosmon or 4., mm nim omo warer wttn rromom eieeirooe? amm r@« &e»
wave interference patterns due to wedging formation of increasing ZnO thickness over the entire wafer.
The bottom electrode of the FTjAk is cieariv visible under the iransnarsru mezoeiectric cnisrst. because me
thickness of the ZnO was variable, at this point it was necessary to map the device die over the surface of
the wafer as show in the figure below.
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rif«re 2.5 in) An example of uis wafer mappmp io accommodate for variations in the
ZnO thickness

In future testing, the device die would oe recalled to look for any obvious vcrtormnrtce changes over rne

wafer. From the banding sizes, it can be seen that there would be no steep gradient over any given
individual FBAR device but there were ZnO film thickness variations from one die to the next.
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figure 2.d sAi 5Sr,ivi.
(Sample GAT -13A.)

XRD rocking curve trace ofthe full width half maximum (FWHM) value is narrow indicating good c-axis
fabrication.

CKarl- "¢ .
0 tw ui

(1) (ii)
Figure 2.6 (B) SEM Image of ZnO film ( b) Shows XRD trace for crystal.
(Sample GAT 6 -14A)

This Figure (B) represents an example of a relatively poor ZnO sputtered film. There are sharks teeth
clearly visible in the film (iii) (1 pm) and the FWHM is wide - indicating poor c-axis orientation of the ZnO
crystal.

Poor c-axis orientation is one o fthe contributory factors leading to poor piezoelectric responses of ZnO
films This poor film deposition result may be attributed to a vacuum leak during the run or the
implementation of a new gas flow line. A film such as tins would not be used for FBAR fabrication. For
more information on the formation and responses of ZnO piezoelectric films - See Kirby et al(2003) 151
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2.2.2.4 Top electrode deposition

The wafers were visually inspected for any obvious defects and these were noted on the
relevant batch card. The wafer was pre baked for 5 minutes at 175 °C. LOR2A was spun
as previously described and pre-baked for 5 minutes at 175 °C. The S1818 was deposited
and spun as previously described and pre baked for 3 minutes at 115 °C. “QQ” Maintop
mask was cleaned as previously described and placed into the MAS56 aligner. The wafer
was inserted to the exposure stage and the mask aligned over the features using manual
dexterity. Exposure was for (18s ~ 100 mJ). The wafer was post baked at 115 °C and then
developed in MPF319, rinsed in copious distilled water and blow dried in a fast flowing
N; stream. The developed wafer was then plasma cleaned for 10 minutes at (20W) RF.
Finally the wafer was inspected for complete removal of photoresist at under the
microscope at 5X mag. The wafer was taken to the Nordiko sputtering apparatus and
PVD metallic sputtered with 8 nm Ti and 100 nm of Au as previously described. The
wafer was then immersed in acetone bath for float off as previously described.

Observations at 5x magnification were made for complete removal of the metal.

2.2.2.5 Photolithographic procedures for developing BE via contact.

It was necessary to make a hole “via” through the ZnO film giving access to the bottom
electrode for proper functionality of the FBAR device. The entire wafer was protected by
spinning on photoresist layer (S1818). The mask QQZNOETCH was cleaned as
previously described and placed into the MA56 aligner. The wafer was placed into the
exposure stage and the features aligned with the mask using dexterity. Exposure was for
(18s ~100 mJ) and the wafer was post baked for 115“C for 90s. The wafer was then
submerged in developer MPF319, rinsed in distilled water and N dried. The wafer was
inspected for defects and the complete development of the resists. This gave an
unprotected area over the bottom electrode where the ZhO could be dissolved away. It
was important to align the mask precisely as misalignment could mean exposure of

pattern over Si wafer rather than gold resulting in unwanted edge dissolution.

2.2.2.5.(A) BE contact hole (Via) wet etch.
The wafers were immersed in 10% glacial acetic acid for about 2 minutes or until the

cloudy formation of ZnO dissolution was no longer visible and had gone clear. The resist
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was dissolved in with acetone and IPA and then examined for quality of pattem
definition. A Dektak scan would reveal the etch depth of the removed ZnO after removal
by development of the S1818 photoresist layer. Since the thickness of the ZnO varied
across the wafer, where the ZnO was thinner, the via etch would be completed before the
thicker regions. To ensure overdevelopment of the thinner regions did not occur, periodic
complete scans of the wafer were made under low magnification (5X) to see what zone of
the wafer had its etch completed. This would be noted and the wafer would be placed on
an angle in the acetic acid bath ensuring only the non-completed via were exposed. Some
problems could occur at this stage of the processing, in that the acetic etch could begin to
attack the lateral dimensions of the devices, if the erosion contacted the top electrode
surface, then the devices were rendered useless and great care was taken to avoid this as
some otherwise perfectly good devices were lost to the project in this way. ZnO via

etches to Bottom electrode are shown. ( See Figure 2.7)
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Figure 2.7 (A) Via formation neanng comnietion

electrode and there was no breaching ofthe edge to the surrounding area. Mag 50x This represents an
almost perfect BE ZnO via.

complete, over-exposure is likely to be the cause ofthis. Mag 50x

A device with this level of breaching was acceptable for use as FBAR resonator device.
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2.2.2.6 Back-side photolithography

It was of utmost importance to ensure good device and mask alignment at this stage and
care was taken as a mistake at this vulnerable stage in the FB AR microfabrication process

could render all the previoils processing steps invalid if not corrected.

A thicker, more viscous type of Photoresist (AZ4562) was spun onto the rear of the
wafer. (1500 rpm for 40s) and pre-baked for 5 minutes. This process left a thick bead of
resist around the edge of the wafer which was removed with fine acetone spray. This was
done because it would lead to problems with unwanted mask adhesion in the double sided
aligner. There were problems with this manual fine spray method, and the AZ4562
needed to be reworked usually 3 to 5 times before the edge bead removal was neat
enough to proceed. Alignment at this stage was considerably more difficult than previous
alignments because the double sided aligner MJB21 movement tables were not as
accurate as the MAS56 single sided aligner tables.

A mask usually “Main Top” would be aligned with the “QQDIREETCH” mask. When
alignment was complete, the wafer would be inserted into the aligner and the features
from the top face aligned with the top loading mask. Here it was assumed that exposure
would be true for the bottom mask since both were previously aligned. It was particularly
important to focus on the orientation of the alignment in this case. When alignment was
thought to be complete, the wafer would be scanned over distant edges to confirm that
there was no drift in orientation. When satisfied with correct orientation of the wafer, the
back face would be exposed for 18s — 30s (~100 mJ) A post bake of 115 “C for 90s was
given before immersing in developer (AZ351B (40 ml in 160 ml H,O)) for ~3 minutes.

The wafer was washed in copious distilled water and blow dried in fast N stream.

A plasma cleaning in Biorad® was performed at (12W) for 3 minutes. With shorter
exposure periods, partially exposed photoresist residues at the bottom of the development
hole would be visible. A balance between over exposure and persistence of the residual
resist needed to struck as a compromise. This time period was variable. 18s-30s. A

Dektak profilometer scan would reveal that the AZ4562 layer to be approximately 10 um
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thick and this proved to provide sufficient protection for the rest of the wafer from
unwanted etching in the DRIE stream. Wafers were then mounted onto backing wafers at
first using Glyseal but this was found to leave a contamination residue, so altematively a
photoresist, unbaked and unexposed, was used as the adherent instead. The wafers were
co-joined by clamping a vacuum seal over the MA56 and closing over the two masks
ensuring a tight fit. This method proved to be relatively effective and did not suffer from
residual contamination at the end of the etching process.

2.2.2.7 Silicon substrate etching

Wafers at this stage of-development were then passed on to other process technicians for
SiO, etching in the RIE80 or with HF. (DRIE will not etch SiO,). Then for DRIE
(SFsC,Fs) substrate etching up to the SiO; top layer (device layer). The rate was about
(Bum/min™). The etched wafers were retumed and the backing wafer removed by
immersion into acetone solvent and the two wafers would be gently horizontally slid
apart. A final acetone /IPA spinning rinse would be performed on both sides and the
wafer would be left to dry naturally as it now possessed an unsupported working
membrane which was exquisitely delicate and could easily be destroyed by the N, stream
previously used for drying. With this stage complete, the devices were ready for testing

on the network analyser.

Figure 2.8 below, is a schematic representation of the completed FBAR device. There is a
top electrode (d = ~100 nm), a piezoelectric, usually ZnO, (~1-3 um) the thickness of the
piezoelectric can be used to modify the resonant frequency of the FBAR. and a bottom
electrode (d =~100 nm). The via allows electrical contact to the bottom electrode. This is
usually made with a signal probe, but in this project, a gold wire was bonded directly to
the bottom electrode through the via. The SiO2 layer is used when the device silicon
substrate is etch through by DRIE, its thickness can also be used to modify the resonance
frequency of the FBAR. The SiNj layer is used to protect the devices when the etch is
made by KOH wet-etch, again its thickness can be used to modify the frequency of the
device. The complete etch through the silicon wafer substrate is performed to release the
membrane, leaving it in effect, unsupported. The completed devices were extremely

delicate and care was taken whilst handling,
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Figure 2.8 (A and B) Schematic oi a compiexed FBAR device (A) is the cross-secxionai
view. The piezoelectrically active area is where the Top and Bottom electrodes overlap,
(not zo scale) and (B) is the top view showing the Copianar waveguide configuration of
the device, (approximate dimensions are indicated) The piezoelectric is usually ZnO,

with Au electrodes.
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Figure 2.8 (C and D) SEM of Top side oftwo FBARs showing the variability possible in
the size ofthe working area of the completed devices. Working areas define the static
capacitance of the devices.

86



2.3 Initial testing of FBAR devices on die with the summit 9000 probe
station and the HP-8753D network analyser

2.3.1 Network analyser - basic layout and functions

A vital piece of apparatus used in the project was the Hewlett Packard (now Agilent)
network analyser (HP 8753D), it was central to the analysis of FBAR since it both
electrical excited the device to piezoelectrical resonance whilst simultaneously recording

various electrical characteristic responses from it.

A network analyser applies a signal that is either transmitted through the test device, or
reflected from its input, a comparison 1is then made with the incident signal generated by
the swept RF source. The signals are subsequently applied to a receiver for measurement,
signal processing and display. The 8753D model could produce a swept RF signal or a
continuous signal in the range 30 kHz to 3 GHz. The unit is phase locked to a highly
stable crystal oscillator. A built in microprocessor takes the raw data and performs all of
the required error correction, trace math, formatting, scaling averaging and marker
operations according to the user-input instructions from the front panel, or from a
computer through a general purpose interface bus (GPIB) channel. The swept high
frequency signal is then translated to a low fixed frequency intermediate frequency (IF)
using sampling and mixing techniques, the IF signals are converted into digital data by
the on-board analog to digital (ADC) converter. ’

The GPIB interface between the computer and the network analyser was used to gain
control of the analyser during the software development stages of the project and the
front panel controls were not used, but they are shown in figure 2.9(D) to highlight the
various control options that were available. The software interface that was developed to

control these settings is described in section 2.4
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Figure 2.9 (A) Simplified block diagram of the network analyser system!*
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Figure 2.9 (B) The data processing flow diagram of the network analyser. 126}



(a) Front panel

(1) Line on/off switch

(2) Dispiay

(3) Softkeys

(4> Stimulus Function Block
(5) Response Function Block
(6) Aciive Channel Keys

(7) Entry Block

(8) Instrument State Function Block
(9) PresetKey

(10) Port 1 and Port 2

(11) Probe Power Connectors
(12) R channel Connectors
(13) Floppy drive
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{b) Screen values

Figure 2.9 (C) HP8753D network analyser front panel %

DEVICE UNDER TEST

(1) Stimulus Start Value
(2) Stimuls Stop Value
(3) StatusNotations
(4) Active Area Entry
(5) Message Area

(6) Title

(7) Active Channel

(8) Measured Input(s)
(9) Format

(10) Scale Division

(i1) Reference Level
(12) Marker Values

{13} Biarker Stais’‘Bandwidik
(14) Soft key Labels

(15) Pass Fail

Figure 2.9 (D) The basic network analyser test arrangement 261
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2.3.2 The use of the Scattering Parameters

Impedance and admittance parameters are used by engineers to describe low frequency
circuits. However, their measurement is impractical at higher frequencies where S-
parameters are used to describe a circuit network and are derived from the travelling
waves that enter and leave a network. Incident waves are denoted “a”- waves and
exciting waves from the network are denoted as “b”-waves. The S parameter (Sz)”" was
used almost exclusively throughout this project to follow the series resonance frequency
of FBAR devices.

A matrix equation is formed to relate the incident and reflected wave by the S-parameter

matrix

b, _fsll 12 || 3

_ (Eq2.13)
S
by L 21 sy |12

2.3.3 Methods of existing FBAR characterisation and its limitations in

relation to chemical and biological testing.

The FBAR devices used in this project were based within coplanar waveguide structures
(CPW). (See figure 2.8 (B))The use of coplanar waveguides provides a convenient
method of making contact with an FBAR device.* CPW also provide well-defined
ground planes and avoid the introduction of stray inductances which may arise when

wirebonding is being used.

At the start of the project, FBAR measurements with the network analyser were typically
performed on die with the use of the Ground-Signal-Ground (GSG) coplanar wave probes

of a Summit 9000® probe station. This characterisation method was found to be of

1S, and S;, means the signal that is passed from port 2 to port 1 or port 1 to port 2 of the network analyser
respectively— they are two port transmitted signals. Sy,, denotes the signal that is sent from port 1 and
returned to port one, this is a one port reflected signal, likewise S22 is a single port reflection to and from
port 2. (See equation 2.14)
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limited use for the planned chemical and biological sensing experimental procedures on
FBAR because the probe station did not allow for a controlled environment in which to
test the FBAR responses to various agents. This on die G-S-G probing method ( See
Figure 2.10 (B)) did however allow for the initial characterisation of the newly fabricated
FBAR devices, and this showed which individual FBAR devices provided characteristic

responses that were of high enough quality™ to be used for sensing experiments.

It was important to isolate the FBAR from the ambient laboratory environment so that
conditions could be controlled and FBAR responses calibrated, clearly the G-S-G probing
methods could not deliver this required degree of isolation. It became obvious at this
stage that an isolation chamber would be required for the FBAR and that it would not be
possible to continue using the well established G-S-G probing methods once the FBAR
was isolated. The design and manufacture of the FBAR isolation chamber or FBAR
housing assembly (FHA) and the associated microwave electronics is described in
Section 2.4 below.

*2 The term “high quality” in this case merely implies FBAR devices with resonance curves that were at
least 3 dB and were relatively free from spurious modes of resonance. Devices with good quality responses
operating at higher frequencies tended to be favoured.
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(1) SMA to 1 mm sub-miniature coaxial cable
(2) Sub-miniature coaxial cable to CPW probe tip
(3) CPW probe tip to wafer/test device probe pads.

Fig 2.10 (A) Schematic of generic CPW probe head

CPW probes FBAR

(B) ©)

Figure 2.10 (B) Photograph of the GSG 200 tri probes of the summit 9000 probe station
making contact with FBAR Top and Bottom electrodes. Mag 100 X 2.5 optical zoom

Figure 2.10 (C) Schematic FBAR probed on wafer with coplanar probes
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2.4 Design and manufacture of an isolation chamber for the control of
FBAR environment

The FBAR Housing Assembly (FHA) was designed so that isolated FBAR samples could
be conveniently exchanged from the chamber. This was achieved by attaching and
wirebonding an FBAR to a printed microwave circuit board® (PCB) which was then
incorporated into the FHA. In this way, numerous PCB and FBAR samples were
available for experiments. This requirement for easy sample exchange meant that the
PCB could not be wire-bond connected to the housing connectors. Not using wire bond
connections required that the PCB be carefully positioned into the housing so that
electrical connectivity was achieved between the conductive tracks® on the circuit board
and the FHA signal connectors. Poor connection at microwave frequencies can lead to

signal losses.

AutoCAD engineering diagrams were drawn by workers at Sensor Technologies Ltd (See
Figure (2.11(A)). These were based upon original conceptual design sketches conceived
by the author afier in-depth discussions with microwave engineers. From two solid
blocks of brass, the FHA base and lid were machined out with a vari-turret milling
apparatus. SMA microwave connectors were obtained from stores, and these were
modified by the removal of most of their dielectric so as to fit securely into the FHA
base, this was later sealed with silicone to make the unit air tight. The Base was then
further machined to cut in a groove for the addition of a gas seal “O” ring. Plastic screws
were obtained for fitting in the PCB to the base of the housing unit. Gas input/output
Festo ® seals (5 mm diameter) were inserted into the lid holders and a quartz slide was
diamond cut to-act as a window for the centre of the lid for use in later UV radiation
exposure type experiments. Upon machining, the FHA was tested for snug lid fitting and
any roughness was removed where necessary. The entire unit was then gold flash-
sputtered, under vacuum, to improve conductivity lost from the effects of surface

oxidation. The thickness this gold flash layer was not established.

* Capable of handling microwave frequencies
3 These were actually 500 transmission lines.
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Figure 2.11 (A) Shows the AutoCAD design diagram for the FHA.
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2.4.1.1 Laminate material chaira

The choice of PCB material was based on its physical characteristics its known electrical
performance and cost. For the prototype, the RF material laminate “FR4” was chosen
because it was known to function without too much loss at the frequencies required and
was fairly rigid in form®. Some rigidity was required since it was known that the PCB
would have to be pressed with some force onto the SMA connectors with screws and

should not buckle in at its centre, lifting itself from a good connection to ground.

FR4 Pertinent matenal parameters are listed below.

e FRA4 dielectric coanctant: a9
e Losstangent......................0.012
e Thermal conductivity: ...........0.2

o Copperthickness:................ 35um

e Roard thickness: 2.4 mm

e Completed PCB conductors were ftreated with Immersion Gold Finish

3 Some microwave material laminates can be quite soft and malleable
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Other more expensive laminates were available with characteristics somewhat more
suited to requirements but were prohibitively expensive. However, considering the high
dielectric constants (up to 9.6) on laminates such as Rogers TMM, these might be

emploved in post prototype devices.

2.4.1.2 Design and calculations for the 502 transmission lines on the PCB

In microwave circuits supporting electrical transmission at microwave frequencies, the
signal flow of the current, which can be of very low amplitude, is confined to the surface
of the conductor and it will experience inductance when travelling along a wire because
the magnetic and electric vectors are resistant to change. Parallel wires may be
considered as a transmission line when operating at high frequencies. A transmission line
simnlvvmeans a conductive path that transmits energy efficiently without the significant
losses which becomes important at high frequencies. At low frequencies. impedance is
the resistance of the wire, but as the operating frequency of the signal increases. the
reactance from the induction becomes more significant. At resonance, the values of the
inductor and capacitor are equal and opposite. and the resistance becomes capacitive. It
should also be noted that capacitors will become inductive and inductors will become
capacitive above the resonance frequency of the line, further note that the FBAR which is

a parallel plate capacitor becomes a pure resistor at series resonance.

The software package “Aplac” was used to calculate the correct dimensions of the
microstrip for a 50Q signal. Based on the manual input of the pertinent physical
properties of the FR4 laminate board: these were thickness of board, its dielectric
constant, its loss tangent, the distance of the FHA lid from the transmission line and
finally, the centre frequency of the signal over the estimated usage range. (~300 MHz-1.8
GHz). After calculation of the correct transmission line dimensions and sketching of the
board layout (top and underside) in a suitable drawing package, it was necessary to
import the sketch files into the electronics PCB design software package “Boardmaker”
which is capable of converting the image files into a Gerber Text output file. (See figure
2.12).
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This additional stage was primarily one of cost reduction, due primarily to the costing
regimens of the PCB art workers who charge considerably more money if the PCB design
layout is not e-mailed to them as a Gerber text file. Upon receipt of the Gerber file, the art
work company (Lormay Ltd) delivered the boards as shown in Appendix 2. The boards
were immersion gold coated over the copper cladding to ensure good contacts, but this

additional process incurred some small additional charge.

There was a design consideration in how to maintain transmission line continuity with the
SMA connectors when the FHA was sealed. The placement of the board in relation to the
SMA connectors meant that a section of the transmission line needed to be printed on the
underside of the board so that it could make physical contact with the SMA pins
protruding into the FHA. For this reason, a via needed to be passed through the entire
thickness of the board to connect the underside and the top side transmission lines. Since
via are known to act as inductors at high frequencies, and since it was not possible to
model their presence in the stripline calculatiori in the Aplac package, a few
configurations of via numbers and via sizes were written into the art work, however of all
the variable formats devised, none gave better or worse electrical performaﬂce than any
other at the frequencies used throughout the project, so the results of these initial
transmission line tests are omitted from the results sections. It should be remembered
however that all of the tests in the thesis are in low end of the microwave spectrum and

these via inductor considerations would likely become relevant at higher frequencies.

A number of test strip configurations were used to examine the effect of cross talk in the
system. This simply varied the adjacent distance of the parallel strip lines on the PCB.
The results of the cross-talk tests are shown in Chapter 3. The continuity of the strip lines
were broken with increasing distance to examine the effect of increasing wire bond
length in the circuit, because it is of course impossible to tune a wire bond to 50Q and it
was considered shrewd to make allowance for this unavoidable impedance mismatch at

this stage. The results of the effect of wire bond lengths are shown in Chapter 3.
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via (Top side connection)

Transmission line
(lop side}

Figure 2.12 .Representative sampie of the "Boardmaker” software image files ready for
conversation into a Gerber file text outout. The underside o f the board is gold coated with
a large area earth plane to make god ground contact with the earthed base of the FHA -
this is not shown in the diagram. The height of the final transmission lines was calculated
as 2.9 mm.

98



2.4.2 Thermosonic ball-wedge wire bonding procedures

Once the PCBs were obtained from the manufacturers and the FHA was constructed, it
was then necessary to mount the FBAR die (~1 cm X 1 cm’®®) to the PCB with an
adhesive. Then it was necessary make electrical contact to the live (signal) and earth
planes of the PCB to the bottom electrode, top electrode and earth wave guides of the
FBAR.

The PCB was placed into the holding bay of a Kulike and Soffa Model number 4124
Thermosonic Wire Bonder. Later, a commercial wire-bonders with better equipment
would be used due to excessive loss of devices using the 4124 which was outside of the
suggested minimum ball size limits when connecting the FBAR bottom electrode through
its via. The PCB was first heated to 140 °C to ensure that it could tolerate the temperature
that was required for the initial ball formation of the gold wire bond. FBARs were not
tested for temperature tolerance, but stability was assumed based on the high temperature
operations used in FBAR fabrication.

The main difficulty here was in placing the initial ball bond into the via contact to the
bottom electrode (110 pm). Compressing the ball size too much would force the liquid to
move back up the bonder head by capillary action. Were too large a ball size used, then it
would cover the via and make direct contact to the top electrode of the FBAR rendering
the procedure useless due to a short circuit. After many practice attempts, it was possible
to obtain a ball bond size in the region 100um and this made a clean connection to the
bottom electrode. Multiple wedge bonds were then made to the TL’s because these are
known to be somewhat less strongly adhered to the surface. A simple test with a strain
gauge showed these bonds to hold roughly 1 gram before either snapping or becoming
dislodged from the surface.

3 FBAR die were cut from the wafer using a diamond scribe and carefully snapping the scribed wafer over
a suitable mount such as a paper clip, this method did on occasion cause the loss of devices.
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Figure 2.13 (A) The process o fthe Thermosonic Ball-wedge wire bonding procedure
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Figure 2.13 (B) Shows wire bonded FBAR devices - only balls are shown ( scale is
indicatedl
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Figure 2.14 Photograph of the final configuration of on-die FBAR devices wire bonded
to the PCB and mounted in the FBAR housine assembly. Lid not shown.

Note only two of a possible twelve devices are wire bonded. These devices would have
been ore-characterised Drior to wire bondine usine the traditional G-S-G nrobine method

The underside component the transmission line is visible as a shadow through the
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2.4.3 Continuity testing of wire bonded FBAR devices

FBARs were tested for the quality of their characteristic response using the G-S-G on die
measurement techniques previously described in section 2.3.3. At this point, many
devices were rejected and only the individual FBAR units that delivered the highest
quality responses were selected for wire bonding. Quality in this case means a clear
resonance peak that was relatively free from unwanted spurious modes of resonance at its
tip and with peaks that were at least 3 dB in magnitude so that a Q value could be
established for them.

Consideration was also given to the quality of the harmonic overmodes as these were
considered equally valid for sensing purposes as the primary modes were. In some cases,
there was a severe spurious mode manifest on the primary mode but not on the harmonic
overmodes, so decisions based on a balanced consideration of all of the resonance peaks
from a given device were made, and this meant that, on occasion, some of the modes
from the FBAR trace were not useable in the sensing project. It was quite time
consuming analysing each of the resonance peaks from every FBAR used in the project,
but since there were no automated routines written to do this, it was necessary to obtain
 the values manually. In this way, a detailed picture of the characteristic responses of each
mode of each FBAR was made, these extra details about the FBAR characteristic

responses proved to be very useful later in the project.

The wire bonded FBARs, now mounted on the PCB, were characterised in the FHA on
the network analyser to ensure that there were not significant losses and that the signal
continuity had been maintained. Comparisons between the characteristic responses of the
pre-wirebonded devices that were G-S-G probed and the same devices now wire bonded

were made for all of the devices in used.
A representative result which was typical of the pre and post wire bonded samples is

shown below in figure 2.15. All of the devices responded in a similar manner, (numerous

results not shown) that is, frequency (primary and overmode resonance) remained at the
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original G-S-G recorded frequency values, but there was significant signal power loss on
the wire bonded FBARs. The 6movermode at~1.2 GHz is lost due to this signal damping
in the example shown, this was unfortunate since the highest overmodes were expected to
deliver the best frequency to measurand responses. Overmodes were not always

attenuated in this manner.

The increase in insertion loss was not considered critical to the sensing project, since the
responses were to be calibrated exclusively for the wirebonded samples, however it is
desirable, or at least considered to be generally good practice by RF engineers to keep

signal losses to a minimum in all microwave electronic devices.
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Figure 2.15 is a representative S21 trace result rrom the network analyser, it is typical of
pre and post wire bonded FBARs that were characterised by (i) G-S-G on die
measurements and then from (ii) within the FBAR housing assembly.

iNote me loss or the mgnest overmoae, indicated as narmonic resonance peak due to

wirebonding the FBAR to the PCB. This was a relatively unusual effect, and most
devices did not suffer from losses such as this.
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2.5 Development of the control and analysis software

2.5.1 The limitations of the existing departmental software relating to FBAR
sensing experimentation

A new FBAR interrogation software suit was written because the existing departmental
software (WinCal 2.3 by Cascade Microtech Ltd) which was already in place and used to
process FBAR characterisation data from the network analyser was not flexible enough to
be of any real use in interpreting data from the FBAR when it was responding to the
presence of measurand. This was because typically, these types of sensing result would
ideally be visualised and subsequently interpreted by a set of rapid, sequential FBAR

responses”’ over time.

The main problem with the departmental software, was that it required a large degree of
manual intervention to extract the pertinent FBAR response data from it, and also
because it was not capable of performing multiple network analyser sweeps without
substantial user intervention. As such, processing of the FBAR responses to measurand
was laborious and this made subsequent interpretations of the FBAR responses rather
difficult. This was mainly because not enough raw data could be collected in a reasonable
time frame. Ostensibly, by placing reliance on the existing departmental sofiware, it
could take up to half of a working day to collect and process a set of just 20 or so network
analyser sweeps of the FBAR, and this reliance on manual configuration and processing

of the data increased the likely hood of human error.

Another major draw back in the use of the departmental sofiware resided in the fact that it
did not have the ability to accept electronic data from environmental measurement tools
such as hygrometers and thermocouples. This meant that observations about FBAR
responses to temperature or humidity over time were almost impossible to follow with
any degree of accuracy. Software that could be purchased for better automated control
over the network analyser such as Agilent Technologies IntuiLink VNA series software
was prohibitively expensive and still required a some coding in Visual Basic to get it set

up. It was therefore desirable to develop new computer code that would automate the darz

37 Usually, but not exclusively FBAR S, series resonance frequency.
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acquisition process from the network analyser and from additional environmental

monitoring and measurement apparatus.

In order to collate and interpret large amounts of FBAR response data rapidly, it was
necessary that multiple sequential frequency sweeps could be performed automatically by
the network analyser with minimal user intervention. The information about the FBAR
responses then had to be efficiently filtered leaving only the pertinent data for processing.
In most cases, less than 0.1% of the network analyser trace information was required for
tracking the FBAR resonance responses to measurand, and the remaining data in any
given individual frequency sweep was superfluous. The important information required
for FBAR sensing analysis was the resonance frequency (Hz) of the single data point,
from up to 1601 data points in that sweep, which had the least S;; power transmission (-
dB) over the bandwidth range of the sweep. In this way a profile of the FBAR resonance
frequency responses to measurand over time could be graphically represented as a simple
XY scatter plot. This type of X (time (s)) Y (frequency (Hz)) scatter graph makes up the
bulk of the results throughout this work.

2.5.2 Software and hardware preliminaries

An IBM compatible X86 computer was built from reclaimed boards. A General Purpose
Interface Bus (GPIB) card and cable were loaned from Sensor Technologies Ltd. The
GPIB card was in the old “ISA” format and this was a limiting factor on other hardware
acquisition since ISA slot main boards were phased out in around 1996/7. A copy of
Microsoft® Windows 98 operating system was installed using the FAT 32 format. A
new copy of Labview 6 was obtained from stores and installed. There were no network
facilities available in the measurement room where the network analyser was situated so

an external Iomega ZIP® drive was purchased to back up the data.

The computer was checked for stability by running CPU intensive screen savers for a few
days at a time to look for crashes, but the installation of the hardware and respective
drivers and the operating system went smoothly. There were occasions when the

computer would hang, but this is expected with non-NT versions of windows. NT
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versions of windows would not run on the computer given its specifications and therefore
there were memory management problems, these are well known problems and do not
occur in later versions of the windows operating system. Access to a PCI version of the
GPIB card would have solved this, since it would have been possible to use a modem

main board for the computer.

The programmers guide and the general user manuals for the network analyser were
obtained in PDF format from the Agilent website (www.agilent.com) and the paper

versions were obtained from the in-house library.

2.5.3 Software design

A control package was initially written in Labview for the FBAR sensor project by the
computer programmers working at Sensor Technologies Ltd. The program that they
developed for this project clearly demonstrated to the author the principles that were
involved in using GPIB syntax commands to control the network analyser. Ultimately
however, this package was not used during sensing experiments because it lacked a
number of vital functions that were seen as critical to the sensing project. The main
weakness was that it could not track resonance frequency changes in the FBAR

automatically and that there were no noise filters written into its code.

Extemal assistance was sought from colleagues during the writing of the
controller/analysis software. Firstly, the HP8753D network analyser virtual instrument
(VD) drivers were obtained from the intemet to allow for a two way GPIB enabled
communication protocol to be established between the Labview program and the network
analyser. Then the perceived desirable or ideal features of the sofiware were carefully
considered and written down in a flow chart on paper. Each additional feature from the
flow chart was written sequentially into the core controller program by copying the
appropriate GPIB command syntax from the programmers guide into the Labview
program. In this way, the suite increased in sophistication and each prototyping stage
improved its capabilities until most of the desirable features from the flow chart had been

successfully implemented. This took about three months to complete since there were
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numerous debugging stages, the completed beta version software revision was called
RO.1.

This version (R0.1) was the one that was used throughout the work, some minor
modifications were made to the program as bugs in the code appeared during testing but
none sufficiently major to warrant a new revision designation. These were mainly
problems of instability of the response (severe signal jumps (MHz range)) during the
reset stage between successive iterations, the solution to this problem was found by
allowing the Labview program to autoscale rather that attempting to force the response to
a set centre frequency on successive iterations. There were also memory management
problems that were never adequately solved but this was likely to be due to the operating
system on FAT32, not the interrogation software. These were non-trivial and much
valuable experimental time was lost due to this. It was also necessary to make minor
changes R0.1 as unforeseen coding errors only became obvious in the later stages of
experiment when certain setting combinations were used that were not covered during the
alpha testing phase, especially when attempting to obtain maximum resolutions from the
FBAR responses.

An environmental data acquisition hardware board® was purchased from
(www.drdag.com). It was able to measure changes in temperature, relative humidity and
light levels, and when connected to the parallel port of the computer, these environmental
parameters could be recorded directly into the R.01 software with some additional
Labview coding. This was extremely useful as it automated the environmental records,
saved much time, and greatly simplified the FBAR sensing tests when observing FBAR
responses to temperature change and to changes in relative humidity and to changes in

light levels. These environmental results are shown in Chapter 3.

Figure 2.16 below, shows the flow chart for the operation of the R0.1 beta version of the

software. This was deemed functional enough to use for sensing applications.

38 . . . . .
Measurement ranges, resolution and accuracy values are given in the relevant experimental sections
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Table 2.2 The Imnortant VI&NA control settings

FUNCTION SETTINGS USE AND EFFECT NOTES
1 or 2 port ransmission
or reflection signal Send S21 was almost
S parameters S1/82S12fS instruction and receive exclusively employed.
data.
The altemstive method
. of specifying start and
Centre Frequency 4 Specfes in Hz the_ stop frequency were not
Acsurateis 1 Hz centre frequency point . ? .
{f) for the scan coded into this version
: of the VI but the
outcome was identicai
Spacing on .!he curve Thic nnl\ﬁnv} allnwmoan fnr
relative to the fixed kit
- full range (3 GHz)
Bandwidth f, to £, 1 MHz o 3 GHz sztgnﬁefq:f‘gc}’ :r‘;“t sweeps or o zoom into
ing 2 the resonance tip at 1
equidistant from the MH> resohition
centre frequency - i
Point to pointraw daia
spacing over the
Number of data points +/- number of pointin bandwidth. More points
collected in the entire 3 -1601 the sweep over the increased accuracy.
bandwidth sweep specified range. Woas fast enough to use
1601 maximum
resolution exclusively
Iteration number. i.e. ;z; rgg?ﬂﬁgﬁ?ﬂ)ﬁ:ﬁgﬁ
n:;zzﬂ%gfxg’g:::d 1-5999 Number of timesascan | computer system RAM
analyser frequency would run (2’.?6 Mb). Scratch files
sweens did not appear to be
¥ compatible with V1.
Drasticaiiy increased
. time taken for each
Random electrenic . : N
IFBW 10 Hz - 3000 Hz . . iteration athigh
noise floor reduction resolutions 1000 Hz was
the oplimal selling.
This gave unrealistic Q
dB cut off point for +3 dB -0.01d B from tip Sets Q factor values that needed to be
polynomial calculation minimum bandwiidth taken into consideration
Normaiised the circuitry
Memory Onloff and allowed suitable -10 | Ultimately found not to

dB attenuaticn as
calibration solution.

be necessary cr useable
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2.5.3.1 Software implementation overview

As well as controlling and reading the output from the NA as shown in table 2.2. the
software when completed at beta stage R.01 performed the following higher processing
functions;

¢ Find lowest pbint on bandwidth span for frequency (Hz). (X axis).
¢ Find lowest point on bandwidth span for power (dB). (Y axis)
¢ Fit polynomial for resonance curve f>- fi/fo at specified bandwidth.
e Calculate O as measured f>-fi/fitted fo.
. Find the lowest point on span for fitted frequency. (X axis)
¢ Find lowest point on span for fitted power. (Y axis)
e Record and graph environmental (temp, light, humidity) values from DAQ.
e Save each iteration as data file.
e Collate all data files as values in extract file for graphing at iteration end.
e Save (i) span, (i) IFBW, (ii1) frequency settings, (iv) time, (V) iteration number.

The GUI screen shot shown in Figure 2.17 below is set out info three columns showing
11 graphs, from top left to bottom right the interface gives the following real-tine

information about the state of the FBAR and of its micro-environment within the FHA.

e Column 1 - (1) Fitted frequency, (2) Measured frequency, (3) Calculated Q,
(4) Measured Q.

e Column 2 — (1) Measured power response, (2) Fitted power response, (3) Fitted
sweep with polynomial (4) actual ﬁace from NA , this should be identical to the -
green screen output on the physical network analyser.

e Column 3 This is the environmental column showing (1) temperature, (2)

ambient light levels, (3) relative humidity.

The drop-box menus on the far left are the control settings for (i) bandwidth, centre
frequency, (ii) IFBW, (ii) S parameter designation, (vi) number of points in the sweep
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and (V) number of loops to run. The address settings and the data save paths are also
shown. The number of points set for the polynomial fit and the dB range over which to

calculate it were set from the drop menus in this sector.

The GUI was useful for real time observation of the FBAR frequency tracking functions,
but it also showed the entire characteristic response of the FBAR on any given iteration.
This was useful in avoiding resonance peaks that were afflicted by spurious modes. The
data acquired for each sweep was usually sent to excel spread sheets for final analysis.
The entire data set from the sweep that showed the characteristic response of the FBAR
with all of the data points was also saved into the same data path, but as a separate file
per individual sweep. This was a very useful function, but it dramatically increased the
size in megabytes of the saved experimental data, so it was necessary to archive this

regularly to storage devices.

The data that was recorded into the spread sheet contained the following information in
an extract file.
From the network analyser
Settings
e The Run number of the sweep in the automated sequence. (1-9999)
e The time in seconds at which the data was recorded, t=0 at start of first sweep.
¢ The number of data points collected in the sweep (3-1601)
e The type of S parameter used...(S21,522,511,S2)
o The centre frequency setting f,
o The bandwidth of the sweep f-f1
e The IFBW value (10-3000 Hz)
Results
¢ The measured minimum frequency of the FBAR
e The polynomial fitted minimum frequency of the FBAR
¢ The measured minimum power transmission or reflection
e The polynomial fitted power transmission or reflection
e The recorded Q value at specified bandwidth (-3 dB to 0.01 dB)
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From the Environmental Monitoring Hardware,
o Recorded temperature (°C) at start of sweep
¢ Recorded humidity (%oRH) at start of sweep
¢ Recorded light intensity (% saturation of photodiode) at start of sweep

The investigation now became simultaneously focussed on both the software
performance and stability i.e., beta testing and the FBAR performance as a sensor. These
twin components were considered to be of equal importance for the continued prototype

development..
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CHAPTER THREE
3.0 EXPERIMETNAL INVESTIGATION INTO THE
RESPONSES OF THE FBAR TO ENVIRONMENTAL
CHANGES WHEN ISOLATED WITHIN THE FBAR
HOUSING ASSEMBLY.

3.1 Introduction

This chapter describes the procedures that were used to investigate the characteristic
responses of the wire-bonded FBAR devices isolated from the ambient laboratory
environment within the FBAR Housing Assembly (FHA), up to the point where the
responses could be confidently interpreted for chemical and biological acoustic
analysis™. In this chapter, the first part of the experimental section up to section (3.3.5),
examines the electrical performance of the individual FHA components, the circuit board
transmission lines, wire bonds and cables and connectors. The remaining experimental
sections look at the responses of wire bonded FBARs sealed inside the FHA whilst the
environment was controlled and monitored and the network analyser was under the
control of the new software. The purpose of these tests was to attempt to track changes in
the FBAR characteristic responses to controlled environmental fluctuations with

increasing accuracy and increasing levels of resolution using the new software.

In brief, the nature of the work undertaken in this chapter was designed to;

1. Characterise the RF electrical responses of the individual FHA components

2. Seek out and reduce sources of system noise to improve measurement accuracy

3. Use temperature change to follow and interpret responses of FBAR

4. Discover the best practical instrumentation settings for later chemical and
biological analysis ‘

5. Discover the highest achievable limits of resolution, sensitivity and accuracy with
the FHA apparatus, network analyser and new software

6. Beta test new software throughout 1-5.

* Chemical and biological experimentation on the FBAR are described in Chapter 4 and Chapter 5
respectively.
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FBAR resonance frequency change® ( Af ) was generally monitored as the sensing
parameter in this work. However, a brief study was made of the possibility of using other
network response parameters that were also recorded during a frequency scan of and

' included the Q factor and the minimum S3; power transmission value in dB.

RF electrical characterisations of all of the inajor electrical components of the FHA
circuit were made before proceeding to actual sensing experiments*’. This is because, in
general at low frequencies, (< 10 MHz) the environment around electrical connections
does not influence transmitted electrical signals. However, as the frequency of the signal
increases into the microwave range the characteristics of the propagating signals along
electrical conductors is influenced by the electrical environment, which includes nearby
conductors, which can alter the impedance of the electrical conductors used for
transmitting signals. It was required to take such potentially interfering influences into
account during the design and construction of the FBAR housing assembly (FHA) and to

check their influence experimentally.

These kinds of checks are normally done by measuring the transmission of signals
through the system using the network analyser and assessing the deviation of the .
transmission line characteristic impedances from 50Q. Since the input impedance of the
network analyser is 50 Q and the connecting cables are 50 Q, then any deviation from 50
Q for the conducting tracks in the FHA will lead to transmission losses*.

40 S,1 series resonant frequency.

*! Recording the responses over time of the FBAR whilst it was subjected to changes in temperature whilst
sealed in its environmental isolation chamber. The FHA

*2 This is also known as insertion loss in microwave engineering
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3.2. M aterials and Methods

3.2.1 Apparatus

sealed quartz

sjas out _ / window y

(to Humidity

Meters i and T)

FR4PCB \% Lid
-Festo Gas seal
SMA connector “O” ring
Siﬁn‘al out to J:L Signal in
JG]’I 1 from NA Port 2
FBAR (bio>
barth plane 1 sensing 1
‘Wire bond laver Transmission line  Via

<500.)

Figure 3.1 Schematic shows the principal components4) o fthe FBAR Housing
Assembly. (FHA) (Not to scale)

The complete list of the materials that were used to perform the experiments in this
chapter can be found in appendix (2) and the methods involved in the design and
fabrication of the FHA and its associated electronics can be found in Chapter 2 along

with a colour photograph of the chamber (See Figures (2.11 (B) ) and (2.14)

4 The gas flow system is not shown here because it does not form part o f'the present discussion, it is shown
in Figures 4.1 and 4.2. The reierence to (bio) sensing layer m me diagram relates to me cnemical <vnapter
4) and biological (Chapter 5) sensing layers connected to the FBAR surface.
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3.3 Experimental procedures

3.3.1 Loading the FHA with FBAR wire bonded to microwave printed circuit
board and connection to the network analyser.

FBARs on microwave printed circuit boards (PCB(s)) that were to selected for testing
were placed into the FHA and secured in place by tightening the screws, this ensured that
there was a good electrical contact between the metallic base of the FHA and the Au
layer on the underside of the PCB. In this way, a good ground plane was established as is
favoured for stably responsive microwave circuits. It was found that if too much pressure
was applied to the screws, then the PCB would arch or buckle slightly and continuity
could be lost or become intermittent. PCB 50Q transmission lines (TL) continuity to both
of the SMA connectors of the FHA was confirmed with a multimeter every time the PCB
sample was exchanged. The coaxial cables were then firmly screwed onto the SMA
connectors of the FHA and the other end of the coaxial cables were attached into the
network analyser ports 1 and 2 with sexless N type connectors to finger tightness. It was
important to ensure that the coaxial cables in good contact with both the SMA connectors
on the FHA and also with the ports of the network analyser, otherwise a distorted signal
could result. The FHA would be periodically cleaned inside and out with acetone IPA
and blow dried with warm air to avoid residues that may have interfered with electrical

contacts.

Wirebonds would be carefully inspected and positions noted to avoid touch or
disturbance from the intemal thermocouple which required repositioning after each PCB
change. For the PCB having printed 50Q transmission-line structures, continuity between
the between input and output SMA could be easily checked as described above, however
this was not possible for PCBs holding wire bonded FBARs. However in this case it was
possible to compare the signal transmission of FBARs incorporated into the FHA with
measurements previously obtained for them by on-wafer probe measurements before the

FBAR was wire-bonded so that poor connections could be identified.

There are specifications for how much the high frequency coaxial cable can be bent, or

more specifically the minimum acceptable bend radius. This is because static charge can
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be generated in the cable and parasitic inductances and capacitances between adjacent
bent regimes can occur. So it was good practice to leave the coaxial cabling undisturbed
and as far as possible in the same position and curvature radius for each experimental set
that did not involve removing the cables from the FHA or NA. To this end, marks were
made on the workbench to position the telescopic retort pad on which the FHA was

placed and its height, once adjusted for convenience of handling, was left fixed.

3.3.2 Temperature control

Conditions in the laboratory were stabilised, ambient temperature variation was found
(empirically) to be smallest when the laboratory door was wedged open. Most of the
experiments were performed in the evening when the laboratory was not in use by other

workers.

The internal thermocouple was fixed in place on the PCB with sticking tape as close as
possible to the Si die of the FBAR positioned within the FHA, whilst avoiding disturbing
the four delicate wire bonds connecting the FBAR to the circuit. The external
thermocouple was placed into the FHA quartz window socket, resting some 5 mm above
the device. This sent temperature data to the computer directly through the environmental
data acquisition card. (Range = -10“C to 150“C, Resolution = 0.1°C @25C and
Accuracy 0.3 VC @ 25°C)

To stabilise and to control the temperature of the wire bonded FBAR on the PCB, the
FHA was placed on top of a Peltier heating block at set temperature with heat transfer
paste on the underside of the assembly to ensure good thermal contact. Once equilibrated,
the temperature of the intemal thermocouple and hence the FBAR inside the sealed FHA
was reasonably impervious to brief unavoidable* fluctuations in the room temperature.
The thermocouples were accurate to + 0.1 °C. Internal (manually read) and external (VI
GPIB enabled) thermocouples™ were periodically compared against each other to ensure

that VI temperature data was being correctly reported. Temperature would be increased

* A person entering the measurement room (especially coming straight from outdoors) would temporarily
after the recorded room temperans s
% The positions of the thermocouples are shown in Figure 3.1
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or decreased gradually using the Peltier heater settings, if more rapid temperature change

was required, the FHA would be warmed with hot air from a heat gun or placed onto ice

3.3.3 Beta testing of software and electrical characterisation of the principal
components of the FBAR housing assembly.

Beta testing the software was not mutually exclusive from the apparatus checks such as
circuit continuity, scattering parameter and cross-talk tests. The initial testing stages were
aimed at discovering the most appropriate settings to be used in future FBAR sensing
experiments whilst simultaneously collecting data for the complete characterisation of the
FHA and its associated wires, PCBs, transmission lines, coaxial cables and SMA and N
type connectors for the purpose of minimising signal loss and reducing random electronic

noise from the final output traces.

Once the newly developed software was debugged up to stage version R.01, it was
necessary to compare its performance in relation to the established NA data acquisition
software which was already in place at the department.® It was also necessary to make a
direct comparison with the output green-screen values of the NA, this measurement was
made by eye. Ostensibly, the green screen and VI graphs should be identical and any
significant discrepancies would indicate that the new software was not complete and
further code time would be required. Most of the following system checks were
performed to ensure that the developed R.01 software was working properly, whilst
simultaneously attempting to improve signal to noise ratio, and increase the sensitivity of
the recorded responses from the wirebonded FBAR samples. The methods were under a

state of perpetual improvement throughout the experimental work n this chapter.

In cases where the software crashed’ the experiments would be repeated from the last
available logical start point if reagents or materials were limiting®. Notes were made on

me mme and date and setting States used during any crasnes, ihis was t0 afiempt io

“"This esiabiished soiiware was caiied Wincai 2.3 ™ by Cascade iviicroiech who were ine manuiaciurers of
the Summit 9000 probe station.

' Faliure {0 perform nexi iieration in joop, GF1B communication error.

*8 It was time that was the main limiting factor, software crashes, although relatively uncommon were a
major set back in the continuily of ifie experimental sessions. Keagenis were oniy of concern m iaier
chemical and biological testing.
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oenerate a nattern® to highlight any ohvious serions weaknesses in the software system

which was still being scrutinised for flaws occluded during the alpha testing stages.

3.3.3.1 Use of scattering parameters to characterise FBAR

3.3.3.1.1 Mothods

All scattering (S)-parameters (S11,5$21.517.S»7) were recorded to give a complete
characterisation of the FBAR responses and to ensure that each of the four S parameters
could be controlled by the new software. S, was nearly always used for the experiments,
since it was the established prior art with most departmental historical results being
presented in this format. To obtain all of the S parameter responses through the new
software, a pre-characterised™ wire bonded FBAR was loaded into FHA. The VI was set
to command the network analvser to perform a full frequency span range (0-3 GHz) for a
single iteration® with 1601 points. The two port transmission S parameters Sy and Si,
were recorded, along with the reflections from single port measurements S;; and S»,

these were displayed graphically.

3.3.3.1.2 Results

The results in Figures 3.2 A, C and D are as expected with FBAR primary resonance and
harmonic overmodes in S12,S:2 and Sy clearly visible, However, the Sx, signal ( See Figure 3.2 B)
is present as a reflection but the resonance states of the FBAR failed to have manifest as was
expected. It was assumed that this signal should have been identical to Sy;. The second port was
known to have continuity since the S and S, transmissions both used that port to transmit

s_ignal. Sa1 was designated the parameter of choice for all future tests.

*No clear pattern for software failure emerged. The only common factor in crashes was a high data
GEensIy Tequest | ana subsequent large Memory requUICMent) over extended (> 3U mINuUes) ume periods,
but this did not always occur. Eventually, through experience, the sound of the hard drive making a swap
1lie QUTING an eXPCrMCnial TUn was gencraity a gooa pregiclion o1 a 1aiur.

®The S parameter responses for this device had been previously obtained using on-wafer measurements
WIH the Probe SIauon (SUMIMmIL YUUU &) ImKead dirceuy 10 e neTWOrK anaryser.

3! An iteration means the number of frequency sweeps that the software was programmed to command the
network analyser to perform. This could be 1 to 9999.

122



Transmitted Power (1 3)

Transmitted Power (dB)

ey T AR s :
EoL M Wi,
4 H ST - 5 Fidi
Y VAV
6 ‘ '
8
—10’ :
; —S11 Reflection
-12
‘ .
_14 1 1 L 1 PR |
0 1000 2000 3000
Freauency (MHz)
(A) Sq; Port 1 single port reflected signal
0
-10 Pr v A
/ 'Wﬂ N
20 /’r | :
.30 /
—SiZZTra.".snis;icn
-40
_50 l s ' 1 1 ]
0 . 1000 2000 3000
Frequency (MHz)

",

(C) Sy, two port transmitted signal

s

b |
_k I
= - E LWMMMMA_@“,;‘:' -
5 | T,
g N,
=
E ~\
o C
S0 | ;
‘—'_12 3 ——S22Reflection__|
_14 b 1 (S S| [ TS | 2 1 1 1 )
0 1000 2000 3000
Frequency (MHz)
(B) Sz Port 2 single port reflected signal
O -
o© i
3 '10 i praw, - -
: ! Wm\d
o 20—
S I / A A T
£ | ,
‘e ag U ‘ ' l
o3 i F t l H
g { resonance
T L — rm@nigon
-50 e
0 1000 2000 3000
Frequency (MHz)

D) S, two port transmitted signal

Figure (3.2) (A, B, C, D) All S parameters of FBAR with single 0-3 GHz frequency
sweep for each S parameter.(1601 data points per trace) Resonances are visible in the
graphs as sharp decreases in the Sz; power transmission.(dB). Representative examples of
the FBAR resonance (fundamental and overtones) curves are marked by three arrows in
D which shows S,; transmission data.
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3.3.3.2 Confirming the S,; RF signal continuity

3.3.3.2.1 Methods

This experiment was designed to ensure that the Sz; transmission response was operating
as anticipated. This was to confirm a primary and basic yet critical and essential function
of the R.01 software - that is specifically, to command the NA to deliver signal at;

e Specified centre frequency (1. )

e Specified frequency bandwidth®”. (Frequency 2 (f2) to Frequency 1 (£1))

¢ Set IF bandwidth

e Setnumber of collected data points over frequency range

e Setnumber of iterations
It was important to be certain that the VI controllers were truly representative of the
actual NA front panel controls and that they would operate in all of the combinations

necessary for the flexibility required for later biosensing.

A PCB with intact™ 50 Q transmission line was fitted into the FHA and complete
electrical continuity was confirmed with a multi meter. The unused electrical path was
terminated with S0Q terminators. (See Figure 3.3 A) From the VI, the centre frequency
(o) of the network was set at 1500 MHz and the bandwidth (/2 to f1 spacing (Hz)) was set
to, f; = 300 kHz, f; = 2999 MHz,>* The responses were recorded by the computer and
saved to the speciﬁed folder path. The coax cable connecting port 1 of the network
analyser was then removed from the SMA connector on the FHA and replaced with a
50Q signal terminator (See figure 3.3 B). Full band sweeps (0-3 GHz) with 1601 points
were made. Power (dB) over frequency (MHz) was plotted as an XY scatter graph.

%2 £, 10 f; span range in Hz equidistant from the set centre frequency, also known as measurement range.
%> Some of the test transmission lines were printed with deliberate discontinuities to test RF effects of wire
bonds length increases.
% For convenience throughout this thesis, this measurement range or bandwidth value is denoted as 0-3
GHz net 300 kHz -2998 MHz
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50 ft TL (011 PCB top side) 50 ft TL ( on PCB underside)

50 ft RF signal terminator

from port 2 to port 1

via —eonnecting

holding screws microwave TL top and TL
PCB (FR4) tmderside

Figure 3.3 (A) Shows FHA with S21 continuity arrangement

from port 2
Not to port 1

Figure 3.3 (B) Shows FHA with S21 termination arrangement
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33.3.2.2 Results

The continuity trace seen in Figure 3.4 is from data produced by the VI <* NA command
with the continuity arrangement as shown in Figure 3.3 (A) It shows inconsequential
transmission power loss which increases slightly as the signal frequency increases to give
a maximum loss of ~5 dB @ 3 GHz. This is indicative of a transmitted signal being very
closely matched to 50 Q and therefore efficiently transmitted. The experiment was
repeated but the connection to port 1 was blocked with a S0G signal terminator on the
SMA connector. This is the termination arrangement shown in Figure 3.3 (B). Signal loss
was ~ -100 dB (i.e., no transmission) over the complete frequency spectrum confirming
that signal was not transmitted to port 1. The result is as expected, it confirms the
successful negotiation of the S21 signal command from the VI to the network analyser and
the successful receipt and storage of FBAR interrogation data from the network analyser

to the VI.

T/ R T ¢ S21 Terminated
S21 Continutiy

S cn

-100

-120

_14:)* * ™ _J * % % * % % 1 1 £ %

Frequency (GHz) .

figure J.4 Shows S21 signai continuity and S21 signai termination
Power transmission vs. loss over 0-3 GHz scan. Port 1 continuity intact and Port 1
continuity terminated.
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3.3.3.3 Effect of RF cross-talk on 500 TL spacing gap

3.3.3.3.1 Methods

Since RF signals are known to penetrate 3 dimensionally as electromagnetic fields into
space, there can be signal bleed or so called “cross talk” between closely spaced RF
components if they are in that field. Tests were performed to examine the magnitude of
this effect in FHA assembly between closely spaced but non-touching continuous S0QTL
on the PCB. The figure below 3.5 (top) shows the experimental arrangement and it is
clear that there is no direct electrical contact between Port 2 and Port 1 of the network
analyser. Any transmitted power would therefore have to be attributed to the
phenomenon of cross-talk between the transmission lines.

PCB test structures with parallel TL spacing (10 mm, 7.5 mm and 5 mm) were loaded
into the FHA. S21 transmitted power over frequency was plotted (0-3 GHz) (1601 data

points)

50 Q tenninator

To port1

From port 2

® (i) (iii)
Figure 3.5 (Top) Schematic of PCB TL and FHA configuration for cross-talk

determination. (Bottom) shows PCB 50 TL in Gerber type output file images. TL
distance = (i) S mm, (ii) 10 mm, (iii) 15 mm.
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3.33.3.2 Results

The results in Figure 3.6 show that there is RF signal cross-talk signal interference
between 50 OTL at all distances, but the signal fades with increasing TL parallel
distances. There is a trend for increasing levels of cross-talk interference as the frequency

increases with all TL spacing distances.

Results show values of cross-talk for parallel 500 TL spacing @3 GHz were;

e Smm -19.5 dB
e 10 mm -29.0 dB
e 15 mm -36.0 dB

There is sharp decrease in cross-talk transmission at ~2 GHz for the 15 mm distance TL

and a similar effect is seen but with less cross-talk with the 10 mm spacing TL.

07,

=30

-50

L omie

-60

-70 TL Distance (5mm)
-80 TL Distance (10mm)
TL Distance (15mm)

0 0.5 1 15 2 25 3
Frequency (GHz)

Figure 3.6. S21 cross-talk interference on adjacent 500 TL separated by distances of 5
mm, 7.5 mm and 10 mm on the PCB.
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3.3.4 RF testing of individual FHA components
3.3.3.4 The effect of wirebond length on S2i signal insertion loss

3.3.3.4.1 Methods

As previously described, thermosonically induced ball-wedge wire bonds were used to
connect FBAR samples to S0Q TL on microwave PCBs. It is not at all easy to take into
account the potentially deleterious electrical influence of wirebonds when designing 50Q
systems. So experiments were designed to assess the influence of wirebonds of different

length on 50Q design TL over the frequency range 0-3 GHz.

Test-structure PCBs with 50 Q TL discontinuities of 5 mm, 10 mm, and 20 mm were
bridged with the standard thermosoncially ball and wedged Au wire bonds of appropriate
length, keeping the bond as close as possible to the edges of the discontinuities. A test

PCB with unbroken continuous 50Q TL was used as control.
Also, since wires were prone to failures (snapping or lifting from substrate), the effect of

using two parallel wire bonds to introduce redundancy into the system was observed, the

change in FBAR S2i signal response to single and double wire bond were also examined.

Wire bond

to port 1
from port 2

Figure 3.7. Shows an example of a discontinuity purposely written into the artwork of
the PCB design to allow the broken 50 £ TL to be bridged by wire bonds of vanous
lengths, (not to scale)
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3.3.3.4.2 Results

The results in Figure 3.8 (A) show that @ 3 GHz, unbroken continuous 50Q transmission
line showed ~ -3 dB attenuation, a 5 mm wire bond attenuated the signal by ~ - 6 dB, and
a 10 mm wire bond attenuated the signal by ~ -10 dB, finally, the 20 mm wire on the 50
Q TL line discontinuity increased signal attenuation to a value of ~ -12 dB.

Figure 3.8 (B) show that when employing an additional wire bond in parallel with the
first wirebond to bridge the 10 mm gap, the result showed signal attenuation @ 3 GHz,
for (i) Single wire bond = ~ -10 dB and for (i1) Double bond = ~ -6 dB.

This showed that the addition of an extra wirebond lowered the signal insertion loss. It
was also useful practically, because it added some redundancy into the system, where
loss of a single signal wire bond would not necessarily mean halting experimentation on
the given sample. Knowing this fact would have been more useful before bonding the
bulk of the devices, as it stood the samples only had a single bond for each of the four

separate connections.
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Figure 3.8. (A) S21 Frequency (Hz) vs. loss (dB) on wire bonds lengths bridging
discontinuities o f various lengths on 500 TL.

Single 10mm Wire Bond
Double 10mm Wire Bond
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Figure 3.8 (B) S21 Frequency (Hz) vs. loss (uB) o11 10 mm 500TL discontinuity (1) A
sinale 10 mm Au wire bond and (ii) Redundant double 10 mm Au wire bond.
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Two test thicknesses of board were examined both with 20 mm wire bond bridging
discontinuities of the same length over the 50 Q TL. S5 (0-3 GHz span) Transmitted
power (dB) over frequency (MHz) XY scatter graphs were plotted. The board thickness
giving the least amount of insertion loss was found experimentally this was done to
compliment the thickness calculator within the APLAC modelling software which had
been used during the PCB and TL design stages to estimate the best thickness of board to

nse for a 500 match,

The Results in Figure 3.9 show that the responses of the boards were very similar up to
~1.4 GHz, above this electrical excitation frequency, increased RF -signal attenuation
occurred on the thinner (2.7 mm) board. The 2.7 mm board showed insertion loss of ~ -
19 dB @ 3 GHz. The 3.4 mm board showed insertion loss of -12 dB @ 3 GHz

The thicker of the two boards (3.4 mm) gave the least loss, and was therefore the
thickness ordered from the manufacturer since it was a closer 50Q match, Tt was
considered likely that FBARs with resonance frequencies greater than 1.4 GHz would be

used at some point during the sensing tests.
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Freaueno/G-te)

Figure 3.9. S21 Frequency (Hz) vs. loss (dB) on 20 mm Au wire bond with a 20 mm
discontinuity on a 500 TL on PCBs made from FR4 laminate with thicknesses of 2.7 mm
and 3 4 mm

3.3.5 Use ofthe memory normalisation functions ofthe network analyser.

Normalisations were performed as memory trace subtractions to standardise the starting

state ofthe experiments to a value of 0 dB

1 The test was conducted over a specified frequency range and the response was recorded
2 The recorded response of (1) was saved into network analyser memory3)
3 Subtract memory (1), (analyser performs vector subtraction on the memory data)

4 Re-Run test on same frequency range as (1) with subtracted memory

S stored the data trace in the active channel mcmorv
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Performing steps 1 to 3 should give rise to a sweep at stage 4 which gives a normalised
response close to 0 dB over the range It was important to keep the initial sweep (1) at the

same measurement range as the second sweep (4)

3.3.5.1 Effect of memory normalisation with high frequency 50 €2 flexible
coaxial cable

3.3.5.1.1 Methods

Methods to reduce sources of noise in the testing apparatus were explored. The 50Q high
frequency coaxial cable (See Figure 3.10 (B)) was considered to be a convenient test

structure on which to explore the memory normalisation functions of the NA.

Confirmation was needed at this mid-beta testing stage which unambiguously
demonstrated that the VI&>NA command link and all of the associated instrumentation
was performing as expected. This was so that later sensing experiments could be
conducted with confidence in the RF instrumentation whilst the new software was

controlling it.

Figure 3.10 (A) shows the experimental arrangement. Single coaxial cable (100 cm) was
firmly attached via N type connectors to Port 1 and Port 2 of the NA. A full frequency
(1601 points 0-3 GHz span) Sy VI < NA command was sent, and the results were
recorded. (ii) A second cable was linked to the first cable with an SMA adapter and the
second cable was firmly connected to N adapter on port 2 of the network analyser. This
gave a total length of 200 cm of coaxial cable. The S;; signal command was repeated.
(iif) A “R411810” Radial -10 dB RF signal attenuator was fixed as a bridge between the

two separate coaxial lines. The Sz; signal command was then repeated.

The use of the attenuator as an independent reference source was implemented to confirm
that whilst under the control of the software, the network analyser signal had been
attenuated by -10 dB, and that the recorded result showed this unambiguously on a graph
made up from the automated VI data collection processes. The actual VI recorded data is
shown in figure 3.11 (JA) and (B) as an XY scatter plot.
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Figure 3.10 (A). Cable arrangements for Sz; continuity confirmation on 50Q Coaxial
cable. (i) Single coaxial cable. (ii) Two coaxial cables connected with SMA connector.
(ii1) Two coaxial cables connected through -10 dB signal attenuator.

Quter
Braid outer

coveri
ne conductor Dielectric
Centre
conductor
A '

Figure 3.10 (B) Schematic of a typical high frequency coaxial cable.

Attenuation of the S signal through the coaxial cable with -10 dB signal attenuator was
performed, and the attenuated signal was then compared against normalised coaxial
responses that were stored in the active memory channel of the network analyser. This
was done to confirm that the signal trace delivered the expected -10 dB result. The
demonstration served two additional functions; (i) It confirmed the correct software
coding of the memory normalisation functions in the VI and; (ii) It provided a convenient

method of cancelling out spurious RF modes naturally generated by the FHA circuitry.
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3.3.5.1.2 Results
The results in Figure 3.11 (A) show that @ 3 GHz, the signal attenuation in coaxial cable

is;
e -1.25 dB attenuation for single cable (100 cm) and,
e -2.4 dB attenuation for two cables (200 cm) plus the SMA connector linking them
together.

The results in Figure 3.11 (B) show that the memory subtraction functions can be used to
normalise the output response data from the Sy transmission signal though a double
length coaxial cable close to a value of 0 dB (~ +0.004 dB error range)

The results in figure 3.11 (C) Show traces for (i) Measured data, (i1) Normalised data and
(1il) -10 dB attenuated data with normalisation from two 100 cm 50Q coaxial cables. The
signal range is 0-3 GHz span with 1601 data points. A result with a value of -9.8 dB was
obtained over the entire range, with slight ( +:0.01 dB) signal response perturbation error
increasing when the signal was operating above 2 GHz.
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Figure 2.11(A) S21 Coaxial cable tests. S21 Frequency vs. loss on (1) Single coaxial cable
(ii) Two coaxial cable lengths joined with SMA connector. (1601 points)
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Figure 2.11 (B) S21 Signal normalisation on two coaxial cables joined with SMA

connector (1601 data points)
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Figure 2.11(C). Signal attenuation on normalised memory trace for 50 Q coaxial cable.
(1601 points). S21 Frequency vs. loss on two coaxial cables joined with SMA connector
(200 cm total length). (1) Measured (raw data) responses, (1) Memory normalised
response data and (iii) Memory normalised with -10 dB signal attenuation are shown.



3.3.5.2 FBAR normalisation using a de-embedding circuit in conjunction with
the memory subtraction function.

3.3.5.2.1 Methods

Wartenberg (2003)™ discusses that in the past, up to about the 1980’s, prior to Coplanar
waveguide ground-signal-ground (G-S-G) enabled testing, the characterisation of RF
devices was performed in a test fixture. In the past. the test fixture’s effects were
removed by mathematically deembedding the effects of the fixture.

The FHA. PCB 50 Q TL and associated cables and connectors could be considered as a
test fixture since it possessed many similarities to those used in the past. It was relatively
simple to attempt to cancel out RF recorded signal from the FHA leaving only the FBAR
resonance signature on the output trace on the NA. To this end, a deembedding circuit
was made (See Figure 3.12 ) that as far as possible approximated all of the components of
the FHA circuit except for the piezoelectric resonating working area of the FBAR
(replaced by 50Q signal TL) in attempt to normalise RF response from all FHA

associated circuitry with the use of memory subtractions.

The de-embedding circuit was loaded into FHA and interrogated over the frequency
range 200 MHz to 2700 MHz with 1601 points per trace. The results were recorded and
stored in memory. Sub GHz FBAR was interrogated over same frequency range with
memory subtracted for deembedding circuit. Power (dB) over frequency (Hz) was
plotted. |
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Figure 3.12. Schematic of the de-embedding circuitry created for FB AR normalisation
(A) FBAR mounted die in FHA. (B) TL only mounted die in FHA.(de-embedding
circuit)

3.3.5.2.2 Results

Results in Figure 3.13 show FBAR device 9 on PCB 1 Sy; interrogated with 1601 points
over measurement frequency range (200 MHz — 2.7 GHz). The primary (f) and
overmode (f;) harmonic resonances are visible on the XY scatter graph. It can be seen
that there is a steep signal attenuation at operating frequencies greater than 1800 MHz.
The device was then re-tested against the deembedding circuit result which was stored in
memory in an attempt to normalised all of the FHA circuitry other than the piezoelectric
slab and gold electrodes of the FBAR. The memory value of the de-embedding circuit
was subtracted for the FBAR test. The responses of the FBAR at frequencies greater than
1800 MHz were not linear and were not normalised to ~ 0 dB over range as was
anticiﬁated. However, the important part of the trace i.e., the main resonance curves are

normalised so that they begin and end at ~ 0 dB.
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Figure 3.13. Responses of FBAR device 9 on PCB 1 (i) Without normalisation and (ii)
FB AR responses normalised by memory subtraction against the deembedding circuit.
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3.3.5.3 Reduction of random electronic noise output from the network
analyser by manipulation of the intermediate frequency bandwidth settings.
Noises. i.e.. perturbations in the generated signal can lead to uncertainty about the
definitive lowest point on the resonance tip of the data trace, and this generates a range of
indeterminacy directly reflecting the frequency error range measurement uncertainty, so

methods were devised to minimise the effect of these non-desirable factars

The two main sources of interference on the resonance trace were from (i) FBAR the
laterally generated resonances, but in the case of (ii) the network analyser, they were
random electronic fluctuations at the so called noise-floor limits of the equipment. This
section addresses only the electronic noise reductions from the network analyser since at

this stage’’, there was no known method of reducing spurious resonance modes in FBAR.

Network analyser dynamic range is the difference between the analyser’s maximum
allowable input level and minimum measurable power. For a measurement to be valid,
input signals must be within these boundaries. The dynamic range is affected by the
following factors.

e Test port input power

¢ Test port noise floor

o Receiver crosstalk
Since the dynamic range is the difference between the analysers input level and its noise
floor, changing the system intermediate frequency (IF) receiver bandwidth with tenfold
reduction lowers the noise floor by 10 dB. For example, changing the IF bandwidth from
3 kHz to 300 Hz lowers the noise floor by about 10 dB. ¥}

3.3.5.3.1 Methods

Procedures were explored for reducing noise, increasing sensor sensitivity and accuracy
whilst paying attention to the time taken by the sensor system to respond, that is to

complete and save the data from a single iteration and to initiate the next loop. The limit

%7 Later experiments did serendipitously reveal a method to suppress spurious modes of resonance in the
FBAR (See Figures 4.15 and 4.16)
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of this function being due, on the main, to the processing speed at which the NA can run
its inbuilt functions on the specified settings.

The intermediate frequency bandwidth (IFBW) control settings of the NA were written
into the VI as a set of GPIB commands and the functionality of these controls was now
assessed. Observations on the effect of modifying IFBW settings on the output responses
were made with focus on normalised data and its respective noise floor. The time to
complete single iterations on the various IFBW settings were noted. The most appropriate
IFBW value to use for FBAR sensor experiments later in the thesis were established from

these tests.

Double length coaxial cable was connected to Port 1 and Port 2 of the NA with neutral N
type connectors and joined together with a SMA connector. The S trace was obtained
for full band frequency span (0-3 GHz) and the result was then normalised to obtain
value approximately (0 db) across the entire measurement frequency range. This
procedure was repeated with IFBW settings (3000 Hz, 1000 Hz 300 Hz and 100 Hz 10
Hz 30 Hz and 10 Hz) with 1601 data points. To assist in clarity, only the results from the
3000 Hz, 300 Hz and 10 Hz IFBW setting tests are shown

3.3.5.3.2 Results

The effect of decreasing the IFBW span on S;; responses of memory normalised coaxial
cable is shown . The spread of data boints around zero ( + 0.04 dB range) when the IFBW
is set to 3 Hz span is due to the random electronic noise floor of the NA. Decreasing the
IFBW bandwidth decreases random electronic noise, but increases the time taken to

perform the iteration.
The results in figure 3.13 (A) shows IFBW dependent noise floor reduction for the

normalised data and figure 3.13 (B) shows the time taken to perform single iteration
grows exponentially when IFBW is constrained to below 300 Hz.
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Figures 3.14 (A, B, C, D) show VI screen shots of consecutive interrogations of FBAR
with increased IFBW resolution 3000 Hz, 1000 Hz, 100 Hz and 10 Hz. The frequency
span was set at 1 MHz around the centre frequency (664 MHz) and 1601 data points were
collected. The Q factor bandwidth was set at 0.5 dB. This - value is most often calculated
from 3 dB bandwidth, but cutting the value to 0.5 dB for the purposes of this
demonstration allowed for a much higher (x6) magnification at the tip of the resonance
curve. The fitted polynomial is clearly visible as a red line running through the measured

data which is shown as a white line.
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Figure 3.i3 (A) Shows the effect of electronic noise floor reduction using IFBW settings
S21 frequency (Hz) vs. loss (dB) on memory normalised 50Q coaxial cable with IFBW set
at 3 kHz, 300 Hz and 10 Hz. (1601 data points over 0-3 GHz measurement range )

o IFBW 3000 I
o IFBW 300 i
o IFBW 10

o to- m-
IFBW Settinc

Figure 3.13 (B) Shows the totai time taken to complete a single iteration at IFBW
settings, 3000 Hz, 300 Hz and 10 Hz. (1601 points over 0-3 GHz measurement ranee)
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Figure 3.14 Actual real-time VI screenshots to show the effect of IFBW settings on
random electronic noise from the NA. (A) IFBW 3000 Hz. IB) EFBW 1000 Hz. (Cl
IFBW 100 Hz. (D) IFBW 10 Hz

Erratum - Screen shotX axis reads MHz. this is actuallv Hz as recorded into the spread sheets.



3.4 Methodoloev for senerating XY scatter esraphs from the acqguisition
of manv single resonance freauencv values from the FBAR over time

The imnortant definitions of the various measurement criterion are given in Aooendix 3

3.4.1 Improving the recorded resolution of the FBAR iterative resonance
freauencies (f£.) over time

It was desirable to develon FBAR oﬁtout traces that were constructed from successive
recorded iterations of f values since charts based unon these values could be used to
easilv follow changes in the Sx series resonance freauencv of the FBAR in response to
changes in measurand. These outout traces should of course be as responsive as possible

in accuratelv recording proeressivelv smaller chaneges in FBAR S-: responses.

Higher resolution traces would allow for smaller changes in £ to be successfullv resolved
and revorted for subseauent analvsis. this is in effect decreasing the auantisation or point
to point (in Hz) spacing between the output data points. (See Table 2.1) It was also
important to ensure that iterations and associated processing stages could be performed
within acceptable time frames. ideallv the responses should be in real-time. but there was

alwavs some unavoidable delav in the automated processing of the data between the VI
and the NA

Increase in output trace resolution could be achieved by (1) increasing the number of raw
data points collected over specified frequency bandwidth® or (ii) by constraining
frequency bandwidth or by a combination of (i & i1). Practically, the limit for /4 to £
bandwidth spacing distance on the FBAR S, series resonance curve was 1 MHz” and
the number of collected data points could be a set of integers from 3 to 1601%. Attemts

to decrease the NA bandwidth span around centre frequency (£2) to values below 1 MHz

% This is the specified measurement range in Hz

“ This level of resolution was only possible on high quality FBAR devices

% Nearlv all of the experiments used 1601 data points to calculate /. over the bandwidth. but when an
increase in time resolution was important (i.c. monitoring rapid changes), this number would be decreased
from 1601 to 801 data points per measurement. This served to ~ halve the time taken to perform the
iteration but point to point spacing would be doubled and therefore data resolution would be halved.
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for a trace caused the R.01 software to fail to deliver a readable £, value. the bug

suspected of causing this error was never successfullv isolated

The results were available as a choice three possible output values:

(i)  Frequency (£, in Hz on the X axis) at minimum S»; power transmission®
(ii) Minimum S7; transmitted power (dB on the Y axis)

(iii)  O-value® ( O bandwidth dB cut-off point setting specified by end-user).

The example calculation in Table 3.1 shows limit for point to point resolution over 1
MHz (f; to ) frequency bandwidth and the actual time determined from experiment to

perform the specified iteration.

Table (3.1)

Theoretical minimum point to point spacing resolution (Hz) for measured frequencv span of measurement
range (f; to f =1 MHz) from 26 to 1601 points per trace and the actual (from experiment) time taken to
perform a single iteration with increasing number of measured data points over 1 MHz range.

H ) FOR MEASURED FBAR APPROXIMATE TIME (S) TO
NUMBER OF DATA POINTS (Hz) URE PERFORM SINGLE ITERATION
OUTPUT DATA OVER 1 MHz (f; th IFBW sct at 300 Hz
TOf;) SPAN w sera

26 38461 1.2

101 9901 20

201 4977 3.0

401 2494 5.0

801 1248 938

1601 624 18.0

3.4.1.1 Increasing the frequency resolution of the FBAR response output

trace

The most sensitive arrangement. i.e.. the one with the highest resolution. would be the
maximum allowable number of data points (1601) over the narrowest frequency range
allowed (1 MHz). and with the IFBW set* to 300 Hz.

6! Changes in this parameter were the maior interrogation parameter throughout the thesis.
%2 In this case Q is defined as (f;-/1/fy ) where Q bandwidth (not frequency bandwidth) can be any value
from 3 dB to 0.01 dB. (See eauation 1.7)
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These experiments were performed to additionallv confirm that the VI«-NA interface
was working proverlv at high data resolutions where there would be a ereater memorv
load (in bytes) on the computer memory when processing and recording the results
delivered to it bv the network analvser. It was useful also to be able to actuallv visualise
the effect of decreasing £ to £ span distance on the output responses bv showing the
effect of this on XY scatter charts and also to see the effect that reducing the network

analvser electronic noise floor was having on the responses.

3.4.1.2 Constraining the frequency span around the centre frequency
3.4.1.2.1 Methods

For the FBAR to function appropriately as a sensor, the result was dependent on the
development and maintenance of a stable and responsive output trace over time. This was
generated from VI-controlled automated sweeps of the FBAR by the network analyser to
give a XY scatter plot of many raw-measured and/or mathematically processed £, values
over time. The delay at the network analyser in the numerical processing of the FBAR
data was the limiting factor for real-time graphical representation of the £, values on the
VI because it had to wait until the sweep was completed before it could request the data
for display. The changes recorded on this iterative £, output Were the basis of visualising

and making analysis on the measurand measurement event on the FBAR.

To increase the absolute resolution of the output traces, it was desirable to make the
minimum point to point spacing resolution for f, as narrow as possible. Here, it is shown
how the resolution and hencg dynamic range of the results are improved by increasing the
data point density by constraining the f; to f; frequency span i.e., the measurement range

using the highest possible number (1601) of data points allowed by the network analyser.

3.4.1.2.2 Results

The six graphs below Figure 3.15 (A-F) are the Sy frequency traces recorded from a
FBAR device 9 on PCB 4 in the FHA when the temperature was held constant.

& IFBW settings below this value took too long to process, increasing the chances of a software failure.
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(A) FBAR was interrogated over 0-3 GHz frequency bandwidth for a single iteration
This gave an overview of the device over range. Primary and harmonic resonance
overmodes are visible. a chart at this bandwidth could not be used for sensing since
there would be multiple f; values and this impossible for the software to compute a

realistic baseline response. See Figure 3.15 (A)

(B) This figure shows a constrained (10 MHz) band sweep of the primary mode it
reveals a spurious mode of resonance within the main body of the resonance curve. A
trace afflicted by such modes would not be used for sensing due to the increased

potential for error in determining an f; data point.* See Figure 3.15 (B)

(C) This figure shows the effect of decreasing frequency range (i.e., the bandwidths) of
the trace from f;-f,= 10 MHz, 2 MHz, and finally 1 MHz on first harmonic overmode
of the FBAR whilst keeping conditions stable, fo = ~664 MHz. Number of data points
collected for each bandwidth trace 1s 1601. See Figure 3.15 (C)

(D) This figure shows a solitary 1 MHz bandwidth span trace of 1601 data points, and
highlights the effect the auto-scaling function serving to increase the X and Y axis
resolution on the graph. Close visual inspection of this trace reveals that it is
beginning to show signs of noise at its resonance tip. This interference had been
previously occluded from the previous less resolved traces although it was of course
still present. The range indicated by “<” denotes the level of indeterminacy of
measured f on the trace (estimated by eye) and a polynomial fitting was required to
discover the most likely position of fy during any given iteration. It is noted that the
visible asymmetry in the resonance curve, apparent when recorded over a wider
frequency range is less apparent when the trace is constrained over a narrower

frequency range. See Figure 3.15 (D)

% Although such a trace could probably be used for a sensing measurement as long as the change in
resonance frequency during sensing was a lot greater (>>) than the error in /» determination that resulted
from the presence of spurious modes, in reality the potential for error may also increase from cross-
couplings of the spurious modes and it was considered unwise to use them at this stage.



(E) This figure shows a close-look over a narrow frequency range of a typical FBAR
resonance tip as a screen shot from the GUL Only the ~100 data points of the 1601 in
the span are shown. These 100 points make up the apex/zenith of the curve. This
magnification function was made available through Q factor bandwidth dB cut-off
function (40 KHz visible frequency range (X axis)) (8.8x107 dB visible noise range
(04 axis)j. Note this is a highly magnified and stylised screen shot chart taken directly
from the GUI and it is used here only to show the effect of the polynomial smoothing
function on the actual measured signal from the FBAR. A chart such as this would
not be used analytically for sensing purposes. See Figure 3.15 (E)

(F) The span is seen to be centred around the second overmode for (1) 50 MHz and (ii) 2
MHz. with 50 iterations in the sequence, the measured frequency minimum (fp)
points are shown over time (s) along with their equivalent polynomial fits in identical
format. A discrepancy of roughly 40 kHz between the means of the measured data
and the fitted data is visible in the chart. See Figure 3.15 (F) The quantisation level
(fo data point to data point minimum resolved frequency change per iteration)

between the collected data points is shown to be:

50 MHz Span (measured data ) = 31. 360 kHz
2 MHz Span (measured data) = 1. 152 kHz

(calculated data points are indicated in both cases)

The method of data presentation in Figure 3.15 (F) is important because it shows how a
dynamic baseline response from successive or iterative fy data points is constructed with
the Y scale indicating the actual resonance frequency (fy in Hz) and the X scale
representing time (seconds (s)). This is the main type of graph used for analysis in the
rest of the thesis. When an additional parameter is to be tracked, e.g., temperature, along
with £, and time, an additional Y axis will be incorporated in to the chart to represent that

parameter .
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Figure 2.15 (A) Snows full band (0-3 GHz) frequency sweep of f BAR Device yonrco
4. Primary (f(} and overmode harmonic resonances (fiy). of the device are indicated. Note
the/,,. overmodes are of a better quality(5 for sensing purposes than fo
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figure z.is (B) 10 MHz span sweep centred on pnmary resonance (/<). Spurious modes
are clearly visible in the resonance curve. FBAR 9 on PCB 4.

& More negative power transmission. Less power transmission at resonance on a S2i sweep is desirable.
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Figure 3.15 (C) Shows 3 traces for FBAR 9 on PCB 4. 1 MHz, 2 MHz, and 10 MHz
spans are centred on the first overmode. (1601 points)

IMHz Span

664 664.4 664.6

Figure 3.15 (D) Shows (1 MHz) bandwidth frequency span exclusively on the first
overmode of FBAR 9 PCB on 4.(1601 points).

The dotted lines flanking the double headed black arrow give the estimated (by eye) range of measured fo
indeterminacy (~ 80 KHz). This figure also highlights the effective increased perceived resolution of the
chart due to auto scaling functions when thef xtof 2bandwidths are reduced. Close inspection reveals some
noise in the trace that, although present in Figure 3.15 C, is not visible on traces where the bandwidth is
wider
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Figure 3.15 (E) Shows a highly focussed VI-GUI screen trace to highlight the actual polynomial trace
runnina throueh a measured resonance tiD (approximately 100 data points') of a tvoical sub GHz FBAR (X
span =40 kHz ) (Y span = 0.0088 dB). The dynamic nature of the response meant that points marked “1”
or “2” could readilv become the f|data point on the next iteration. It was less likclv. but possible that point
marked “3” could become the /Orecorded data point. In this way the measured” indeterminacy error range
wias produced. The approximate ranee of indeterminacy for the next iteration in this case is marked bv a
double headed vellow dashed arrow on the chart.

Erratum - screen trace X axis should read Hz. not MHz as is stated on the graphic.
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Figure 3.15 (F) Shows 50 iterations recorded over t = ~ 950 seconds, on the 1.29 GHz
overmode of FBAR Device 9 on PCB 4 with temperature stabilised. (£0.1°C)

The measured S21 resonance frequency is reported by the VI for each iteration in Hz. The
resonance frequency centre set-point is -1290 MHz. Measurement range is set at 50 MHz
and 2 MHz. The minimum resolved frequency changes per iteration are indicated by
black and red arrows for 50 MHz and 2 MHz ranges respectively.

Figure 3.15 (F) highlights the effective increase in dynamic range of the trace over time,
and thus its useable sensitivity in analysis, which is obtained by decreasing the bandwidth
frequency of the measurement range on the network analyser around the set-centre
frequency (f¢ (1290 MHz) from 50 MHz to 2 MHz. The minimum quantisation or point
to point spacing on the X axis, between the fo data points for both 50 MHz and 2 MHz
measurement ranges is indicated on the chart with arrows, showing a minimum of-31.4

kHz quantisation when (/I - fi =~ 50 MHz), and -1.2 kHz when (/I - fj ~ 2 MHz). The
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time (in seconds) is given for the interval between iterations, it is presented on the X
scale rather than the iteration number, since the iteration number can easily be obtained
by counting the visible data points sequentially from left to right but it would be difficult
to convert iteration number to a time value without consulting a table holding all of the

pertinent settings used in any given test arrangement.

3.4.1.3 Increasing the number of collected data points over a fixed frequency
span to increase effective resolution of the FBAR iterative output trace.

3.4.1.3.1 Methads
The f; value derived from Sy data from a typical wirebonded FBAR sample collected

over a set of 50 iterations, under similar controlled environmental conditions is shown.
The number of data points per iteration set was increased from a minimum of 26 data
points to a maximum of 1601 data points per test whilst the measurement frequency

bandwidth range (fi-f2) was kept constant at 5 MHz.

The Q bandwidth for these tests was set at 2 dB cut-off. Six XY scatter graphs are shown
for the successive increases in data points collected per iteration set, 26, 101, 201, 401,
801 and 1601 data points are shown. At this stage the polynomial calculation on the
measured data was also introduced into the iterative output response traces. This was
done to ascertain the effectiveness of reducing noise in the measured FBAR response
trace with polynomial fitting of the measured data and hence there are two f; values given
per iteration, (i) raw-measured and (ii) polynomial-fitted, each clearly distinguished in
the XY scatter graphs. ( See Figures 3.16 (A-F))

3.4.1.3.2 Results

The results in figure 3.16 (A-F) show six responses for an unperturbed typical
wirebonded FBAR held at a constant temperature.(+0.1°C) The measured data point
number per iteration is increased over same frequency span bandwidth (5 MHz). Both Sy
measured and the 2™ order polynomial fitted data for FBAR frequency are shown giving
two effective fy traces over time per chart. The measured data is appears to become
progressively less quantised (i.e., point to point spacing is reduced between the collected

data points) as the number of collected data points per iteration is increased from 26
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points to 1601 points, this response trend is in agreement with the theoretical values
given in Table 3.1. Note also the increase in time taken to perform the iterations, from
60s with 26 data points per iteration to 900s for 1601 points per iteration for the same

number (50) of iterations.

Gaining an increase in the sensitivity of the FBAR response by increasing the number of
data points collected per iteration is therefore tempered with a subsequent loss of
temporal resolution in the response, since each iteration takes longer to process and
record. This fact could become important when undertaking real sensing experiments
especially if changes in a measurand event are rapid and reversible. It would also become
problematic if the experiments involved assessment of affinity type binding kinetics, so
the choice of time or frequency resolution needs to be considered against the type of

experiment that is being investigated.
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Figure 3.16 FBAR S2i frequency output response to increases in data point density per iteration under
similar environmental conditions over 50 iterations, f~fn =5 MHz IFBW was set at 300 Hz. Measured and
polynomial fitted data are shown. Each data point on the charts represents /o for each iteration. Note the
increase in time taken to perform the 50 iterations as the collected data points per iteration is increased. 50
iterations for 26 data points is ~ 60 seconds, and for 1601 points. ~ 900 seconds.
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'3.4.1.4 Improving the correlation between measured data and polynomial
fitted data.

3.4.1.4.1 Methods

It was noted that there was a frequency difference of ~ 30 kHz between the average
reported fy values for the measured data and the fitted data on the iterative FBAR
response output charts when the Q bandwidth was calculated from the 3 dB bandwidth.
This is most easily visualised in chart where 26 data points are used to calculate the
measured and polynomial f; values. (See Figure 3.16 (A)) A method was devised to
reduce this discrepancy by bringing the polynomial fitted f; reported value closer to the
measured average fy value since the discrepancy caused some minor concem about
making f, determinations for the polynomial fit. The actual reason behind the discrepancy
between the two values is shown in the GUI screen-shot Figure 3.15 (E).

There was a function specially written into the new software that allowed the Q factor
bandwidth calculation to be made from any point on the resonance curve from the
standard 3 dB Q bandwidth down to 0.01 dB. By decreasing the Q bandwidth, it was
found that the correlation in Hz between the reported values of the fitted polynomial data
and the measured data improved. This experiment also served to show that the Q factor
calculator function of the beta tested R.01 software was working properly. The effect of
manually choosing the Q bandwidth cut off value is represented pictorially below in
figure 3.17

As previously stated in Chapter 1, (Equation 1.7), for the purposes of this thesis the Q

factor is described by the following simplified term;

g-£24 (Bq1.7)

The fo-fi value is usually taken at 3 dB , the so called 3 dB bandwidth but was not always
taken at this bandwidth in this thesis. (Q bandwidth is stated where appropriate)
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ifigure 3.17 Shows the ettect oi manually setting the Q bandwidth. Careiui observation
shows that the slight asymmetry which is normally present in the S21 resonance curve at 3
dB and above is reduced as the bandwidth is decreased.(not to scale)
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3.4.1.4.2 Results

The results in Figure 3.18 (A-F) show six graphs for Q factor bandwidth dB cut off
points, (+3 dB, +2 dB, +1 dB, +0.5 dB, +0.25 dB +0.01 dB) on the Y axis aboove the
measured f, transmission minimum at any given iteration. Where the bandwidth is set at
+3 dB above the f; value, the discrepancy or mismatch between f; for raw (measured) and
fitted (polynomial processed) data is shown to be ~ 150 kHz, and the discrepancy
decreases markedly to ~25 kHz when the Q bandwidth is set to 2 dB, this improvement
continues as the fitted data is seen to fall directly into the median of the measured data

when the Q factor bandwidth dB cut offis 1 dB and below.

Some smoothing function appears to be lost at high resolutions (e.g., where the Q factor
bandwidth is set to 0.01), This may be attributed to the higher resolution and hence the
increased importance of the inflections at the tip of the resonance curve. Higher order
polynomial functions are likely required to smooth this data, but were not implemented

due to time constraints.

The reported “Q” factor is shown to increase and correlate almost perfectly with the
power law: (1/¥-2 = -0.7071. ) when lowering the Q bandwidth target from +3 dB to
+0.01 dB (i.e., bringing f; and f, measurement values closer to the resonance tip minima

Jo as shown in Figure 3.19.

This reported value is of course an artefact of the dB cut off function processing and in

no way is it implied that there is a real improvement in the quality factor of the device.
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Figure 3.18 (A-F) Shows the decrease in discrepancy between measured /o and
polynomial fitted /o iterative responses over time bv decreasing the O bandwidth dB cut
off point. Range 3 dB to 0.01 dB.
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3.4.1.5 Investigating relationship between changes in temperature and
changes in FBAR output responses. (Temperature experiments 1A and 1B)
This section introduces the concept of following changes in f, over time as Af induced by
deliberate environmental changes in the immediate vicinity of the FBAR isolated within
the FHA,

Pinkett ez al (2002) have shown empirically that the resonant frequency of an FBAR
will change with temperature. Temperature change was considered to be an ideal initial
variable to use for monitoring the baseline response of an FBAR as it is relatively simple
to stabilise, alter and measure. Temperature also has the additional advantage of being
free from any form of interferent. Stabilising the temperature would reveal the stability of
the baseline, since the conditions in the FHA would be reasonably constant.
Incrementally smaller shifts in temperature, may reveal the practical resolution limits of
baseline response and assist in understanding the best method of approach to sensitise the

baseline whilst to obtaining a set of responses as close to real-time as possible.

3.4.1.5.1 Methods

The FHA was placed on top of the digitally controlled Peltier heater and a good thermal
connection to the base of the FHA and the Peltier heater was made with the addition of
heat transfer paste between the two.

For temperature experiment 1A, the system was tested for ability to run over time periods
(>14 hours ovemight) to ensure that responses were stable and did not halt due to
communication or memory errors, and further, to show if there was significant ageing of
the FBAR®™ when under prolonged interrogation from the network analyser. Both
thermocouples were periodically checked to ensure good correlation.. In this case, the
FHA was not temperature controlled, as it was considered unwise to leave a heater

apparatus powered up without human supervision overnight, so the device was left under

% Prolonged interrogation of the FBAR may have revealed significant S, power changes or frequency
sumps as the device aged and the piczoclectric became Iess cfficient in converting, electrical cnergy to
mechanical energy.. However this was not the case in the time frames considered here.
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the influence of ambient Laboratory room temperature for the tests where responses over
extended time periods were under investigation. Experiment 1B shows the response of

the FBAR to increase in Peltier heater temperature of ~ 0.5°C over about 4000 seconds.

For clarity, the temperature data saved to the VI from the DAQ thermocouple in the same
run is presented on a secondary Y axis. The temperature scale is reversed for easier
interpretation of the data, to show the correlation between temperature fluctuations and

FBAR Afrecorded as successive iterations.

The correlation between the manually read FHA “internal” thermocouple and the VI
DAQ automated extemnal thermocouple was periodically checked and always found to be

in good agreement. (within < 0.1 °C difference)

For completeness and also to introduce the concept, alternative output charts in the form
of Sz; transmitted power and Q factor are shown along with the more commonly

presented Sy; series resonant frequency change.

Setungs were,

Centre Frequency: 700 MHz Span Frequency: 50 MHz
Points in sweep: 1601

IF Bandwidth 300 Hz

3.4.1.5.2 Results

Figures 3.19 (A) and 3.19 (D) show a good agreement between FBAR fitted frequency
response to temperature change for both the short temperature rising (1 hour) (10.5°C)
and extended time temperature fall (0.5 day) (1.1°C)

FBAR fitted frequency response was calculated as ~6.5 kHz per 1.0 °C independent of
whether the temperature was rising or falling and independent of rate of temperature
change. Result in 3.19 (A) also serves to demonstrate the capability of the VI—~>NI GBIP

interface to run for extended time frames (>0.5 day)®’. There is no significant

7 This was one of the occasions that the software did not crash. A number of overnight tests were
performed before one ran without a problem.
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deterioration in FBAR performance due to ageing when continually probed in these

extended time frames.

Other output formats for temperature experiment (1 A) were graphed.
(1) Fitted Power (dB) (See Figure 3.19 (B))
(ii) Reported 0.5 dB bandwidth Q -value (See Figure 3.19 (C))

Results show (i) Fitted S2; minimum power transmission (dB) and (ii) reported 0.5 dB Q

value response to temperature (°C) was similar to the response shape for fitted frequency.
Experiment (1B) also examined the FBAR S;; transmitted power responses along with

the reported Q factor, a similar shape response following temperature to fitted frequency

was seen. Results not shown.
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© 3.4.1.6 Determination of the sensitivity of FBAR S,; output responses to
temperature fluctuations. (Temperature experiments 2A to 2F)

3.4.1.6.1 Methods

The bandwidth was set to 10 MHz for Experiment 2D, 2E and to 2 MHz for Experiment .
2A, 2B, 2C, 2F. This had the effect of increasing the measured data trace resolution.

IFBW was set at 300 Hz to minimise Y axis error whilst completing the iteration loop

within acceptable time frame (<1 minute).

Temperature was stabilised in experiments 2A and 2B to discover the baseline response

of the FBAR in stable conditions and deliberately changed in experiments 2C, 2D, 2E, 2F

to examine the magnitude of frequency change per unit measurand, which in this case

was degrees centigrade. Fitted data is also shown, but the error range of this was not

determined at this stage of the experiment.

Table (3.2) The settings used for temperature experiments 2A to 2F.

2ZA 2B 2C 2D 2E 2F
Centre 680 680 680 680 680 680
Frequency
(MHz)
0 Span 2 2 2 2 10 10
requency
(MHz)
Ponis i 1601 1601 1601 1601 1601 1601
IFBW 1000 300 30 10 1000 1000
Herations 100 100 100 100 50 50
TT?':L 1(‘3)'1 370 460 1700 4500 800 800
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3.4.1.6.2 Results

Figure 3.20 (A) Temperature stabilised 29°C (A<#0.1 ©C). Measured frequency response
is stable.

(Error range + 12 KHz)

Run time = ~ 380s

Figure 3.20 (B) Temperature stabilised 29°C (A<+0.1 °C). Response as (A) but measured
data is more tightly clustered. (Error range +10 KHz)
Run time = ~ 460s

Figure 3.20 (C) Temperature Range (~A 8.5 °C).
Measured frequency response (~0.1 MHz = 11.7 KHz per 1°C)
Run time = ~ 1700s

The obvious temperature error seen in 3.20 (C) 1s due to a procedural error which was
the accidental removal of the external thermocouple from the test arrangement before the
termination of the experiment.

Figure 3.20 (D) Temperature Range (~A 0.3 °C)

Measured frequency response (~16 KHz = ~53.3 KHz per 1°C)
Power response is also shown ( See Figure 3.22 (A))

Q factor response is also shown ( See Figure 3.22 (B))

Run time = ~ 4500s.

Figure 3.20 (E) Temperature Range (~A 5.5°C)
Measured Baseline Shift (~80 KHz = 14.5 KHz per 1°C)
Run Time = ~ 800s

Figure 3.20 (F) Temperature Range (~A 3.0 °C)

Measured Baseline Shift (~40 KHz = 13.3 KHz per 1°C)
Run time = ~ 800s
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Figure 3.20 (A-F) FBAR S2i responses to controlled temperature changes over vanous time
periods. The measured and polynomial values generated for the traces are shown
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3.4.1.7 Finding the Pearson moment correlation (r) for fitted and measured
data (Temperature experiments 3A to 3H)

3.4.1.7.1 Method

The Pearson product moment correlation coefficient, (1), is a dimensionless index that
ranges from -1.0 to 1.0 inclusive and reflects the extent of a linear relationship between
two data sets, where one array is a set of independent values and the other array is a set of

dependent values. In this case the measured data was chosen as the independent variable

and the polynomial fitted data was chosen as the dependent variable.

The (r) value of the Pearson regression line is calculated as;

_ a(XY)-(EX)EY) e
JInZX? —(ZX Y ][nzr” — (27 )’ (Eq3.1)

It is a function built into the Excel® software package.

This function was applied to fitted and measured data from an FBAR S; output that was
responding to changes in temperature. A value was obtained showing how well the
responses correlated to each other and to temperature using the Pearson moment
calculation. If the value was shown to approach 1 (or -1), then it would be possible to
gain confidence tha’é’ﬂ‘ne fitted data was accurately reporting the values of measured data.
If this was found to be the case, the measured data could be omitted from the graphs
allowing them to auto-scale around the fitted mean, and in doing so give an increase in
perceived output resolution, this increase being proportional to the difference (in Hz)

between fitted data and measured data.
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3.4.1.7.2 Results

Results in the three Figures 3.21 (A, B and C) show that the measured data becomes
successively less quantised as recorded signal data density is increased by means of
narrowing the frequency sweep bandwidth from 50 MHz to 10 MHz. Where the
responses of fitted, measured and temperature data are roughly linear the Pearson value

was calculated for fitted data vs. measured data with temperature.

Results 3.21 (D, E and F) show that disregarding measured data serves to increase the
perceived resolution of result (due to graph auto-scaling function) The Pearson value for
fitted data vs. temperature was calculated on responses where that response was roughly
linear over range, r was not calculated where there is an obvious lag phase between the

response of the thermocouple and the response of the FBAR.

Table (3.3) Pearson moment (r) correlation coefficient values for fitted and measured
data.

Fitted data vs. Measured data vs. Fitted data vs.
Measured data Temperature Temperature
Graph A (n/a lag) - - -
r= =
r =
Graph B 0.987198 -0.90575 -0.90575
r= r= r=
Graph C 0.996481 -0.99533 -0.99801
Graph D (n/a lag) - - -
r =
GraphE - - -0.98823
r =
Graph F - - -0.76906
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3.4.1.8 Investigating the effect of temperature change on S,; transmitted
power and Q factor responses of FBAR.

3.4.1.8.1 Methods.

The graphs shown in Figure 3.22 (A and B) were produced from the data that was
obtained during experiment 2D (See Figure 3.20 (D)). The routines used to generate the
graphs are obtained simply by choosing alternative labelled columns from the excel data
chart recorded for the experiment and making XY scatter graphs with the temperature
data superimposed onto them. As such it will be noted that the temperature data is

identical for each of the charts.

3.4.1.8.2 Results

Figure 3.22 (A) show that the S,; transmitted power (dB) falls, i.e becomes more negative
as the temperature of the FBAR is increased and that the power response recorded from
the device rises as temperature falls. A clear trend for increases and decreases in
transmitted power following rises and falls in frequency can be seen in response to rises
and falls in temperature as recorded by the thermocouple. A pearson moment correlation
was not performed because of the lag phase betwween the response of the thermocouple
and the FBAR over the 300 to 500 second mark, however it is easy to see the trend from
the graph. An estimate by eye reveals that the change is ~0.03dB over ~ 2°C

Results in 3.22 (B) show calculated for 3 dB Q value against the temperature change and
they reveal a remarkable similarity in terms of shape to the responses for power, this is
indicative that the reported Q factor of the device and the S;; power transmissions are
non mutually exclusive. The apparent Q factor however, rises with a concomittant rise in
temperature and falls at approximately the same rate. An estimate by eye will reveal that

there is an approximate change of 5 Q units over ~2°C,
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Figure 3.22 (B) Shows 3 dB 0 value for experiment 3D. (Axis reversed)
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3.4.1.9 Examining the use of FBAR overmode harmonics in response to
temperature change.

It was useful to examine overmode harmonics of the FBAR since these higher frequency
modes potentially offered more absolute frequency change per unit measurand, even if

that increase was a simply a linear function and not a real increase in sensitivity per se.

3.4.1.9.1 Methods
A wire bonded FBAR with overmode harmonics® which were reasonably free from

spurious resonances was subjected to a Peltier controlled temperature increase of roughly
3°C. When the responses were obtained, a linear segment of the graph representing a rise
in temperature of 1°C was taken for each of the overmodes at roughly the same
temperature (within + 0.25°C), the absolute negative shift in frequency (-Af ) was
measured for each overmode and then represented as a separate XY scatter plot. See
Figure 3.23 (A and B)

The absolute change in Hz was calculated for a 1°C change, and this absolute value

calculated against the centre frequency of the span for first and second overmode.

Settings

Centre frequency of first overmode  (fn=2) =664.2 MHz
Centre frequency of second overmode (f,-3) = 1291.0 MHz
Span frequency 2.0 MHz

Points in sweep 1601

IF bandwidth 300

% The primary mode was not useable in analysis due to poor characteristics.
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3.4.1.9.2 Results
The two useable overmodes of the FBAR were utilised to correlate higher overmode

frequency changes responses to the same absolute amount o f temperature change.
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Figure 3.23 (A) Shows A/7A C on first overmode. (Centre 664.2 MHz)
Figure 3.23 (B) Shows A/7A°C on second overmode. (Centre 1291.1 MHz)

The responses to a 1°C rise in temperature are shown and calculated to give
approximately;

A" fn=2 =~ - 14 KHz

Ass,,=3 =~-46 KHz

3.4.1.10 Establishing the error range of fitted data with optimised settings
under stable conditions.

3.4.1.10.1 Methods

The tests up to this point served to give a general overview of how the setting functions
applied to experimental procedures and how they subsequently effected the FBAR output
responses. It was necessary to discover the level of unavoidable noise in the system when
environmental conditions had been stabilised and when the settings were set to the
highest achievable resolutions. Signal drift on baseline response of sub-GHz FBARs was
monitored over 700s and 4000s with temperatures stabilised. (25.5° C <+0.1 °C) and

(29.2 °C <=0.2) respectively. Different individual sub GHz devices were used to ensure
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that the response was not limited to a particular characteristic response of any given
single individual resonator unit. The measured data was not used and only the fitted data
from the polynomial processing of that fitted data is shown. This is to allow for increased
perceived resolution stemming from the graph auto-scaling function. The error is
calculated as a fitted mean for all of the £, values generated from the iterations performed
over the time frame of the experiments. The IFBW was set at 3000 to give 20 iterations
over 700 seconds and the IFBW was set at 300 to give 22 iterations over 4000 seconds.

1601 points were collected for each iteration and the bandwidth was set at 1 MHz.

3.4.1.10.2 Results
An estimate was made of the error range of the FBAR fitted response over time when

temperature was stabilised (+ 0.1 °C) and the instrumentation settings were optimised to
deliver the maximum resolution. Graph (G) is shown from t=100 seconds as there was
some minor fluctuation in temperature during the initial minute of the test.

The results show:

Figure 3.24 (A) Fitted f signal drift over 700s ~ (Mean SD =+ 0.5 KHz) 20 iterations
shown

Figure 3.24 (B) Fitted f; signal drift over 4000s (Mean SD = + 1.0 KHz) 22 iterations
shown

For the graphs shown below in Figure 3.24 (A), the quantisation (minimum point to point
spacing on the Y (frequency) axis) of the fitted data points is roughly 60 Hz, this value
represents the highest currently achievable practical limit of S,; series resonance
frequency resolution for the apparatus combined with the software when optimised for
high resolution settings, 2™ order polynomial smoothing and stabilised temperature.
There is signal drift apparent in 3.24 (B) and it is not possible to know if the FBAR in
this case was responding to miniscule increases in temperature, well below the 0.1 OC
resolution capability of the recording thermocouple or if the drift was due to other

influencing factors.
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Figure 3.26 (A) Shows fittedfo signal drift over time. (700 Seconds) Temperature
Stabilised (25.5 °C <£0.1). IFBW set at 3000 (Error= fitted mean over range)
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Figure 3.26 (B) Shows fittedfo signal drift over time. (4000 seconds) Temperature
Stabilised (29.2 °C <+0.2) IFBW set at 300 (Errors fitted mean over range)
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3.4.1.10.3 Establishing practical sensitivity limits for the FBAR output
responses

By paying careful attention to the FBAR output responses throughout all previous tests, a
suspicion arose that the device was responding to lab fluorescent lighting albeit only
slightly. Previous FBAR interrogation on the probe station had clearly demonstrated
sensitivity to light (results not shown), but the probe station light was incandescent and
powerful and became much warmer as it got brighter (this temperature change was not
measured, but could be easily felt with the back of the hand), so the effect could not be
divorced from temperature change which was now a clearly established influencing
factor on FBAR baseline responses. Tests were performed to confirm or deny the validity
of the suspicion that light could effect resonant frequency of the device whilst
temperature remained stable. Since the effect was suspected to be small, this was seen as
a good opportunity to test the responsiveness and resolution of the apparatus in practical

terms.

3.4.1.11 Monitoring the effect of (i) white fluorescent light and (ii) blue light
from LED on FBAR with temperature stabilised baseline

~ 3.4.1.11.1 Methods

For illumination experiment 1A, the light sensor (photodiode) of the DAQ environmental
monitoring board was placed in close proximity (i.e., on top of the housing chamber lid)
but external to the wire bonded FBAR in the FHA. Lab lighting was turned off for a few
minutes and on for a few minutes and then repeated. The responses of the FBAR were
recorded over time and the responses of the light sensor were superimposed onto the

baseline to look for correlations in FBAR in dark and light states.

For illumination experiment 1B, in a darkened room, a blue LED pen light was used to
illuminate the FBAR and brought closer to the FBAR device in increments of 0.5 cm by
means of a ruler and a retort stand.

Settings were

Centre Freq: 316 MHz

Span Freq: 2 MHz

Points in sweeps: 1601 IF Bandwidth: 1000
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3.4.1.11.2. Results

Results for illumination experiment 1A shown in Figure 3.27 (A) track the effect of the
fluorescent lighting vs. dark states on the FBAR S,; baseline. When the DAQ board
photodiode was reporting ~40%, light saturation, the FBAR reported f; fell, on average,
by approximately 2 kHz. This represented normal ambient room lighting from the two

strip lights that were used to illuminate the windowless room.

Results for the S;; power transmission responses and also for the Q factor for this test
were examined and no obvious correlations between the light and the dark test settings
could be established from the graphs in response to either of the two parameters. These

results are not shown.

Results for LED illumination experiment 1B do not reveal any obviously significant
change in FBAR frequency response correlating to the increased brightness on the device
brought about by closer proximity of the LED. This effect can be seen by the increase in

% light saturation on the photodiode. Power and Q responses were not examined in this

case.
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Figure 2.27 (B) The effect of blue LED off, then on and brought incrementally (1 cm)
closer to the device with same settings as in 2.27 (A)
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3.5 Discussion

The use of the four S parameters

There was not sufficient justification for pursuing the technicalities underpinning the
problem where the resonance failed to manifest on the S>> parameter, it remains
intriguing, but can not be explored or discussed any further in the thesis. S21 two port
transmission signals were used exclusively in all tests from this point onward to measure
FBAR responses. This test was useful in confirming functionality of the new software in

terms of its ability to control the S parameter functions ofthe NA.

S21 Signal transmission, termination and cross-talk

The first experimental series was successful in confirming that the instrumentation was
working as anticipated. S21 signals were delivered by the VI <* NA instrumentation (GUI
interface) over the specified frequency span range. Results confirmed FHA and PCB 50Q
TL were delivering signal with minimal loss at relevant frequencies. Results were viewed
with both NA and VI and indicated perfect correlation between the real hardware and the
new VI which was also under beta testing at this stage. Signal termination gave result as

anticipated, and it was now known that -100 dB indicated zero transmission.

In contrast, where the signal was not terminated but allowed to pass to Port 1 from Port 2
of the network analyser via the phenomenon of cross-talk, when there was 5 mm parallel

spacing between the TL, a power transmission response of~ -20 dB was seen @ 3 GHz.

Signal cross-talk was expected, but the magnitude of the signal transmitted by this route
was higher than had been conjectured. In the test apparatus as it stands, cross-talk is not a
major issue since the FBAR <fe$ges are run singly. It is, helpful to know thaUthe

momerronxxistsdnThrpresetfl®** only for the te over view’ the
/R — 100000232 2 £
§s|Stfem. In future design where!tw 0 qtfmore FBAf*s are interrogated sirrfhltaneous
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RF characterisation of the various components comprising the FBAR housing
assembly

RF characterisation of the FR4 PCB with different thicknesses presented only slight
variations in performance.(3.4 mm) thickness of board was preferentially used for all
experimentation following this observation, but not especially significant. It was not
known at this stage whether or not frequencies above 1.4 GHz would be used for sensing,
it was considered the best approach to assume that higher frequencies would be employed
later in the project. This assumption turned out to be correct since in the later stages of

experiment, overmode secondary and higher harmonic resonances above 1.4 GHz

It was also useful to know that there would always be at least -2.4 dB attenuation in
future S,; transmission experiments since all planned future interrogations would be two
cable, two port S; transmissions tests. Coaxial cables are sources of loss with increasing
frequency, the longer the cable, the greater the loss. As with all RF design TL, wirebonds
and all electrical cable carrying RF signal should be (i) fully characterised to mach input

impedance (in this case 50Q) & (ii) kept as short as possible to minimise losses.

Wire bonds were prone to failure® rendering the test device useless until repair. This
failure could arise form accidental mechanical agifation or from thermal cycling. Adding
Au wires in parallel with existing bonds not only improved signal transmission (-6 dB
@3 GHz parallel compared with -10 dB@ 3 GHz single) but also served as a failsafe in
case of single bond failure. It was not clear how important RF signals losses were at this
stage to the accuracy of the test result and to the overall performance of the FBAR

sEnsor.

Whilst laboratory bound and connected to a mains supply it may not be functionally
deleterious. However, when the apparatus is developed further and designed for “in the
field” operation with its own power supply, losses may be of detriment to the operational

life span of the apparatus if battery powered. These findings indicated, as expected, that

o Meaning becoming physically dislodged from contact with either the electrodes of the FBAR or from
contact with the transmission lines. .
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the wire bond should be kept as short as possible in RF die mounting and circuit design.
In total there was roughly a total 20 mm wire length on all four bond to FBAR structures
and the losses shown are for the present unavoidable. These losses did not effect /0 from
on die measurements to wire bonded measurements and this was of course was the

parameter of most concern.

Memory normalisation tests

The use of the memory normalisation function seemed, at first, to be quite
straightforward since the output results from the coaxial cabling and from the attenuator
calibrations were very close to the expected values. However, running FBAR device 9
against memory from de-embedding circuit changed output characteristics in a way that
was not wholly anticipated. The first problem was that the primary resonance occurred
with a positive dB value, and the second unexpected component to the result was the non-
linearity of the response beyond the 1.3 GHz resonance peak. The non-linearity of the
signal indicated that the memory normalisation functions were not performing as
expected” and highlighted perhaps some weaknesses in understanding of the
fundamentals RF design or in the correct implementation of the function. No more time
could be devoted to this avenue of research and, with reluctance, it was decided to
perform all future experiments without the use of the memory function or the de

embedding circuit.

IFBW control settings and their relationship with random electronic noise

The ability to control dB (Y axis) error range is important because in the final FBAR
interrogation, where there is random noise (manifesting as Y axis error) scattered over the
resonance curve, the likelihood increases that the determination of the all important f;,
parameter from which the iterative output responses are generated could also scatter in
proportion to the noise level. In this way, it is shown that minimising Y axis error through
the use of the IFBW control parameter, does by default, also increase accuracy (decreases
error range) on the X axis and this directly influences the level of indeterminacy in the

recorded frequency value.

A simple linear trace close to the 0 dB mark except where the resonance condition occurred.
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Decreasing the IFBW settings below 300 Hz was deemed counter productive since the
time taken to perform single iteration was unacceptable (> 2 minutes), the loss in
temporal resolution outweighing the small increase in frequency stability gained. Also if
the tests were unnecessarily protracted, then the chances of a system lock-up’' were
increased, and in general if such a lock-up occurred the experiment had to be repeated
and this could waste precious time. The highly constrained IFBW procedure may prove
fruitful where extreme accuracy is required on a single iteration. This test also served to
ensure that the VI&NA IFBW control settings were working as intended in the new

software, and this was shown to be the case.

The aim here, it should be noted, was not to develop a thermometer, although this is of
course a useful function. Instead, the experiments were performed to examine the
robustness, accuracy and sensitivity of the system in response to change in a single
physical parameter (i.e., a measurand) that could be easily controlled and measured and
was free from potential sources of interferent. In a word, using temperature as the
measurand was the simplest type of experiment that could be performed to put the newly
developed system through a testing program to (i) gain understanding of its behaviours,
noise levels, drifts etc and (ii) optimise sensitivity. However, obtaining this temperature
data as an absolute value was also useful because it was now understood that FBAR
response was not independent of temperature changes and values obtained for other
parameters e.g. real biosensing applications, would require an accurate temperature
measurement and any change in this value would require the appropriate compensation

for Af. This will likely be in the form of a relatively simple software calibration solution.

FBAR temperature dependency is a function of the intrinsic resonance frequency used to
make the measurement. The work showed that FBAR is, unlike quartz, extremely
temperature dependent. For future biosensing applications, the more sensitive the analysis

(e.g., microweighing smaller and smaller quantities) will require a proportional increase

A system lock-up means that the computer and the network analyser ceased useful communication with
the particular iteration stuck in an infinite loop with no data transfer through the GPIB channel.
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in the stabilisation of temperature or improved software compensations from extremely

~ high quality thermocouples to ensure that the resuit is free from errors.

Output response sensitivity

The practical limit for setting sensitivities, data density and bandwidth was around 1
MHz fi-f> bandwidth with 1601 data points collected over range and the IFBW settings
programmed at 300 Hz. IFBW settings used at unnecessarily high resolution (10 MHz)
caused unacceptable time delay in the iteration. The sensitivity limit was, in part, due to
the quality of the resonance curve from individual FBAR samples, but was also a

practical limit of the software curve tracking function.

On-wafer tests with the probe station on FBARSs characterised their responses in terms of
depth of resonance tip, and the narrowness of the tip (Q-value (f2-fi/fo)) as well as any
obvious lateral modes interfering with the smoothness of the resonance response. These
modes could interfere with the with the polynomial fitting correlation to raw data ( e.g.
too many inflections for the low 2™ order polynomial). It may have been necessary to
increase the polynomial fitting order to accommodate for the number of inflections in the
curve, but this route was not taken since it would require further coding and time delays
in both development and the time taken to process the final data hence FBARs with
seriously perturbed tips, even if deep and narrow would be rejected as part of the quality

control procedure.

Reducing the fy mismatch between measured and fitted data

The Q factor bandwidth selection function was not native to the network analyser but it
was an increased level of processing flexibility only made available through the
dexterous Labview coding of newly developed analysis and control software. The
usefulness of using this measured/fitted composite function analytically was not
effectively determined at this stage. The primary or intended function of the Q bandwidth
selection routine was to improve the measured and the fitted data average f; correlation
and this was shown to be successful since the discrepancy in the traces was diminished

when using a decreased Q bandwidth. A dB selection cut off point of +1 dB gave an
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average polynomial value for the resonance frequency fo the FBAR over time within
mean of the measured FBAR resonance frequency over the same time. The bandwidth
could be decreased to 0.01 dB as this value represented the limit of numerical calculation
for the network analyser. The reason for the improvement in the correlation between the
respective f; of the measured and the fitted data was likely to be due to the fact that the
natural asymmetry within the full 3 dB range of the FBAR resonance curve was

diminished as the focus was brought closer down the Y axis toward the tip of the curve.

The apparent but artificial increase in “Q” factor was understood merely as being a side
effect of using this function since Q is usually measured as f2-f1/f; +( 3 dB) from the tip
of the resonance curve. The fact that cutting the dB point gave “Q” values that almost
perfectly matched the power law was an interesting observation, but not completely

unexpected since the dB scale follows the power law also.

Temperature experiment 2 (Measured output responses)

The purpose of this experiment was to ensure that the measured baseline made up from
successive f, determinations within the specified fi-f> the bandwidth was responding to
temperature change and that it could be effectively demonstrated by comparing f; as Af to
YC on a XY scatter graph over time. The measured baseline did respond to temperature
change, but with differing degrees of sensitivity. The results for 2A and 2B were as
expected, in that the baseline became more tightly clustered around the mean when the
IFBW aperture was constrained. It was not possible to obtain an error range of the fitted
baseline at this level of resolution. Experiment 2C, 2E and 2F gave similar Af for
temperature, but some minor concern was the somewhat large Af value obtained for 2D.
However, experiment 2D was run continuously for 4500s. Hence the result may not be
entirely due to temperature change alone, and instead may also be due to prolonged
interrogation of the device. Possible reasons for this may be, for example, the build up of
some parasitic static charge inside the FHA or indeed this may be the product of
prolonged interrogation of the piezoelectric substrate, i.e., it may be indicative of ageing
in the device. The actual reason remains somewhat elusive at this stage. It may be

necessary to obtain a high degree of temperature stabilisation with more sophisticated
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apparatus and interrogate the devices for a long time e.g. over a few days, to develop a
pattern for the response before attempting to confirm the reason for the downward

frequency signal drift over time.

Practically speaking, with this potential signal drift effect in mind, for the rest of the
experiments, it was decided to keep the run times as short as possible to avoid sources of
drift caused by either temperature fluctuation or some other unknown parameter being
given enough time to significantly influence the S;; series resonance frequency of the
devices. Overall, the results provided persuasive evidence of the fact that the measured

responses of FBAR were responding reproducibly to temperature changes.

Temperature experiment 3. Measured and fitted data correlations

Very good correlation (r) approaching +1 or -1 for measured, fitted and temperature data
was shown with Pearson moment correlates. Using the Pearson moment calculation
allowed for a definitive numerical value to be given to the relative rates of change for the
measured and fitted data in relation to temperature. If this Pearson function had not been
explored, then the term “good correlation” would have lacked precision and remained

subjective.

Tt was now felt that the nuances of the baseline had been well explored, the setting
parameters understood and the limit of resolution for practical sensing applications
determined. Most importantly, the polynomial fitted data could be trusted to give a true
representation of the measured data so that it could be confidently disregarded during
runs. This in turn allowed the graph to auto-scale exclusively around the polynomial

fitted data, and as such, it substantially increased the perceived resolution of the trace.

Use of the alternative output choices S;; power transmission and Q factor.

The Q bandwidth cut off function should not really be called Q factor per se once the dB
cut off range was any value other than 3 dB, but no other name to call it is immediately
obvious. However, the mutable f5-f/f, function — which is a composite of the polynomial

Jo and the f-f; measured bandwidth may be viable as an alternative interrogation output
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format if particular attention is paid to the intrinsic Q bandwidth value at any given cut

off point.

1t was interesting, but perplexing, to note the following Q value results. In experiment 1A
the Q value parameter was seen to be following the rough trend shape of the temperature
change recorded by the thermocouple, with the change in Q value auto scaled it was in
the order of two decimal places. However in the later Q test for Experiment 2D, the Q
value changed by a full 6 points over 3VC,. but to find the Q response shape or trend
profile that was following the temperature change trend shape profile, the Y axis scale
needed to be reversed. So, from this observation, it is not possible to draw any firm
conclusions about the validity of the Q function usefulness in sensing at this stage. Q
value changes when used in conjunction with frequency change potentially open up the
possibility of making rheological assessments of material parameters of foreign layers on
FBAR surface(s). Likewise, changes in the Sy transmitted power are indicative of a
change in matérial theology, where a material becomes more lossy, more power will be

transmitted through the device because it becomes a less efficient resistor at resonance.

Determination of FBAR maximum output resolution and minimum indeterminacy
of S;; frequency.

When the temperature was stabilised to within +0.1°C and measured data values were
disregarded, using only f; as determined by the mathematical processing of the
polynomial fit on the charts, it allowed auto-scaling features of the graph focus the X and
Y scales constraining them tightly around the pertinent data. This function served to
present a much higher apparent resolution. Ultimately, a change in a mere 60 Hz could be
resolved point to point between the polynomial f; of successive iterations — but only in
situations where the stetting parameters were optimised for maximum sensitivity and the
environmental conditions of the high quality FBAR device within the FHA were
stabilised. When the conditions were stable, the background noise in the signal gave rise
to an uncertainty in frequency determination of + 0.5 kHz over 700s interrogation, and +

1 kHz over 4000s but in this case there was a definite downward frequency trend
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Determination of the ultimate practical resolvable sensitivities of the polynomial
fitted output responses ,

Tt seemed that the wirebonded FBAR was responding to light by changing S; series
resonant frequency between dark and bright states because the effect of frequency change
was in this case, proven categorically not to be caused by changes in temperature.
Interaction with ambient photons is likely to be the most subtle state change parameter
that could be explored on FBAR with the existing apparatus.. The underlying physics
causing Af on FBAR S, series resonance responses due to interaction with light
(optoelectrics) are not fully understood by the author, but that ZnO is photoconductive is
very well known. In this demonstration of sensitivity, the optoelectric physics
underpinning this response do not require an in depth explanation. The point to be
highlighted in this case is that by applying the polynomial fitting to the measured data
and then disregarding the measured data on the output charts, the shift from fitted
stabilised baselines produced by iterative f; values over time that can be clearly resolved
out from light on to light off is in the region of just 500 Hz. This level of sensitivity was
unexpected, and extremely encouraging, further providing an indication that the
prototype device (i.e., FHA and software) was functioning with high fidelity and further
vindicating the design strategy and providing confirmation that the interrogation software
was fully operational, very accurate and exquisitely sensitive, meaning that it possessed a

large degree of dynamic range within a constrained bandwidth.

The reason that the device did not appear to respond to blue light, may be linked to the
frequency of the photons since the apparent brightness of the blue LED was greater than
the white light due to its close proximity to the FBAR surface. However, it would of
course be necessary to have a thorough understanding of the FBAR piezoelectric and its
relationship with the optoelectric physics underpinning these responses to explain the
effect, and this is not possible in this work. However it is also possible that if a much
higher starting frequency had been used for these tests that a response to the presence of
the blue light may have been resolved. The point of this test was to see what the

minimum resolvable frequency shift was with the available apparatus.

191



3.5 Summary and conclusion

The results overall suggested that the design protocols for FHA were vindicated and that
the software was functional in nearly all of the targets that had been stipulated during its
development. It was considered that the output response baselines based on iterative f
data points collected over time were stable enough for mass sensing. A downward drift in
FBAR S, series resonant frequency over extended time frames was suspected, sensing
durations were recommended to be kept to a minimum time period until software routines
could be written to accommodate for the time/signal drift. The reason for this drift was
not established, but it may have been due to some ageing of the FBAR or perhaps a build
up of static charge within the FHA - but no more time would be spent investigating this
any further.

The point to point spacing for fitted baselines at the highest resolution settings was shown
to be a mere 60 Hz per iteration when using a high quality FBAR device, this was very
encouraging. In real terms, what this means is that a measurand event causing less change
than 60 Hz would not be able to be detected by the apparatus. At this stage of the
experiment, it was not known what amount of mass would be required to change the
resonance frequency of the FBAR by ~ 60 Hz, attempts to use the math model to make
estimates for this were unsuccessful because the model did not possess this level of

resolution.

Sub GHz-FBAR response to temperature on average was seen to be ~10 KHz per vC
when settings were optimised but the absolute value of Aff Aemperature Was clearly shown to
be entirely dependent upon the frequency of the particular harmonic chosen with which
to track the temperature change with increased change per unit measurand for increased
resonant frequencies. This increased change per unit measurand delivered by increasing

the resonance frequency will be explored again in later sections of the thesis.
Further work exploring the potential of FBAR to perform as the transducer in chemical

gas sensing and biosensing was now ready to begin because the software was clearly

functioning well, the measured and polynomial traces were in agreement, and the
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architecture of the FHA appeared to be robust with no significant problems identified
during all of the previous tests. The only concern with the functionality of the acoustic
interrogation system at this stage was that the computer would on occasion, stop
communicating with the network analyser but this failure had a tendency to occur when
the total time for the complete iteration sequence was over 30 minufes, so plans to keep
the interrogation time periods short were made. No clear pattern other than protracted
time frames were ever established for this fault, and it did not always happen on all
protracted time frames. No further time could be spent isolating this intermittent GPIB

communication fault.

The fact that photonic effects that are not related to changes in mass loads™ on the
resonating surface of the FBAR can cause frequency changes is considered to be non-
triyial at this stage since it represents a possible source of error and is likely not to exist in
- QCM based systems. It would therefore be prudent to consider both the lighting
g;:,onditions and temperature stability of the experimental arrangement when using FBAR

to make chemical or biological measurements.

72 The author does not consider that the apparent moving mass of a massless photon could have any effect
on the FBAR as a mass response and the response is instead entirely electrical in nature.
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CHAPTER FOUR
4.0 EXAMINING THE EFFECT OF COATING THE TOP
SURFACE ELECTRODE OF FBAR DEVICES WITH THE
HYGROSCOPIC POLYMER (POLY-VINYL
PYRROLIDONE .
4.1 Introduction

A suitable chemically selective sensitising layer was required to explore the potential
uses of FBAR when acting as the transduction module central to a chemical sensor
system. Certain polymers are good candidates for the detection of organic vapours
because of their high sensitivity, fast vapour diffusion, reversible responses and good
ability to work at room temperatures. The polymer coating must be chosen to interact
with the analyte as selectively as possible, then, both the choice of the chemical film and
the sensor design have a great influence in the frequency signal response. "' A variety of
partitioning polymeric materials were considered as candidates with which to sensitise
the FBAR to measurand along with a number of potential analytes. There are a wide
variety of polymeric sensor materials that can be used to sensitise BAW systems, for a
Review of these See Harsanyi (1996) "1 The hygroscopic polymer poly-vinyl pyrrolidone

(PVP) was eventually chosen for a number of reasons, these are outlined below.

It is known that when a hygroscopic material deposited on a BAW resonator makes the
resonator sensitive to moisture ! PVP is commonly known to be hygroscopic and so
should in theory, sensitise the FBAR to the presence of moisture. If this were shown to be
the case, then it would be in principal, a proof of concept for FBAR ability to behave as a
chemical gas sensor. Demonstrating that FBARs can be used to detect water vapour
adsorbed out of a gas stream into a polymer is attractive because water vapour is
relatively easy to control and monitor, hence the delivery methods and the various
experimental procedures required could be somewhat simplified. For example, there was
no need to consider any safety issues when using water vapour as there may have been

had the measurand been toxic and furthermore the amount of water vapour in a gas
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stream could be independently monitored using simple hygrometers.” In essence, using
PVP on FBAR surfaces to measure changes in the concentration of water vapour in a gas
stream was considered a good “model system” on which to consider the development of a
chemical sensor whilst examining and attempting to interpret the FBAR characteristic

responses in the presence of measurand at various concentrations.

Neshkova ef al (1996) ®! developed a QCM humidity sensor by coating the crystal with
nitrated polystyrene as the water sorbing coating, they achieved a response time of less
than 3 seconds and concluded that their system was of “high sensitivity” because the
frequency shift recorded from a crystal with fo = 9 MHZ gave a downward shift of 40 HZ
per %RH. They go on to say that “it is still a challenge to develop such a water sorbing
coating which will ensure a linear frequency vs water vapour concentration response of
the sensor over wide measuring range and at the same time meet the requirements for
high sensitivity, fast response and recovery time and long-term stability, selectivity being
an additional bonus. Most often the developed humidity sensors has its specific range of

application”

PVP is also known to be selective toward ammonia, and by coating a quartz crystal with
this material, an ammonia sensor had been created.”). For the purposes of this argument,
the important point to note from this paper was the fact that moisture was seen as an
important interferent which could not be adequately separated from the PVP derived
response to the ammonia concentrations and because of this, the workers needed to
develop methods to carefully limit, measure and control the presence of moisture in the

ammonia stream.

As the FBAR structures fabricated in this study consisted of a very thin, (micron range)
unsupported membrane which was potentially fragile, it was critical to determine whether
the membrane could support any polymeric sensing layer and survive the process of

polymer deposition on the membrane and even if it did survive, it was not known if the

7 One of these hygrometers was GPIB enabled and computer code was written to allow for fully automated
humidity data collection from it
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FBAR resonance signal would be so severely attenuated so as to preclude the accurate
determination of the S,; series resonance frequency. The results of the procedures
undertaken in this chapter are analysed, interpreted and considered within a wider
framework with the perspective of FBAR acting as a central transducer module within a
multi-analyte chemical sensor system. The emphasis in this case being on the high (~700
MHz -1.8 GHz) intrinsic operating frequency of FBAR and the potential advantage of
“increased absolute frequency change per unit of measurand” over the established state-
of-the-art BAW systems which fend to operate at much lower (10 MHz) frequencies
although high frequency versions up to 2 GHz of the QCM device have been made.”

4.2 Methods

Experiments were performed to examine if the FBAR could (i) Support a polymeric
sensing layer and (ii) Respond acoustically to changes in the sensing layer due to the
presence of analyte” in the layer. Experiments to determine the increased sensitivity of
the FBAR coated with polymer to an analyte are described in this chapter. Experiments
also were done to see if the device could be reused after having the polymer coating

applied to, and then removed from the top electrode working area of the FBAR.

The effects of loading the polymer on the characteristic shapes FBAR resonant frequency
responses were observed in low and high humidity N, gas streams, Observations on the
effect of polymer loading on FBAR characteristic S,; series resonance frequency in the
presence of various concentrations of relative humidity were made for various film
thicknesses and also for various concentrations of the deposited polymer film on the
FBAR surface. |

In all of the following experiments, temperature, time, iteration number,”® and humidity

concentration data were stored along with FBAR Sy series resonance frequencies

™ A direct experimental comparison for frequency change per unit measurand between low frequency
BAW oscillators (QCM) and FBAR is made with “model system” immunoscnsors in Chapici 5 i G
thesis.

" in this case the anaiyte or measurand IS various concentrations of water vapour or reiative humidity

(%RH) in a N, gas stream flowing over the FBAR which was isolated from the environment by being

sealed within the speciaily designed FBAK housing assembly (FHA)

7 Iteration number is the number in the specified VI <>NA run repeat sequence
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(measured and polynomial fitted on primary or overmode) (Hz)"’ the measured and fitted
transmission minimum power responses (dB), and calculated (n dB)”® bandwidth Q.
These values could be presented in any combination for later graphical visualisation and

data analysis.

4.2.1 Apparatus

Apparatus and experimental arrangements are shown in schematic Figure 4.1 and

photographic Figure 4.2 and its the use in experiments is described in Section 4.3.

Z’ Join Hz is denoted by the S, transmission minima in dB
" Where the Q factor bandwidth represents any number from 3 dB to 0.01 dB
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TC 2 (VI) DAQ data line

Hum 1 (VI) DAQ data line

Gas flow apparatus

. TC2 (ext)
Sealing bag ..
Mixer 2
DAQ
board
Gas out Gas in
Dry line/! Wet line
Meter Rotamer Rotamer
Flow 1 Flow 2
Humidity 1 FBAR
Temperature
Humidity 2 . regulation Drying crystals
TCt(int) Water bath
TC2 (VD Hum 1 (VI) Port 1 X A-  Port2 Mixer 1
TC 1 meter Gas line
Network Anaiyser
=Light (VI)
Hum 2 meter
GPIB Line Whitespot N
Virtual instrumentation (VI)
control computer
jligui'C -*.1 LxUiiipiCtC oCl1ICilidliC Oi tuC dppdidtUS USCvi tO uCilVCF d gdS liOVV Oi

controlled relative humidity to the FBAR in FHA and the data acquisition
from the environmental monitors and network analyser to the VI.

Abbreviations (“TC” means thermocouple ‘int” means internal, “DAQ” means data acquisition board,
“FBAR” means thin film bulk acoustic wave resonator, “FHA” means FBAR Housing Assembly,
“Rotamer” means the manual flow controls that regulated the gas flow rates into the FHA. “UP1B” means
general purpose interface bus channel,® “HUM” means humidity and finally, “VI” means virtual

instrument.)

P The light meter shown was not used in the PVP/humidity experiments. It was used in the illumination

experiments described in Chapter Three of this thesis.
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Figure 4.2 Photograph o f principal testing apparatus.

1. HP8753D Network analyser (NA)

2. Coaxial cable link on N and SMA connectors from NA Port 1 and Port 2
3. Hannah instruments Humidity reading meter (manual)

4. Thermocouple reading meter (manual)

5.  Water bath - usually left at room temperature

6. Humidity detectors (hygroscopes) 1and 2 in a sealed bag fedby gas out-line.
7. Gas feed out-line (e.g. waste gas from the FHA)

8. External thermocouple. (Internal thermocouple not visible)

9. Gas feed in-line (delivered the humidity controlled gas into theFHA)

10. Rotamer gas flow controllers

11. Gas mixing taps (wet-line and dry-line)

12. Temperature controlled plate (Peltier heater)

13. FBAR housing assembly (FHA) (See Figure 3.1)

14. Lab Computer (The actual VI machine is not in the photograph)

15 Glass thermometer for measuring room temperature independently.

200



4.3 Control and measurement of relative humidity (%oRH) in the N,
stream.

The bench top experimental set-up developed in this study consisted of a gas delivery
system that was specially designed and built for the project so that the %RH of the gas
could be easily controlled and monitored. Gas flow rates were controlled with Rotamer
flow controllers. Dry gas resulted from passing the N, stream through silica drying
crystals sealed in an aluminium tube with a single gas inlet and a single gas outlet at
opposite ends of the tube. The drying crystals were periodically recharged by heating.
Gas wetting (i.e., increasing relative humidity (%RH)) was achieved by bubbling the N,
stream through a water bath at room temperature. The gas stream was carried in tubing

over 5m long letting the gas also equilibrate to room temperature.

The FHA was connected to the network analyser with the S0Q coaxial cables that were
fitted with N type connectors and SMA connectors. The FHA was temperature controlled
by a Peltier heater which was stabilised ((~1°C) (<+0.1°C)) above room temperature to
ensure that condensation from the additional humidity in the N,. stream did not form on
the inside of the FHA but particularly that it did not form droplets of liquid water on the
resonating surface of the FBAR. Room temperature was checked periodically with a
glass thermometer held in the air. The FHA internal thermocouple was read by means of
manual meter whilst the external thermocouple was placed in contact with the quartz
window ( See Figure 3.1) of the FHA giving a close approximation of the internal
temperature. The data from this thermocouple was collected via the DAQ board GPIB

link directly into Labview running R.01 software on the computer

Uncoated FBARs and FBARs that were coated with PVP with a range of thicknesses and
concentrations, were exposed to a N, gas stream with steady flow rate (~150 SCCM)
which was controlled by manual adjustment of the Rotamer flow controllers. The N»
stream was further manipulated to control the amount of water vapour in the stream. This
control was achieved by manual adjustment of the wet/dry mixing taps. The gas could be
directed in its entirety through the silica drying crystals or bubbled through the water

bath, or a combination of wet and dry gas could be combined to establish a fairly stable
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humidity level. The amount of water vapour in the N, stream was measured as relative
humidity (%RH) by two separate humidity meters, which were exposed to the gas flow
from the gas out line of the FHA. Both humidity meters were sealed in a polythene bag
and a small pin hole was made allowing the gas to escape. The humidity meters
themselves were bulky, and their excessive size did not allow for them to be set inside the
FHA, although this would have been desirable. Readings from one of the humidity
meters ( Hannah instruments hygrometer) was taken manually and one (the DAQ
hygrometer) was linked into the computer via the DAQ board GPIB link into Labview on
the computer for fully automated humidity data acquisition. The DAQ humidity meter
has response time of (>1s) ( Range %RH = 20 to 90, Resolution 0.2% and accuracy +
10%) .

The amount of water vapour in a body of gas is defined in this case as,

actual _vapour _density X100%

relative _humidity = - -
saturation _vapour _density

(Eq4.1)

Where saturation vapour density is the dew point (100% relative humidity) that is, where moisture will
condense out of the atmosphere, it is a temperature dependent function so relative humidity will therefore
also rise as air cools without the water content necessarily being changed.

The responses of the internal and external thermocouples and both of fhe humidity meters
were compared, the results are shown below in Table 4.1. The thermocouples gave

identical readings whilst the hygrometers gave SD = 0.693 over the 10 readings.

In this case neither the temperature nor the humidity were strictly stabilised as the
purpose of the demonstration was to observe how well the relative responses of the
hygrometers compared with each other and how well the readings of the thermocouples

compared with each other.
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Table 4.1 Hygrometer comparison for humidity and thermocouple comparisons for

temperature readings over 50 minutes for the manually observed and the GPIB data feed

temperature and humidity monitoring instrumentation.

Comparison Between
Relative Humidity and Temperature Reported Values
From (i) RS Devices and (ii) VI DAQ Board
Hanna RS VI- DAQ RS VI -DAQ
Time Instruments Hvarometer Thermocoup | Thermocoup
(Minutes) Hygrometer {%A RH) le le
(%RH) (°C) (°C)
5 33.6 32.1 24.3 24.3
10 334 31.9 243 243
15 333 32 244 24.4
20 33.2 31.8 24.4 24.4
25 335 32 24.5 245
30 30.6 30.7 24.6 246
35 30.5 30.5 24.6 24.6
40 30.3 306 247 24.7
45 29.3 304 - -
50 28.9 30 , - -

4.3.2 Coating FBAR with poly(vinyl pyrrolidone) (PVP)

Spin coating is probably likely to be the ideal method to deposit PVP films onto the
FBAR surfaces because it would result in smooth films with controllable thicknesses (See
equation (2.12)). However, because it was necessary to wirebond the samples ahead of
the polymer deposition it was not possible to use spin coating as the attached wires would
likely be removed during the spinning process and there could be a substantial delay of
up to two weeks to get the wire bonds repaired and in the process there was increased
likely hood of FBAR surface contamination. For this reason, spray coating of the
polymer layer onto the FBAR device was investigated as a viable choice.. Spin coating
would have provided a better method of approach and spray coating, in this case, should
be considered a methodological necessity. Due to its inherent simplicity, spray coating of
polymers in carrier solvents using air brushes onto BAW devices is a well established

method of film deposition, and spin coating is rarely used. !
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The PVP solution of 1.23% weight/volume (W/V) was produced in a fume cupboard by
dissolving 0.5g of PVP with a molecular weight of (mr = 40,000), into a clean glass
beaker containing 50 ml of methanol. A lid was placed onto the beaker and a magnetic
bead was used to help dissolve the PVP which was a white-flaky powder in appearance.
Typically, it took about 10 minutes of stirring before there were no longer any visible
particles of PVP remaining in the methanol and it was considered sufficiently dissolved

to be transferred to the delivery spray cartridge.

Batches of the 1.23% W/V PVP in methanol solution were transferred to a delivery spray
cartridge (See Figure 4.3(B)) which had been previously rinsed in methanol. Under a
fume hood, PVP in the methanol carrier was sprayed onto FBARs using an artist’s
airbrush capable of delivering variable spray atomisation droplet sizes. The spray nozzle
was set to fine to give the smallest droplet size possible The airbrush nozzle was placed
in retort stand and sprayed horizontally (to avoid gravity drops), it was switched on for 10
seconds before contact with the FBAR samples, this was to ensure that a regular rate

spray was achieved by allowing the pressurised propellant to stabilise its output.

A PCB holding a wire bonded FBAR was then passed by hand through this spray for one
second at a distance of 10 cm from the spray nozzle (measured with a ruler). The
thickness profile of the PVP on FBAR was measured with Dektak and the spraying
process was then repeated, the 2 pass being equal to 2 seconds coating, the 3 , 3
seconds an so on. The freshly coated device would be left for a few minutes to ensure the

carrier solvent had evaporated before additional spray applied.

PVP was also drop cast onto the FBAR using a plastic pipette, the solvent was allowed
~5 minutes to evaporate off and the profile was then measured with a profilometer. A
micrograph of the spray coated polymer film on the FBAR surface is shown below in

Figure 4.3 (A) and the delivery apparatus in Figure 4.3 (B).
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via working area
(bottom electrode) (top electrode) ground signal

Figure 4.3 (A) PVP coating on FBAR Device 10A on PC-B 6 after 5 spray passes.(~5
seconds delivery) Mag X 100 + 2X optical zoom. The mottling effect visible is the
polymer coated over entire area of image.

The polymer has not coated the area immediately underneath the wirebond, droplets have
formed on the wirebond instead. The chemical structure of the Poly-vinyl-pyrrolidone
monomer is shown as an insert in the bottom right hand comer of the image.

PVP/solvent
Airbrush spray droplets
Pressure
from — FBAR on PCB
Propellant

Spray cartridge

PVP and methanol

carrier solvent
Retort stand

Figure 4.3 (B) Schematic shows air brush used for depositing PVP onto FBAR.
Adapted from



4.3.3 PVP thickness profiles

A profilometer (Dektak ®) was used to measure the thickness of the deposited PVP films
by scanning over a section where the PVP had been scratched away. The profilometer
scans were made over 600pum. Estimation of the thickness of the (1.23% WYV) polymer is
approximately (1 um -1.5 pm) per single 1 second spray pass but estimation error
increases with each subsequent pass. It appears not to be possible to develop a layer
thicker than (~7 pm) using the spray coating method. This is likely due to the carrier
solvent re-dissolving the previously deposited polymer and the pressure from the
propellant of the air brush needs to be considered in that it may have put limits on the
film thickness that could be achieved with this method. Difficulty in giving a precise
definitive value for the thickness of the polymer was due to the rough surface profile of
the polymer after deposition. Drop casting gave a much smoother coating profile, with
nominal thickness of (~3.0pum -3.5um). Adding subsequent drops did not increase the
polymer thickness as this likely merely increased the total amount of polymer deposited
over a larger area but did not increase the thickness., (result not shown) See figure 4.4 (A-

D) for step-thickness surface profiles as measured with the surface profilometer.
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Figure 4.4(A-D). The thickness profiles for PVP (1.2%W/V) on FBAR. (A-C) are spray
coated samples with 1, 2, 5, spray passes respectively, (D) is drop-cast. Arrows indicate
steps made in the PVP layer.

The thicknesses are (A) = ~lum, (B) =~2 to 4 pm, (C) = 3 to 4 pm with increased error
to 6pum and (D) = ~3.5um.

! 207



4.4 Experimental section. (Experiments 1 to 7.)

4.4.1 Methods

All of the experiments described below were performed on wire bonded FBAR samples

that were isolated from the ambient laboratory conditions by being sealed in the FHA.

Experiment 1 was split into three parts, 1A-C. Experiment 1A was devised to examine
the S; series resonance frequency response of FBAR to changes relative humidity when
it was uncoated. Experiment 1B looked at the stability of the S;; series resonance
frequency response of FBAR over time when it was coated with the PVP polymer film
and exposed to a dry gas stream. This was done to ensure that there were no unexpected
aberrations in the baseline due to the presence of PVP. Experiment 1C examined the Sy;
series resonance frequency response of the FBAR over time to changes in relative
humidity (%RH) when it was coated with PVP. This was done to establish whether or not
the applied polymer coating increased the sensitivity of the FBAR to changes in relative

humidity.

Experiment 2 was split into two parts, the first, experiment 2A looked at the effect that
the polymer loading was having on the shapes of the resonant peaks of the FBAR
primary and harmonic overmodes whilst experiment 2B looked at the relative changes in
S»; series resonant frequency responses for the primary modes and overmodes in

response to changes in relative humidity.

Experiment 3 was designed to determine the reproducibility of the FBAR response to
phases of successive wetting and drying, here along with changes in Sj; series resonant

frequency, the S;; power transmission and the Q factor are also examined.

Experiment 4 was done in two parts, 4A looked at the effect of increasing the thickness
of the polymer film on FBAR resonance shapes in high humidity and in low humidity
whilst experiment 4B was designed to ascertain the effect of variation in polymer

thickness on FBAR S;; series resonant frequency in various concentrations of humidity.
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This experiment was performed to determine if there was significant power loss from
acoustic probe wave signal attenuation (i.e., damping), as well as frequency decrease due
mass loading in the presence of the deposited polymer film. It was assumed that this

would be the case since the polymer layer was known to be soft and therefore lossy.

Experiment 5 was also split into two parts, the first, experiment SA, turned its attention
additionally to the effect of the concentration of the polymer that made up layer as well as
the layer thickness. A higher concentration of polymer was used for this experiment and
FBAR characteristic resonance curves were examined in response to increasing
thicknesses of high molecular weight polymer film in dry gas and in wet gas the resonant
frequency along with the S;; power transmissions and Q factors are examined. The
resonance frequencies of the FBAR under the various loading conditions over time are
examined in the presence of variations in the relative humidity of the gas stream..
Experiment 5B looked at the Sy; series resonance frequency response of the FBAR with a
drop cast high molecular weight polymer layer on its surface with variation in the relative
humidity in the gas flowing over the. FBAR surface. The results were compared with the
results of experiment 4 which used a lower concentration of polymer for the film

deposition

Experiment 6 attempted to discover if the polymer layer could be completely removed

from the FBAR surface so that the devices could be reused as they were in limited

supply.

Experiment 7 was performed to confirm that the results of experiment 6 were not

anomalous because they were unexpected.

4.4.1.1 Experiment 1A Observing the response of uncoated FBARs to changes
in humidity in a nitrogen stream flowing over the FBAR surface of the FBAR
top electrode

Experiment 1A was devised to reveal whether coating FBAR with polymeric PVP made
it sensitive to humidity. This was demonstrated by comparing the response of an

uncoated FBAR (Experiment 1A) with that of a coated FBAR (experiment 1B, 1C). In

209



effect, the response of the uncoated FBAR acts as a control experiment. For both
experiments the sensitivity to humidity was monitored over the experimentally accessible

humidity range.

After turning on the Peltier heater, the temperature of the FHA was allowed to stabilise
for about 1 hour. After this time, the FHA was reasonably impervious to small
fluctuations in room temperature. FBAR device 10A on PCB 5, without the addition of
any polymer film, was placed into the housing chamber which was sealed and connected
to the gas-inline and to the network analyser. Further time was given to allow the recently
placed PCB and FBAR Si die to reach temperature also (~20 minutes). The network

analyser was switched on for an hour or so before testing commenced.

The N, gas stream was humidified by bubbling through the water bath and mixing the
wet line into the dry line and adjusting the flow rates allowing the system to stabilise in
high humidity (~70 %RH). This allowed the generation of a baseline from FBAR S,
responses in high hurﬁidity. After 200 seconds, the gas stream was redirected through the
drying crystals and the wet line was closed, this gave an N, gas flow with (< 20% RH).
At ~700s the wet line was once again mixed into the stream to give (~65% RH)

The S,; series resonant frequency of FBAR was shown in relation to the computerised
humidity data logger. Multiple scatter plots of FBAR S, series resonant frequency (Af)
vs. relative humidity (A%RH) over time (s) were produced. Both measured frequency and
polynomial fitted frequency data are shown to examine the effectiveness of the 2™ order
polynomial fitting at reducing system noise and thereby increasing useable sensitivity of
the output response, this had previously been demonstrated for improving FBAR
sensitivity to temperature, but not for humidity changes.

Settings for Experiments (1A (I1B). & (1{y v

FBAR used was Device 10A on PCB 5

Centre Frequency: = 701.0 MHz (second overmode)
Span Frequency: = 5.0 MHz

Points in sweeps: = 1601

IF Bandwidth: = 300

N, Gas flow rate: = > 150 SCCM
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4.4.1.2 Experiment 1B Observing the baseline responses for PVP coated
FBAR in a dry N, gas flow and making comparison with uncoated device

The FBAR coating used in this experiment resulted from one second spraying of the PVP
solution, giving a final thickness of ~1.2um + 0.24pm. The carrier gas was directed
through the dry line (i.e., passing through the silica crystals) for some time before starting
S,1 data acquisition, and the iterative f; baseline for this response was obtained for a 350
second time period to determine the stability of PVP coated FBAR responses in a dry gas
with steady flow rate of (>150 SCCM). The humidity of the gas was controlled with the
mixing taps to attempt to keep it as close as possible close to 20% RH which was the
minimum limit of detection that could be recorded by the humidity meter that was

sending data directly to the computer.

The frequency stability of the FBAR was checked to ensure that there were no anomalous
readings generated due to either (i) the presence of the polymer on FBAR top surface
electrode or (ii) the gas flow (iii) miscellaneous environmental fluctuations. Once a
baseline value was obtained and evaluated for PVP coated FBAR in dry gas flow, (>150
SCCM) the stability and drift values were established for both the S,; resonance
frequency of the device (Hz) and the S;; transmitted power (dB) over time (360 s). These
results were compared with the original responses of the uncoated device in dry gas at the
same flow rate from experiment (1A) under very similar experimental conditions. This
was done to determine if there was increased sensitivity to the presence of measurand
implied by more frequency change to the same amounts of measurand between the same

FBAR unit in a polymer-coated and uncoated state.

4.4.1.3 Experiment 1C Observing the effect of changes in relative humidity
from <20% to ~30% of the N, gas flow over PVP coated FBAR S,; series
resonance response.

Before starting the experiment, the gas flow was directed throughrthe dry line for some
time (~20 minutes) to remove any residual moisture in the PVP layer (and inside of
housing assembly) that resulted from adsorption from the ambient conditions in the
laboratory during the coating procedures. If the humidity meter was out of range

(<%RH20) the gas was taken to be dry. The data acquisition procedure commenced in a
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dry gas flow and the baseline response for PVP coated FBAR was established during
~200 seconds in the dry gas, the wet in line was then mixed into to the flow for ~150 s to
bring the humidity to (~ %RH 30.5) The wet mixing line was then closed, leaving the
only dry line to feed the system, and the system was allowed to dry over the remainder of
the experiment which was terminated at t=900 s. The controlled rate of gas wetting and
gas drying are approximately equal, changing from 20% to 30% or vice versa over ~150
seconds this being achieved by careful manual adjustment of the mixing taps. The flow
rate was steady (>150 SCCM).

4.4.2 Results
4.4.2.1 Humidity experiment (1A)

The effect of A%RH in the range %RH70 to <%RH20 in the N, gas flow over uncoated
FBAR is shown in Figures 4.5 (A) and 4.5 (B). The actual measured data from the FBAR
seen in Figure 4.5 (A) is, as expected, noisier (and more quantised) than the polynomial
fitted data shown in figure 4.5 (B), but both measured and fitted traces are in good
agreement, giving confidence enough to store, but not show, the measured data from the
remaining experiments performed in this chapter. This is because it is more difficult to
extract a clear response pattern for f from the directly measured data due to the influence

of the increased quantisation (point to point minimum spacing) and noise™

The fitted data shows that temperature stabilised ( < +0.1YC) FBAR responds to the
changes in the amount of water vapour (%RH range = ~70% - < 20%) in the delivery
N, stream over ~16 minutes. A total (12 kHz) FBAR S,; series resonance frequency
change was observed in relation to the recorded humidity change. The rates of change for

the responses of humidity meters and the FBAR were in reasonable agreement.

The most rapid rate of change for the FBAR and the humidity meter occurred within the
first 10 seconds of changing the gas stream from wet to dry or vice versa. It was assumed

that the continued increase in frequency observed on FBAR whilst the humiditv mete:

% This noise interference could be from electronically generated random noise in the network analyser
and also from FBAR lateral modes of resonance — these lateral modes were thought to contribute to the
manifestation of spurious modes of resonance in the FBAR.
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was out of range and the gas taken to be dry was due to the continued removal of residual
physically adsorbed water films held the grain of the au surface of FBAR top electrode. It
is likely that complete removal of monolayer H>O over the FBAR surface will not be

achieved using this method.
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4.4.2.2 Humiditv experiment (1B)

Figure 4.6 (A) shows the baseline responses for PVP coated FBAR in a drv N> gas flow
that were established over time as successive/iterative / determinations. The polynomial
fitted baseline responses for the uncoated FBAR were determined over 400 seconds for
both S»: series resonance frequency f (Hz) and S»; transmission power (dB) in a dry (~
%RH 20) N, gas stream with flow rate (>150 SCCM). The frequency drift is (~ + 200
Hz). and the transmitted power drift is {~+0.0015 dB ) over 400s. Temperature was
stable (<+ 0.1°C)

Figure 4.6 (B) Shows the FBAR S,: series resonance frequency and S,; power
transmission responses after it was sprav coated for 1s to give PVP laver of (~1.2 um)
thickness and interrogated to produce a baseline response in drv gas over the same time
period with the same settings as in figure 4.6a It demonstrates that over 400 s. the
frequency drift for the PVP coated device in drv gas flow is (~ + 3.5 kHz) Therefore the
rate of drift is (+ 8.75 Hz s™) and the transmitted power drift is ( ~ + 0.1 dB) over the

same time period.
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4.4.2.3 Humidity experiment (1C)

Figure 4.7 shows the effect of A%RH (<20% to ~30%) of the N gas flow (>150 SCCM)
over PVP (~1.2pm thickness ( + 20%)) coated FBAR f, (Hz) responses was determined
The system was exposed to dry gas for some time before starting the data recording. The
humidity values as given by both humidity meters were out of range, implying a dry gas
flow from the beginning (=0 s) of the experiment until 200 seconds mark, which
accurately reflected the time point at which the wet line was mixed into the dry line. Both
of the humidity meters and the PVP coated FBAR showed rapid response to the presence
of the increased humidity in the flow. The FBAR response saturated faster than the
humidity meter, most of the FBAR response (-Af = 670 kHz) occurring within 10 s of
mixing humidity into the stream, a negligible continued decrease in resonant frequency
(< - 50 kHz) is seen as the humidity meter continued to record an increase in relative
humidity from 20% to 30% over 150 s. This may be due additional water retention in the
PVP layer but occurring at a much reduced adsorption rate than that of the dried PVP

layer.

The humidity of the gas was then decreased by switching off the wet line feed to the
system, immediately this was done, the FBAR was seen to respond by increasing its
resonant frequency by (+Af= ~ 560 kHz) within 10s. The humidity meter also responded
quickly (within 2s) and continued to record a fall in relative humidity for another 150s
until it went out of range at %RH 20. Over the same time period, the FBAR continued to
show a relatively small resonant frequency increase ((+Af ~ 50 kHz) until the end of the
experiment at (t=900s) never quite reaching the original dry resonance frequency of ( ~
698.27 MHz,) but asymptotically approaching it. The fact that the FBAR responded more
quickly to the presence of humidity is because the PVP layer was so thin and could

therefore saturate with humidity faster than the humidity meter.
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4.4.3 Humidity Experiment (2A) Observing effect of polymer loading on
FBAR primary and overmode S,, series resonant frequency characteristic
response span shapes

4.4.3.1 Methode

The FBAR device 10A on PCB 13 was used for these tests because it had been
previously shown from on die measurements to posses good response characteristics. The
reason that the device is a different unit than the one used in the previous experiments is
due to wire bond failure. The resonant frequency characteristic shapes recorded for the
primary and overmodes recorded with no additional PVP load on its surface whilst it was
isolated within the FHA. The primary mode was centred at (324.5 MHz), the first
overmode centred at (701 MHz), and the second overmode centred at (956 MHz).

The effect of a 1s spray coating (~1.2 pum thickness) on the shapes of each of the resonant
frequencies was observed in ambient room humidity and temperature to determine
directly the effect that polymer load was having on the FBAR primary and overmode

characteristic response shapes.
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4.4.3.2 Results

The results shown in figures 4.8 (A), 4.8(B) and 4.8 (C) shows that the effects of loading

the polymer are amplified as higher frequency overmodes are used to examine the effects

on S,; series resonance frequency for identical PVP loading. At the highest frequency

overmode, the Q factor was influenced along with resonant frequency and S,; transmitted

power responses. Q factors did not appear to be influenced for the primary mode or the

1% overmode. The results are tabulated in Table 4.2, below

Table 4.2 Shows the responses of FBAR S;; primary and overmode characteristic
resonant frequency curve shapes and f; (MHz) and power (dB) when device was coated
with ~1.2 pm of PVP ( W/V 1.23%) over top electrode.

S, S,, Notes on
resonant transmitted response
frequency power shape or on
Afy(MHzZ) | A . (dB) Q factor
. Q factor no
Primary mode B
Centre = 325 MHz -1 -<0.5 significant
change
Q factor no
Overmode 1 L
Centre = 700 MHz -2.5 +<0.5 significant
change
Q factor
Overmode 2 diminished.
Centre = 950 -3.5 +<15 and power
MHz responses
attenuated
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Figure 4.8 (C) Effect of PVP (Is) spray loading on FBAR overmode 3 resonance curve
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4.4.4 Experiment 2B Observing the effect of changes in relative humidity on
PVP coated FBAR for the primary resonant frequency and the 1% and 2™
harmonic resonant overmode frequencies.

4.4.4.1 Methods
The polymer coated FBAR device 10A on PCB 13 was tested for responses to A%RH the

humidity range was %RH20 minimum to %RH65 maximum The N, gas stream was
mixed through the dry line only for some time before starting the experiment to stabilise
responses of PVP coated FBAR to dry gas. At t=0 seconds, the humidity meters were
both out of range, and baselines were obtained for this value over approximately 60
seconds, at which point the wet line was mixed into the gas stream to increase the relative

humidity of the gas stream entering the FHA where the FBAR was operating.

Humidity was allowed to rise for a further 90s, bringing the %RH as recofded by the
humidity meters to (~% RH 65). At t=160 seconds, the wet line was closed off, the
humidity meters both displayed rapid decreases in responses falling out of range within
20 seconds indicating that the gas was dried within this amount of time. The experiment

was left to run in dry gas stream (<%RH20) and was terminated at t=200 seconds.

Direct comparisons on the effect of humidity change over the primary or fundamental
resonance frequency and the harmonic resonance overmodes of the FBAR were made. So
this process was performed initially with the NA span set to encompass the FBAR
fundamental resonance mode (~ 323 MHz,), then repeated whilst centred around the 1%
(700 MHz) and 2™ (953 MHz) harmonic overmodes. Responses were recorded as XY
scatter graphs showing FBAR fym) vs. computerised humidity meter responses (%RH)

over time (s) for each of the resonance modes.

The FBAR recorded data resolution®' was decreased substantially from the settings used
in experiment 1. The number of collected data points was decreased from 1601 to 801,

this had the effect of decreasing the amount of time required for the network analyser and

¥ The resolution in this case means (i) point to point minimum spacing between successive iterations (See
Table 3.1) and (ii) The noise floor compensation from the IFBW settings ( See Figures 3.13 and 3.14)
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the computer to complete an iteration. The span frequency was increased to 20 MHz and
the IFBW sensitivity was reduced by increasing the setting from 300 Hz to 1000 Hz this
further decreasing the time required to complete the iteration.. These settings were
modified to attempt to bring data points for FBAR into the trace during the limited time
window (~ 10-20s) in which rapid responses were observed from the FBAR and the
humidity meter in response to changes in relative humidity. The FBAR actual data points
could then be compared directly with data points from the humidity meter during the a

linear segment of the trace.

A number of settings were attempted (results not shown).The setting parameters shown
below represented the best balance, where a relatively high degree of sensitivity was still

maintained whilst increasing the time resolution of the responses.

The settings for experiments (2A) & (2B) were:

Centre Frequency MHz: (i) 323 MHz, (ii) 700 MHz, and (ii) 953 MHz
Span Frequency: 20.0 MHz

Points in sweeps: 801

IF Bandwidth: 1000 Hz

4.4.4.2 Results

Figures 4.9 (A), 4.9 (B) and 4.9 (C) shows the effect of A%RH (range = 20%-65%) on
the N, gas flow (>150SCCM) over PVP (~1.2um thickness) coated FBAR for the
primary or fundamental resonant frequency and the 1% and 2" harmonic resonant

overmode frequencies respectively.

The dry gas (< %RH20) flow was used to establish baseline responses for the primary
and overmodes for 60 seconds before allowing the humidity of the gas to rise to( ~ %RH
60) over a further 90 seconds. At ~ t= 150 s, the wet line was closed and both FBAR and
humidity meters confirmed this change by responding within a few seconds to the
decrease in the relative humidity of the N, gas stream whilst the FBAR was seen to

respond by rapidly increasing its S;; series resonant frequency to a value close to the
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original dry base line value within 10s, and the humidity meter falling out of range

(<%RH20) within 20s. The results are tabulated in table 4.3 below.

Table 4.3 Change in FBAR S, series resonance responses fo(m) (MHz) from dry gas
(<%RH 20) to high humidity in N gas (%RH65) flowing over FBAR sealed in the FHA.

Frequency Frequency
(MHz) @ (MHz) @ .
Humidity Humidity “Mo(MHz) | % change
(<%RH20) (%RH65)
Fundamental 32373 323.3 0.43 0.133
mode
Overinode 699.4 698.23 1.17 0.167
Overénode 951.4 949.3 2.1 0.221
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4.4.5 Experiment 3 Reproducibility tests
4.4.5.1 Methods

Once it was clearly established that the FBAR was sensitised to measurand (water) by the
addition of the sensitising (PVP) layer, it was desirable to establish the reproducibility of
the responses. This was achieved by cyclical exposure (23 cycles over 850 s) of the PVP
coated FBAR to low levels (<%20) and high levels (~maximum %RH 56) of humidity in
the gas stream. The device was allowed to stabilise in high humidity for some time, at t=0
the humidity was high (~%RHS5). Every 30s, the humidity was varied by closing and
- then opening the wet line. On the 16" wet/dry cycle, the wet in line was left on for 1
minute, two more wet/dry cycles were performed before leaving the wet line switched on

for approximately 2 minutes until the experiment was terminated at ~ t=850s.

The responses of FBAR to successive iterations of wet/dry cycling were recorded and
presented as 3 graphs for (a) frequency (Hz) (b) power (dB) and (c) Q factor, these are
overlaid with the humidity values as recorded by the humidity meter for comparisons as
multiple scatter graphs over time. Graph of minimum responses to high and to low
humidity exposure for FBAR frequency per iteration was constructed manually from the

recorded data to show the decay of f; over time (~850s).

The settings for the reproducibility tests were,

FBAR Device 9 on PCB 7
Centre Freq MHz: 690.
Span Freq MHz: 25.
Points in sweeps: 801

IF Bandwidth: 1000
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4.4.5.2 Results

Figure 4.10 (A) shows the polynomial fitting of the measured response of FBAR Sy
series resonance frequency (Hz) over ~850 seconds to 23 cyclical variations of high
(~%RH 55) and low( ~%RH35 -25) humidity®>. The FBAR f; value is seen to rise when
the humidity is decreased to (%RH 36), (-Af = ~0.85 MHz ) corresponding to (~A%RH
20.)

This pattern rising and falling £, was cyclically demonstrated as reproducible over the
entirety of the test. However a clear decay in the FBAR frequency minima on each
successive wet cycle is visible on the graph, this is shown as a manually generated graph,.
(See Figure 4.10 (D)).

Figure 4.10 (B) is a graph of the polynomial fitting of the minimum S,; power
transmission of FBAR under identical conditions as those of (Figure 4.10 (A)). A trend
spanning roughly (0.5 dB) per wet/dry iterative cycle is visible and this compares well
with both the humidity data and the FBAR frequency data, but note that the power
transmission response is improved (i.e., more negative, less transmission) during the dry
cycle corresponding to a frequency rise. The converse is true when the humidity is
increased. A similar decay pattern in power response can be seen but this time it

represents subsequent drying cycles rather than wetting or humidifying cycles

Figure 4.10 (C) shows theQ factor response calculated at the 3 dB bandwidth. The Q
factor changes by approximately 100 Q units per wet/ dry cycle, indicating that there is
significant damping of the characteristic FBAR resonant frequency curve during its
exposure to high humidity gas flow. The response is seen to change rapidly and compares
well with humidity rates of change and can be aligned almost perfectly to both Figure
4.10 (A) and (B). The decay seen in Figure 4.10 (A) and (B) is also apparent in the Q

®2 The requirement for manual adjustment of the wet/dry mixing taps meant inevitable error in humidity
control when changing the sample and repeating the experiments.
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response, but increased quantisation of the data make it much more difficult to observe

on the graph.

Figures 4.10 (D) and 4.10 (E) are manually generated XY scafter graphs created by
obtaining the minimum frequency values of FBAR in response to wet cycling at
~%RHS50 and dry cycling at (~%RH 30 ) with (error ~ + %15)) They demonstrate the
decay in response of FBAR highlighting the poor reproducibility of FBAR to successive
wet/dry cycles.

The maximum total error over ~850s and 23 wet/dry cycles is roughly (200 kHz), this is a
substantial error when‘considering the maximum change in FBAR resonant frequency
over the maximum humidity ranges was only (850 kHz) at a nominal operating frequency
of (~ 700 MHz). There was no immediately obvious frequency decay pattern observed
for the FBAR on its return to low humidity from the graph (4.10(A)), but manual
processing of the data did reveal a small (~47 kHz) rise in frequency over the '23 wet/dry
cycles. The R linear trends for both wet and dry FBAR frequency reproducibility decay
rates are in good agreement. They are shown separately to highlight the response decay

trends which are occluded if they were to be presented on the same sheet. (See figures
4:10 (D) and 4.10 (E))
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4.4.6 Experiment (4A) Effect of increasing PVP film thickness on FBAR
characteristic response

4.4.6.1 Methods

FBAR, device 11 on PCB 2 was characterised in the FHA without a lid or a gas flow,
first without any PVP coating with 801 points over a 5 MHz bandwidth span for and then
characterised for 2, 4, 30 and 100 PVP spray passes of roughly 1 second of time per pass
with the same settings. The shapes of the S;; resonant curves were examined and XY

scatter graphs plotted as S,; power transmissions over frequency for each spray pass.

4.4.6.2 Results

The results from the graph in Figure 4.11 show that there is both frequency drop (-Afy ) as
well as S,; signal power attenuation (A +dB) due to increased loading of polymer. There
is slight improvement of power transmission® (~ -0.1 dB) on the first (2 seconds) pass,
but a decrease in Q factor along with decrease in FBAR S,; resonant frequency. (-Afp=~
0.8 MHz). However, when the spray coat was deposited for 4 seconds (thickness not
measured due to Dektak servicing) there was a significant decrease in Q factor along with
significant attenuation of the S,; transmitted power signal (~ +1.6 dB). A change in
power responses as large as this is very unlikely to have been a result of non identical

PCB screw tightness from manual replacement of the board into the FHA.

When the PCB was passed through 30 passes of the polymer spray, the signal was,
appreciably damped. ( ~ +5.5 dB) and the characteristic resonant frequency shape altered
significantly enough to effectively make a 3 dB bandwidth Q determination impossible.**
An approximation of the numerical value for f; for the 30 spray passes (i.e., 30 seconds of
total load) is (~ 677.7 MHz), representing a frequency decrease of approximately (4.2
MHz) from the 4 second load.

% The small measured improvement in S21 power transmission (dB) is likely to be related to a better
contact with the PCB to the earth plane and cables, since it will be remembered that manual adjustment of
the screws was necessary each time the PCB was removed and replaced.

** In cases such as this i.e., where the S,, resonance curve is less than 3 dB it would be necessary to invoke
the dB bandwidth cut-off function to obtain a calculated Q value for the response
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The 100 s spray pass shows a response characteristic (shape, Q and frequency) very
similar to the 30 s loading, suggesting that 30s loading, or less, represents the 7pm limit
of PVP thickness deposition using the spray coating method, adding more spray passes
likely merely increases the total amount of polymer over the planar area of the die but
does not influence the important influential parameter of PVP layer thickness over the

working area of the FBAR.

— UNLOADED

— 2 Spray passes

-19 4 Spray passes
30 Spray passes

20 — 100 Spray passes
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Figure 4.11. Effect of successive (0, 2, 4, 30 and 100) Pvr loadings (1 second spray
passes) on the characteristic resonant frequency span shapes of FBAR. S21 (801 points 5
MFIz span) Ambient laboratory conditions.
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4.4.7 Experiment 4B Observing the effect of change in relative humidity on
FBAR Af; (Hz) with increased PVP (W/V 1.23%) loading times.(2 -30
seconds)

4.4.7.1 Methods

The device was spray coated with PVP for 2s, 4s, and 30s. To allow the system to settle,
the dry line only was used, drying the PVP coated FBAR and the insides of the housing

chamber for some time (~20 minutes) before the start of the data recording.

At t=0 seconds the response on the humidity meter was (<%RH20) therefore out of
range, and indicating a dry gas flow. At roughly 120 seconds, the wet line was mixed into
the dry line to bring the humidly up to ( ~%RHS5S5), over approximately 100 seconds. At
t=250 seconds, the wet line was closed, and the humidity of the system was allowed to

fall until the experiment was terminated at t= 400 seconds.

An XY scatter graph of FBAR f; vs. humidity (%RH) over time was produced for a 2, 4
and 30 second loadings of PVP. The thickness of the layer was not measured with the

Dektak due to service issues.

4.4.7.2 Results

The results from experiment 4B shown in Figure 4.12 indicate that the thicker the PVP
film thickness, the lower its Sy; series resonance frequency was from that of the uncoated
device under the same conditions, this of course, represents in increase in mass loading

from the PVP sensing layer.
The S,; series resonance frequencies were, (684.55 MHz) for a 2 second load, (682.29

MHz) for a 4 second load and (678.31 MHz) for a 30 second load. The humidity change
was from (<%RH20) to (~%RHS5). The results are tabulated below in Table 4.4.
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Figure 4.12 Effect on FBAR S21 series resonance frequency over time from increased
thicknesses of PVP (WV 1.23%) in N2 gas stream (>150SCCM) containing various
amounts of water vapour. Minimum (<%RH 20) Maximum (%RH 55.2)

Table 4.4 FBAR Sz series response frequencies for different spray loadings of 1.23%
W/V PVP measured in high and low humidity.

/o(MHz) in /o(MHz) in -Af (kHz) from
low humidity high humidity low to high
(% RH < 20) (% RH ~55) humidity
2s PVP Spray 684.507072 684.389824 117.248
Pass
4s P\I’)zsgpmy 682.286656 682.008448 278.208
30s PVP Spray 678.30144 677.664576 636.864

Pass
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4.4.8 Experiment (5) Observing the effect of change in relative humidity on
FBAR Af, (Hz) when using high molecular weight ((130,000 Mr)
(WV%11.07)) of PVP on FBAR for 0, 1, 2, and 5 seconds of spray pass time.

4.4.8.1 Methods

The molecular weight (mr) of the PVP stock used to make the spraying solution was
increased from 40,000 to 360,000 i.e., a heavier batch représenting an increase in the
length of the polymer chain. Therefore, the W/V ratio in solution was increased from
W/V =1.23% as used previously to W/V =11.07 % when 0.1g of the mr 360,000 stock
powder was dissolved in 10 ml of pure methanol and transferred to the spraying gun
according to the methods (4.3.2) The actual thickness of the high molecular weight layer
could not be established.®” The FBAR was characterised on its second overmode, since
this particular resonance gave the best responses in terms of S,; power transmission. (i.e.,
the most negative). Since the polymer was now assumed to cause significant attenuation
of the FBAR resonance curve due to damping, this overmode was chosen rather than a
higher frequency overmode with less desirable characteristics response in the power
domain. Graphs of frequency (MHz) vs. power (dB) are shown to highlight the effect of
loading the polymer on FBAR in terms of the characteristic shape of the S;; resonant
curve, This was important to show directly the effect of polymer as a (i) mass load i.e.,
decreasing the FBAR resonant frequency, and as (ii) a signal attenuator due to the lossy
(non ideal mass loading) nature of the soft layer, The spans were taken over a (5 MHz)
bandwidth, with (801) data points per trace.. The number of data points per trace still
precludes the use of symbols or dotted lines to distinguish between the data sets, and
critical reliance is therefore still placed on the use of coloured lines to distinguish

between the data traces.

Because the addition of moisture to the PVP layer was assumed to make it softer and
hence, more lossy, a separate graph of polymer loading in dry (<%RH20) vs. highly
humid conditions (~%RH60 ) was created for a resonant frequency curves to show the

effect that humidity was having on the characteristic shape. The 2s and S5s loadings were

% Dektak surface profile apparatus and AFM were both offline due to servicing issues.

235



chosen arbitrarily to show the effect. The spans were taken over (5 MH)z bandwidth,
with (801) data points per trace.

The device was exposed to a variation in humidity for each PVP loading. The dry gas
was run for some time (20 minutes) before starting the data acquisition, so at t=0 seconds
the humidity meter read (<%RH20), indicating the N, gas stream was dry. This was done
to allow the PVP to dry-out any moisture that it had adsorbed from the ambient
conditions in the laboratory during its initial loading onto the FBAR. At t =120 seconds,
the wet line was opened and mixed into the dry line to allow the relative humidity of the
gas stream to rise. Humidity rose to (%RH60) within 1 minute. At t=250 seconds, the wet
line was closed and the experiment was allowed to run in drying phase until its
termination at t=400s. Multiple scatter graphs of frequency vs. humidity over time are
shown. Gas flow rate was steady (>150 SCCM) and temperature was set to 1°C above
room temperature and stabilised (<+ 0.1 9C) to ensure that the FBAR responses were not

influenced by temperature change.

The settings were;

Hx]

BAR Device 8 on PCB 14,
entre Frequency 756 MHz
Span Freq (MHz): 5.0
Points in sweeps: 801

iF Bandwidih: 1000

Scattering: S21

N

4.5.8.2 Results

The result in figure 4.13(A) shows that increasing loading times, i.e., more spray passes
representing a thicker film of PVP on FBAR top surface electrode decreased the S
series resonance frequency indicating the presence of increased mass load, but it also
attenuated the S;; power transmission signal, and decreased the reported 0.5 dB Q factor
indicating that the presence of a lossy material attenuates the high frequency acoustic

wave as it probes the foreign layer.
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Table 4.5 Effect of increased PVP ( WV%11.07) spray times on FBAR S5, series
resonant frequency (MHz) power transmission (dB) and 0.5 dB bandwidth® Q factor in a
dry N gas stream (>150 SCCM) with temperature stabilised <+ 0.1°C.

S,1 power 0.5dB A, +AS,, power | -A0.5dB
fo(MHz) | transmission | bandwidth M‘;)Z) transmission | bandwidth
(dB) Q factor (dB) Q factor
No PVP
WPNE | 158769 | 8475 1896.718 - ] i
AsPVP | ooog06 | -8.103 1727353 | 2963 0.372 169.365
spray pass
25PVP | o355 | 7.4078 1452416 | 5219 1.068 444302
Spray pass .
SPVP 148640 | -5.841 5813574 | 10.119 2.635 1315361
spray pass

The result in figure 4.13 (B) shows for the responses of FBAR initially in the presence of
2s and 5s PVP loads in dry (<%RH 20) gas flow. The FBAR with PVP 2s and PVP 5s
loads was then exposed to high humidity (%RH 60) gas flow and the results are
compared with the original low humidity values. The Gas flow rate was stable

(>150SCCM) and temperature stabilised to within + 0.1°C.

The responses for Sy; series resonance frequency (MHz), power transmission (dB) and

0.5 dB Q are shown in Table 4.6, as numerical values obtained directly from the spread

sheet data used to construct Figure 4.13(B)

% NOTE — The Q factor (f,-f; / f.) in this test was measured at 0.5 dB bandwidth. This exaggerates its real
3 dB bandwidth value It was necessary to perform this routine as some of the resonance curves that were
utilised for analysis did not posses a peak with at least a 3 dB bandwidth signal. This useful function of
mutable Q bandwidth was written into the R.01 analysis software and was not a function that could be

performed by the network analyser alone.
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Table 4.6 FBAR responses (S, series resonance, S; transmitted power and 0.5 dB bandwidth Q
factor) to 2 and 5 seconds spray passes of PVP in low humidity (<%RH 20) and high humidity
(%RH 55) N, gas streams (>150SCCM) Temperature stabilised <+ 0.1 °C

SMHz) | /(MHz) | Sz Sn Qfactor | Q factor
. transmitted | transmitted | in low in high

low high ower wer humidi humidif -5 +ASy 5dB
humidity | humidity {’_dB) Tow ffm) high o Y| iz | wansmitted g"f;wir

0 . humidity | humidity | (PRH< | (% RH from | power(- | g0 10w
(%RH< | (% RH 20) ~55) low to dB) from | * "
20) ~55) (%RH (%RH~S5) high | lowtohigh humi’d%h

<20) humidity | humidity ty

2s

spray | 753.4452 | 751.5716 | 7.4782047 | 5.96013212 | 1452.424 | 626.3096 | 1.8736 | 1.51807258 | 826.1144
pass

Ss

spay | 748.5093 | 744.1057 | 5.8466076 | 4.7541961 587.0662 | 262.2399 | 4.4036 1.0924115 | 324.8263
pass

The shapes of the Sy; curves in Figure 4.13(B) show not only the S,; series resonance
frequency drop that would be expected from the addition of a mass loading, which in this
case is from the addition of extra water in the PVP, but the responses also show
significant Sy; power transmission attenuation and Q factor attenuation. The hydration of
the polymer makes it more lossy, the drying of the polymer makes it less lossy. In
general, this is the response expected from the interaction of an acoustic probe wave with
a lossy polymer due to acoustic attenuation. The addition of extra mass/thickness of
polymer is evident in Figure 4.13(C) by virtue of the decrease in S,; series resonance
frequency in low humidity gas stream for each of the passes. The response to increase in

humidity of the N, stream is amplified with each spray pass. The results are shown below
in Table 4.7
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Table 4.7 Effect on FBAR S, series resonance frequency from high and low humidity N, gas
streams with 0s¥’, 1s, 2s, and 5s PVP spray passes. Gas flow rate was >150SCCM) and
temperature was stabilised <+ 0.1 °C.

Jo (MHz) in low | fo (MHz2) in -A fo (MHz)

humidity high humidity | from low to

(<%RH20) (RH%60) high humidity
No PVP Load 758.9900 758.5476 0.4424
1s spray pass 755.7168 754.6986 1.0182
2s spray pass 753.4471 751.5140 1.9332
5s spray pass 748.5176 744.1057 % 4.4119

87 1t will be noticed that A £, for the unloaded (0s) sample was considerably higher (44.2 kHz) than exnected
(~12 kHz) as seen figures 4.5a and 4.5b. A probable explanation for this discrepancy is in the possibility
that the device became contaminated with residue of PVP spray during the coating procedures on other
devices.

8 The reason for the slight increase in f; whilst the 5s load was exposed to (%RH60) is not clear but may be
due to some swelling of the polymer layer as it expands over time in the presence of humidity and thus
effectively decreases the density presented to the acoustic wave probing the material.
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Figure 4.13 (A) Effect on FBAR S21 characteristic resonance frequency span shapes
from spray coating FBAR with PVP (WV%11.07) for 0, 1,2, and 5 seconds. (5 MHz)
bandwidth. (801) points per trace.) (N2Gas flow (>150SCCM) (Low < %RH20))

-3

3.5
4.5
%)
5 .55
£
a -6
65 2s PVP Load in %RH <20
2s PVP Load in %RH -60
5s PVP Load in %RH <20
7.5 5s PVP Load in %RH -60
-8
743 747 751 755

Frequency (MHz)

Figure 4.13 (B) Effect on FBAR S21 characteristic series resonance frequency span
shapes from PVP (WV%11.07) spray coated (2s and 5s ) FBAR in low (<%RH20) and
high humidity (~%RH 60). (5 MHz) bandwidth, (801) points per trace.) (N2Gas flow
>150 SCCM)
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Fig 4.13 (C) Effect on FBAR S21 series resonance frequency (Jo) over time ( t=400
seconds) from increased loading times of PVP (WV%11.07) in N2 gas stream
(>150SCCM) containing various amounts of water vapour. Minimum (<% RH20)
Maximum (% RH60)
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4.4.9 Experiment 5B Observing the effect of change in relative humidity on
FBAR Af, (Hz) when using high molecular weight ((130,000 Mr)
(WV%11.07)) of PVP on FBAR when drop cast and with reduced gas flow
rate.

4.4.9.1 Method

PVP was drop cast onto the FBAR instead of using the spraying method. This method
gave a smoother coating profile than spray coating, the maximum thickness that could be
obtained with this method was ( ~4 pm). A (100 pl) aliquot of PVP in methanol was
deposited with a Gilson pipette directly on to the top gold electrode working area of the
wire bonded FBAR and the solvent was allowed to evaporate off (~10 minutes) before

the PCB was inserted into the FHA for RF testing with the network analyser.

The gas stream was directed through the dry line for some time (~10 minutes) before
starting the recording phase of the experiment so at t=0 seconds, the humidity recorded
was (< %RH20). At t=60 seconds the N, was manually redirected through the wet line
and the humidity was allowed to increase until =180 seconds, where it reached a
maximum of (%RH 38%). At this time point the gas stream was redirected through the
drying crystals, i.e., the dry line, until the experiment was terminated at t=400 seconds.
The gas flow was (<< 70SCCM.) representing a much reduced gas flow rate as used in

previous experimental methods.

The settings were

FBAR device 9 on PCB 8

Centre Frequency (MHz) 657.0 MHz
Span Freq (MHz): 20.0

Points in sweeps: 1601

IF Bandwidth: 1000

Scattering: Sy;
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4.5.9.2 Results

This result shown in figure 4.14 (A) ran contrary to all previous PVP coated FBAR
humidity test results. The S,; series resonance frequency of the FBAR is seen to rise by
(+Afo = 2.75 MHz) when exposed to increasing humidity in the gas flow over the range
(min <%RH20 max %RH38) but whilst still in the humidifying phase of the test the
frequency of the FBAR is seen to begin to fall at ~=100 seconds by 0.5 MHz over the
following 50 seconds or so Upon drying of the gas stream (<%RH20), the frequency of
the FBAR did fall, but did not return to its original dry state value remaining at (~659.8
MHz.) until the end of the experiment at t=400 seconds.

This may be due to either loss of polymer material from the surface, swelling of the
polymer, effectively decreasing the mass load presented to the FBAR or a reduced
adhesion of the polymer on the FBAR surface or a combination of all of these effects.
See figure 4.14(B). The effect of the much decreased flow of gas can be seen to be
influencing the time that taken to decrease the humidity, in previous tests where the gas
flow rate was >150 SCCM, when the wet line was mixed out to give the dehumidifying
phase of the experiment, the humidity would fall to <%RH20 in less than 20 seconds, but
figure 4.14 shows that the time taken for the humidity of the gas to reach <%RH20 was

~90 seconds.
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Fig 4.14 (A). Effect on FBAR S21 series resonance frequency (fo) from drop cast PVP
(WV%11.07) in gas stream (<70 SCCM) containing various amounts of water vapour.
Minimum (<%RH20) Maximum (%RH38) over time (t=400 seconds)

Polymer on Water penetration
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Reduced' “Diffuse”
adhesion polymer layer

Film

swelling

Figure 4.14 (B). Effect of hydration on polymer. Adapted from H
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4.4.10 Experiment 6 Device reusability.
4.4.10.1 Methods

During the course of experimentation, regardless of the amount of care taken, damage to
the devices was inevitable®®, as a result the number of FBAR wire bonded samples
delivering high quality responses required became limited. For this reason, it was decided
to conduct experiments to see if the devices could be reused after PVP layering by
removing the polymer and returning the device responses (Sy; fy, transmitted power, and
Q) to their original uncoated values. Since devices were becoming limited at this stage,
an FBAR with a severe spurious mode was chosen as it was not considered particularly
useful for actual calibration studies and could be sacrificed without interfering with
overall humidity test progression if the regeneration study showed that it was not possible
to reuse devices. This proved to be a fortuitous decision because the spurious mode of the
FBAR in the uncoated state could be used as a kind of signature pattern in the shape of
the response in addition to the frequency®, power and Q for the uncoated state. This will

become clearer as the argument presented in this section develops further.

An uncoated FBAR was characterised and its responses were recorded. The PCB was
removed from the FHA and the device was then sprayed with PVP and responses for the
PVP coated device were recorded after reinsertion into the FHA. Under the protection of
a fume cupboard, the delivery heads of the spray coating system were then thoroughly
washed in copious methanol, and a brand new, unused delivery cartridge was used to
hold the solvent. The PVP coated wire bonded FBAR on PCB was removed from the
FHA and under protection of a fume cupboard was then sprayed with copious methanol,
and the methanol liquid was forced off the surface of the device before it had time to
evaporate with a fast moving N, stream. This was done to ensure that the possibility of
the methanol leaving a dry residue that would be detected on FBAR as a mass load was
avoided. Care was also taken not to dislodge or alter the shapes of the delicate wire bonds

as this would be likely to subtly influence the final result. Great care was also taken not to

¥ For example cyclical heating and cooling of devices could cause the bonds to fail, or repeated exposure
to solvent could also cause the bonds to fail.

*® Frequency of the response was difficult to determine with a high degree of precision due to the presence
of the spurious mode of resonance.
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pop the piezoelectric membrane as this would render the experiment void. The washing
process was repeated 3 times and then results for cleaned FBAR were recorded. A scatter
graph XY of S;; transmitted power over Sy; series resonant frequency was produced to
show the effect of loading the FBAR éharacteristic resonance curves with PVP over
various thicknesses and cleaning the FBAR with methanol for removal of the polymer
film. The original response of the FBAR when it was uncoated was used as the control

value to which an ideally cleaned FBAR would return.

4.5.10.2 Results

The device that was chosen on which to perform the reusability test possessed a spurious
mode, this mode is clearly visible in the trace of Figure 4.15 for both the unloaded sample
and the same sample affer it had been cleaned of the PVP layer with methanol This
returned the cleaned device response with characteristic spurious modes returning to its

original uncoated profile.

The results shown in Figure 4.15, therefore indicates that the device was successfully
cleaned, the PVP being removed with methanol solvent leaving little or no residual traces
behind and implies that the PVP coated FBARSs are reusable with this cleaning regimen.
The 0.5 second loading did not cause an overall frequency of the FBAR to fall, but it is
difficult to precisely determine what the actual value of the resonance frequency of the
FBAR is; this difficulty can be attributed to the presence of the spurious modes giving
two equally valid £ data points, one of which appeared to be suppressed by the addition
of the polymer film, in essence, polymer loading on the FBAR surface gave a single f,
value over the lower frequency spurious mode. It appears that the presence of the
polymer on the surface of the FBAR has interfered with the continued presence of the
higher frequency spurious mode because the 0.5 s loading frequency can now be
determined (1.793 GHz) since there is just one resonant peak. Loading the sample with
0.75s spray improved the Sp; power responses by (~ 2.2 dB), caused the Sj; series
frequency to fall by ~ (-9.5 MHz) to give f; at (~1.783 GHz) and the spurious mode

visible in the original trace is completely suppressed, indicating that all of the lateral
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shear wave motions are cancelled in the FBAR in the presence of the PVP polymer with

film- thickness ~1 pm.

-10
5-20
a Before PVP Loading
PVP Load (0.5s)
PVP Load (0.75s)
After PVP Removal with
Solvent
-30 -
1770 1780 1790 1800 1810 1820 1830

Frequency (MHz)

Figure 4.15 Effect on characteristic response shapes of FBAR before loading with PVP,
during PVP loading , 0.5 seconds and 0.75 seconds exposure to spray and finally the
removal of PVP with methanol. (No gas flow)
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4.4.11 Experiment 7 Confirming the suppression of FBAR spurious modes of
resonance resulting from the addition of a spray coated PVP film onto the
FBAR top surface electrode.

4.5.11.1 Methods

The results from Experiment 6 shown in Figure 4.15 unexpectedly gave indication that
the loading of PVP polymer on to the FBAR top electrode surface was interfering with
and suppressing the unwanted spurious modes. These were thought to be generated from

lateral/shear modes of excitation in FBAR.

Work.has been active in our department to reduce the presence of these modes as they are
detrimental to the quality of the final FBAR output responses, so this suppressive effect
even though it was not strictly part of the humidity sensing experiments envisioned
within the work plan of the FBAR sensor project was seen as non-trivial and worthy of
further investigation from a purely experimental perspective, because potentially it could
serve to improve the functionality of overall FBAR performance in general. Experiment 7
was done to check that the result in Experiment 6 was not anomalous and that the
cancellation of the spurious modes could be repeated with the addition of PVP films on

FBAR surfaces.

The FBAR, device 3 on PCB 16 was taken from storage. It was known from previous on
die or wafer measurements to be afflicted by spurious modes, it had been wire bonded in
error, and was certainly not envisioned to be used in the sensing tests. The wirebonded
device clearly possessed a spurious mode when uncoated. This spurious mode was so
severe as to make an estimation of f; for series resonance difficult, perhaps having to give

two equally valid f; values if attempting to describe it.

The PCB was placed into the FHA and the uncoated device was characterised and
responses were recorded. The device on its PCB was removed from the FHA and a very
brief (< 0.25 seconds) PVP spray coating was applied in the fume cupboard. This time
period represented the shortest interval that it was possible to coat the device for using

the manual coating methods already established.
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The responses were recorded after re-inserting the device into the FHA. It was removed
once again, and PVP spray coating was re-appliéd for approximately the same time
interval to give a total spraying time of 0.5 seconds, it was reinserted into the FHA and
the responses were recorded. The characterisations were performed without a gas flow or

temperature stabilisation, so ambient laboratory conditions can be assumed.

Traces of the characteristic responses of FBAR were produced as XY scatter graphs of
S21 transmitted power over frequency to observe the effect of the polymer load on the

spurious mode afflicting the device.

4.5.11.2 Results

Figure 4.16 shows that the uncoated FBAR device was clearly afflicted by the presence
of a spurious mode, this effectively split the resonance frequency into two separate
responses the lower more powerful response being placed at ( f 1797.125 MHz with
transmitted power at -28.654 dB) and the higher frequency less powerful response at (f;
1805.750 MHz with transmitted power at -25.882 dB)

With the addition of a very brief (<0.25 s) spray exposure, the response showed some
suppression of the spurious mode with an over all damping of the entire signal but it
retained the characteristic signature of the unloaded response in that the original shape
was still visible with spurious mode still manifest. At this stage, it was still impossible to
make a clear value decision for f; since two are still visible. With the (0.5 s) exposure
time, the spurious mode is completely suppressed hence f; is easy to estimate at

(~1786.625 MHz and a power response of -27.989 dB ).
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Figure 4.16. Effect of <0.25s and 05s PVP loading times on FBAR device 3 on PCB 16
top electrode surface and the subsequent suppression of spurious modes. (No gas flow)

250



4.5 Discussion.

The spray coating method was prone to errors (~20%) in estimation of the thickness of
the film due to an extremely roughly presented polymer surface when dried. This
spraying method was used to ensure the safety of the limited supply of wirebonded
FBAR device modules. Spin coating would have given a more controllable thickness and
likely a much smoother finishing profile. The spray coating method was acceptable for

the range of tests that were performed.

The use of the 2™ order polynomial fitting efficiently removed noise from the output
responses and therefore increased the resolution of the final measurement when the actual

measured data was omitted from the chart.

The responses of both thermocouples and both humidity meters were in good agreement.
This gave confidence that the recorded humidity data was accurately reporting the true
humidity levels in the gas stream. It also showed that the temperature stabilisation
methods used were good enough to stabilise the FHA and therefore the FBAR to
(<0.1°C), ensuring that any responses from FBAR were not due to fluctuations in
temperature, since previously it had been shown that the FBAR was responsive to

changes in temperature as small as 0.1°C.

Experiment 1A demonstrated that FBAR was responsive to changes in the humidity of
the gas stream even without the presence of a sensitising PVP coating on its top
electrode. Experiment 1B showed that the baseline responses for FBAR S;; transmitted
power and f; were more stable without the presence of the foreign film but this was likely
to be the result of continued removal of moisture from the layer which remained from
hygroscopic hydration during the initial coating stages which were performed in ambient
laboratory conditions. The fall in frequency was of course related to the mass of the
additional polymer, but since the bulk modulus of the film is not known, making an
estimation of the actual mass deposited would be error prone since it is a far from ideal

(perfectly elastic) mass load. Experiment 1C showed that the sensitivity of the device to
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moisture was greatly enhanced with the addition of a film of ~1.2 pm of the hygroscopic
polymeir layer at a relatively low (1.23%W/V) concentration. The fact that the resonant
frequency of the FBAR did not return to the original dry values indicates that there is

response from persistent water retention in the layer.

Experiment 2A examined the effect of the polymer load on the characteristic response
shapes of the FBAR S,; series resonance curves in primary and overmode harmonics.
The increase in total frequency decrease from higher overmode harmonics was not
unexpected. However, the effect of the loading on Q factor only becoming apparent at the
950 MHz overmode was not expected and this may be indicative that the effects of
loading are amplified at higher frequencies. Experiment 2B examined the effect of
humidity changes on PVP coated FBAR S;; (fy) responses. The results clearly
demonstrated that the higher overmode harmonics were more sensitive to changes in
humidity on the same device under very similar conditions, that is total change in Hz per

unit measurand.

Once it had been established that the FBAR was more sensitive to exposure to humidity
when coated with PVP, Experiment 3 was designed to show how reproducible the results
were. A clear decay in the iterative response of the FBAR is evident. Here two factors
come into effect and must be considered separately. The first is the decrease in Sn series
resonance frequency response per iterative wet cycle and the second is the increase in Sy;
series resonance frequency response per iterative dry cycle. These results can be
explained if it is assumed that on each wetting phase, some of the polymer is dissolved
away close to the surface of the layer. On the successive dry cycles, the small increases in
frequency are most likely due to decrease in mass loading as a result of the polymer
dissolving away from the main body of the deposited film on the FBAR working area.
However, on the successive wet loading cycles, the much larger decay is due to the fact
that the missing polymer is no longer available to hold the additional moisture, so the
response is due not only to the loss of a small amount of surface polymer, but also to the
loss of the mass contribution that would be made by the water if the polymer were still

present to adsorb it. Transmitted power follows the same trend as the Sj; series
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resonance, but in the opposite direction and Q appears to follow the same trend as the Sy;
series resonance in the same direction, but increased quantisation of this data make firm
conclusions about this somewhat difficult. The responses of Q and power decay are not
fully understood at present, they are likely due to changes in the bulk modulus of the PVP
film when hydrated/dehydrated, in its hydrated state the polymer film likely becomes
softer, hence more lossy and this serves to attenuate the acoustic wave as it probes the
film which is turn reflected in the decrease the performance of the S21 power
transmission characteristics ( i.e., increasing and moving toward 0 dB) All that can be
said at present is that the Q factor falls when the polymer is hydrated, indicating a more
lossy material and damping of the resonance curve due to this. In the future it may be
possible to calibrate this phenomenon and exploit it in more strictly controlled
rheological studies. The responses of Q and power are shown additionally to f to
highlight the different ways in which FBAR can deliver information about the changes in
the propagation of its probing wave into the sensing layer. At this stage a deep
exploration of the G and G’ states of the polymer is not possible since the PVP bulk
modulus and viscosity remains unknown and the calculations involved linking the BVD
resistor (loss) values to the model are likely to be impossible without these values. A
precise analytical model probably does not yet exist as a complete derivation in the
literature since nearly all the research work on polymer modulus state changes has been
preformed at lower frequencies on devices operating in thickness shear mode. The effects
of high frequency longitudinal acoustic probe waves on the rheologies of materials is still

largely unexplored at present and likely offers a fruitful research path.

Experiment 4A was designed to show the effect of increasing the mass loading influence
on the FBAR characteristic resonant frequency curves by increasing the spray pass
number and therefore increasing the total loading time and hence the thickness of
polymer film attached to surface of the FBAR. Once these responses were, the effect of
humidity change on the FBAR characteristic resonance response shapes with various
thicknesses of PVP was demonstrated. As expected, there is both frequency decrease and
power transmission increase with increased polymer load. At above a 30s loading time,

the response of the FBAR was attenuated so severely to make a 3 dB bandwidth Q
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determination impossible. Increasing the spray loading times beyond this point did not
further influence the responses of the FBAR indicating that the maximum thickness load
of polymer which was estimated from the profilometer results at a maximum of 7um, was
achieved in under 30 spray passes. Further tests need to be done to find the actual number
of spray passes required to obtain this maximum thickness, but a more fruitful approach
to this may be gained by spin coating the polymer on to the FBAR if the technicalities of
wire bond fragility can be solved. Experiment 4B examined the relative responses of
FBAR to incrementally increasing PVP layer thickness. As the layer became thicker, the
response of the device to tﬁe same humidity variations increased - with a 4s spray pass
being roughly twice as sensitive (i.e., doubling the absolute frequency change) to

humidity as a 2s spray pass under very similar conditions.

Experiment 5A was devised because it was useful to ascertain whether or not the
concentration of the PVP polymer film, as opposed merely to the thickness of the
polymer film was an important parameter in PVP FBAR coated response to changes in
humidity. It was suspected that it would increase sensitivity to humidity since the
increase in molecular weight of the polymer was due to increases in the polymer
chemical chain length, so this would provide more hygroscopicity per unit volume of
PVP film on the surface of the FBAR. There was some concern that the increased density
of the polymer would damp the FBAR resonance signal, but this was shown directly by
experiment not to be the case. It was unfortunate that at this stage of the tests, access to
thickness profilers (Dektak or AFM) was not available. Although this was a highly
undesirable situation, it was considered more productive to continue with the tests and
make assumptions about the thicknesses of the layer from previous spray time
profilometer calibrations than to halt the tests for lack of the required instrumentation.
The data density on the graphs is rather high, precluding the use of symbols because each
trace on the graph could contain up to 1601 data points. The results show a trend of
decreased S;; series resonance frequency and increasing S;; transmitted power with
additional loading times of polymer. The characteristic response shape of the resonance
curve was examined in low and high humidity and the presence of additional water load

in the attached high molecular weight PVP layer decreased S,; series resonance
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frequency whilst simultaneously increasing the power transmissions, indicating losses.
The increased water load in the polymer from increased humidity in the gas stream has
two distinct effects. The first is the obvious additional mass load represented by the
decrease in fy, in FBAR but the second effect is the change in the physical state of PVP
in the presence of moisture. The significant decrease in Q factor suggest that the layer is
becoming more lossy, most likely indicating that the bulk modulus of the PVP is moving
further away from the ideal elastic state when water adsorbs into the layer. Increasing the
amount of polymer over the working area top surface electrode of the FBAR increased
the sensitivity of the device to humidity. There may have been some slight contamination
of the uncoated FBAR sample with PVP since the response was greater (-Afy 44 kHz)
than the original (-Af, 12 kHz) uncoated sample. The total (%) of frequency change in
response of FBAR was seen to increase from (0.13%) with a 1s load to (0.59%) with a 5s
load.

Experiment 5B gave results that were contrary to all previous tests. The frequency of the
device increased with increase in humidity. This frequency rise (Af =+2.5 MHz) was
substantial. The main difference in the experimental parameters was the flow rate of the
gas <<70SCCM. and the method of polymer film deposition, where drop casting instead
of spray coating was used. A possible explanation for this rising frequency effect is that
the slow gas flow delivered the increasing humidity to the polymer more slowly giving it
time to swell. The key features of the acoustic wave devices (in this case FBAR) for the
purposes of gas-phase sensing is that the measurable acoustic wave characteristics are
altered upon sorption of the analyte onto (i) The surface of the device or (ii) The surface
of the sensing layer (adsorption) or (iii) into the bulk of the sensing layer (absorption) to1,
If the water molecules did absorb into the bulk of the PVP its hygroscopic nature
suggests that it may swell. Upon swelling the effective density of the polymer would

decrease, serving to effectively present the FBAR with, a decreased mass load.
The possible penetration of the vapour may also have interfered with the weak physical

forces involved in binding the PVP layer to the resonating gold surface fo the FBAR. The

fact that the frequency did not return to the value of the original dry state even when the
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humidity meter clearly showed that the gas stream was dry could indicate that there had
been some decrease in the binding of the polymer to the gold electrode surface, another
but somewhat less likely cause for this effect is in that the polymer had dissolved away
and the FBAR was reporting a decreased mass load. The answer to this could likely be
found merely by measuring the thickness of the polymer before and after a set number of

wet/dry cycling phases — a profilometer or an AFM would serve this function well.

It would be prudent to repeat all of the PVP/ Humidity tests outlined above taking gas
flow rate as an additional important calibration parameter along with relative humidity,
polymer layer film thickness and polymer concentration. and of course the method of
polymer deposition onto the FBAR surface. Only in retrospect is the importance of a
definitive value of the gas flow rate obvious. During assembly of the dedicated gas
delivery system, the Rotamer type manual flow controllers were seen as a cost effective
and relatively simple method of controlling the gas flow, but they had some serious
limitations that were not obvious until the apparatus was actually under test. The main
one being that to get a steady flow of gas from the gas out line of the FHA, the flow rate
of the Rotamer controllers needed to be set to a value that was beyond the maximum
value that the Rotamer flow rate indicators could show but not beyond the range of their
ability to deliver that rate, hence >150 SCCM is all that can be said for the gas flow rate
under these conditions. It was necessary to obtain heaver gas flow rate indicator balls to
actually calibrate the gas flow rate, but they were not available in the time frames open to
the project.. If these experiments are to be repeated, it would be probably be best to use
dedicated mass flow controllers since the flow rate of the gas now appears to be an
important measurement parameter since the rate of delivery of the additional moisture to

the hygroscopic polymer seems to serve to markedly influence the response.

Experiment 6 was designed to discover if the dwindling supply of wire bonded FBARs
could be reused after using them for the humidity tests by complete removal of the
polymer coating by re-dissolving it in its carrier solvent and physically removing the
solution with fast moving N, stream. By chance, a device that was not intended to be

used for actual measuring purposes was used for the cleaning tests.. This choice proved to
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be serendipitous for two reasons in that the spurious modes of resonance that it was
afflicted by served to clearly indicate the characteristic response signature shape of the
FBAR when it was uncoated, this greatly assisted in making a comparison between the
uncoated, the coated and he recycled device states relatively unambiguous due to the
presence of the spurious mode. It was shown that the PVP layer could be removed and
the device would return to a state very closely approximating its original uncoated
response. However, what was not expected was the suppression of the spurious modes

when the device was loaded with the polymer later.

Experiment 7 was done to ensure that this suppression was not anomalous and that the
suppression could be repeated. The suppression of the spurious modes was successfully
implemented. The most likely explanation for this is that if the spurious modes are
produced by lateral motions on the FBAR working area, then these shear modes readily
couple into the viscoelastic polymer layer where they are subsequently damped, leaving
only the bulk longitudinal modes to predominate in the FBAR response which probably

do not couple with the layer so efficiently.

All of the experiments outlined in this Chapter, except experiment 7, were primarily a
demonstration of the FBAR being able to perform two useful functions (i) Support a
partially selective sensitising layer, and (ii) Respond to changes in that layer brought
about by the presence of analyte specific to that sensitising layer. Clearly then, the FBAR
even when uncoated was shown to be responsive to the presence of increased humidity in
the gas stream, but with the addition of PVP to the top electrode surface the hygroscopic
properties of PVP served to sensitise the FBAR to the presence of the water analyte.

It follows therefore that since PVP is also selective toward ammonial® that if water
vapour was completely removed from the gas stream, and ammonia was used as the
analyte instead, then it is extremely likely that FBAR would respond strongly to the
presence of ammonia and the concentration of ammonia in a delivery gas stream could be
monitored with the apparatus already in place. It may therefore be possible to detect

microbial activity where ammonia is evolved during normal metabolic functions, as is the
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case for the human pathogenic bacteria Hylobacter Pylorii which is known to cause
stomach ulcers and contribute toward certain kinds of stomach cancers. (Personal

communication, Professor H. Barr, Dean of Cranfield Postgraduate Medical School)

The fact that the FBAR will support partitioning polymer of one type, most likely
indicates that it will support many other partitioning polymers and this opens the door
for development of FBAR arrays serving as the oscillator timing units in an ultra
sensitive electronic nose. This type of device would be based in the known selectivity of
the mature partitioning polymer libraries that are presently in existence !"! and that are

already used routinely in QCM acoustic transduction methodologies.
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CHAPTER FIVE
5.0 INVESTIGATING THE POTENTIAL OF FBAR AS AN
IMMUNOSENSOR.

5.1 Introduction

A major application of biosensors is in environmental monitoring, and research aimed at
this sector has been active for over a decade. !!! A biosensor is a special type of chemical
sensor where the selective coating existing between the transducer surface and the
environment is derived from a biological source. An immunosensor is a special class of
biosensor where the high binding specificity of naturally occurring antibodies is
technologically exploited to detect targets” at the molecular level. The QCM has been in
laboratory use as an acoustic immunosensor for a number of decades, and the initial
development of this technology can likely be traced to the pioneering work of Shons et al

(1972).#

5.1.1 Bulk acoustic wave immunosensors

Bulk acoustic immunosensors are a well developed and mature biosensor technology, still
usually based on the original QCM technology, * but more recently (1997) also on
MEMS cantilevers. ™ > MEMS cantilevers are promising mass sensitive devices with
recently developed systems demonstrating the ability to resolve mass change at 10-"'g.[*4
- This sensitivity however needs to be tempered with other desirable characteristics such as
ease of signal interpretation for the end-user, sensor portability, and in the field
applicability. Surface acoustic wave (SAW) devices have also seen some recent success
as immunosensors. Stubbs et al " used 250 MHz SAW devices in the gas phase, coated
with thin films of monoclonal antibodies to detect picogram quantities of one specific
analyte whilst rejecting binding from similar chemical classes of measurand to which

they were exposed

*! Immunology uses the term “epitope” or “antigen to define the molecular target that is specifically
sevvpinised by the “uniipeniv deienninant” of an antibody. The targels are also generically known as
analytes, or measurands.
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It was decided‘to adopt the established immunosensor principles from QCM technology,
and use them to coat FBAR devices with target protein layers and to perform the affinity
type reactions with biological antibodies to examine FBAR characteristic responses at
various resonant frequencies’ . The perceived detection event is made by the decrease in
resonance frequency (-Af ) of the resonator caused by the increased mass load, which
should, in theory, correlate directly with the amount of immuno-accumulation from the
antibody binding to target epitopes previously physically adsorbed onto the resonator’s

top gold surface electrode.!”

This development was in essence, a “model” FBAR immunosensor system but it was not
a particularly ambitious one, since QCM devices, which are known to function well in the
aqueous phase”,!”! and have become sophisticated instruments capable of dynamically
monitoring antibody binding kinetics in solution in real time ' whilst this FBAR
immunosensor prototype was designed only-to operate’ the gas phase and was capable
only of making static single use analysis. However, the FBAR experimental results were
compared directly against a QCM system, also in the gas phase, with an identical
antibody protein loading protocol so as to evaluate the relative mass-loading sensitivities

of the high frequency (>700 MHz) FBAR against the lower frequency (~10 MHz) QCM.

Surface plasmon resonance (SPR) optical methods were used additionally to compliment
the acoustic tests since SPR was a convenient and well established method which is
routinely used to determine the thickness and the density of a coating on a surface. The
development of SPR as a biosensor for the investigation of specific biological
interactions including adsorption and desorption kinetics, antigen-antibody binding and

epitope mapping has become the fastest growing application for SPR .

%2 Fundamental and overmode harmonic resonances.

7 The resulls from the responses of FBAR in aqueous phase are shown in Section 6.2.2 but interpretation
of them is non-trivial.
“ The antibody binding reactions were performed in the aqueous phase, but the FBAK nterrogation step
was done after the reaction scheme was dried down. Obviously no kinetic studies could be made using this
method of approach.
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5.1.1 Antibody — form and function

In nature, the antibody glycoprotein which is synthesised by specialised immune system
lymphocytes called B-cells. Antibodies circulate in the blood, lymphatic fluids and on
mucous membranes, they are a first line of defence in protecting the host organism
against perpetually invading pathogens such as viruses, bacteria and fungi. Antibodies
also protect health by assisting in the neutralisation of certain toxins and also in

identifying tumours during routine immunological surveillance activities.

The most important functional feature of an antibody is in its ability to modify its two
identical hypervariable binding sites with over 30 x10° separate geometric arrangements,
serving to specifically identify a vast number of molecular targets, with some antibodies
having the ability to bind to more than one target, i.e., redundancy or cross-reactivity. A
new geometric version of the antibody hypervariable binding region, the so-called
“idiotype” will be produced® in response to new types of immunological challenge, this
is brought about by (i) Rapid “VDJ”*® gene rearrangement in the host, this is known as
the somatic recombination hypothesis and (ii) Through an extraordinarily high level of
immunoglobulin gene mutation during B-cell differentiation, this is known as the somatic
mutation hypothesis. Once an antibody idiotype has been identified by the host as viable
against a particular epitope on a target, the B-cell producing it undergoes clonal
expansion, making millions of identical idiotypic antibody producing clone cells called
B-memory cells. These cells can persist for many years, usually in the lymph nodes, and
this is part the basis of immunity to diseases and the basis of medical
immunisation/vaccination because the pathogen is identified and destroyed very rapidly
the next time it attempts to invade the host with no lag phase involved in identification

~and synthesis of the effective antibody.

The basis of all immune responses is in the ability of the immune system to differentiate
between “self’, and “non-self”. It is critical that antibodies do not identify host self

spectiic targets otherwise the powertul machinery ot the immune system is turned against

7? Seemingly in a “trial and error” fashion untii the correct binding geometry 1s tound
96 s . . . .

This is the nomenclature used to describe the region on the host genome that is responsible for
programming antibody specificity to new targets..
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the self. This desirable state is known as self tolerance but unfortunately, some cross
reactivity can occasionally occur in antibodies, this is most often caused by invading
pathogens attempting to evade the immune system by presenting forged epitopes
designed to appear as “self” to the immunological surveillance mechanisms. When
antibodies are made inappropriately against the self, the conditions that follow are always
deleterious and often fatal. These so called auto-immune illnesses include multiple
sclerosis, myasthenia gravis, systemic lupus erythematosis, and more commonly.

DO 1h  terms of

rheumatoid arthritis and insulin-dependent diabetes mellitus.
immunosensors, the possibility of antibody cross-reactivity is a source of potential error

through false positive results.

Immunoglobulin type G so called IgG antibodies” are large biological molecules
(relative molecular mass (mr) = ~150 kDa) composed of two heavy polypeptide®® chains
(50 kDa) and two light polypeptide chains (25 kDa). Binding of antibodies to epitopes is
a highly specific non-covalent event occurring due to physical forces such as electrostatic
charges, hydrogen bonding, Van der Waals forces and hydrophdbic forces. The reaction

is a reversible one although with slow dissociation rates. (1)

In the current chapter, a physically adsorbed layer - rabbit immunoglobulin type G
isotype (rIgG) - was acting as the antigen, or analyte (i.e., the protein possessing the

target epitopes) and the polyclonal®

goat immunoglobulin type G isotype (glgG) was
acting as the antibody (i.e., the protein possessing the antigenic determinant regions with
high specificity for various epitope targets on the rIigG.) It should be remembered

however, that both rIgG and glgG are antibodies in their own right.

Recently, work has been in progress to recreate the binding specificity of antibodies

artificially through biomimicry using the so molecular imprinted polymers (Mit;.

”* Immunoglobulin isotypes IgM, IgD, IgE and IgA also exist they are functionally distinct due to
differences in the carboxyl terminal of the 50 kDa heavy chain. IgG is the simplest form of the
immunoglobulin isotypes. Variants of the isotype are termed idiotypes

% A polypeptide is a segment of many individual amino acids linked together by peptide bonds. Functional
proteins, such as enzymes or muscle tissue are made from many polypeptide chains bound together by
physical forces.

*® Meaning that the antibody could bind to various epitopes on the target protein.
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Success has been achieved in detecting low levels (5 X 10 M) of phenacetin on 10 MHz
QCM devices using MIP in place of the naturally derived antibody.™ Unfortunately
even though MIPs were being actively developed in our laboratory, time did not allow for
the exploration of MIPs onto FBAR surfaces, but this will make for an extremely

interesting future study.

5.2 Methods.

The simplest method for immobilising protein on surfaces is physical adsorption where
mutual attraction between the solid surface and the protein results in coverage of the
surface. Protein adsorption results from attractive forces such as ionic, hydrophobic, and
van der Waals forces, ™ and it is also entropically driven ™! This was the method of
choice for all protein to gold surface'® depositions used in the experiments comprising

this chapter of the Thesis.

5.2.1 Deposition of the protein solutions onto gold surfaées of quartz crystals,
FBARs and optical prisms.

Phosphate buffer solution (PBS) containing 0.01M phosphate buffer, 0.0027M potassium
chloride and 0.137M sodium chloride was made at pH 7.4. Immunoglobulin G type |
antibody from Rabbit (rIgG) and polyclonal anti rabbit IgG from goat (glgG) were
obtained from Sigma Aldrich (Poole, UK). These were both diluted to a final
concentration of 100 pl/ml in PBS

Using a Gilson pipette, a 50 pl aliquot of rIgG was loaded onto the gold surfaces of (i) the
SPR prism samples, (ii), the QCM samples and (iii) the FBAR samples. (Each of the
samples (i, ii and iii) had been previously characterised in their respective apparatus to
obtain values for the uncoated devices). All of the experiments in this chapter were

conducted in air. They were each left for 12 hours to incubate in a high humidity

100

Prisms, quartz plates and FBARs all had clean gold surfaces on which to layer the target proteins. Of

some concern was the statement of Pan et al (2004) 8] who stated that to date, no piezoelectric sensor has
ever been made to detect IgG , and that because anti-human igG is water soluble, it is not possible to coat a
piezoelectric gold surface with the protein. The author does not know if the morphological differences

between IgG from a goat and a rabbit are sufficiently different to human IgG so as to allow them to bind on
a gold surface. Rabbit IgG physical adsorption to an gold surfaces was empirically determined in this study
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gold surface. The humid environment was simply a sealed container with tissue soaked in
reverse osmosis (RO) water. This period of 12h was considered sufficient time to allow
the protein (rIgG) to physically adsorb onto the gold surface. After 12h, using a Gilson
pipette, the surface was then cleaned with copious quantities of clean RO water. The
samples were dried in a fast moving argon stream or nitrogen stream to avoid adulteration
of the gold surface by the RO water and then each of the samples were re-tested using the
apbropriate instrumentation to look for the presence of a physically adsorbed protein
layer on the gold surfaces. After the results had been recorded in the presence of the rIgG
adlayer, 50 ul of glgG was pipetted onto the surface of the samples. These were left to
incubate in a high humidity environment overnight or for 12 hours. To remove any
unbound glgG protein, the respective devices were then cleaned with copious amounts of

RO water, dried in fast moving gas stream and re-tested for responses.
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Antigen Briefing
site
Heavy chain X,
Schematic of general form of IgG
antibody. Taken from lecture notes *
o | iFc Bincing site Cel.lular. Immunology” (1995) Liverpool
University
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Rabbit Immunoglobulin Type G (rlgG)
Polyclonal Goat anti Rabbit Immunoglobulin Type G (glgG)
\ / Multiple epitopes on the rlgG are bound by the glgG

>

X,X
3IXX. gold surface

Stage 1: Physical adsorption of rigG onto gold surface

Stage 2: Multiple binding of glgG to rlgG on gold surface

Figure 5.1 Schematic to show the structure of a typical IgG antibody and (i) Physical
adsorption ofrlgG to a gold surface and (ii) Binding of polyclonal glgG to rigG.

266



5.2.2 Observing the effect of antibody antigen interactions on the angle of
surface plasmon resonance excitation on gold coated prisms

The phenomenon of Surface Plasmon Resonance (SPR) is an optical sensing technology
that is routinely exploited for determining thicknesses and densities of thin-film coatings
on surfaces and for characterisation and quantification of biomolecular interactions.™
SPR was used in this project to compliment the acoustic probing methods of FBAR and
to a lesser degree the quartz crystal microbalance (QCM). This optical analysis was
performed because values with regard to the average mass of an attached layer as a
product of its thickness and of its density can be established with SPR. The SPR analysis
data could therefore be used to make frequency to mass calibrations for FBAR
undergoing (i) physical adsorption of protein and (ii) immunological accumulation of

protein.

SPR is used to determine the average mass (thickness and density) of a deposited material
as a function of refractive index change, and thin metal films, typically 50 nm, of gold or
silver deposited onto transparent substrates (e.g., optical prisms) are predominantly used
to exploit this phenomenon. When employed as a biosensor, the variation in refractive

index can be caused by the immobilisation and binding of proteins.

5.2.2.1 SPR basic principles of operation.

SPR systems measure the variance in the angle of reflectance of incident light at which
surface excitation occurs.'® This excitation creates surface plasmon resonance waves'®!
which are in effect, an oscillation of the resonating electrons at the boundary of a thin
metal films "7, The phenomenon only occurs with transverse magnetic (TM) polarised
light. TM polarised light reflected from the internal prism surface typically increases with
increasing angle of incidence until a critical angle (0c) is reached and total internal
lection (TIR) occurs. When there is a thin metal film on the surface of the prism, weak
attenuation of the incident photons occurs due to partial absorption but there is also a

second angle greater than Oc where the incident light is absorbed strongly by the metal

101 These are also known as evanescent waves
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film due to energy transfer from the light into the surface electrons of the metal film at
resonance, this angle is denoted as (Ospr) The diminishing intensity of the reflected light

can be detected with a photo-detector.

When foreign films are placed onto the surface of the thin metallic layer coating on the
prism, the Bgpr angle will change due to changes in interfacial refractive index and this
allows for changes in refractive index to be monitored between native and modified
prism/metallic surfaces. If the refractive index of the interface component is known, it is

possible to calculate the thickness of the layer attached to the surface. 18}

5.2.2.2 Metal coating of the optical prisms.

Prior to metal coating, SF15, 60° equilateral 10 mm x 10 mm optical glass prisms
(obtained from Global Optics, Bournemouth, UK) were cleaned thoroughly by
ultrasonication in deionised (DI) water for 10 minutes, followed by ultrasonication in
HCI for 10 minutes followed by a further 10 minutes of ultrasonication in DI water.
Finally the prisms were ultrasonicated in isopropanol for 10 minutes before being blow

dried in fast moving argon stream.

Two methods of gold coating the prisms were used, the first method used an Edwards
306A vacuum evaporator, equipped with a high vacuum diffusion pump and resistively
heated evaporation boats. The cleaned prisms were placed into a holder to allow one face
of the prism to face the gold target. The evaporator was filled with liquid nitrogen and
evacuated for 3 hours to a pressure of 2.5 x 10 mbar. An 0.5 nm adhesion layer of
chromium (from chrome plated tungsten rods, code NRI1, Megatech, Cannock ,
Staffordshire UK) was deposited on to the prism surface with a deposition rate of 0.05
nm s. The gold target was heated and deposited onto the chromium adhesion layer at a
rate of 0.1 to 0.15 nm s™'. The optimal thickness for SPR is ~50 nm so when this
thickness was reached, the coating process was terminated, the prisms were allowed to
cool for an hour under vacuum and then stored in sealed containers. (desiccators holding

silica drying crystals under partial vacuum) until required for use.
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The second method used to coat the prisms with the same thickness of chromium (0.5
nm) and gold (50 nm) were physically vapour deposited (PVD) onto the surfaces using
the Nordiko apparatus.( See Section 2.2.2.2). The reason that this second method was
used was because there are morphological differences between vacuum evaporated gold
and PVD.1? The FBAR was gold coated using the PVD method during the
microfabrication procedures, so it was thought appropriate to use a gold layer as similar
as possible to the FBAR for a more accurate comparison study of protein layering in
optical systems (SPR). However, the chrome gold deposited by this PVD method was so
poorly adhered to the prisms that it was not possible to use them for SPR analysis.
(results not shown) so there were minor morphological differences between the gold
surfaces of the FBAR and the prisms and the QCMs, the extent to which this factor

influenced the results was not established.

5.2.2.3 The surface plasmon resonance apparatus.

The SPR apparatus was already in place and operational in the laboratory. (See Figure
5.2) The parts were attached to a matt black 600 X 300 mm optical table with M8
mounting points at a separation of 25 mm centre to centre. The polarised light from a
helium-neon laser (A670 nm) was first passed through a neutral density filter to reduce
the light intensity, preventing saturation of the light detectors. The beam was then passed
through a polariser and the rotation of the plane-polarised beam adjusted to either TM or
TE polarisation by means a half wave plate. The TE or TM light was then fed through a
beam chopper which modulated the light beam to a frequency of 200 Hz, this was the
phase detection frequency of the light detectors. An in-house produced Labview code
was used to implement a “lock-in” amplified type signal extraction in conjunction with
an analogue to digital converter (ADC) interface card to measure the voltage output of
the light detectors. \7

The TE/TM separated - 200 Hz modulated beam was then passed through a beam splitter,
half of the beam was passed to a reference detector which could be used to compensate

for any fluctuations in light intensity from source. The other half of the bean interacted

192 The PVD technique generally delivers a smoother surface profile than vacuum sputtered coatings.
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directly with the metal coated prism which had been previously aligned on the rotational
stage where it was now rotated through the oser. The lection from this passed directly
into a light detector mounted on a lower rotation stage. The detector was rotated twice as

far to match the angle of'the prism.

REFERENCE DETECTOR

BEAM CHOPPER PRISM ON
POLARISER ROTATIONAL STAGE
50 nm Au
LIGHT SOURCE
g]];jNSITY BEAM SPLITTER
FILTER Vi WAVE PLATE

DETECTOR
FIXED TO

ROTATIONAL
STAGE

Figure 5.2 Arrangement of the principal components of the SPR apparatus. (See

appendix 2 for apparatus list)

5.2.2.4 SPR scanning, data acquisition and analysis.

The SPR angles for gold coated prisms lacking any additional protein layer was
established. This was done by placing the prism into the rotational stage prism holder and
aligning the laser beam with the prism and the light detector. The prism was rotated with
TM light through 9° in 0.1° increments The maximum dip in intensity of the reflected
light as a function of 0 was the 0 sr=. The process was repeated for the non-protein coated
prism in the presence of TE light. The TM and TE ratio was calculated using Fresnels
equations1(j for reflection losses and gave the SPR response independently of the light
intensity, the external angles of the prism were then converted to internal angles using
Snells law104 The process was repeated for rlgG protein coated prisms and again for

prisms having undergone antibody/antigen (rlgG + glgG) reactions on their gold coated

1B The Fesnel equations were already programmed into the in-house SPR data analysis spread sheets
14 The equations to calculate Snells law were also already pre-programmed into the SPR spread sheets.
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surface. Data was acquired though an ADC which was GBIP interfaced with Labview
running in Windows 98 on an x86 IBM compatible computer, the numerical data was

saved into spread sheets which were used in the generation of XY scatter plot graphs.

5.3 Experimental section
5.3.1 Experiment 5.1 SPR based analysis of protein loading.
5.3.1.1 Method

4 gold coated SPR prisms were cleaned and characterised to obtain SPR angle for (i) the
bare gold, (ii) ii) rIigG incubated and (iii) rIgG + glgG. It was necessary to create a
control to ensure that any accumulation of protein after the first physical adsorption was
due to immunological accumulation, An SPR prism was incubated with rIgG, the second
protein load was also rIgG ( as opposed to glgG) which was allowed to incubate in high
humidity overnight, then washed in RO and blow dried in argon before undergoing SPR
analysis. Thickness calculations for the layers were performed with a pre-existing spread
sheet formula table. The calculation converted the difference between the SPR angle on
bare Prism surface (i.e., gold surface) and the SPR angle recorded in the presence of a

film on the Prism into a value for film thickness in nanometres (m™).

5.3.1.2 Results

Although 5 SPR repeats were performed, only 3 delivered any useable data. The aberrant
results (not shown) were most likely attributable to damage with minimal abrasion from
the Gilson pipette tip to the gold layer on the Prism samples that were PVD coated in the
Nordiko apparatus.

Figure 5.3 (A) shows the result from Prism 1. The thickness of the physically adsorbed
tlgG layer is 2.6 nm and the immunological accumulation of glgG onto the rigG layer

increased the thickness to 6.8 nm.
Figure 5.3 (B) shows the result from prism 5. The thickness of the physically adsorbed

rlgG layer is 3.5 nm and the immunological accumulation of glgG onto the rIgG layer

increased the thickness to 7.0 nm.
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Figure 5.3 (C) shows the result from the control sample prism. The thickness of the
physically adsorbed rlgG layer is 3.5 nm the second incubation of rlgG (i.e., the same

protein) increased the thickness ofthat layer to 4.9 nm.

The relative standard deviation for the three separate initial rlgG loadings on the Prisms

was RSD 29.25%
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Figure 5.3 (A) Shows the TM/TE corrected reflectivity SPR for prism 1 in unloaded
state, with physically adsorbed rabbit protein layer (rlgG) and subsequent immunological
accumulation of polyclonal goat anti rabbit immunoglobulin (glgG).
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Figure 5.3 (B) Shows the TM/TE corrected reflectivity SPR for prism 3 in unloaded

state, with physically adsorbed rabbit rlgG and subsequent immunological accumulation
of glgG.
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Figure 5.3 (C) Shows the TM/TE corrected reflectivity SPR for Prism 8 (Control) in

unloaded state, with physically adsorbed rlgG and then with rlgG + rigG.

Table 5.1 Summary of SPR internal angles and thicknesses of protein adiayer on gold

coated prisms

Internal angle
at minimum
TM reflectivity

6 air
6 rlgG

Thickness
rigG

0rlgG + glgG

Thickness
rigG + glgG
CONTROL
0rlgG +rigG

Thickness of
the control
rigG + rigG

Prism 1

38.2948

38.8426

2.6 nm

39.7519

6.8 nm

Prism 3

38.2454

39.2448

4.7 nm

39.7519

7.0 nm

PRISM
(control)

38.1465
38.8927

3.5 nm

39.1943

4.9 nm

8
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5.3.1.3 SPR Result Summary

Much of the body of literature relating to SPR analysis reviews experiments that were
performed in aqueous environments. For the purposes of this thesis, there was no need to
employ liquids during the analysis since the comparison to be made was with FBARs

loaded with identical protein protocols whilst operating in air.

The change in SPR angle is due to the change in the refractive index at the surface of the
prism caused by the addition of proteins to the gold surface and the decrease in SPR
depth is due to the absorption of the light on the surface of the Prism due to interaction
with the proteins. The SPR data showed that there was additional thickness increase when
incubating rIgG onto the physically adsorbed rIgG layer. This was most likely
attributable to either further physical adsorption on to the gold surface, if assuming the
initial 12 hour incubation had not completely covered the surface, or to further non-
specific protein-protein binding. The additional thickness was not due to immunological
accumulation'® since the rIgG did not posses self epitopes. On average, the physically
adsorbed rIgG layer thickness on the three Prism samples was 3.6 nm. and the total
estimated average thickness of the combination of rIgG + glgG protein adlayers on the

gold surfaces was 6.9 nm.

5.3.2 Experiment 5.2 QCM based analysis of protein loading
5.3.2 1 Method

The protein samples used for the QCM experiments were from the same stock solution
and in the same concentration (100 pl/ml) as for the SPR experiments. The gold surfaces
of the QCM (top and bottom electrode) were cleaned with an acetone/IPA solvent rinse
and then blow dried with N, stream. This was done since it was not possible to clean
FBAR samples rigorously due to PCB mounting. So this cleaning procedure was

identical to the FBAR cleaning procedure to maintain experimental standardisation.

195 I'mmunological accumulation strictly implies binding of targets to epitopes.
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Three standard off-the-shelf AT-cut QCM disks (QCM 1, 2 and 3) with nominal
operating resonance frequencies of ~10 MHz were obtained from in-house storage. ( See
Figure 1.3). The crystals were interrogated with the Libra® quartz piezoelectric
measuring system manufactured by Technobiochip Ltd which sent the frequency data to a
standard x86 computer. After allowing the Libra ® to warm-up for 30 minutes, baseline
responses were obtained for each of the three uncoated QCM samples, these were
generated over 50 iterations. The QCM unit was then physically removed from the
measuring system and replaced. This was done on four separate occasions to ensure that
the baseline response was recording similar f, values each time the QCM plate was
inserted into the frequency counter as there was some concern with regard to wear and
electrical contact continuity in the electrode insertion plug. Likewise for protein sample
testing, the QCM was replaced into the measuring system four times, but the frequency

response of the QCM was generated over 100 iterations rather than 50.

When handling QCM 3 with tweezers (prior to the 2" protein loading but after the initial
~base line determination and 1 protein loading), a small section (< 1% mm) of the edge of
the briftle crystal shattered. The crystals are known to show greater mass sensitivity on
the centre of the electrodes: the sensitivity decreases monotonically with the radius of the
electrode in a Gaussian manner becoming, in the gas phase, negligible beyond the
electrode boundary."! But this of course does not bear strict relevance to the stability of
the device if it is damaged at the edge. Since the QCM units were expensive and in
extremely limited supply and because the damage was distant to the electrodes, the
decision to continue using the device was made, but to pay special attention to the

stability of the responses generated from that sample.

After characterisation of the uncoated QCM devices, they were then tested in the
presence of rIgG protein layer and the frequency responses of the QCM were recorded.
The devices were then re-tested in the presence of rIgG and glgG. The aliquot amounts
and concentrations were identical to those used for the SPR experiments as were the
incubation times and washing procedures. A control sample was used to determine the
effect of water (50 pl) in PBS in place of rIgG in PBS on QCM 1.
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The samples were interrogated continuously for 100 iterations (~30 minutes) on four
separate occasions to obtain four baseline responses. The average of this response was
taken and a standard deviation for all the data was calculated. The average unloaded
nominal operating frequency (fo) was normalised and set at zero Hz to measure -Af for the

two protein loading conditions (i) rigG and (ii) rIgG + glgG on the QCM.

5.3.2.2 Results

Figure 5.4 gives the average change (over 4 consecutive 100 iteration tests) of the QCM
resonant frequency (-Af') away from the frequency of the normalised unloaded sample. (
i.e., (uncoated QCM baseline average f, = 0 Hz) and the standard deviation for (i) rigG
and (ii) rIgG +glgG for each of the QCM samples is given. QCM 1 showed -Af-6.41 Hz
for the water/PBS control, -Af 130.66 Hz for the initial rIgG incubation and -Af 631.78
Hz for the rIgG + glgG loading, response was stable. QCM 2 showed a response of -Af
220.58 Hz for the initial rIgG incubation, and -Af 705.79 Hz for the rIgG + gIgG and the
response was stable. Finally, QCM 3 showed -Af 163.39 Hz for the initial rlgG
incubation and -Af 391.92 Hz for the rIgG + glgG. Response stability was good for the
initial loading, but faltered to over 30% error on average for the second protein load.'™
The relative standard deviation (RSD) between the three separate initial physically
adsorbed rIgG loadings on QCM was RSD = 26.5%.

19 This was also the first measurement on made with the device since it was damaged at is edge with
tweezers during handling.
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5.3.2.3 Discussion

The control on QCM 1 sample which lacked any protein (replaced by the same aliquot
volume of RO water) gave minimal response, this was as expected. QCM 3 appeared to
suffer from unacceptable response error after damage to the crystal edge caused by
tweezers handling. It is therefore suggested that damaged QCM devices should have
special attention paid to their stability, or should not be used at all. The data from the
second protein loading (rIgG + glgG) on this device (QCM3) will not be input into any

further calculations due to the potential of the error to skew the overall results.

The general guidelines from the instruction manual accompanying the Technobiochip
Libra ® QCM measuring system suggests that for a 10 MHz AT cut crystal such as the
ones used in this set of tests, when -Af =1 Hz then mass loading should be assumed to be
~ +1 ng. This is figure is calculated using the original Sauerbrey equation. Although this
is only an approximation, and does not take into account any dissipation factors'®” due to
acoustic attenuation from lossy or non ideal layers, this approximate value, (-Af =1 Hz
+1 ng mass load) shall therefore be adopted as an estimate of the mass of the protein
loading on QCM in this thesis. The value of +1.07 ng per -1 Hz for a 9 MHz QCM

system is given in the literature by Kuosawa (1990) (23]

It was considered by Tessier et al (1997) ! that it was important not only to consider the
mass effects, but also the boundary viscoelastic properties, with respect to changes of the
shear acoustic impedance when antibody binding reactions take place at the surface of a
thickness shear mode acoustic sensor, but they concluded that the effect was very small
and that mass loading from immuno-accumulations dominated the response, even when
the experiments were carried out in a liquid. Martin et al (2000) 26) state that the Sauerbrey
model works well for acoustically thin films (p<n/4) even if the film is not rigid (as is often
stated in the literature), a viscoelastic layer can be treated as an ideal mass layer, with
response dependent only upon its area mass density. Also since, the SPR data revealed that

the protein adlayers combined were no more than a maximum of 7 nm thick, they are

197 The dissipation factor is the reciprocal of the Q factor
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likely to be thin enough not to cause any significant phase shift during the interaction of
the transverse acoustic probe wave with the protein layer and hence the approximate
guideline given in the user manual may be quite accurate after all. To be certain that the
FBAR was not losing mass response to the viscoelastic effect of the protein layer, a brief
study was done where the characteristic shape of the resonance curve of the FBAR was
examined directly to look for changes in the power response or in the Q factor of the

device

However, with this manufacturers recommended value in mind, the mass estimated for
the protein loads on the QCM samples then are simply the values in Hz converted into
ng. For example, the mass load of QCM 1 for initial physical adsorption of rIgG onto the
gold electrode is ~131 ng because -Af was 130.66 Hz, the additional mass of glgG was
~501 ng because -Af was 631.78 Hz in total. Likewise for QCM 2 the mass of the initial
physically adsorbed rIgG load was 220 ng and subsequent immunological accumulation

of glgG onto the rIgG adlayer was 485 ng.

If the molecular weight of both rIgG and glgG are assumed to be the same (~150 kDa),
then, on average, for QCM 1 and QCM 2 samples combined, there were 3.8 units of
polyclonal glgG binding to 1 unit of the physically adsorbed rIgG protein layer. It was
interesting to note the close agreement for the relative standard deviations for the initial
rIgG loading onto both 3x QCM crystals (RSD = 26.50%) samples and 3x SPR Prism
samples (RSD = 29.25%)

Where the comparison of the results obtained between the two methods appears to begin
to-deviate-is-in-the-second protein_loading_involving immunological accumulation. The
SPR results indicated an rIgG + glgG adlayer that was just over double the thickness (6.9
nm) of the initial physically adsorbed rIgG layer. (3.6 nm). However, the mass loads that
are inferred by -Af for the QCM tests indicated that the rIigG +glgG mass load was ~3.8
times that of the initial load. Of course, it may not necessarily be the case that the
increased mass load increased the thickness of the layer by the same proportion, the

additional mass could possibly be attributed to increased density in the layer where
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exposed epitopes are nested within the rIgG layer, that is, the rIgG epitopes were not all
neatly lined up on the rIgG surface. This possible protein adlayer density increase may be
shown in the decrease in the SPR reflectivity minima value, quite independent of the SPR
angle. It is also possible that the 3D conformation of the rIgG layer is changed during its
bindiﬁg to the gold surface making it thinner than the antibody would have been had it
been allowed to bind to its epitope. This finding perhaps shows that the two methods SPR
and QCM, are complimentary, as is indicated by Koblinger and Uttenthaler (1995) 2%
who compared the QCM and the SPR method for surface studies in immunological
applications as did Laschitsch er al (2000)*"" but in this case surface plasmon
spectroscopy was used where the actual QCM was modified with a surface corrugation
grating to allow for simultaneous determination of acoustic and optical foreign. film
thickness.

From the SPR data, it is estimated that the for the initial rIgG loading, the thickness of the
protein layer (whether conformationally altered or not ) was on average 3.5 nm, and that
the 10 MHz QCM frequency response to this SPR derived thickness was on average -Af
171.5 Hz.

The purpose of the two preceding experiments was not to consider the .relative pro’s and
con’s of QCM/SPR, the purpose was, of course, to use the combination of the two well
established complimentary optical/acoustic analytical systems to make an estimate about
(i) the actual mass load and (ii) the thickness of physically adsorbed protein films onto a
gold surface and then the subsequent immunological accumulation of further protein
loads onto the surface as a calibration step for making calculations regarding the
observed S,; series resonant frequency on FBARs with the same protein loading

protocols.

At this stage of the tests, it was considered that there was sufficient data obtained from
QCM/SPR to embark on immunosensor experiments using FBAR as the transducer
module and relate its performance against the AT-cut shear mode QCM devices operating
at 10 MHz.
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5.3.3 Experiment 5.3 FBAR based analysis of protein loading
5.3.3.1 Method

5.3.3.1.1 General operating procedures
Various FBAR samples with wirebonds connecting them to 50Q transmission lines on a

PCB were loaded into the FBAR housing assembly (FHA). The FHA was connected to
the Network Analyser with coaxial cables and SMA and N type connectors. ( See Figure
4.2) The Sy characteristic responses of the devices were recorded. The nominal
(uncoated) FBAR response f; was recorded, then normalised and set at zero. The change
in FBAR S,; frequency responses due to protein loadings were observed, and presented

for graphical analysis.

5.3.3.1.2 Care and cleaning of the FBAR top surface electrode
Some undetermined level of organic contamination of the FBAR gold surfaces was

inevitable from general (gloved) handling of the devices during the wire bonding and
PCB mounting procedures and also from general exposure to ambient laboratory
conditions whilst in storage, and during testing, especially when the PCB sample in the
FHA was changed. Organic contamination of the gold surface was assumed to interfere
with protein physical binding to the gold surface, so immediately before loading the
FBARs with the rIgG protein, the gold surface was cleaned with an acetone/IPA solvent
rinse and then blow dried with N; stream, this solvent clean was, on balance, considered
the best method of approach. Other more harsh treatments involving a sonication step
were considered too harsh, since sonication would have probably dislodged the delicate
wire bonds — although this was not tested. Also, the extremely effective method of
plasma barrel etching which had previously been used to remove any organic residues on
the gold surface of FBAR during microfabrication stages was not possible at this stage
since the PCB on which it was now mounted contained organic plastics and was therefore
was not amenable to the plasma treatment for a variety of reasons, but mainly because
there was some concern about excessive organic contamination to the Biorad® barrel
etcher vacuum chamber. A piranha cleaning treatment ( H,O,-H,SO,)(1:3)) was also
considered too harsh since the gold top electrode was only 100 nm thick and quite

delicate.
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5.3.3.1.3 Loading the FBAR top‘surface electrode with rabbit immunoglobulin
type G antibody and polyclonal goat anti rabbit immunoglobulin type G antibody
protein solutions in phosphate buffer and subsequent FBAR characterisations.

Using a Gilson pipette'”®, a 50 pl aliquot of rabbit antibody (rIgG) in PBS was deposited
on to the FBAR top electrode which had been very recently cleaned with an acetone/IPA
solvent mixture. The protein/PBS solution was allowed to incubate on the FBAR top
surface electrode for 12h in high humidity at room temperature. After this time, the
antibody/PBS solution remaining on the FBAR surface was washed off with copious
amounts of RO water and dried in rapid N, stream and the device was then characterised
in the FHA on the network analyser to obtain traces showing the effect of physical

adsorption of the initial rIgG protein adlayer onto the FBAR top electrode gold surface.

The adlayer was now estimated as 3.6 nm (+ 1 nm) thick the assumption being made on
the basis of the SPR analysis for an identical protein loading condition on a gold
surface'™ and the mass of the protein film was estimated as 171 ng (+ 45.5 ng) deposited

per 50 ul aliquot from the QCM tests involving identical loads.

A 50 pl aliquot of polyclonal goat, anti-rabbit antibody (gIgG) in PBS was then deposited
onto the FBAR surface with physically adsorbed rIgG adlayer The FBAR was then
incubated for a further 12 hours in a high humidity environment at room temperature and
then washed in copious RO water to remove any unbound material from the surface,
dried in rapid N, stream and finally characterised in FHA on the network analyser, this
time to show the mass loading effect of an antibody/antigen epitope binding affinity

reaction as a function of change in the S;; series resonant frequency of the FBAR.

5.3.3.1.4 8,; characterisation of protein loaded FBARs

108 A number of hlgh quahty FBAR umts were lost from damage to the dehcate plezoelectnc membrane by

w1rebonds with the tip because they were easily dislodged. If a smgle earth connecting “wire became
dislodged, experimentation on the device could continue, but if a single signal wire was dislodged, the
device was rendered useless until repair.

** The chrome/gold surface deposition methods were different (PVD (FBAR) vs vacuum sputtering
(Prism) and likely had different surface smoothness profiles.
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In its unloaded state an FBAR which was wire bonded to 50Q transmission lines on a
PCB and fixed securely to the FHA was interrogated with the network analyser over 0-3
GHz frequency range. The response traces were generated and the useable harmonic
overmodes of the FBAR were additionally identified by narrowing the bandwidth focus
over the tips of each of the overmodes. FBAR S;; responses of lower and higher
harmonic resonant frequencies that were suitable for analysis''” were recorded.

FBARs were then loaded with the initial 50 ul aliquots of rIgG and characterised to show
the mass loading effect of the physical adsorption of the protein to the gold surface of the
FBAR. The FBARs were then loaded with the glgG antibody and characterised for a final
time. The average frequency from the specified number of iterations for each of the tests
was calculated against the normalised unloaded (f= 0 HZ) FBAR resonant frequency at

the particular overmode in focus and the results were displayed as bar charts.

It should be noted that each time the FBAR was loaded with an aliquot of protein, the
PCB on which the FBAR was mounted and wire bonded was, by necessity, removed
from the FHA for incubation in highly humid environment and it was then replaced. This
procedure was considered to be a potential source of error due to the possibility of non-
identical electrical connections. To minimise the possibility of response instability due to
this, care was taken to ensure the PCB’s were fitted to the base of the FHA with snug fit

and the same number of screw turns were used each time.

5.3.3.2 Experiment 5.3 (A, B, C and D) Observing the effect of loading target
rIgG and subsequent loading of polyclonal anti rabbit gigG on FBAR S,;
series resonant frequencies

This experiment, 5.3, considered the S;; series resonance frequency responses of four
individual FBAR devices due to the additional mass from physical protein loading and
from subsequent immunological accumulation of antibody to the epitopes on the target
protein layer. The repeats were used to observe reproducibility, the protein loading

procedures were identical for each device.

119 Some of the overmode resonance curves of FBARs were afflicted with spurious resonant modes at their
ups. and this prevented them from being analytically valid since the spurious modes could cause the
recorded f; to flip between two or more values over a relatively wide frequency bandwidth substantially
increasing the error range.”?”
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The devices used in experiment 5.3 (A, B and C ) used FBARs with a ZnO piezoelectric
membrane backed by an SiO layer, this incorporated mass layer had the effect of
- lowering the fundamental resonance frequency of the device, so that the overmodes could
be brought into the measurement range of the network analyser. The usable harmonic
overmodes were used to examine the effects of mass loading from protein deposition at
progressively higher harmonic frequencies on the same device. The FBAR device used in
experiment 5.3 (D) was AIN based piezoelectric device with only a single resonant mode
manifesting within the measurement range of the network analyser, this was because it

lacked an buried SiO, backing layer in the wafer on which it was microfabricated'".

5.3.3.2.1 Experiment 5.3 (A)

5.3.3.2.1.1 Method
FBAR Device 20 on PCB 10 was used for experiment 5.3(A). The device was Sy

characterised on the network analyser with 1601 data points over a full frequency range
(0-3 GHz) to show the fundamental and harmonic resonant overmodes. The L;sability of
each of the resonant harmonics was evaluated taking the magnitude of the response and
the presence of any spurious modes into consideration.. The lowest usable resonance
frequency ~321 MHz and the highest useable resonance frequency ~943 MHz were both
interrogated over 50 iterations with 1601 data points collected per iteration, and the
average resonance frequency was calculated for both curves under the following
conditions. (i) Nominal (uncoated device which was normalised and set at (f= 0 HZ) (ii)
Device with rIgG adlayer after 12 hour incubation and washing step. (iii) Device with

rlgG + glgG bilayer after further 12 hour incubation and washing step.

Data showing the effect of protein loading was presented as a bar chart with average
frequency change (-Af’) against the normalised nominal operating frequency.(f = 0 Hz).
Standard deviations for the average of 50 iterations were ( < 0.00015'") and at this level

of accuracy, it would not be possible to visualise error bars on the bar charts, so the

*** The author personally microfabricated the ZnO based FBARs and wirebonded them to PCB, but was not
involved in the manufacture or wire bonding procedures for the AIN based device.

"2 This high level of FBAR signal stability is most likely attributed to the automated polynomial fitting of
the measured data.
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standard deviations were not included with the graphical output in the final analysis, but

they were calculated and stored.

5.3.3.2.1.2 Results
Figure 5.5 (A) shows characteristic response of FBAR over S; full band frequency

sweep (0 -3 GHz) with 1601 data points collected over the range. Two high quality
harmonic resonant peaks at £ =321.390 MHz and f = 943.162 MHz were found to be
available for analysié, and various non-useable resonances are also apparent. The
resonance peaks that were used for the analysis clearly marked with arrows. The full
band trace is also shown in truncated form to assist in data visualisation. (See Figure 5.5
(B)). A representative sample of a resonance curve that is unusable for the analysis due to
the presence of spurious modes of resonance is shown in Figure 5.5 (C) For sensor
applications, a clean resonance spectrum clear from spurious modes is obligatory. This is
because the resonance utilised for the sensor function shifts within a certain frequency
range depending upon the measurand. If there are spurious modes, or any other modes
with different dependencies upon the measurand, resonance-frequency crossings and
mode couplings may occur within the measurement frequency range. Such mode
couplings not only produce significant deviations from linearity, but sometimes even
produce frequency jumps and activity dips.®! So FBAR characteristic responses with
spurious modes such as the example one shown in Figure 5.5 (C) would not be used for

protein analysis due to increased potential error

Figure 5.5 (D) Shows a bar chart of -Af from the nominal (unloaded condition) S; series
resonance frequency of the FBAR at the particular useable harmonic overmodes when
rlgG was incubated for 12 hours on the gold surface and the subsequent effect of

additionally incubating glgG to give an adlayer of rIgG + glgG.
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Figure 5.5( A) Shows a full band (0-3 GHz) S21 sweep with 1601 data points ot FBAR
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Figure 5.5 (B) As above, but X and Y scales are truncated down to 1 GHz and 20 dB

respectively to assist in data visualisation. The resonant peaks at (i) 321.386 MHz and
(ii1) 943.162 MHz that were used in the protein analysis are indicated with arrows.
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Figure 5.5 (C) Shows an example of a spurious mode of resonance. S21 3 MHz (188-191
MHz) span sweep over the FBAR device 20 on PCB 10 fundamental series resonance
curve. 1601 points.

it is not possible to statefo with precision of > ~I50 kHz for this response since there are
two distinct peaks in the main bodv of the F resonance curve. The analvsis software
would choose the curve with the least power transmission as /o, So in this case 189.6
MHz. But it is possible that these states could flip causing apparent frequency jumps.

Spurious modes were not limited to primary modes and could occur on any of the
overmode harmonic resonance curves as well. It was not possible to predict their
presence, and only narrow band (< 5 MHz) focus over each of the tips would reveal the
presence or absence of them. This was quite time consuming and an automated process
would have been beneficial in this case. The spurious modes of resonance not only
increased the potential error range of the response, but also, transverse wave mode
(which was thought to produce the spurious modes in the first place) coupling into a
foreign film had previously been shown in this work to damp the spurious mode to give
clear &z but that mass sensitivity as a function of -A/ was likely to have been diminished
during this process. (See Figures 4.15 and 4.16) It was considered unnecessarily

complicated to use curves with spurious modes at this stage ofthe project.
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Figure 5.5 (D) Shows the relationship between changes in FBAR (device 20 on PCB 10)
S21 series resonance frequencies (-A/-) caused by the mass loading effects from the
physical adsorption of an adlayer of rlgG onto the gold surface of the FBA.R after 12h
incubation on the gold top electrode surface and then the subsequent antigenic binding
causing immunological accumulation of polyclonal glgG to multiple epitopes expressed
on the rlgG protein layer.

Table 5.2 Result summary FBAR device 20 on PCB 10 S21 series resonance frequency
change due to mass loading from proteins.

Nominal -A/(kHz) due % change -A/(kHz) due to % change
Frequency (/) to rlgG of/ due to rigG rlgG + glgG of/ due to rlgG
(MHz) loading loading loading + glgG loading
321.390 41 0.013 115 0.036
943.162 162 0.017 490 0.052
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5.3.3.2.2 Experiment 5.3 (B)

5.3.3.2.2 1 Method
FBAR device 9 on PCB 11 was used. The protein loading procedures and FBAR

interrogation methods employed were identical to those described for Experiment 5.3
(A). In this case, the Q factor of the FBAR response is also considered as an additional
output parameter to ascertain how much, if any, signal damping was being experienced

by the acoustic probe wave during interaction with the protein adlayer.

5.3.3.2.2 2 Results
Figure 5.6 (A) Shows characteristic response of FBAR over Sy; full band frequency

sweep with 1601 data points collected over the range but the figure is truncated to 1 GHz
showing only the relevant parts of that trace. The resonant harmonics used for the protein
analysis are indicated. The useable FBAR S, series resonance frequencies were found at |
316.858 MHz'"*, 679.818 MHz and 922.361 MHz.

Figure 5.6 (B) Shows that the physically adsorbed rIgG layer decreased FBAR Sy; series
resonance frequency and the subsequent affinity binding of the polyclonal glgG
decreased the resonant frequency further due to the additional mass loading. The values

for this change are tabulated below in Table 5.2

Table (5.2) Summary of FBAR device 9 on PCB 11 S,; series resonance frequency
change due to mass loading from proteins.

Nominal -AflkHz) due % change | -Af(kHz) due | % change due
Frequency to rigG due to rigG to rigG + to rigG + glgG
(MHz) loading loading glgG loading loading
316.858 26 0.082 162 0.511
679.818 88 0.129 438 0.64.4
922.361 115 0.124 664 0.719

13 This mode was also analysed for its characteristic responses to protein independent of Af
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The results shown in Figure 5.6 (B) show only the frequency change (Af) of the device,
and although mass loading was expected to dominate the response because the protein
adlayers were thin (maximum ~7 nm), it was decided to look closely at the characteristic
resonance shape of the first overmode (316.858 MHz) to check if there were any
significant changes in the S;; power transmission or in the Q factor upon the two protein
loading events. Changes in these parameters can be indicative of some form of signal
attenuation due to loss experienced by the probe wave entering the protein. If carefully
calibrated, these values can give the amount of deviation from “ideal” gravimetric
loading, to non ideal or the so called non gravimetric responses, and ultimately they can
be used to make rheological determinations about changes in the physical material state

of intimately attached foreign films on BAW devices.

Figure 5.6 (D) shows that although mass load dominates the response, there are two
additional factors to consider. The first is the apparent improvement of the power
transmission, by~ -0.2 dB upon protein loading, but also a significant improvement from
the original trace where the minimum S;; power transmission was ~ -27 dB ( See figure
5.6 (A)). However, this discrepancy can almost certainly be attributed to non identical
electrical connections from the PCB to the FHA when the PCB was replaced by hand
each time the test was performed. More importantly, there is also a change in the Q factor
of the responses and this can be inferred by the increase in the width of the curve it is
highly unlikely that Q factor response of the device could be altered due to the physical
replacement of the PCB into the FHA. In this case the 1 dB Q factor was taken, so the
real value is exaggerated, the Q factors from the spread sheet for this overmode are as
follows.

(@) Unloaded Q value = 1949.892

(i)  After protein physical adsorption Q value = 1689.768

(ili)  After immuno accumulation of the glgG Q value = 1689.041

The significance of this change in the characteristic response of the FBAR is not known

at this time, other than to indicate that there is some minor perturbation of the acoustic

signal indicative of a non perfectly ideal mass load response from the protein layers
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However, the frequency decrease from the mass loading of the proteins dominates the
response and the frequency response can ostensibly be treated as ideal. These results are
in general agreement with those of Tessier et al (1997) # who concluded that the
viscoelastic effects of antibody thin-films on QCM devices could, on the main, be
ignored and that they could be treated as ideal mass loading layers. It also finds
agreement with Martin ez af (2000)?! who consider sufficiently thin viscoelastic layers to

behave for all intents and purposes as ideal mass loads.

However, if this the biological layer were to become thick i.e., into the micron range, for
example if attempting to monitor whole cell populations, then the small AQ factor
responses that are seen in Figure 5.6 D and which are so over shadowed by the mass

loading responses, would probably become very significant.
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Figure 5.6 (A) Shows the truncated response (1 GHz) of a full band (0-3 GHz) S21 sweep
of FBAR device 9 on PCB 11. About 520 data points are visible from the 1601 points
obtained in the original sweep. The harmonics used to generate Figure 5.6 (B) below are
indicted.
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Figure 5.6 (B) Shows the relationship between changes in FBAR device 9 on PCB !I.
S2i series harmonic overmode resonance frequencies (-A/) caused by the mass loading
effects from the physical adsorption of adlayer of rlgG onto the gold surface of the FBAR
and the subsequent antigenic binding of polyclonal glgG to multiple epitopes expressed
on the rigG protein layer.
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Figure 5.6 (C) The characteristic responses of the first overmode (316.858 MHz) of
FBAR Device 9 on PCB11 in its unloaded condition and with the physical adsorption of
rlgG and then immuno accumulation of rligG + glgG. (1601 data points, Measurement
range 20 MHz.)
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Figure 5.6 (D) As above, but data is truncated to X = 1.5 MHz, Y = 1.6 dB to assist in

visualisation of the characteristic response. About 23 data points of the original 1601 are
shown.
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5.3.3.2.3 Experiment 5.3 (C)

5.3.3.2.3 1 Method
FBAR device 10 on PCB 11 was used. The methods used were identical to those of

Experiments 5.2 (A) and 5.2 (B). However, one of the wire bonds connecting the device
to the earth plane became dislodged at the second protein loading phase, the decision to
continue with the tests was made, increased focus on the stability of the device Si;

responses was maintained.

5.3.3.2.3 2 Results
The loss of one of the two earth wire bond connections from the FBAR to the earth plane

of the PCB did not appear to significantly detrimentally influence the FBAR output
responses. A future study should examine the effect of the loss of both earth wire bonds.
N

Figure 5.7 (A) Shows characteristic response of FBAR over Sy; full band frequency
sweep (0-3 GHz) with 1601 data points collected over the range but the figure is
truncated to 1 GHz showing only the relevant parts of that trace. The resonant harmonics
used for the protein analysis are indicated. The useable FBAR S;; series resonance
frequencies were found at 684.476 MHz and 929.167 MHz.

Figure 5.7 (B) Shows that the physically adsorbed rIgG layer decreased FBAR S, series
resonance frequency and the subsequent affinity binding of the polyclonal glgG
decreased the resonant frequency further due to the additional mass loading. The values

for this change are tabulated below in Table 5.3.

Table (5.3) FBAR device 10 on PCB 11 Sy; series resonance frequency change due to
mass loading from proteins.

Nominal -Af (kHz) due | % change due | -Af(kHz)due | % change due
Frequency to rigG to rigG to rIgG + glgG | to rIgG + glgG
(MHz) loading loading loading loading
684.476 104 0.1519 331 0.4835

929.167 156 0.1678 503 0.5413
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Figure 5.7(A) Shows the truncated (1 GHz) response of a full band (0-3 GHz) S21 sweep
of FBAR device 10 on PCB 11. About 530 data points are visible from the 1601 points
obtained in the original sweep. The harmonics used to generate Figure 5.7 B are
indicated.
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Figure 5.7 (B) Shows the relationship between changes in FBAR device 10 on PCB 11
S21 series resonance frequencies (-Af ) caused by the mass loading effects from the
physical adsorption of an adlayer of rlgG onto the gold surface of the FBAR and the
subsequent antigenic binding of polyclonal glgG to multiple epitopes expressed on the
rlgG protein layer.
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5.3.3.2.4 Experiment 5.3 (D)

The FBAR used in this test utilised a piezoelectric membrane constructed from PVD
sputtered AIN (aluminium nitride) as opposed to PVD sputtered ZnO (zinc oxide). This
FBAR unit also lacked the buried SiO, layer which was embedded into the Si wafer to
generate the harmonic overmodes within the measurement range of the network analyser
(0-3 GHz) shown in the previous set of tests. AIN FBARs typically generate high quality
responses with good electromechanical coupling coefficients even at high frequencies
where there is a pre requisite for a relatively thin piezoelectric membrane. (< 1 pm). The
AIN FBARs were transported offsite for a specialist wire bonding procedure using an
epoxy rather than a ball and wedge procedure The level of contamination on the surfaces
of the AIN FBARs was not established, and solvent cleaning of the AIN FBARs was not
possible because the solvent caused the epoxy''* (as opposed to ball wedge) wire bond to
fail and a number of AIN devices were lost to this type of failure before this fact came to
light. The AIN FBARs used a molybdenum electrode in place of gold and thermosonic

ball wedge bonding is not generally successful on molybdenum.

5.3.3.2.4.1 Methods.
FBAR device 7 on PCB 17 was used. The methods used were identical to those of

experiment 5.2 (A) and 5.2 (B) and 5.2 (C) Of five devices, this was the last remaining
AIN FBAR due to significant losses of the epoxy wire bonded devices during the initial

solvent cleaning stages.

5.3.3.2.4.2 Results.
Figure 5.8 (A) Shows a full band S;; sweep of the device. It gives a high quality single

resonance curve with unloaded f; = 1.788654 GHz. The inability to solvent clean the gold
surface of the device before loading the rigG protein almost certainly interfered with the
binding efficiency and this may be reflected in the low initial frequency change of ~-Af
112 kHz. -Af for the addition of glgG to the rIgG layer was 735 kHz (See Figure 5.8 (B))

114 Ball wedge bonds could not be made directly to the molybdenum electrodes used for the AIN based
FBAR, that is why epoxy resins were used and so drastically failed during solvent cleaning..
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Fig 5.8 (A) Shows a full band (0-3 GHz) S21 sweep with 1601 data points of AIN based
FBAR device 7 on PCB 17. S21 Fundamental series resonance is at 1.788654 GHz
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Figure 5.8 (B) Shows the mass loading effect from the physical adsorption of rigG to the
FBAR gold surface and the subsequent binding of glgG to rlgG on FBAR S21 series
resonance frequency.
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5.3.4 Summary of FBAR results

The responses from both the rlgG loading and the rlgG + glgG loading for all the repeats
were graphed into an XY scatter plot to highlight the increased response of the FBAR S?i
series resonance frequency to the identical protein mass loading and immuno
accumulation but at higher harmonic frequencies'13. A trend is clear showing that the
FBAR gives more absolute change (Hz) per unit measurand as the frequency of the
device increases and that the mass sensitivity overmode harmonics is linearly related to

the fundamental operating frequency.

Initial physical adsorption of the protein layer to the AIN FBAR was low. but increased
sensitivity to the mass load from the subsequent immuno accumulation is seen. The
presence of the AIN device on this graph probably skews the response trend downward
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Figure 5.9 Shows summary of FBAR S21 series resonance harmonic frequency change in
relation to unloaded frequency for protein load and immuno accumulations described in
experiment 5.3. AIN resonance frequency is fundamental.

115 This does not follow for the AIN FBAR with its higher fundamental mode, since the response has been
undermined by the low level of initial physical adsorption o f the target protein to the dirty gold surface
which could not be solvent cleaned due to failure issues with the epoxy bonds used to link them to the
molybdenum bottom electrode. Theoretically the response should be related to 02
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5.3.5 Discussion

The sensitivity as frequency change per unit measurand of the FBAR devices increased
as higher frequencies in the form of overmode harmonics were used for the analysis. The
linear fit for Af vs. nominal operating frequency showed that the response did rot follow
the expected Sauerbrey term, because this extremely well vindicated term requires that
the sensitivity per unit of measurand response of resonating piezoelectric devices to
increase as a function of the square of the nominal primary or fundamental operating
frequency. (f;) The modes examined in this case were of focused on higher overmode
harmonics, not higher primary modes so the linear increase in sensitivity that was

observed was expected.

The objective of this exercise was to examine the relative sensitivities of the two acoustic |
analysis methods, FBAR and QCM in relation to a given protein load. The QCM
measurement apparatus was a simple frequency counter and as such not equipped to
deliver power or Q characteristics unlike the sophisticated network analyser that was used
to probe the FBARs. But in any case, the changes in Q were negligible and are summed
to zero in this case to give a blanket approximation of the protein load as an ideal mass
load. But it is to be noted that thicker layers will inevitably move toward the more non
gravimetric regimes and a more sophisticated analytical approach will be required in

these cases.

What is unambiguously demonstrated in the results is that the FBAR is more frequency
sensitive to mass loading from protein deposition on its surface than QCM is to the same
load. Consider that in experiment 5.2, the average change in resonant frequency for QCM
in response to the physical adsorption of the rIgG layer for the 3 samples was (-Af ~170
Hz) and the nominal operating frequency was 10 MHz. This represents a change of 17
parts in 1 million. When looking at FBAR in experiment 5.3 however, with nominal
operating frequencies typically hundreds of megahertz the responses were measured in
kilohertz. E.g., an FBAR operating at ~900 MHz showed (-Af ~ 170 KHz) to the same
amount of physically adsorbed rIgG protein load. This is a change of 189 parts in 1
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million and represents a relative increase in sensitivity of 11.1 times for FBAR compared
to quartz with the same load. But of course in terms of absolute frequency change for
given loads, 900 MHz FBAR is approximately 3 orders of magnitude greater than 10
MHz QCM.

It will be recalled from Chapter One that the relationship between frequency change and
the mass accumulated on the resonator in the gas phase is given by equations”6 (1.4) and
(1.5), and the mass sensitivity (M;) of a quartz system in the gas phase is the quadratic

function of the fundamental frequency f, as shown in equation 1.6.2%

For the sake of argument simplicity, if the density and shear modulus are ignored then
equation (1.6) indicates that a 10 MHz crystal would give M; = 200, and a 900 MHz
FBAR"'7 would give M =1.62 X 105, this is theoretically 8100 times more sensitive than
the 10 MHz QCM, and clearly from experiment, FBAR sensitivity increase does not
reach this value. The reason that the exaggerated sensitivity function is calculated from -
the equation 1.6 is very likely due to the fact that the frequency was obtained from an
overmode harmonic not the all important fundamental resonance frequency and that the
term does not take into account the different Q factors (Q = hundreds for FBARs and Q
= thousands for quartz crystals) of the devices since the term was derived solely for
quartz in the first place. A more realistic Ms equation would include the Q factor of the

device to act as a kind of weighting factor.

In Chapter three of this work, it was shown that when combined with a software
polynomial fitting routine, the measured S»; series resonance frequency tracking function
was able to clearly resolve out frequency changes of ~ 2 KHz from background noise
(when fy = ~360 MHz) (See Figure 3.27 (A)), and if this level of resolution can be
obtained from an FBAR say, with fp = 2 GHz and there is no reason to think that it could
not, then it would represent a 1 part in 1 million resolution and although not yet at the

resolution of QCM systems ( 1 part in 10 million) it is favourably comparable because

116 Varjous other forms of this are given in the appendix 1 supplemental chapter.
7 This was of an overmode not a fundamental mode.
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the sensitivity increase subsequently obtained may outweigh the reduction in resolution

generated from lower Q factors.

It was also shown (See Figure 3.26 (A)) that the resolution (minimum point to point
spacing) of the polynomial fitted FBAR S,; series resonant frequency response was a
mere 60 Hz when the software measurement parameter settings were optimised. In any
case, work is also underway at our department to improve the Q factors of FBARs and if
the Q factors of FBAR can be improved by for example decreasing series resistance and

ohmic losses, then the sensitivity of the devices will only increase further.

5.3.5.1 Comparing the experimental results with mathematical models.

The SPR data indicated that the thickness of the initial rIgG layer was 3.5 nm (+ 1 nm)
and the complimentary mass data obtained from the QCM'*® indicated that the average
mass of this was 171.5 ng (+ 45.5 ng). If this is the case then the -Af of a 900 MHz
overmoded FBAR was approximately 1 kHz per 1 ng per unit area of physically adsorbed

rlgG protein or ~49 kHz for a 1 nm thick protein film per unit area on the top electrode.

The value above was considered against the Mason based mathematical FBAR
simulation model that was modified for this Ph.D. project.

Using mathematical modelling software (MathCAD), a virtual FBAR was set up with a
piezoelectric thickness of 2.739 pm and 100 nm thick gold electrodes of 100 pm? to give
a fundamental S,; primary series resonant frequency of f 899.7 MHz, approximating the
resonant frequency of the higher harmonic overmodes used in this experiment!"’. To the
virtual FBAR, a 3.5 nm thick mass'® loading layer with a density of 1 Kg/m® (the
estimated density of a protein) was added to the top surface electrode, the resonant

frequency shift as given by the software was -Af 150 KHz, this compares favourably

118 If the assumption was made that 1 Hz was equivalent to 1 ng of mass on the gold electrode surface of
she crystai as instructed by the users manuai.

19 Of course the modelled value was a fundamental frequency, attempting to calculate an overmode at the
required frequency by modeliing additional back plate thicknesses on the FBAR never gave the desired
frequency at the desired harmonic.

120 The acoustic properties ( density, velocity and attenuation) are approximated as the values of ZnO.
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with the values (171 kHz) that were obtained directly from experiment for the protein
film.

5.4 Conclusion

Wire bonded FBARs mounted on PCBs and housed in the FHA were shown to be
responsive to the presence of proteins when interrogated for S;; series resonance
frequency with the network analyser which was under the control of the software that was

developed as part of the Ph.D. project.

The FBAR was shown to be more sensitive to the presence of protein films on its surface
than a quartz crystal was for the same given load this was both in relative (%) and in
absolute (Af per unit of measurand) terms. This was to be expected since the fundamental
resonance frequencies of the FBAR are much higher than quartz in the first instance. The
lower Q factors of FBAR in relation to quartz do serve to somewhat undermine the ideal

theoretical frequency to sensitivity relationship of the Sauerbrey equation

The work in this chapter has shown that the optical SPR methods when combined with
acoustic methods such as FBAR or QCM are more powerful than when each is performed
individually. For example if the thickness of a layer can be elucidated by SPR, and the
frequency shift experiméntally determined acoustically then the density of the layer can
be calculated quite easily. However, consider that if there were to be a function
programmed into the existing math model where the resonance frequency change could
be directly input, if the density of the layer was known and input, then the software could
generate a thickness value relating to the specified resonant frequency change in the same
If this were found to be accurate, the requirement for an SPR would then become
superfluous. It may be necessary to take dissipation factors into account if the layer

deviates substantially from an ideal layer, this value can be obtained from AQ.
Finding alternative wire bonding procedures that do not use an epoxy bond to connect the

AIN piezoelectric based FBAR devices to the transmission lines of the PCB is important

if the devices are to be used in biosensing arrangements where connection of sensing
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layers to clean gold surfaces is critical. This is because the devices, once mounted onto
PCB can not be cleaned with a plasma treatment, and there seems to be an absolute
requirement for some solvent to be involved during the cleaning of the gold surfaces.
Four extremely high quality, high frequency (~1.8 GHz) FBARs of this type were lost
from the project due the epoxy dissolving the epoxy bond. This interfered with the
capacity of the work to examine the effect of utilising higher fundamental modes to

observe Ms in protein loading.

FBAR devices are much cheaper to produce than QCM plates but the much higher cost of
the interrogation equipment for FBARs, e.g., the network analysers, as opposed to
frequency counters for QCM may be prohibitive for wide-scale commercial deployment
of the technology and it may be important to develop scaled down oscillator circuitry to
excite and record the FBAR responses to give the technology widespread appeal.
However, a simple oscillator circuit that followed Af alone would not be able to provide

the end user with any rheological information.
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CHAPTER SIX
6.0 FUTURE WORK

LSTIGATIUNS IN1U FBAR RESPONRNSES TO VARIOUS
LOADING ONDITIONS AND TO THE MODELLING OF FBAR
ARRAYS.

foonng

Wt

w!l

This chapter is presented for a number of reasons, but mainly because the results from
experiments described in it are difficult to explain but their implications may have far
reaching consequences in further pursuit of the FBAR sensor. It is hoped that the results
will shown in this chapter may help to stimulate future research in directions that may not

have otherwise been considered.

The first experiment in this chapter examines at the effect of irradiating a physically
attached surface population of extracted cellular DNA on the FBAR with ultra-violet
(UV) radiation. The experiment was not performed with sufficient repeats to justify a
place in the main body of the experimental work, and to compound this, a minor
procedural error went unnoticed during the testing stages and only came to light when the
results were being analysed. The decision to include the results was made on the basis of
the nature of the response trends that were observed. These trends may highlight a
potential source of error in the subjective interpretation of sensing responses from
biological samples on FBAR. Since the experiments were performed without sufficient
repeat samples and due to the procedural error, the results can only be viewed

qualitatively but they are considered by the author to be of some importance.

The second FBAR experiment included in this chapter was one where the FBAR was
submerged in a semi-infinite liquid layer. It was anticipated that the device would simply
cease to oscillate completely and the results would not be presented in the thesis because
they would be so obvious. However, the results that were obtained were not at all as
anticipated. The FBAR still behaved as a resonator when it was totally submerged in a
liquid, but as it will be shown, the underwater responses are by no means simple to

interpret. The decision to include these perplexing results in this chapter lays in the
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critical requirement of many biological sensing procedures to be undertaken in the
aqueous phase and hence the potential importance of this in consideration of the FBAR as

a useful and sophisticated complete biosensor system.

The third and final experiment described in this chapter was modelled not physically
performed. For the FBAR to be exploited to its maximum potential, the prototype
development should progress from testing of single resonator units, to arrays of devices
operating simultaneously. This type of simultaneous interrogation gives rise to
sophisticated pattern recognition chemical sensors often referred to in the literature as
electronic noses. FBAR concept arrays were designed and mathematically modelled. The
results from some the investigations are not easy to interpret, but they show a proof of
principle. The decision to include these results in the thesis was made on the basis of the
perceived importance of array formats for the continuing research and development of

FBARsS as chemical and biological sensors.
6.2 Experimental section

6.2.1 Using FBAR to study the massless accumulation of photoproducts
induced from UV irradiation to physically adsorbed DNA surface populations

6.2.1.1 Introduction

Deoxyribose nucleic acid (DNA) is the medium on which biological hereditary
information is stored and transmitted. In eukaryotic cells, it usually exists in a hydrogen
bonded, double stranded 5°, 3’ anti-parallel helix. One strand (the sense strand) contains
clusters of information (genes) that are directly accessible to the organism for biological
instructions and the other strand ( the non —sense strand) holds ostensibly a mirror image
of the sense information and this is used for error repair and proof reading of the sense
strand during replication and transcription. The DNA molecule itself is physically
constructed of identical repeating units (i.e., it is a polymer) of covalently linked ribose-
sugar-phosphate residues, and the hereditary information is stored in the specific
sequence i.e., the order, of four bases linked to the ribose sugar residues. The bases are

either purines (adenine (A) and guanine (G)) or pyrimidines (cytosine (C) and thiamine
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(T)) Nearly all of biology on the Planet'*' is coded for from the sequential reading of the
ACTG bases, which basically instructs the cellular machinery to connect one of twenty
possible amino acid types adjacent to the previous amino acid on a chain known as a
polypeptide. From this procedure, functional proteins which are the fabric of life are

created.

For the purposes of this demonstration just one of the properties of DNA is to be explored
further, that is the massless accumulation of the so called photoproducts of DNA. These
chemical entities form deleterious mutations on a single strands of DNA in the form of
covalent linkages of adjacent pyrimidine residues when the DNA molecule exposed to
UV light. It is very likely that the physical state of DNA, and hence its acoustic properties
will change in response to these mutations, and if enough of them are formed on the
FBAR surface DNA sample, it was interesting to perform experiments to see if the FBAR

could respond in some way to their presence.

Ozone depletion caused from pollution entering the Earth’s stratosphere results in
enhancement of UV-B (280-315 nm) radiation at the Earth’s surface. This is known to
have pronounced deleterious biological effects The main class of UV-B-induced DNA
lesions consists of dimeric pyrimidine photoproducts. The two most frequent types of
DNA lesions induced by UV-B radiation are the cyclobutane pyrimidine dimers (CPDs)
and pyrimidine (6-4) pyrimidone adducts, commonly referred to as (6-4) photoproducts
(6-4 PPs) ™" Both of these lesions can be repaired by light-dependent enzymes called
photolyases (a process called photo-repair or photo-reactivation). In photo-repair, a single
enzyme, photolyase, uses light energy in the range from 300 to 500 nm to reverse the
dimerization of pyrimidines.!”! Dimerisation is deleterious to the organism because it
draws the adjacent thymine residues together, distorting the DNA helix in such a way that

replicative polymerization past the dimerised site is blocked.

121 Exluding the retro viruses such as influenza and HIV which use RNA instead of DNA to store their
information — but not express it since they ultimately hijack the DNA machinery of the host cell.
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6,2,1.2 Methods

Whole cell DNA was extracted and purified from a cultured human cancer cell line with
the QIAGEN QIAamp ® DNA mini extraction kit (Boundary Court, Gatwick Road,
Crawley. West Sussex RHIO 2AX) The DNA concentration of the purified DNA sample

in buffer was shown, by optical density testing to be ~40 pg/ml.

A wirebonded FBAR (Device 23 on PCB 9 ) in the FBAR housing assembly (FHA) was
S21 characterised on the network analyser, and a wide bandwidth (0-3 GHz) frequency
scan of the FBAR was made. A number of potential resonance curves were identified as
analytically useful. The useable overmode with the highest operating frequency was
chosen because it was considered to be the most sensitive due to its higher intrinsic
operating frequency it also lacked spurious modes and was quite a powerful resistorat

resonance.
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Using a Gilson pipette, a 200 pl aliquot of the DNA solution was deposited onto the top
electrode surface of the FBAR and this was allowed to dry in the dark under a fume hood
for 24 hours. It is likely that buffer residues remained on the surface of the FBAR along
with the DNA surface population.

The FBAR, with the dried DNA layer, was S;; characterised in the FHA by the network
analyser with appropriate measurement rage focussed around the highest frequency
overmode. The FBAR was then taken into the clean room where the MA56 mask aligner
was already powered up and its UV light source was well warmed but hidden under the

UV shade of the mask aligner.

The DNA coated FBAR was exposed to the UV for 5 seconds using the method one
would normally use to expose photo resists through masks. Great care was taken not to
damage the mask aligner with this non-standard loading procedure. The UV exposed
sample was then covered into darkness by replacing the lid of the FHA and it was then
taken back into the Measurement room, and once again Sj; characterised on the network
analyser from within the FHA. The sample was taken back to the UV source in the clean
room and a further 10 second exposure was performed this process was repeated to give
totals of 45s and 90s UV exposure times. Obtaining a thickness profile of the DNA was

not possible due to servicing issues with the Dektak surface profilometer.
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fraction (40 gl/ml) deposited onto FBAR device 23 on PCB 9 after being left to dry down
for 24 hours.
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the outer edge of the droplet profile. Various crystalline entities, possibly residues from
the buffer are visible.

6.2.1.3 Results

The nominal (unloaded) operating frequency of the chosen harmonic overmode was
993.4 MHz. When the DNA was loaded onto the gold top electrode of the FBAR, the
frequency as recorded by the network analyser fell by -3.3 MHz to 990.1 MHz. Lacking
a direct determination of the thickness due to profilometer servicing issues an
approximate theoretical thickness of (0.05 pm) for the dried down DNA layer was

calculated by manually configuring the Mathcad FBAR model set at (990 MHz
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fundamental'* resonance frequency) to decrease the frequency by the recorded decrease
of 3.3 MHz and monitoring the thickness required to cause this shift in the math model. A
density of 1.0 Kg per m® was assumed for the dry DNA.

Figure 6.3 (A) shows the results from 10 iterations over ~150s for DNA loaded FBAR
with UV exposure times ranging from zero to 90s. The non-exposed operating frequency
0f 990.183 decreased by 80 kHz to 990.103 during the first 5 seconds of exposure, and at
15 seconds fell a further 18 kHz to 990.085 MHz, at 45 seconds the decrease in resonance
frequency was 12 kHz with the average reasoned frequency at 990.072, and finally at 90
seconds exposure the resonance frequency had fallen a further a further 11 kHz to give an

average operating frequency of 990.061 MHz.

Figure 6.3 (B) shows the 1 dB bandwidth'? reported Q factor for the device under the
same experimental conditions. The figure shows that the 1 dB bandwidth falls by ~20
points, during the period 5s to 15 s, but beyond this it is not possible to clearly resolve out
changes in Q factor any further at this level of resolution. However, the figure suggests

that the sample is becoming more “lossy” as it is exposed to the DNA.

122 This is a potential error, since the 900 MHz FBAR overmode will not have been as sensitive as the 900
3Hz fundamental mode that was modelied. It was too complicated to set up the math model to generate
harmonic overmodes at specified resonant frequencies

'>* An error was made in the seitings for the zero seconds exposed DNA sample, this error being that the Q
bandwidth was set at 3 dB whilst the settings for 5 seconds exposure to 90 seconds exposure were set at 1
dB bandwidth. This will have had a downward effect on the recorded resonance frequency and without a
repeat set of tests, the result from 0 seconds —to 5 seconds exposure can only be viewed qualitatively.
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Figure 6.3 (A) Shows the effect on S2i series resonance frequency of FBAR response from increasing
exposure times of UV light on a surface population of DNA physically adsorbed onto the FBAR gold top
electrode and dried down for 24 hours. The mass of the DNA is assumed to have remained constant
throughout the test. iO iterations, each iieraiion was over 1601 data points and 2 MHz frequency bandwidth
span over the ~ 990 MHz overmode.
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Figure 6.3 (B) As above, but shows the effect on reported Q factor of sample. The IFBW was set at 1000.
The Q bandwidth was set at 1 dB. The Q factor for the initial unexposed sample was recorded at 3 dB in
error, (not on graph)
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6.2.1.4 Discussion

At first sight, due to the decrease in resonance frequency of the FBAR, the results would
indicate that there had been an additional mass load on the surface of the resonator, but
this almost certainly is not the case. The clean room is free from dust, and the FHA was
sealed when transporting between the clean room and the measurement room, so
accumulation of mass from flocculent is highly unlikely. If the mass of the DNA layer on
the FBAR is assumed to remain constant, then according to the rules of operation of
FBAR as they are understood in this thesis, then a decrease in resonant frequency could
be brought about by either an increase in the density or an increase in its thickness. Both
of these scenario’s are unlikely, an increase in the thickness of the layer caused by
" swelling would likely decrease the density of the layer and the converse is true that if the
layer density were to increase then the volume and hence the thickness should decrease.

It is possible that the UV induced photoproducts changed the stiffness of the DNA layer.

The results demonstrated here are in general agreement with previous work done on
DNA UV-C damage BAW sensors based on quartz by Zhang et al (1998).°! These
researchers found that when DNA, bound to the surface of a 9 MHz quartz crystal, was
irradiated with UV-C ( 254 nm) the frequency of the DNA/BAW device decreased over
time (30 minutes) by up to Af = -60 Hz and they attribute this to the formation of UV
induced lesions/accumulated photoproducts in the DNA layer linked to the surface of the
resonating device, and suggest that increased mass loading is not the contributory factor
in the response. In their work, Zhang et al find it necessary to use impedance analysis on
the BVD circuit in the form of separate L,C, and R responses to comprehend their results

with significant detail.

Consider that the FBAR device opérating at ~990 MHz in this work responded with a
negative frequency change of roughly Af=-100, 000 Hz during the 90 seconds DNA UV
irradiation time, suggesting that FBAR is responsive to the same UV induced changes in
DNA that quartz is able to acoustically transduce, but at with increased sensitivity.

However, since the DNA loading methods and concentrations and the UV frequencies
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used in this test are than in different Zhang’s study, the increase in sensitivity is implied,

but it is not confirmed.

From the photograph of the DNA loading state it is obvious that there is a bulk of DNA
all over the die, and it is possible that the layer contracted on the X plane whilst
increasing thickness on the Y plane and in doing so, has increased the total amount DNA
presented to any given unit of the working area. It is also possible, that there has been a
change in the stiffness of the material ( this being independent of thickness and density)
due to the accumulation of photoproducts and as such the propagation velocity of the
acoustic probe wave has increased, thereby decreasing the resonant frequency. The
observed change in the Q factor runs contrary to the authors expectations since it was
considered that the accumulation of covalent bonds in the sample would increase its
stiffness, and hence increase the elasticity and cause the Q factor to rise — but obviously
this is an oversimplification and is not the case. The interesting point to be note here is
the fact that a rheological interrogation has been made which is potentially distinct from

any changes in mass loading whatsoever.

This brief “look-see” type test shows the flexibility in the responses of the FBAR to
changes in the physical state of the surface loading layer. It also brings with it a valid and
possibly very important caution, in that there is scope for interpretive error in making
mass determinations on resonators if the physical properties for, example stiffness or
viscosity of the mass layer are to change for some reason and go unnoticed. Much more
work obviously needs to be done with experiments involving calibrated stiffness changes
and material rheology on loading layers before serious conclusions can be drawn from

the results shown in this section.

However, what is almost certain is that exclusively monitoring the frequency change of a
BAW device can not deliver enough information alone to draw comprehensive scientific
conclusions about acoustically probed sensing responses unless the experimental
conditions are rigorously controlled. Loss or dissipation factors may need to be integrated

by means of software embedded calibration and compensation, into the final output
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responses of BAW sensors to obtain a clear picture of any sensing event more
complicated than the “ideal cases” of additional thin metal film mass loads on to the
surface. This toﬁic has been explored by Voinova et al (2002)," where the “missing
mass” as an experimentally observed deviation from a linear dependence of QCM
resonant frequency on viscoelastic mass deposition has been calculated against the “true
mass” calculated from other means. Rigorous formulae has been developed to
compensate for the difference between the two culminating in a more accurate form of
the original Sauerbrey equation. Denaturation in Herring DNA on the basis of the

viscosity-density effect on quartz has been explored by (Wu et al 2000).

The potential for interpretive error related to the estimation of mass loads for materials
with unknown, but most especially with mutable rheologies increases exponentially as
the fundamental operating frequency of the device increases and the subsequent increases

in sensitivity are gained as a consequence of this fact.
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load.
6.2.2.1 Introduction

Because water vapour as an increase in the relative humidity of a gas stream was being
used to test FBAR responses, it was interesting from a purely experimental perspective to
examine the effect of complete submersion of the uncoated device loaded under a semi-
infinite water layer. If resonances were still seen, it would prove to be both theoretically
interesting and of some practical sensing significance in considering the FBAR as a
biosensor because many biological sensing procedures have absolute requirement for the

aqueous phase.

Since Sauerbrey up until ~ 1980, it was assumed that the QCM would not operate in
liquid because excessive energy loss would cause the crystal to cease oscillation. Nomura
and Minemura proved this assumption be incorrect by actually putting it to the test in real

experiment.”” and this has opened a whole new avenue of fruitful acoustic sensing
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possibilities, including the development of the electrochemical variant of the QCM, the
so called ECQM. Much work has been done to explore the effect of loading TSM QCM

with semi-infinite liquid layers, both Newtonian and Maxwellian in nature.

Theory has been constructed to explain the effects of liquid loading on QCM operating in
TSM.

The surface mechanical impedance contributed by a semi-infinite Newtonian fluid on a

shear mode QCM is given as (Bandey 1999)*a

/l J

Y
z,= -H2LJ (I+y) (Eq 6.1)

&

respectively.

Liess (1997) et a lv1 use a modified the BVD circuit model to represent a semi-infinite

liquid load.

bigitre 0.4 Equivalent BvD circuit of a liquid loaded quartz iesonator, fC and L2
represent the viscous coupling, L3 represents the mass loading.
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The change in series resonance frequency due to liquid induced mass change is calculated
as; (Liess 1997)"!

1 1
(L+L+L)] 22LC)

M = ﬁiquid _.f;zir = 27[-\/ (Eq 6.2 )

At this stage it is not known how relevant (if at all) these terms are to the present work
with FBAR in contact with liquid. The theory was developed for QCM operating in TSM,
and it now becomes important to distinguish between the shear modes of AT quartz and
longiﬁdinal (i.e., compressional modes) of FBAR acoustic probe wave propagation.
Refer back to Figure 1.4 A and B which shows compressional waves are produced in
FBAR and transverse shear motion is generated from the common AT cut of quartz
plates. Shear modes of wave propagation are not supported by a liquid so the energy of
the wave remains trapped in the shear mode crystal and only couples evanescently with

the liquid but this is enough to make accurate interrogations about changes in the liquid.

In their paper on Acoustic wave — liquid interactions, McHale et al (2000), discuss the
theory of SAW and QCM interactions with liquids to the level of solving the Navier-
Stokes equations but do point out that the terms (not shown) do not take into
consideration the compressional element of the Rayleigh SAW. 8} Hence the theory
described in McHale’s work would most likely would not serve to explain the behaviour
of the FBAR and the interaction of the high frequency compressional waves through
liquids. As a rule of thumb, low frequency compressional waves, e.g., audible sound and
sonar are supported well by liquids, but at higher frequencies they are not supported. A
literature search has revealed no reports of studies involving microwave frequency

mechanical transmissions through aqueous media.
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6.2.2.2 Methods and apparatus

Water droplet

(<1-15 mm)
Die FBAR
(1.5 em x 1.5)

WIRE

BOND
TL
PCB (FR4) via

From port 2
To port 1
earth

Figure 6.5 Schematic of the submersion in liquid water of FBAR on die, mounted on
PCB and wire bonded to 500 TL in the FHA. (not to scale)
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~ 6.2.2.3 Water loading experiment 1

6.2.2.3 1 Methods
FBAR (Device 7 on PCB 3) was placed into the FHA but the lid was not attached. It was

characterised (S,; 1601 points over 0-3 GHz span range) in air to obtain characteristic
responses for the dry sample. As much water as possible (~1 ml) was then pipetted onto
the device with a Gilson dispenser until a droplet with meniscus about 15 mm above the

FBAR formed. The droplet was held on the die (1.5 cm X 1.5 c¢m) by surface tension.

The device was tested for responses whilst submerged. The vast bulk of the water was
then removed from the sample by removing it from the device with the Gilson, leaving
the thinnest possible water layer, likely not to have been a monolayer, but certainly no
thicker than few microns. The device was then re-submerged for a second time by
depositing a 1 ml droplet of water over the FBAR, it was and retested in the submerged
state. A 0-3 GHz range XY scatter graph of S;; transmitted power over Sy; series
resonant frequency showing the comparisons for the unloaded and submerged (x2)

loading conditions was created.

Notes on graphical data presentation

The 1601 data points (per trace) on the graph make it counter productive to use symbols
represent the data, since they greatly increase the thickness of the line and are not
individually separated in any case. The use of dotted or dashed lines does not improve the
visual output style of the graph because the density of the data renders the perceived
graphic as a continuous line. As such, only lines represented by different colours can be
used in this case, and will make it impossible to read the information if this thesis is black
and white photocopied. Wide span (0-3 GHz) graphs are shown with truncation of the X
and Y axis to focus on the overmode in question, this is done to assist in data
visualisation because the wide band graphs hold so much data and are not easy to

decipher.
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6.2.2.3 2 Resulfs

The result (Figure 6.6 (A to F,)) shows S;;, 1601 point, 0-3 GHz span for device 7 on
PCB 3 in air and when it was submerged in a droplet of water with the top most part of
the meniscus being ~15 mm from the FBAR. E.g., totally submerged. A repeat

submersion followed and the data for this is shown also..

In the gas phase, the FBAR shows five distinct S,; series resonance curves (primary
resonant frequency and overmode harmonics). Analysis of the results for both of the
submersion events reveals that there is no immediately obvious pattern to the response.
Overall, the first and second submersion events did yield results that gave very similar
patterns both in FBAR frequency and FBAR power characteristics . When considering
the change in FBAR response between the dry and the submerged states it is shown that
the primary mode frequency (~186 MHz) was not discernibly effected by submersion at
this level of resolution, but there was some change in the transmitted power response of
the FBAR observed. This is shown by the 0.8 dB increase in insertion loss and

attenuation of the resonance curve “magnitude” by about 0.5 dB in the submerged state.

(Magnitude in this case is almost certainly a misnomer, but implied is the difference in
power (dB) between the value of the frequency of the parallel mode of resonance and the
power at fyu of the series mode of resonance. Usually, this is given as the difference
between the parallel and series frequencies (Hz) when calculating the electromechanical
coupling coefficient (K of the FBAR but the power transmissions are not usually taken
into consideration. In this case, this description is necessary because merely stating a
transmitted power value for the curve could be misleading since the resonance curve
could begin its descent into pure resistance starting at different power levels.(For an
example of this see resonant overmode 4 in Figure 6.6(B). In effect, the term
“magnitude” is attempting to denote the total size of the resonance curve completely

independent of its insertion loss.)

The first overmode was strongly effected by the submersion. Although the resonance

frequency (~322 MHz) remained very similar for the dry and submerged states, the
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change in power transmission characteristics was profound. In its dry state, the FBAR
first overmode power transmission at fon-1y Was ~ -13.5 db, but when submerged the
transmitted value was recorded at ~ - 6.3 dB indicating that this mode losing energy
when it was submerged since the magnitude of the dry resonance curve was ~11.5 dB and
the submerged magnitude was ~ 2.8 dB. The second overmode at 360.4 MHz was not
analysed. The third harmonic at ~680 MHz showed an increase in resonance frequency
of about 4 MHz when the submerged value was calculated. The return to capacitance
from the pure resistance at f, =) is severely truncated at -12 dB as opposed to -2 dB for
the dry state, in effect the left had side of the resonance curve at this overmode is for the

most part vanished.

The final overmode of the FBAR at ~ 920 MHz shows a decrease in resonance frequency
of about 3 MHz, but here fyn=4) is at ~ -35 dB as opposed to ~ -12 dB in the dry condition.
The magnitude of the submerged resonance response is increased to about 20 dB in total,
from about 8 dB in total in the dry state. The second submersion returns FBAR values
very close to those seen during the initial submersion. The trace beyond 1.1 GHz up to
the 3 GHz point on the submerged sample, shows an unusual periodic function, that is not

present in the non-submerged state .

The results described above, lacking any pattern that is immediately obvious, are shown
as for the readers convenience as a set of tabulated values (See Table ())and also as a set
of graphs (See Figures 6.6 A-F) over range 0-3 GHz, and truncated to show the responses

over each of the overmodes.
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I'lzzivQ 6.6 (A) Shows the S21 response of device / on PCB 3 m air and also when
submerged in semi infinite (15 mm) water load. The loading was repeated. 1601 points
over 0-3 GHz 1601 data points.
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Figure 6.6 (B) As above but the fundamental and overmodes harmonic resonance peaks
of the dry trace are clearly marked with arrows. This graph X scale is truncated (range =

I GHz) to assist in data visualisation, about 550 of the original 16 0 1 data points are
visible.
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Figure 6.6 (C, i), E and F) truncated forms of figure 6.6 (A) shows each of the S2I
resonance curves from device 7 on PCB 3 in air and in response to submersion.
Submersion was repealed after drying the device. The Y scale (dB) is also truncated to

enhance visualisation of the data.

Note the S21 frequency increase in (E) and S21 frequency decrease in (F) in response to
the exact same submersion events relative to the frequency recorded for the device in the
dry state or gas phase. Note aiso the increase in S21 transmitted power in (C) but

especially overmode 1 in (D), indicating damping, but the converse is true for (E) and,
especially (F).
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Table 6.1 Shows processed data from water experiment 1 X (frequency (Hz)) and Y (
transmitted power (dB)) coordinates for the FBAR trace in the dry and submerged states.
( overmode 2 was ignored due to small response) Red text indicates increases in
resonance frequency or decreases ( i.e. improvement) in power transmission.

S,; series Sa S, series resonance S,; transmitted power when
resonance | transmitted frequency when submerged (dB)
frequency in power in submerged
air (MHz) air
(dB)
zlld
1* load 1*load 2" load
load
Primary Mode 186.063 -9.095 186.063 186.063 -8.192 -8.228
(&f=0Hz) & (AdB=10903) | (AdB=+0.867)
Overmode 1 322.892 -13.498 322.892 322.892 -6.352 -6.272
(Af=0Hz) “ (A dB =+7.146) (A dB =+7.226)
Overmode 2 360.428 - - - -
Overmode 3 680.089 -14.915 684.646 684.646 -14.648 -16.683
(&f = +4.557 6 (A dB=+0.267) (A dB =-1.768)
Hz)
Overmode 4 920.818 -12.229 917.069 917.069 -33.802 -36.521
Af=-3.749 o (AdB=-21.573)+| (AdB=-24.292)
Hz)

6.2.2.4 Water loading experiment 2 (A) and 2 (B)
6.2.2.4.1 Methods

The experiment was repeated on to see if effects observed shown for the initial
submersion tests in experiment 1 were similar when using a different, but equivalent

FBAR device. In this case, the device used was Device 7 on PCB 7.

Water experiment (2A)
S»; series resonance frequency responses of the device was recorded in air, the device was

then completely submerged in 15 mm droplet and responses compared. The XY scatter
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graph is shown (range = 0-3 GHz) and also truncated to show in detail the areas of the
chart that have responded.

Water Experiment (2B) _

A calibration of the FBAR S,; series resonance response to water loading was then
attempted. The depth'®* of the water droplet then increased by individual incremental
additions of fluid with the Gilson pipette.(~100-200 pl) to look for any obvious
patterns/trends in the response. The graph is shown over the whole 0-3 GHz range and
also truncated with narrow bandwidth focus to highlight and explore the responses with

increased clarity.

6.2.2.4.2 Results

Water Experiment 2 (A)
The response of the dry unloaded FBAR sample shows a fundamental mode (denoted as

Jfo ) followed by 6 (fom=1106)) overmodes'®

. These are marked clearly on the graph (See
Figure 6.7 (A). The resonant frequency of the fundamental mode and the first 5
overmodes does not appear to change at any discernable amount at this level of resolution
(1601 points over 0-3 GHz) for the submerged sample. Indeed of the 6 resonant .modes
shown in the dry sample there are at least 5, possibly 6 resonant modes still visible in the

submerged sample.

At fy (194 MHz) the response of the dry and the submerged sample are roughly
equivalent in terms of frequency and transmitted power. At overmode 1 fyn=1y (326
MHz), there is significant damping of the résonance curve in the submerged sample. The
responses of the second overmode fyn=zy (384 MHz) are roughly equivalent for the
unloaded and the submerged samples. The attenuation seen in the first overmode is not

apparent here. The extremely small resonant mode marked as position 3 on the graph for

124 This means the height of the meniscus from the surface of the FBAR. This was measured by inserting a
pin into the droplet until it reached the die, and then removing it and measuring the amount of wet area on:
the pin with a ruler. This method was not of high accuracy, but it was considered adequate for the purposes
of the experiment.

125 Overmodes marked at point s 3 and 6 are partial overmodes and would likely not be of significant value
in sensing analysis since the resonance peak in its entirety is << 3 dB.
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the unloaded sample is discernable with careful observation of the submerged trace at the
same resonant frequency (554 MHz) but with significant insertion loss. At overmode 4
Jow=4y (707 MHz) and 5 fy=s) (967 MHz) an unusual form of spurious mode has manifest
in the resonance curve, and although the resonant frequency'® for the dry and submerged
specimens are equivalent, the response characteristics for both of these curves is
dominated by the spurious mode and this pattern is repeated for both overmodes. There is
some question as whether or not to the point marked (*) on the graph bears a relationship
to overmode 6 (1.275 GHz). No further comment can be made on this point or apparent
similarities between the shape of the dry and submerged traces at frequencies beyond
1.275 GHz.

Figure 6.7 (B) shows the same trace but in a truncated from to highlight the damping of
overmode 1 in relation to the fundamental frequency and the overmode two where there
was no significant alteration of the S,; transmitted power of the FBAR as measured by

the network analyser.

Experiment 2(B)
The traces successive immersion of the FBAR in incrementally increasing water depth is

shown against the unloaded sample. Again, as for 2 (A) the major characteristic response
frequencies are still clearly visible within the trace and the responses of the FBAR are not
dominated by frequency change, but instead the responses appear to represent changes in

the S,; power responses of the FBAR.

Figures 6.8 (A and B) show that the responses of FBAR in submersion at 1 mm and 2
mm depth deviate from a general emerging calibration pattern that is generated as the

water load increases in depth.

As the traces for 1 mm and 2 mm loads proceed beyond overmode 4 (707 MHz) both the
1 mm and 2 mm submersion power responses (dB) decrease (i.e. improve) markedly. The

traces representing the 4 mm, 7 mm, 10 mm and 15 mm water depths all show power

126 The automated J0 detection of the software would have reported the value with the most negative power
transmission (dB), this would appear to be at the tip of the spurious mode of resonance for both overmode 4 and
overmode 5 and would most likely have been an error.
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transmissions becoming more positive (i.e degrade) as they traverse the intervéning
frequency range of 260 MHz to reach over mode 5 (967 MHz). This trend is exaggerated
at the water depth increases, ultimately clearly separating out overmode 4 and overmode
5 The resonance frequencies fym=s) and fon=s) for these loads appears to have fallen by
approximately 3 MHz (+0.5 MHz) from the unloaded dry FBAR in the gas phase.

Careful inspection of the trace reveals the partial overmode 3 (the first mode visible in
Figure 6.8 (B)) is still quite visible when submerged and that frequency and power
responses have not been significantly effected at levels that can be discerned at this
resolution. There are indications that resonances have also occurred for all water loading
sample depths at overmode 6, this overmode is of extremely small magnitude but can be

discerned by careful inspection of the trace.
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Figure 6.7 (A) Shows response of FBAR (Device 7 on PCB 7). in air and submerged in
semi infinite liquid water loading layer. (15 mm). (S21, 1601 points over 3 GHz)

fundamental
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Figure 6.7(B) As above but X scale truncated (150 MHz to 400 MHz) and Y scale
truncated (0 to -15 dB). Highlights significant damping of the 1sl overmode at 326 MHz.
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Figure 6.8 (A) Shows S21 calibrated responses of FBAR (Device 7 on PCB 7). under
various water aliquot depths. Overmodes are indicated in Figure 6.7 (A)
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Submerged (1mm)

Frequency (GHz)

Figure 6.8 (A) As above but with truncated (0.5-1.5 GHz ) X scale to assist in data
visualisation. Overmodes 3, 4, 5 and 6 are visible.
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6.2.2.5 Discussion and suggested farther work.

A compressional probe wave entering a liquidrshould experience a geometrical spreading
loss with amplitude reduction proportional with distance. In addition there should be
significant amplitude reduction due to absorption in the water. (This absorption
coefficient in dB/m) increases with the frequency squared. The value at 1 MHz is ~ 0.3
dB/m and 176 higher than this for a 1 GHz signal.®! If these rules were in operation for
the experiments shown above, then clearly there should be little or no response at all from
the FBAR and its signals should have been damped almost to 0 dB as the device ceased
to oscillate due to excessive energy loss, but the results clearly show that this was not the

case and some resonance of the FBAR continued during its submersion.

The wirebonded FBAR samples that were mounted on PCB and probed from within the
FHA gave results that at first sight suggested that Sy; series resonance still occurred when
they were submerged. There was a difference in the response of FBAR between 10 mm
and 15 mm thickness, this suggests that in this case the concept of a semi-infinite layer is
not valid at 10 mm, which was unexpected because although the wavelength penetration

depth was not calculated, it was assumed to be in the order of nm, certainly not mm.

Using thinner water layers, ~1 mm droplets, may enhance or amplify the FBAR signal, it
was interesting to note that the main enhancement of signal for both experiments was at
roughly 950 MHz. The reason that the periodic functions observed beyond 1.1 GHz in
experiment 1 are not present in experiment 2 is likely due to the fact that different FBARS
were used, but as to why this happened, or did not happen remains elusive at this time.
Whether these periodicities are resonances is not known. It is possible that some shear
component of the FBAR response played a part in the responses, but again this can not be

clarified at this time.
The difference between the distance of the meniscus from the working area of the device

strongly influenced the results but this response did not display any clear linearity, and

further, there was not the expected frequency shift due to additional mass loading from
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the additional water aliquot. The frequency rose and fell on particular overmodes and no
pattern could be discerned for this. Only a decrease in mass either by decreased layer
thickness or decreased layer density could cause a frequency to rise in the rules of
operation described for resonators in this thesis and the fact that the resonant frequency
has not fallen significantly in response to the mass load of the water is of some

continuing concern

Clearly then, some FBAR mechanism of operation that has not been explored in this
thesis is at work in these responses, and before any conclusions can be drawn, it will be
necessary to look at alternative models e.g., the transmission line model and its response
to variables in dielectric properties of composite resonators. This demonstration is likely
to have created more questions than it has answered, and it would be prudent at this stage
to suggest that the assistance of a vibro-acoustical physicist and a microwave engineering
specialist be sought. However, the most important point to be considered at this stage is

the simple fact that the FBAR continued to resonate during submersion.

It is not difficult to imagine a simple arrangement like that set out in figure, where the
opposite face of the FBAR is used, since the etched substrate forms a natural liquid
holding vessel. It may make sense to exploit this facet, design the v?irebond as in flip-
chip form thus keeping the electronics away from any liquid layers. Perhaps, even micro
pumps could be integrated into the substrate to deliver and remove aliquots at a set rate.
Additionally, measured glycerol aliquots could be added to the water samples to increase
its viscosity to look for damping or dissipation of resonance curve if this were found to be
the case then the operation of the FBAR in liquid loading conditions could begin to be

calibrated.
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Figure 6.95schematic ofproposed apparatus to be used for testing aqueous sam ples with
FBAR sensors. Liquid samples would be interrogated directly in the natural holding
vessel created by the etch-through the Si substrate transferred in and out with a micro-

pump.

6.2.3 Modelling of Fbar array responses with the MathCAD Mason
equivalent model

The powerful MathCAD mathematical FBAR simulation model that based on the
equivalent Distributed Mason Model and which was already in place at our department
was originally written by Dr. Qin-Xing Su and further adapted for this project by Dr.
Mark Potter. The technical details underpinning the programming of the model are
beyond the scope of this text. Dr. Potter kindly assisted in adapting the existing
departmental FBAR simulation to encompass the perceived requirements of the FBAR
sensors project; namely in the addition of an extra top layer with acoustic velocity,
acoustic attenuation, layer thickness and layer density as variable parameters and also in
the matrix wiring for array format of virtual devices with the additional resonators

capable of being connected in both series and in parallel chain arrays.
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6.2.3.1 Theoretical array design.

In all cases of array concept, individual units, and chain linked, the transducers’ operating
frequencies are frequency fine-tuned by the addition of simulated extra gold thicknesses
of the top electrode, which is typically in the order of 50 nm — 100 nm per unit. An
additional set of terms has been written into the model to accommodate the presence of
an additional surface layer over the gold layer. Constrained by cost and time limitations,
the individual FBAR unit array scenarios presented are indeed ideal and perhaps not
feasible at this time. A more likely approach to the successful implementation of an array
format may be in the design an array mask which allows a single electrical input to drive

multiple resonators simultaneously, either in series or parallel.

6.2.3.2.1 Arrays of individual independently operating FBARs

In an ideal world, the schematic (See Figure 6.10 (A)) would offer the ideal solution to
the functionality of any array and the results obtained would be quite simple to interpret.
However, the arrangement is not plausible since its cost and large size is prohibitive. It is
therefore logical to start from the ideal arrangement and work backwards to what is
realistically achievable but offers a best fit approach to the problem of designing an array
of FBARs for multiple analytes. So, in Figure 6.10 (B) an array made of independently
resonating units is shown, but the devices are switched on an off sequentially with a
switching mechanism that is capable of handling RF signals, but would not have to
switch devices on and off at this frequency, each component in the array could, for
example, be interrogated for a few seconds, and then switched off and the next device

would then be probed. Such a switch has been sourced from Agilent.

It has been possible to cut single FBAR resonators out from the silicon grid by means of
a high powered laser. (See Figure 6.10 (A)) Since the resultant devices are ~ 400pum, this
allows for much scope in the design of a miniature array perhaps approaching the more
ideal situation involving individual devices operating independently. An example
conceptual schematic of such an array is shown in Figure 6.10 (A) also. The advantages

of such a system would be that the losses caused by the excessive wire bond length in the
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current scheme could be obviated and an array of individual devices and could be
incorporated onto a relatively small PCB. Finally since the device is envisioned to work
“in the field.” It would be impractical to be reliant upon a NA for powering an
interrogating the devices. NA are extremely sophisticated apparatus and posses much
hardware that is superfluous to the requirements of the sensor under development.
Various forms of oscillator circuits are available and it may be possible in the future to
employ or adapt such a circuit possessing only the components essential to power and
interrogate the FBAR.

6.2.3.2.2 Results

The results shown in Figures 6.11 A and B are quite simple to interpret. The individual ~
1.2 GHz modelled resonators with a zero additional mass load of course showed no
change in resonant frequency and the individual traces seem to show only a single trace
because all five traces are identical and as such overlaid on top of each other. With
sequential 50 nm gold top electrode thickness increases, the frequency is fine-tuned and
falls linearly with roughly Af = -25 MHz per 50 nm additional gold top electrode
thickness load.

The S,; power transmission for all of the resonators remains very similar at ~ -11 dB as
does the overall shape of the resonance curve and hence the Q factor. Individual traces
can be clearly seen, but it would be important to identify which resonators these traces

were coming from in a physical apparatus as this would not be immediately apparent.
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Figure 6.10 (A) Shows “ideal” hypothetical arrangement o f six FBAR sensors where each individual
module is excited and interrogated by its own NA or individual oscillator circuit and the array is housed

within a single FHA.
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Figure 6.10 (B) As above but shows arrangement where each individual transducer module is interrogated
sequentially by means of a switching mechanism capable of handling RF frequencies, but not necessarily
switching at that speed.
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Figure 6.11 (A) Shows S21 modelling data for 5 individual resonators operating at
identical frequencies The individual traces are not visible since they are on ton of each
other, i.e. Trace 1to Trace 5= 0 nm additional thickness.

.
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Figure 6.11 (B) Shows S21 modelling data resolving out of individual resonators
frequency fine-tuned by means of modelling additional gold top electrode thicknesses in
increments of 50 nm. i.e.. Trace 1= 0 additional thickness. Trace 5 = 200 nm additional
thickness.
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6.2.3.2 Modelling of series and parallel FBAR arrays.

The MathCAD Mason model of the FBAR was configured by colleagues to give FBAR
arrays that were electrically connected in both series and parallel. An additional “top
loading” term was also written to serve as an additional mass loading layer beyond the
additional gold thickness of the top electrode. This top loading layer was programmable
with the various acoustic properties important to a sensing layer, namely acoustic
velocity, acoustic attenuation, layer density and layer thickness Focussing arbitrarily on
the third resonator in the array it will be shown how the loading of an additional surface
layer can be modelled and that the transducer in question can be identified as the loaded

sensor.

Additional interpretive considerations in this case are the ability to unambiguously
identify the responses of each individual resonator unit in the array and the possibility of
increased noise, perhaps loss of sensitivity and a potential plethora of other problematic
abstractions in both the fabrication, but more importantly in the interpretation of the
response from the hypothetical series/parallel array. Potential advantages for this format
are obvious, and include the fact that only a single NA or oscillator circuit is required, the
reliance on a RF switching mechanism is removed and the size of the finished device is

likely to be greatly reduced.

Here it will be shown that the models generated in MathCAD for the FBAR filter systems
can be modified to handle a set of 5 (likely more) resonators operating simultaneously
either in series or in parallel. (See Figure 6.12) The resonant frequencies of the devices
are each altered slightly “tuned” by modelling the addition of thickness to the top gold
electrode resolving closely spaced yet clearly separate resonant peaks with which to
identify each module. An additional mass load, in this case with the acoustic properties of

ZnO was modelled onto the third resonator in the chain for both series and parallel.
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out

Figure 6.12 (A) Schematic of five FBAR transducers in linked in parallel.

Figure 6.12 (B) As above in series.
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Figure O.14 (o) Shows modelling data of FBAR Series Chain oftransducers each
"tuned” bv the incremental addition of 50 nm gold ton electrodes. Zero additional surface

load.
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rinure 6.14 IB) As above but with addition of i um thickness mass (5.67 Ka M ) onto
third resonator in the chain.
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6.2.6.3 Linked Array Modelling Results and Discussion

Figure 6.13(A):- Shows modelling data from series linked chain of 5 FBARs with
identical electrode thicknesses with working surface area of 250um? and zero surface
loads. Only one resonance curve is visible since the responses from the five resonators
are identical '’

Series resonant frequency =~ 1.21 GHz.

Figure 6.13 (B):-Shows modelling data from parallel linked chain of 5 FBARs with
identical electrode thicknesses and zero surface loads.

Parallel resonant frequency =~ 1.91 GHz.

Figure 6.14 (A) Shows the effect of the incremental increase in the top Au electrode
thickness of 50 nm Range 0 nm 200 nm on each resonator in the series linked chain. Now
5 distinct peaks are visible. Fach peak in the chain moves away from its preceding peak
by about Af= - 25 MHz. The insertion loss is less than 1 dB over the range, with device 5
the most loaded possessing the most signal attenuation @ ~ 12.8 dB. This result was

more or less as anticipated.

Figure 6.14 (B):- Shows the model response when an arhitrary mass of 1um with density
(Kg M) 5.67x 10° is loaded onto the third resonator in the chain of the series frequency
fine-tuned series array. Devices 1 and 2 resonance frequencies and power responses are
relatively unaffected by this mass load. The loaded resonator (3) has decreased its
resonance frequency by ~ 70 MHz, and its S;; power transmission value was improved
by ~ 0.5 dB to ~14.2 dB. Devices 4 and § have been effected in a way that was not
expected, since for device 4, a change in the characteristic resonance shape is seen, and
Af= ~ 20 MHz. Device 5 Af = ~ 150 MHz, with a slight improvement in power

transmission.

127 Note that since this describes a chain array there is only a single trace, not one trace per resonator as was
previously demonstrated in Figure 6.11.
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These responses are not as the author had hoped for, because it was imagined that only
resonator 3 in the chain would be effected by mass load, and clearly this must be a

conceptual error due to aversimplification of the system.,

Figure 6.15 (A):- Shows modelling data from a parallel chain of FRARs with working
surface area of 250um”, Fach device possesses incremental Au thickness of 50 nm Range
50 -250 nm. Spacing roughly equivalent to 20 MHz — 25 MHz per device can be seen,
with less than a single decibel of difference over the parallel chain peaks. This result was

as expected.

Figure 6.15 (B):- Shows the model response when an arbitrary mass of Tum with density
(Kg M) 5.67x 10° is loaded onto the third resonator in the parallel chain, The frequency
of and characteristic responses of devices 1 and 2 are scant effected. The loaded resonator
is effected by its mass load, Af =~- 50 MHz but the shape of the curve is altered also and
this may be indicative of an impedance change in the circuit. The resonance frequency of
device 4 changed, Af = - 25 MHy, and the shape of the curve has remained as it was
originally. The final resonator in the chain has responded more strongly to the presence

of a mass load on the 3 resonator even though it was not directly loaded itself.

The most striking feature of the response is the shape change of the resonance curve in
the mathematical Mason model representation of the array for the loaded device and
adjacent devices, again this may be due a change in impedance in the line, and it is
possible that the mass load in the centre of the chain is having inductive effects on the
chain, it will be recalled that in the BVD circuits, the mass load is actually represented by

an inductor.
6.3 Overall Conclusions

In essence, the overall experimental work gives a strong indication that the laboratory
bound prototype FBAR sensor that was developed in this work is extremely viable as an
analytical research tool and that it has the potential to act as a very sensitive universal

platform for the selective, or in certain cases, ultra-specific detection of measurand.



FBAR in sensor format was shown to be responsive to physical changes such as
temperature and lighting conditions, the temperature change was due to physical changes
in the device, and the response to light was a purely electrical one, but hoth were
independent of mass changes. Mass responses from the device were fairly straight

proteins.

The isolation chamber and the associated microwave electronic components worked well
as did the software that was developed, But why Sy (See Figure 3.2 (B)) failed to
generate a resonance response is still not known because electrical continuity was
established, and Sz to which the S;; was expected to be identical did show resonance.
The response from the humidity sensor showed that the device was sensitised to the
presence of moisture from the addition of the hygroscopic PVP polymer, and that the
intensity of the FBAR frequency response was linked to the thickness and to the
concentration of the polymer as well as the changes in the water vapour concentration

which were independently monitored.

Tooking at the shapes of the resonance curves showed that, independent of frequency
changes, other changes in the characteristic responses, Q-factor, of the device could yield
useful information about the rheology of the layer. The results were not a_lwa_y; easy to
interpret, but this may just mean that more detailed calibrations are needed. The presence
of spurious modes of resonance on the resonance curve can cause instability in the sensor

response. The addition of the PVP layer was found to suppress these spurious modes.

The FBAR remained a functional resonator when submerged in a semi-infinite water
layer, but the behaviour of the device was drastically altered and the responses were
interesting but also perplexing. It is not clear at this stage whether or not the FBAR in its
present form could deliver meaningful information about changes in aqueous conditions.
It may be necessary to change the electrode configuration, and piezoelectric deposition
directions to create a lateral mode FBAR for it to behave in a more predictable manner in

a liquid.
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The increase in sensor sensitivity due to the increased frequencies of overmodes is
linearly related to the fundamental frequency of the device, increases in the fundamental
frequency give theoretical maximum increases in sensitivity to mass as £;“ but in practice

figure is also influenced by the Q factor of the device.

As well as being able to accurately report changes in both the chemical and the biological
micro-environments that were in close proximity to its resonating surface. The FBARs
were physically robust, and the baseline responses that were generated from them were

sensitive, accurate, and on the main reproducible and stable.

The theoretical modelling component of the work points the way toward integration of
FBAR units into miniaturised array formats, this is useful because an array format linked
to a data base can serve to act as an intelligent electronic nose. However, the chained
series and parallel transducers did not hehave as expected, and it is too early to say with
any degree of certainty that this would be a viable sensing strategy. The responses from
the independent resonator arrays worked in a much more predictable manner. Tt also very
likely that the device planar working area may be considerably miniaturised and the

advantages of this can not be overstated.

The robustness and low power requirements of the FBAR device present opportunities
for sensing in hostile environments such as extra terrestrial environments, but the matter
of developing oscillator circuitry to simultaneously excite and characterise the FBAR
device is considered non-trivial at this stage. It is almost certain that continued research
along this route will deliver the necessary microwave electronics required. Further
research will also iron out the present difficulties involved in decreasing the thickness of
the device to increase resonance frequency whilst maintaining reasonable Q values and

efficient electro mechanical coupling values.
The emergence of a multi-analyte capable hand-held device hased on this technology is

possible, it may be that the sensing applications of this technology hecome additional

functionalities in mobile telephones and PDA devices since FBAR technology is about to
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become an intrinsic part of domestic mobile communications devices in the form of
microwave duplexer filters.

Overall, the author considers that the work demonstrated in this thesis was successfill,
perhaps even exceeding the scope of the original work-plan since there is no doubt that
not only have enhanced physical, chemical and biological sensing capabilities for BAW
systems been confirmed through the exploitation of the high resonance frequencies
typical of TFR technology, but also, new and potentially important discoveries about the

behaviour of FBAR devices have been made during the course of this research.
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Appendix (1)

A Supplemental Literature Review
Further Theoretical Considerations Regarding Additional

Mass Loading on BAW Resonators.

1.1 Ideal cases of mass loading onto BAW devices

During the literature review, the particular form of the ideal mass loading equation was
different in nearly every journal article encountered and this was initially a cause of some
confusion, since it was not clear to the author which particular version of the classic

Sauerbrey term was convenient to use for interpretation of the FBAR sensor responses.

The chief purpose of this supplemental review is to bring the core terms from a number

of impoﬂant research documents sna.nning five decades into a single document to assist

The quartz plate resonant frequency can be given by; Cady (1946)

= |, (A1)
2d; \ pr

SR WA K PEE SR TEEES FEUFUEPLE CEIUTTTOVALO S UL EMTAL CIECUCIEE RCUEX €4 AT FIELM L FRAaraI Teas ws s IFFer THE wemoo mom m oo
FUAMVAW idé A0 AW JIAUUW JIMIIIUMSL /i G T AUATMLAT/A2e AUN 200 LA3% AAAWLAL R2ATIRAIMAMLS NP2 AAI4s Aea 2 eI s

its density and dr is its thickness.

In quartz, the mechanical disturhances travel in a direction which is perpendicular to the
plate surfaces. Particle displacements at these surfaces are parallel to the surface (shear)
for AT cut crystals ( +35° 15° angle from the z-axis), The plate thickness (d) determines

the frequency (M) of the fundamental () and harmonic (n = 3, §,....) resonances

v/

according to A=2d/n, So; Uttenthaler (2000) !

Jo =y =2 (AZ)

2d

Where ﬁy and f, are the resonant freauencv of the fundamental mode (n=1) and the 't

[ B - rateum it AE casse £ 3 e fo f.. ATDY
SHUILLNDS L Al

T —
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quartz)
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The historical origins of this microweighing with BAW systems can be traced back to the
seminal paper written in 7. Physik (1959)"! by G. Sauverbrey. This is such an important
piece of work that it deserves further attention. Sauerbrey began by stating that “for the

purposes of measuring the natural frequency of the oscillating quartz. crystal, the crystal is

used as the frequency determining component of the oscillator circuit.”

The thickness shear oscillation of a quartz plate is a standing transverse wave. In the

basic oscillation the plate thickness is equal to a half wavelength,

f= Virr N (A3)
wximara i lo tha valaciio A ._4..“._‘..,.-;_. s AT tha alock
’v‘v’”’\‘;i’\'} i éf id LicsT ’v"Ci’vvﬂ.:v’ 18 i }:‘&’i&& 1Uil UL UiT C’db

The frequency change Af/ fis brought about when the thickness d of a plate is increased
by Ad. The same change in frequency is brought about if a foreign layer of the same mass

is deposited on the plate,

Af Ad AmQ  Am (Ad)
f d y.zg"n}?d 8, _{F d

where; :

L' am | RN ok I g |

I fawaral wequlnly S wic Crysal

d ickness of the crystal

o3 Sjue ific gravity of the crystal { sic densisy)

F area of the plate surface

a.?.uj niass of a m‘v‘ﬂ of quariz with thickness Ad
Am  mass of any foreign layer evenly covering the surface of the plate.

By introducing the mass coverage ¢ =Am/F and the frequency constant N = fd, Sauerbrey

deduced that the relationship between change in frequency (Af) and mass coverage (¢) as:

S e
Aj—apg- Nqu)_ C? (A5)
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Further to this, Sauerbrey went on to separate the responses of the oscillating crystal by

using an equivalent T.CR circuit'®® to deduce its susceptance as a function of the

frequency.
0, parallel resonant frequency

equivalent inductance
equivalent capacity

carias lnoo imn

SCIICS 1055 1T sndence

capacity of the quartz. plate and circuit capacitance.

0 e
0 WL

U

el

"
?

@]
g=]

The series resonant frequency g is equal to the resonant frequency of the pure series
I.CR circuit and is equal to the required mechanical frequency mo :

1
(%
" LgCq
The S»; series resonant frequency was the exclusive frequency parameter used in this

project to monitor the responses of FBAR devices.

Over time, modifications to the original Sauerbrey term have evolved in the literature and
the most commonly presented forms are given below. But it should be remembered that
the term was originally intended for thin metallic rigid films for microweighing in a
vacuum, its application to thick or soft layers was never intended, and the term is not

applicable when the QCM is interrogating aqueous solutions.

Tu and Tewis (1972) ¥ State that mass loading onto QCM could be given as:
r 2

&7, ==Jo T’J=Am (A7)
A pch
wherc Afm is the measurcd ficquency shift, ) is the resonant ficquency of the crystal, A

is the mass change, 4 is the piezoelectrically active area, and py and C, are the density
and piezoeleciricaily stiffened shear modulus respectively. This relation is valid of thin
rigid films with uniform mass distribution

12 Remarkably similar to the BVD model, but referenced by Sauerbrey as being developed by Cady!"!
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Muramatsu et al (1990) P! use a simplified form of the expression which relates the

actional increase in mass with the unloaded mass of the resonators as;

1 2 31w § VVIL21 LY L% 3 Lerhp § wh § £} L 2%

AF =—Am/mF (AR)

nemoaga I | AP s nand L vy o 7 35

where Al is the resonant frequency change, £ is the basic resonan
mass of the resonator and Am is the surface mass change.

Barnes et al (1991)! Reason et al (2001) " and Kim et af (2003) ¥ all use the

5 253

following term to represent the mass loading of a an ideal thin film onto the surface of a

B AW w::v\nater

LA VY AVOoULL

.

Af =-226X107 £, Am (A9)

4

where Af is the frequency shift in Hz due to surface density Am in g/ cm % and fis the

resonaice frequency in Hz, pq is the density of quartz and v, is the shear wave velocity in
quartz.

Wong et al (2002)M] who were using immunosensor modified QCM devices to
differentiate between different subclasses of the Salmonella pathogen use the equation

(A10) which has an additional term to define the area of the electrode and the surface

coverage of the layer..

_ 6 2
A = 2.3X1(l)foAm o

N lamen AL 2o 4l Alpeaccm fim dlan famecime ooy SR N S A
Where AF is the change in the frequency (Hz), /o is the resonait

in MHz, AM is the mass deposited and A is the area coated cm’

The mass loading equation is given in three equivalent forms by O’ Toole ez al (1992)® in
a single paper representing the three main variants of the classic equation, What is of
particular interest in this case is that O Toole et al identified each of the terms as being
applicable for the purposes of microweighing on high frequency thin-film resonators,
similar to the ones used in this project. O’Toole ef al can be attributed as being the first
researchers to demonstrate the application of TFR technology for sensing applications.

The terms are given as :
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AF, —-pD PP
.._.Di = et (A10) ()
Fs  pD,
or
AF. =2F°pD -
s _ s P (A10) (i)
F() C 172
s (psCs)
or
AF, -2F'AM :
= (A10) (iii)
DO C 1/2
S (psCs)
where pr is the d‘i‘si‘y of the deposited layer, ps is the density of the resonator material
(su strate) Dy is the thickness of the resonator, F¢® is the initial series resonance

qucu(‘,y, AF; is the Chach ifl SEries TesOnance uc‘:(‘iucub\/ after the Gepo osition of the
material, Cg is the stiffness constant of the substrate, and AM represents the change in
mass per unit area, Also See equations (A10 (iv) and A 10(v))

It is noted here that the terms are only valid for mass depositions less than 2% of the
actual mass of the resonator, More importantly, what is also noted is the fact that the

three terms all neglect to take into consideration the effects of the differences in the

Ramsden (1993) "% States that in many cases, it is knowledge of the average of the
properties of foreign films (surface attached layers) that is sought. The primary quantity
of interest is I', the mean mass of number of molecules per unit area. This is related to the
fractional surface coverage @ according to

I' = Om/a, (A11)

T e o - i I P S, R
¥here m is the mass per nolecule (whei
area, m = 1) and a the area per molecule,

For QCM with typical (mm) thicknesses f is typically a few MHz can be discovered to
grcat accuracy by making the crysta.l part of resonant circuit, (Sa.uerbrey 1959). If
wave propagatmg across the thickness of the crystal, a ﬁequency change /\f occurs as if

the thickness of the crystal had increased by an amount dy =T/pp== Adr =T/py, i.e.,
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d, T

(A12)

dp Prdy

Af _
f
This equation is considered to be exact for thin films with the same acoustic impedance

as that of quartz. An accuracy of Af/ fof ~ 107 corresponds to a mass resolution of a few

ng/cm? for a plate 0.1 mm thick.

Bandey et al (1997) "1 Use the following term to relate the mass load on a QCM to the

change in resonant frequency.

2
Af =—(21 pp,)AMY, (A13)
izl men ~ ce 4l i ..c PR "y [ - 2o ¢la ; I L i ctal £ ig #ha
WIIEIe pg 1S i€ det mlly OI ui€ Crystal, bg 18 Ule wave veloluty 1 1 tne crystat, j, 1S G
P , - i a s
fiwhere pq is the density of the crystal, vy is the wave _'veiOC‘ty in the crystal, f; is the

Bunde (1998) I8! Use the following term to relate the mass load on a QCM to the change

in resonant frequency, but the equation uses an additional mass sensitivity parameter

2foAm

Af =
AP,

=-CAm (A14)

Where Af is the measured ﬁequencv shift, in Hz; £ is the fundamental resonant
frequency squared in Hz; Am is the mass change in grams, A4 is the piezoelectrically
active area ( area of electrode surface in cm?) lq is the shear modulus of quartz, (2.947 X
10" g em” %) and pq is the density of quartz (2.648 g cm’ %). C is mass sensitivity constant
(based on the cut of quartz. used).

Uttenthaler et ol (2001) ™ Use the following term to relate ideal mass loads to the
responses of a QCM, the term shows the additional component of the overmode harmonic

resonance (f;) as well as the fundamental resonant frequency (f;)

zf"f" LAm=-C,.Am (A15)

AN =
v VPyHy

Where Af; is the change in the resonant frequency, py and p, are the density and shear
modulus of the quartz crystal respectively, Am is the mass per area and Cy is the
sensitivity constant,
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Voinova at al (2002) ™ Suggest that the simplified term helow is quite adequate to

. . £th
escribe the effect of an ide W. This term relates the fraction of the

additional mass to the mass of the resonator at a given resonant frequency.

M
Af =—f,— (A16)
m,
“
Where Afp is the fundamental frequency, M is the additional mass and my is the mass of

the quartz resonator,

For quartz. systems, another simple representation of the mass load is given by Hook et al
(2002) ¥¥ Hook’s term uses the sensitivity constant instead of a direct fractional mass

comparison,

N

~

f (A17)

rd

Am

s|(‘

~
-

Where C is a mass sensitivity constant (for quartz. = 17 ng cm® H7! at f= 5 MHz) and n
(1, 3 ...) is the overmode or overtone number.

Hook et al also additionally state that the term is only valid for ideal loads, where they
are distributed evenly, do not slip on the electrodes and are sufficiently thin or rigid to
have negligible internal friction they also note that the term is not valid when attempting

to measure mass loads from soft or dissipative load materials.

The frequency shift per mass attachment for a simple piezoelectric resonator can also be
representéd by the term given by: Gabl (2003), 1}

9 _Soy
om M

Where f; is the fundamental frequency, M is the mass of the oscillator.

—fs (A18)

In this recent paper, Gabl’s term (A18) is used to describe the effects of ideal mass

loading directly onto FBAR surfaces with similarities to the devices used in this project.
Tucklum (2002)"8 yses two equivalent simple equations to represent the mass load effect
on a QCM operating in the gas-phase, relating the BAW responses to changes in coating

density and /or coating thickness. But brings the concept of the mass load into the
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electrical realm equating it with the purely mechanical'”

effects by considering the
equivalent transmission line model ( See Figure 1) for a QCM at resonance, stating that
mass loads can represented by a surface acoustic impendence, or acoustic load. In this
paper, Lucklum also goes on to show the derivations for the transformation of the

acoustic load into electrical impedance. (See Eguation (A22))

2f: : .
Af, =- Zf p, (A19))
oq
prh; ..
Aff = fo o (A19)(i1)
q 9

Where frequency change Afy is related to coating den iy and/or coating thickness.
(equivalent to mass per area, ps = my/ A = pf) Zcq = (p4Cs6) 12 is the characteristic quartz

N 7 2

s gy

u“upc:uai‘x(:c, Ces is the prﬁcxcuuuauy stiffened 61351.1(3 constant, /s, is the thickness.
Indices ¢ and findicate the quartz crystal and the film, respectively, These equations are
equivalent if f; is represented by the mechanical resonance frequency.

For completeness, it should be noted that the response of a resonator to an ideal mass
load can also be solved analytically as a mechanical impedance (7.;) which is useful when

viewing the system as a fransmission line model, (Bandy 199712

7y = jop, (A20)

Where p; is the mass per area contributed by the layer.

1.2 Non Tdeal cases of Mass L.oading on BAW resonators.

Pioneering studies to define what other parameters govern the change in frequency for a
QCM have heen investigated since about 1980. Film modulus can be related as a measure

of the viscoelastic properties of the coating. Viscoelastic materials respond to external

.
farcac in a2 mannar 1In adi an ahay
AVAVVY 11 G4 lll“lu"lvl llll-VL A1iIwVAILULY UV[ YV iR tLlU wviiay U

liquid.™! Over a decade ago, Yamaguchi (1993)[201 demonstrated that as well as being

i

It will be recalled from the original work of Sauerbrey that S;; series resonance of the LCR circuit is
nt to the mechanical frequency of the piezoelectric device at resonance. See Equation (A6)



parameters of the sensing layers and in this particular case these effects have been seen as
a form of interference, making the estimation of mass rather difficult, These workers
have attempted circumvention by constructing equivalent circuits for the resonators and
this is also the first study on the hehaviour of DNA on solid surfaces hased on impedance

measurements of quartz crystal oscillators,

Nomura and Okuhara (1982)1?% were the first to relate the frequency change of a QCM to
the square root of viscosity and density of a solution. Kanazawa and Gordon (1985) %3
reported the first rigorous theoretical model, noting the decay of the wavelength into the
solution was a function of the square root of the viscosity of the contacting medium
where pure water was taken as the reference. Similar relations were also described by
Shay and Bruckenstein (1985) ¥, However the relations were found to not he applicable

to solutions of very high viscosity.

Kanazawa and Gordon (1985)* derived an equation for the frequency shift from a

shear/stress relationship in resonating quartz. and liquid as;

1O |

2
AF =—F3| 2L (A21)()
TP,

Where 1} is the viscosity of the liquid, p is the shear modulus of quattz, pq is the density
of the quartz, and py, is the density of the liquid.

Muramatsu ef.al.(1987)? monitored QCM frequency response in air, ethanol, sodium
chloride solution, and purified water, In this case, the responses were evaluated in terms
of the equations of Kanzawa and Gordon. They found that the oscillating frequency was
effected by the density, viscosity, temperature, and conductivity due to ionic strength and
pH of the liquid. However, they indicated that each of the Kanazawa equations were not

accurate in predicting all of the experimental factors involved.
Muramatsu et al (1988) 27! then went on to derive an equation for electrical resistance of

quartz in contact with liquids at their resonant frequencies considering energy loss on the

surface of the quartz. crystal as:
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R=Q2nFp,n,)? AlK* (A22)

where R is the resistance (i.e., in BVD) 4 is the area of the quartz resonator and £ is the
electromechanical coupling factor of the quartz resonator. F is the frequency, pl. is the
density of the liquid and ny is its viscocity.

They demonstrated empirically that R shows excellent linearity in relation to the viscosity

of the contacting solutions,

What this means in practice is that the surface bound elastic mass can be distinguished
from the viscoelastic-density effects on the crystal frequency (f) and resistance (R)
values. This knowledge has been used to monitor alterations in the cytoskeletal
microtubules of living cells.®® Another good example of a practical exploitative example
of this knowledge is in the monitoring of the changes in the viscoelastic states caused by
the gelation of a thrombin solution due to fibrinogen concentration 1 A comprehensive
survey of the responses obtained from TSM resonators under various loading conditions
including rigid solids, viscoelastic media and Newtonian and Maxwellian liquids either

singly or in any combination has been performed by Bandey ef al (1 999)[‘“]

Kurosawa. et al (1990) ! Studied the effects of various types of solutions on QCM
frequency and they found that the equations of Kanazawa and Gordon held true for all of
the solutions tested except when there was the addition of an electrolyte into the solution
or when a polymer layer was used. The reasons why the addition of electrolyte caused
deviation from the Kanazawa term were not completely understood, the formation of an
electrical double layer could not account wholly for the response. The reason why the use
of polymers caused deviation from the Kanazawa term was only partially understood, but
Kurosawa et al consider the fact that viscosity of the polymer layer is in some respects a
frequency dependent function, this is in agreement with the conclusions of Ramsden
(1993).P

When the QCM is immersed in a solution (as is a requirement for many biological

sensing procedures) the elastic shear waves in the crystal couple with the viscous shear

waves in the liquid and fade exponentially with characteristic length & = V[2nc/(2nfpc). (

360



typically ~250 nm for aqueous solutions) The presence of liquid causes a shift §f in the
resonant frequency of the crystal; if one side of the crystal is in contact with a liquid of
absolute viscosity nc and density pc then by matching the shear waves in the two media

at their interface then equation ( A23) can be used given. Ramsden (1993) i

& =—F2 \[penc Kapptin)] (A23)

Where f; is the frequency in the absence of a liquid.

The expression assumes that nc is independent of frequency, but Ramsden concludes that
this is not the case. This point should be kept in mind when considering the properties of
the RF acoustic probe wave into proteins, DNA and soft polymer layers in the
experimental sections of this thesis, since it is a parameter that was not considered

whatsoever during the interpretation of the results.

Uttenthaler (2001)"¥ represents the BAW viscosity-mass relationship as
Ay =—fo- fi7- |2 (A21)i)
7Py by

Wiiere Afy is the change in resonant frequency, p; and 1, are the density and viscosity of
the liquid in contact with the sensor surface respectively. Subscript q represents quartz

This is a modified term of the original Kanazawa law (Afk «cf5>?) (See Equation A21)(i))
but it includes the responses that can be obtained from monitoring overmode harmonics
as well as the fundamental frequency. The term was used with some success when
adapting thinned quartz plates to operate at high frequencies (up to 110 MHz) in a liquid
environment to monitor the viscous effects of the addition of glycerol to a water loading

layer, and also in the detection of M13-phages (viruses) by acoustic immunoassay.

Thompson and Yang (1993) 2% have concluded that the frequency response of a BAW is
also dependent upon the hydrophobicity and hyrbphilicity and pH of the liquid-to-metal
interface due to variations interfacial slipping from changes in the interfacial viscosity.
They relate the QCM response to kinetic energy transfer, acoustic energy dissipation and

formation of interfacial structures. They also noticed some frequency rises on mass
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loading with extremely hyrdophillic/hydrophobic interfaces on a QCM, running contrary
to all previously published data. This fact is important in protein layering on the gold
electrode of a QCM since Absolom (1987) showed adsorption on gold electrode surfaces
decreases as protein hydrophobicity increasest®’l

Voinova (1997) Worked on an extremely comprehensive approach to the relationship
between the viscous loss of energy causing significant deviation from the Sauerbrey
behaviour. This work has culminated in a successful prediction for the reduction in Afiin
the special case of a pure viscous layer. This work takes into account proportionality in
the linear viscoelastic regime between stored energy and strain and between strain rate
and dissipated energy. The shift in resonant frequency Af is calculated along with a so
called dissipation factor AD due to the soft depqsit and is calculated as the real and the
imaginary part of the frequency shift of viscoelastically loaded resonators with non slip

boundaries.P!

Martin et al (2000)® state that the Sauerbrey model works well for acoustically thin
films (p<m/4) even if the film is not rigid (as is often stated in the literature), a
viscoelastic layer can be treated as an ideal mass layer, with response dependent only

upon its area mass density.

When the layer is thick in relation to the wavelength, then the displacement applied by
the TSM quartz at the lower film surface can undergo significant phase shift, and
attenuation in propagating across the layer. As this acoustic phase shift becomes
significant, so do the interference effects. When the phase shift reaches n/2rad (or an odd
multiple) interferences become constructive, resulting in enhanced absorption of acoustic
energy by the film, this condition is known as film resonance which is dependent upon
film thickness (h), modulus (G) and density (p). The detailed derivations dealing with this
phenomenon and the construction of lumped element models where the quartz is
represented by series LCR resonator and the film resonance by a parallel LCR component
can be found in Martin (2000)*%
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Martin goes on to state that for excitation frequencies much greater than the film’s
resonant frequency,(® / of >> 1) large deviations occur between the predicted responses
of the lumped element models and the transmission line models. Some of these
differences being attributed to film harmonic resonances predicted by the general
transmission line theory but not expressed adequately for the lumped element model. i.e.,
the BVD circuit. This observation may reveal a weakness in the QCM / FBAR analogy
when considering it in terms of the BVD model, since the frequencies involved are likely
to be much higher than the film resonances occurring on 5-10 MHz QCM. Indeed, if we
consider the actual wavelengths involved with FBAR - then what is considered a thin
film (p<n/4) on a 5-10 MHz QCM may be considered to be a rather thick layer (¢>n/4)
when used on FBAR.

Several other publications also show that mass loading is one, but not the only effect that
influences QCM.. The second important factor influencing the results is from the film
modulus on the QCM surface. Modulus and mass contributions can not be distinguished
in a simple way. Lucklum (2000)*® shows that the transmission line model based in a
one dimensional solution of the wave equation which describes the propagation of
acoustic waves in the system quartz-coating medium as an analogy to electrical waves

significantly improved the modelling of the phenomenon.

An acoustic load can also be represented by its transformation into electrical impedance.
Due to the piezoelectricity of the quartz crystal, the acoustic load impedance, Z;, can be
determined from the electrical impedance, Z°, or the electrical admittance Y® = 1/Z°.
Lucklum et al (2000)[8

e _ jxl (CO, CJ) + xz(w9 q)ZL
1-jx(@, )2,

Z

WISTS X i3 4 DParandicl QoRcinadn

constants g, not on the acoustic load.
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quartz (Z", ygljcoating (Zd, y()

Figure . Al. Transmission line model of a quartz crystal with a single film coating, port
iif, uiid liquid COiltaCu DOit ij. 1Sic Otilel' GUailZ CryStai SUuaCc IS UiliOaucu. DOft Uri. Ati
is the electrical port. From Lucklum *8i

The expression for admittance (Y) of the TSM is derived from the transmission line
model. (Amu 2002)"
Y=j<vC;+\/Zm (A23)

Where Co is the static capacitance of the BVD circuit, Zm is the impedance fo the
motional arm. The static capacitance arises from the electrodes located on opposite sides
oi ine uiCicciFic resonator Lo and rrom tnc parasitic capacitances extemai to tnc sensor.
CP:Co*= Co+ CP.

These workers (Amu 2002) have isolated and separated the electrical responses from
impedance analysis of the QCM using the transmission line model into the following
components.

» Resonant irccjLicncy ifo ** m z)

» Motional resistance (R in Q)

® Motional capacitance (c. in raraos - lisuaiiy icmto tarads)
* Shunt capacitance (Co in Farads- usually pico farads)

® Motional incluctance (L in mit j

* Qualitv factor



A similar method of approach of impedance characterisation for immunosensor

piezoelectric systems has also been taken by (Kim 2003).[6]

Zhang et al (2002) P31, have also used impedance analysis to examine the viscoelastic
changes occurring during antibody/antigen interactions, relating the dissipation terms to
changes in viscoelastic states. In this case, electrical equivalent parameters examined
were motional resistance, shunt capacitance, and quality factors. Here, it is understood
that the change in resonance frequency needs to be considered along with the damping
behaviour of the crystal if the viscoelastic properties are to be measured. However in the
work done in this thesis, it was concluded that the viscoelastic effects from thin antibody
protein loading ( ~7 nm) were small enough to be ignored. (See Figure 5.6 (D) But it
was shown that the relatively thick (~2 pm) PVP layers caused significant damping of the
FBAR acoustic when they were hydrated (See Figure (4.13 (B))

To date, by far the most comprehensive derivations based on the transmission line model
for the viscoelastic contribution to the responses of QCM are given by D. Johannsmann
(2001). B!

Mecea (1994) B4 has reviewed in detail the vibrating quartz resonator, and introduces a
novel and sophisticated explanation of the mass loading effect in terms of an energy
transfer model, but this model can not be given its deserved attention in this thesis.
Suffice to note that it was developed in an attempt to explain that the ideal mass loading
equations could not be used to calculate non-ideal or liquid loads and the converse was
true where the equations used to describe the liquid loads fail to correctly interpret for
ideal mass load.

Mecea also demonstrates that a relatively rare cut of quartz, the so called “X” cut will
vibrate in a compressional mode, this more closely relates to the mode of the FBAR,
albeit at only 1 MHz in the case in point. In his work, it is shown that the vibrational
amplitude at every point in the X cut resonator can be described by an equation that is
identical to that of the shear vibrating AT cut quartz resonator. Further, he has applied

perfectly elastic films to the surface of the X cut compressional mode quartz and notes
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that the experimental plots for frequency to mass relations follow the same equations as
in the case of TSM vibrating quartz resonators. This information is useful in considering
. the analogies between the acoustic loading of FBARs operating in compressional mode
and QCM in TSM.

Lucklum ef al (2000)"3 has shown that the addition of a liquid load can be represented
on TSM QCM by:

21 v
af, =20 |2 (A19)(iii)

ZCq 4%
and that the equations (A 19(ii) and A15(iii)) can be added together to represent a loading
film and the liquid layer as

2 )
Af = AF, + 0, =-QZ° (ps + f’j‘—;‘ J (A19)(iv)
cg 0 o

Zeqg= (pqc%)“2 is the characteristic quartz impedance, cgs is the piezoelectrically stiffened
elastic constant, 4, is the thickness

Shchmitt et al (1997) B® also show that shear acoustic impedance methods provide better
insight into the changes of an antibody/antigen interaction taking the changes of
viscoelasticity into account. In this case the real (R) and imaginary (X) components of the
shear acoustic impedance are deduced respectively from the drop in quality factor AQ™
and the resonant frequency shift. But again, they discovered that only small interfacial
viscosity variations accompanied surface mass increases during immuno accumulation on
QCM in the aqueous phase.

Tmpedance analysis on QCM has also been investigated by Wu et al (2000) B¥ on
denaturation in Herring DNA on the basis of the viscosity-density effect. Changes in both
resonant frequency and the motional resistance of the motional arm of the BVD model
gave linear results related to the DNA concentration in the range 210-5040 pg ml™' These
are the non-ideal mass loading equivalent impedance equations. They take into
consideration the motional resistance R1 (R1 = Rq + Ry), motional inductance L1 (L1 =

L+ Li+Ly) and motional capacitance C1 (c1 = C;) and define the resonance frequency
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of the motional arm as f; = 1/21(LCy)"? They conclude that the equation below (A23)
can accommodate the changes in resonant frequency and motional resistance in a QCM

with one of its faces immersed in a viscous solution.

A1 [T
AR = ———— (A23)
\/ Cesfo [
Where Af) and AR, are changes in the resonant frequency and the motional resistance of

the QCM due to variations in the solution density and 50051ty, Ly and foz are the

oot PO '\"‘-1':-" an A e mman g Figm menminmes Al glem VTR A I Ay ammm g aaionie I~ diaa
ic 1_3/() anda ARy are \.«n&"g"S iit ini€ resonant ucﬂuc’icy aﬁﬁ the motional resistanice of

€
shear modulus of quartz, ceg is the piezoelectrically stiftened elastic constant.

There is no clear single format that provides universal applicability, Bunde et al (1998)!"¥
state that no unifying equations has been developed to fully describe all of the QCM
responses in a liquid medium. While in their detailed work, Bandey ef al (1999)P"! state
that they have derived “a wunified treatment of the problem aiming to provide a
Jramework capable of handling all physical circumstances likely to be encountered in

acoustic wave / matter interactions” .

Lucklum ez al (2000)*® 3¢ have discovered that by employing the Mason distributed |
model and using frequency change coupled to the change in motional resistance of the
QCM response they can separate the viscous, elastic and mass components of non-ideal
surface coating which is sufficiently accurate to model the complex shear modulus of the
coating. However, Etchenique and Buhse (2000) B! conclude that the presence of
electrolyte in the mass load interferes with the accuracy of mass determinations in
solution due to the formation of a Gouy-Chapman diffuse double layer and can result in
errors as high as 70% and can not be excluded even by employing the most sophisticated
QCM impedance methods. Tt will be recalled that Kurosawa. et al (1990) (251 stated that
the formation of the electrical double layer could not wholly account for the deviations

observed from the Kanazwa law. (Afk ocfo”
It will not be advantageous to cover all of the various forms of derivation that are

available in the literature in this thesis, but suffice to understand that as the measurement

parameter relations become more complicated as new components of it are discovered, so
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the ways of interpreting them necessarily become more sophisticated. A unifying

equation is still sought.

1.3 Mass to sensitivity relations and the concept of useable sensitivity.

Wensel and White (1989)% give the Mass sensitivity (Sy) of a piezoelectric mass sensor

as:

o (ALY
:__lliu Af; 1 A4
Sm AmaoLf.;QJL’ﬂr) ( Z}

oo s o o aadlim o mzam Do 2men

Where AM TCPITSEItsS the L,ﬁaugc in mass Per unit surface area aflmug 1Ol aualyw
sorptlon, f; is the initial series resonance frequency. Af; is the change in series resonance
frequency after the deposition of the material.

By applying this term to the classic Sauerbrey terms (See Equations A10 (i, ii, and iii),
O’Toole et al (1992) developed two equivalent terms to calculate the mass sensitivity of
high frequency TFR technologies.

-n
P.D,

S =

m

(A10)(iv)

where Ds is the thickness of the resonator, n is the integer designating the resonance
mode.

The equivalent form relates S, to n, fs0 , psand the velocity (V) of the acoustic wave as;

2nf? .
Sy = "“‘T (A10)(v)
Ps
where p, is the shear modulus and the density of the quartz
But these terms do not take into consideration the § factor of the device.

Gabl et al (2003)""! state that the product of the Q factor and the sensitivity (Sp) are
important in estimating the true limit of detection for an FBAR. They give the following
term considering that the Q factor of an FBAR is important due to the fact that in a

typical read-out circuit, the resonance frequency is determined by the phase detection.

1
m, = ;.E.¢r f(')_Q -0, (A25)

Where m;, is not stated but is assumed to represent mass resolution, and ¢, is the phase
resolution of the read out circuit. sQ is also not stated but is assumed to represent series

Q.
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Appendix (2)
Materials Lists
CHAPTER 3

PHA. FUBs{rEs 28 mum &

100 cm flexible coaxial cables (Rl—T’%Z T1P1) (50Q).
OHKIX bUllHUviULo auU it Cu-.l(i !."i &VDU [w IUU‘.U is.

50 signal terminators.

RF signal attenuator. (RATIRI{ Radial -10 48}
Various PCB test structures.

Peitier i ieater.

RS thermocouple

l‘éﬂ 0 I JJ!J

PCB wb FBAR die samples. (Pre-characterised on Summit 9000)

GPIB enabled computer running R.01 FBAR interrogation software on Lab View 6

Dr. DAQ environmental data acquisition board integrated thermocouple and light sensor

Table A2.1 DAQ ranges and resolutions

RANGE RESOLUTION ACCURACY
TEMIZE?;URE -10 TO 150°C 0.1@25°C 0.3°C @ 25%
HUMIDITY \ , e
%R 20 TO 90% 0.2% +10%
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SYEE 4 FREIVENES A
CIIAY

LTINS

FBAR on PCB in housing chamber

Dr.DAQ data acquisition board.

Dr.DAQ humidity Meter Range = minimum %RH20 to maximum %RH70

Dr.DAQ thermocouple.

Hanna Instruments humidity meter Range = minimum %RH20 to maximum %RH90
Hanna Instruments thermocouple.

Nitrogen supply

Rotamer gas flow controllers.

5 mm PTFE tubing.

Water bath.

Peltier heating system and heat transfer block.

Poly(vinyl pyrrolidone) (Sigma)

Methanol (Sigma)

Attists Airbrush, droplet size control nozzle, and propellant.

Ruler.

Retort stand.

Thickness profiler (Dektak)

Drying crystals.

Silica Gel granulated. (O- Si x ()H20) were supplied by BDH.,VWR international, Hunter
Boulevard, Magna Park, LE17 4XN
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1 2mm uia

GP2SG3P 28mm
8u ias
28mm GP2G63P 28mm
8oias
GP2663P GP2G63P 20mm
GP2G63P
1 uia
GP2663P RS IS 20mm GP2663P 20mm

Appendix Figure 2.1. Boaru maker images ot the via design tor the PCBs. Via number
or via size did not seem to have any significant effect on the S2i traces.



Appendix Table 2.2 Parts list of the SPR system — all parts were obtained from Melles

Groit (Cambridge, UK).

PART CODE
optical rail ( 50 x 500 mm) 007RN003
optical rail carrier 07CN501
post hoider (80 mm) 07PHS006
laser holder 07HLCO003
gimbal mirror mount 07RES004
pyrex mirror W/011 25 mm dia 02MFGO015
lens holder 07LHF007
polariser holder 07HPROO1
iris diaphragm holder 07HIDO001
pin actuated diaphragms 041DCO005
kinimatic prism table 25 mm - 07MHT045
translation stage 07TMSC504
X-Y-Z translation stage 07TMC521
mounting post 07RMS003
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Appendix 3

Important network analyser RF measurement parameter definitions

Data point definition:

A “data point” is a single piece of data at a single frequency representing a measurement

at a single stimulus value

Sweep definition:
A “sweep” is a series of consecutive data point measurements, taken over a range of
stimulus values. A sweep is performed over a given bandwidth and a given number of

iterations.(see iteration definition) All sweeps without exception were Sy;.

Bandwidth definition:
The frequency gap'> between ] (start/first frequency) and f; (stop /end frequency) is the

defined “bandwidth” of the sweep. The minimum bandwidth was 1 MHz, the maximum

bandwidth was 3 GHz.

Resonance Frequency definition:

The data point within the bandwidth of the sweep with the least (most negative) Sz;
power transmission’>! (-dB) was denoted as (fy) in Hz and this is defined as the series
“resonance frequency” of the FBAR. This value (fy ) is important in this case because
sensing analysis was based mainly on changes in f; (Af). This was reported as both the
real measured value directly from the network analyser, and also as fhe second order
polynomial fitted value produced automatically in by the computer running the VI

software, so two resonance frequencies could be reported.

39 Frequency gap (Hz) was usually made by setting a centre frequency f;, with f; START and f; STOP
frequencies being equidistant from f It is very important to note that the centre frequency f; is NOT the

resonance frequency f;. Although in some cases f; = f;
”* This occurred because “at resonance” the capacitate properties of the FBAR were transformed into a

pure resistance.
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Iteration definition.

During a single frequency sweep (one “iteration”), the software yvould report the data
point with the most negative S;; power transmission (dB) over the range of stimulus
values i.e., the bandwidth (] to f2) as the resonance frequency (fp) in Hz. If the software
was programmed to run say, 100 iterations, then 100 individual frequency sweeps over
the fixed specified bandwidth would be performed by the network analyser and a graph
of 100 (f;) points over either iteration number or time (seconds)'*? would be produced as
the final output chart used in the analysis. Once the measurement parameters were
programmed, it was not possible to make any alterations to them during the entirety of

the iteration set.

Baseline definition.

The “baseline” in this case is defined as the graphical representation of the output trace of
iterative or repetitious f; values when conditions of the FBAR in the FHA were stabilised.
For linguistic convenience, when conditions were changed to cause change in f;, then this

is called a change in the baseline response.

2 Time was used exclusively to generate the charts of multiple f; single data points, but iteration number
was also recorded.
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