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ABSTRACT

Title of Document: AN ATOMIC LAYER DEPOSITION PASSIVATED
SURFACE ACOUSTIC WAVE SENSOR FOR BACTERIAL
BIOFILM GROWTH MONITORING

Young Wook Kim, Master of Science, 2011

Directed By: Professor Reza Ghodssi
Department of Electrical and Computer Engineering
The Institute for Systems Research

This thesis reports for the first time the design, faion, and testing of a reusable
Surface Acoustic Wave (SAW) sensor for biofilm growth monitaringacterial biofilms
cause severe infections, and are often difficult to remove withounvasive surgery. Thus,
their detection at an early stage is critical for effectreatments. A highly sensitive SAW
sensor for biofilm growth monitoring was fabricated by depos#irggh quality zinc oxide
(Zn0O) piezoelectric thin film by pulsed laser deposition (PLThe sensor was successfully
passivated by aluminum oxide ¢8l3) using Atomic Layer Deposition (ALD) to prevent
ZnO damage from long term media contact. The sensor was reosableultiple biofilm
formation experiments using the ALD A3 passivation and an oxygen plasma biofilm
cleaning method. The SAW sensor was studied &i#therichia coli biofilm growth in
Lysogeny Broth (LB) and in 10% Fetal Bovine Serum (FBS) asmallated anin vivo
environment. A multiple MHz level resonant frequency shift measatrdtde output of the
SAW sensor in both LB and 10% FBS corresponded to the natural biofiavtigr
progression. These repeataBlecoli biofilm growth monitoring results validate the novel

application of a SAW sensor for future implantable biofilm sensing applications.
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1. Introduction and Motivation

1.1 Bacterial Biofilm

Bacteria that attach to surfaces aggregate in a hydratedepmymmatrix of their
own synthesis to form biofilnisBiofilms constitute a protected mode of growth that
allows survival in a hostile environment. The structures that forbofilms contain
channels in which nutrients can circulate, and cells in differgome of a biofilm

exhibit different patterns of gene expreséion

1) (2) 3) (4)
Planktonic cells Mature biofilm
Cell proliferation Type 1V pili and Quorum sensing,
2 twitching lasl-dependent
bt motility, signaling
sad
P genes
Flagella,
sad genes Attached monolayer Microcolony

b —_— R
Figure 1.1: Schematic of the biofilm growth mode(l) Planktonic cells adhere on

the surface, (2) Cell divide to form attached monolayer, (3) Famaticrocolony,
(4) Biofilm formation through quorum sensing

The schematic of the biofilm growth model is shown in Figute A bacterial cell
initiates the process of irreversible adhesion by binding to stiméace using
exopolysaccharide glycocalyx polymers. Cell division then prodsistsr cells that
are bound within the glycocalyx matrix, initiating the developmentadifierent

microcolonies. The eventual production of a continuous biofilm on the colonized



surface is a function of cell division within microcolonies and negvuitment of
bacteria from the planktonic phase. Consequently, the biofilm finalhsists of
single cells and microcolonies of sister cells all embedded iglaly hydrated,
predominantly anionic matrix of bacterial exopolymers and trappechredus
macromolecules As the bacterial biofilm gradually occludes the colonized surface
newly recruited bacteria adhere to the biofilm itself. Thieaeterial biofilms are
prevalent on most wet surfaces in nature and can cause environmental problems.

Biofilms growing in natural and industrial environments are regista
bacteriophages and to the chemically diverse antibiotics used to tcbrobians in
industrial processésAs a result, the biofilms are much less susceptible to anttbiot
than their nonattached individual planktonic counterparts. One mechahkaofilm
resistance to antimicrobial agents is the failure of an agepdrtetrate the full depth
of the biofilm. Polymeric substances like those that make up thexméta biofilm
are known to retard the diffusion of antibiotics, and solutes in deddfase at
slower rates within biofilm than they do in water.

The relatively high levels of nutrients and the high surfaceimmany industrial
aguatic systems, such as vessel and water purification syspeatéspose these
systems to biofilm formation. Adherent populations of bacterial biofiedevil most
industrial systems by plugging filters and injection faces, irfigubroducts, and
generating harmful metabolic by-products, such a$.H-or example, bacteria
gradually colonize the water-cooled side of a metal surfaceanheh&hangers, and
the resultant biofilm insulates against heat exchange so iefigcthat exchanger

efficiency is gradually reduced to less than 10% of designed vdluesddition,



bacterial corrosion of metals is an economically important consequaf bacterial
biofilm formation that illustrates several fascinating aspedtshe structure and
physiology of these adherent bacterial populafions

Biofilms develop preferentially on inert surfaces, or on dead tissu#,on
medical devices. Biofilms grow slowly, in one or more locations, arudilri
infections are often slow to produce overt symptoms. Sessile inhcells release
antigens and stimulate the production of antibodies, but the antibodiesoar
effective in killing bacteria within the biofilm and may causemune complex
damage to surrounding tissue. Even in individuals with excellent aedlnthhumoral
immune reactions, biofilm infections are rarely resolved by Host defense
mechanism Antibiotic therapy typically reverses the symptom causegléyktonic
cells released from the biofilm. Antibiotic treatments to bmsilcan kill the majority
of bacteria, and the number of truly resistant organisms withiofdnbitypically is
small. However, the minority of drug-resistant bacteria geasists after treatment
tends to repopulate the biofilm. Furthermore, subsequent treatmentheof
repopulated biofilm only modestly reduce bacterial numbers, indicakliag the
repopulated biofilm is more resistant to the treatment. Froninacall perspective,
these changes mean that traditional antibiotic therapy wimige successful against
biofilm bacteria and that other modes of treatment will be needpdetent biofilm
formation in the first place. For this reason biofilm infectionpidglly show
recurring symptoms, after cycles of antibiotic therapy, untilséesile population is

surgically removed from the body.



1.2 Bacterial Biofilms in Medical Implants

More than half a billion medical implants, such as heart vahahketer and
artificial hip joints shown in Figure 1.2, are performed everyr yapathe United

State& .

Figure.1.2: Examples of medical implants, (a) artificial heart valve (ADAM Inc.),
(b) catheter (NSC Inc.), and (c) artificial hip joint (Zimmer Inc.)

Moreover, these numbers are expected to increase during the raslddeecause
of an aging population with added risk factors. One of the sidetefthie to the
medical implants is the infection from bacterial biofilm gtwen implants. Biofilms
in the artificial implants are not simply collections of individimcteria. Instead,
they are complex cooperative communities of microorganisms timahigoone or
more species embedded within an extracellular matrix. Bisfitan become a

permanent feature of an infected device, meaning there may beams o eradicate



the biofilm. Biofilms may also exhibit antibiotic resistanceeles that are three or
more orders of magnitude greater than those displayed by plankiacteria of the
same straih® As a result, when a bacterial biofilm is formed, an invasiveisairg
procedure is often the most effective way to remove it. Howegeisional surgery
and care now cost in excess of $500,000 per p&fient

Therefore, the continuous monitoring of biofilm formation in artifioiblants is

critical for early biofilm detection and treatment.

1.3 Bacterial Biofilm Detection Methods

1.3.1Macro-scale Biofilm Detection Method

The most commonly used methods for pathogen detection involve traditional
methods based on bacterial cell culture and colony couhtimg, PCR based
methods? . Labeling with fluorescent molecules is also one of the well
established techniques for bacterial detection. The procedure cometicated,
but the sensitivity is very high For instance, a fluorescent immunosensor for
bacteria detection was demonstrated in Heyduk éf @lwo samples of the
antibody were prepared, each labeled with nanometer-sizalldléixkers with
short complementary oligonucleotides modified with fluorochromes thatd coul
participate in fluorescence resonance energy transfer (FRET)crease the

sensitivity. The schematic design is illustrated in Figur8. These two



fluorescently labeled antibodies allowed for detection of even anaiedgensity

of bacteria.

bacteria

500-3000 nm

linker (10-50 nm)

Figure 1.3: Design of homogeneous biological sensors for detecting pathogenic
bacteria™®

A fluorescent image showing the binding of the antibodies and baisesiewn

in Figure 1.4.

Figure 1.4: Fluorescence microscope image (a) fluorescent signal fram t
oligonucleotides proximity due to the bacteria binding, (b) light trattance

image in the same aréa



As shown in Figure 1.4, this fluorescent method allowed for detectian of
single cell. However, it required a fluorescent label on the probecmel and
involved external equipments for the detection, which is not reasofable

implantable applications.

Another common method for bacterial detection is the Enzyme Linked
Immunosorbent Assay (ELISAJ. ELISA is a specific and highly sensitive
method for quantitative measurement of antibodies or analytes inosolasi
shown in Figure 1.5. ELISA has been used as a diagnostic tool inineed

well as a quality check in various industries due to its high sensitivity

ii “ample DIV 1§, Can ™,
1 |

@)

(1) (2) (2) (4) (5]

,f;jl_a*
J
L 44
o e [ iy

LA A R G

Figure 1.5: (a) Schematic of general ELISA procedure: (1) immobilizepitobe
antibody, (2) incubate sample, (3) incubate detection antibody, (4) incubate
second conjugate antibody, (5) add fluorescent solution and read out,I§A EL
96 well plate®®

In principle, an unknown amount of antigen is affixed to a surfacine

ELISA plate, and then a specific antibody is applied over thasaido that it can



bind to the antigen. This antibody is linked to an enzyme, and inndlestep a
substance is added that the enzyme converts to a detectablesighaas color
change using a fluorescent molecule. In spite of the highlytselesensitivity of
the ELISA, it is a slow procedure and challenging in lab-on-a-aphjdications

due to the multiple labeling requirements.

Electrochemical amperometric sensing is another common method for
bacterial detection. Amperometric biosensors function by the pioduof a
current when a static potential is applied between two electrddes major
advantage of the amperometric biosensor is that the magnitutie afeasured
current is only due to the analyte of interest. Hence, if a fapexritibody is
immobilized on the sensor, it can achieve a highly selectiveriekcsignal
response only from the specific antigen. Since bacteria canagensectrons
from their metabolism or interaction with the external environméhg
amperometric electrochemical bacterial biosensor has been destesh&ly other
groups® '’ However, this method cannot be applied for an implantable sensor
due to the long term static electric potential requirement, wtén increase the

total volume of the sensor due to battery needed to provide this potential.

These traditional methods offer reliability and selectivity, dret very time

consuming and often requires external equipment.



1.3.2Micro-scale Biofilm Detection Methods

Bacterial detection using microscale devices have been shomarbyother
groups. In J.M Song et &, a CMOS biochip immunosensor was demonstrated
for single bacterium detection. The sensor was functionalizedd bassethe
combination of ELISA and laser-induced fluorescence (LIF) tietec The

schematic diagram of the biochip system is shown in Figure 1.6.

(@) (b)

Antibody-immobilized capillary reactor
\ r Immobilized Antibody

O o @D Diode Laser Amplificefion
Y Detector Antibody

Microscope Objective

)  Single Pathogenic Bacteria

Mirrors W substrate

5:5# Cleaved Fluorescent from Substrate

;-;‘ —— Long Pass filter

Alkaline Phosphatase Labeled
CMOS-Based

Antibody
Biochip
. Blocking agent

Figure 1.6: (a) Schematic diagram of the biochip system, (b) ELISAhm t
arrayed sensor: A lot of cleaved fluorescent were produced by atizymaction
between substrate and sandwich immunocomplex.

As shown in Figure 1.6(a), the diode laser beam was focused onto the
detection window of an antibody immobilized capillary reactor usihgns. The
laser beam was used to excite the enzymatic product, which hedission at a
specific wavelength when it was excited by the laser.tRerspecific bacterial

reaction in each well, the wells were functionalized by theSBLmethod as

shown in Figure 1.6 (b). Using the multiarray biochip structure spetific



antibodies immobilization in the sensor, the output of the sensor blasta
guantize the number of bacteria.

The impedance method was also used to detect a bacteriadnayer surface
of microelectrodes in L. Yang et &l. The interdigitated electrodes were
fabricated and bacteria were grown over the electrode in Eajeowth media.
The impedance growth curves, impedance against bacterial growgh iere
recorded during the growth of bacteria.

The ELISA-based microarray sensor and impedance method for teedbact
detection showed high detection limits (on the order of one cellthbytcannot
be applied forin vivo bacterial sensing applications due to the requirement for
external equipment, such as the laser for the ELISA based ooserds battery

for the impedance bacterial sensor.

1.3.3Implantable Sensors

Developing an implantable biosensor for continuous monitonngvo of a
pathogen has been one of the key challenges for researchers dbe to t
complexities of the implantable biosensor, such as the biocompwtibilithe
material, overcoming biofouling, and human body variations. Due to these
challenges, a successful biosensorifonvivo bacterial detection has not been

demonstrated.

10



One of the successful implantable sensors is a blood pressure fegnsor

continuous monitoring. In Peng Cong ef%la wireless batteryless implantable

blood pressure sensor was demonstrated as shown in the schematics in Figure 1.7.

(@)

Adaptive RF Powering
& Data Acquisition ™

: % 1
Implantable Bio-sensing Microsystem E@

Yaidd

Outside Environment
Skin

Insulating Fluid

Blood Vessel
MEMS Pressure Sensor

and Integrated Electronics

Instrumented Elastic Monitoring Cuff

" Inside Body

Figure 1.7: (a) In vivo real time wireless and batteryless biosensing microsystem
(RF inductive coupling was employed for the wireless communicatidm)), (
Proposed implantable blood pressure monitoring microsystem (A biocorepatibl
silicone elastic membrane was wrapped around a blood vessel, attM& M
pressure sensor and electronics were implanted in the elastic band.)

As shown in Figure 1.7 (a) and (b), the pressure sensor was eadpiarthe

biocompatible elastic band and the recorded blood pressure valuesentrby

the electronics and RF inductive coupling wireless communicatitretexternal

reader. However, this sensor cannot be fully implantable since tlension of

the sensor was too large to implant to human. Moreover, the elasti@imamdi

the vessel was not realistic fan vivo applications due to the requirement of

invasive surgery.

11



2. Device Design

2.1 Design Considerations

The goal of this thesis work is developing a bacterial biofilns@efor future
implantable wireless bacterial sensing applications. The caritimplantable
application requirements should be considered at the design of the device.

First of all, the materials of the sensor have to be biocompatiblbat they
cannot be another infection source. The size of the device also shogitatle
enough to be implanted in the body. One way to decrease the size of the device can be
using a passive transduction mechanism which does not need a battggrtdion.
Finally, a high sensitivity of the sensor is required for relighdf the device in am
vivo environment.

Based on these requirements, the Surface Acoustic Wave (SAVBf’5&ftsas
many advantages for implantable applications. A SAW sensor cabbeated using
biocompatible materials, such as gold, zinc oxide (ZnO), and <fficAlso the SAW
sensor exhibits extremely high sensitivity. The detectiort knhthe SAW sensor has
been shown up to an atto-gram t¥§),>* which is one of the most sensitive detection
methods. The SAW sensor is also a passive device, since the dguuuver for the
operation of the sensor can be delivered by RF inductive coébfifig’without a
battery. Based on these advantages, the SAW sensor can be it tptisduction

method for implantable biofilm growth monitoring applications.

12



2.2 Surface Acoustic Wave Sensor

Since Rayleigh discovered the Surface Acoustic Wave (SAWIB&Y, SAW
sensors have been used for diverse sensing applic&tiArBAW is generated in the
interdigitated transducer (IDT), which is on a patterned piezibelematerial, by
applying an alternating current (AC) electrical signal. TD& generates a uniform
electric field on the surface of the piezoelectric matevian a potential difference is
applied between two electrodes, and it induces a uniform mechanipkcdiment
based on the piezoelectricity of the material. Since the irlpatrieal signal is an
AC signal, a standing mechanical displacement wave in eaclelé€xirode pair is
formed at the specific frequency. The standing wave is sdtisfiethe specific
condition that the separation of the electrode pair is equal toteger times half of

the SAW wavelengffl, as shown in (1) and (2).

whered is the separation of the IDT electrode paiss the wavelength of the SAW,
is an integery is the SAW speed, arids the operational frequency. The speed of the
SAW on the substrate is a given value in each different pieztelenateriaf® 3",
Based on these relations, we can design an operational frequetitoy 8AW by

changing the pattern of the IDT or piezoelectric material.
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The standing mechanical wave, which is induced by the eldéieid in the IDT
on the piezoelectric material, propagates on the surface lmsdlde reversible
piezoelectricity of the substrdfe At first, the mechanical displacement induces the
electrical field, and the induced electric field generates hanotmechanical
displacement because of the reversible piezoelectric propefiese reversible
energy conversions from mechanical to electrical energy cEmuentially on the
piezoelectric substrate. As a result, the SAW propagates on utlffiéces The
propagation of the SAW is governed by the three dimensional acaastecequation

as shown in (3V.

wherep is the acoustic pressure?is the Laplace operator, ands the velocity of
the SAW. If we assume the propagation area is constant, suchles d¢ase of an
isotropic material, the three dimensional acoustic wave equatiobecamplified to
the one dimensional acoustic wave equation, as shown in (4), and theyveldbi

SAW is shown in equation (8)

ox?  v? ot?

2 2
o°p 1ap0 (4)

v= S (5)
P
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where x is the axis of the wave propagatio@, is the shear modulus of the
piezoelectric material, angdl is the local density of the surface. Depending on the
lattice structure of the substrate, two possible propagation modes 82MW, which
are called Rayleigh and Love modes, can be generated.

Lord Rayleigh discovered the vertical SAW mode of propagation anbisin
classic paper, predicted the properties of these Wawéamed for their discoverer,
Rayleigh waves have a longitudinal component and a vertical shegoonent as
shown in Figure 2.1. The Rayleigh SAW amplitude is typically about Ehdthe
wavelength ranges from 1 to 10t. This type of SAW sensor usually operates from

25 to 500 MHZ®.

Vertical and Shear Component
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by

1
—
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31 2%
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\
1
1
1
I |

Propagation of the SAW

Figure 2.1: Schematic of Rayleigh mode SAW propagation

This amplitude and frequency can couple with a medium placed in cuoiiact
the device’s surface since Rayleigh waves have all their acarstrgy confined

within one wavelength of the surface. Such coupling between the swfate
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sensor and external media strongly affects not only the amplitudeal®o the
velocity of the wave. This feature enables SAW sensors totlgisense mass and
mechanical properties of the contact media, such as shear modudluthexmal
expansion coefficient. One of the disadvantages of the Rayleighoh&V is that
because the wave is a surface-normal wave, it makes the S¥e¢ georly suitable
for liquid sensing application. When the Rayleigh mode SAW sensor iactedtby
a liquid, compression waves are created, causing an excessmaa#bn of the
acoustic wave. As a result, Rayleigh mode SAW sensors areyusgalil for dry
environmental sensing, such as temperature and pressure ¥ensors

On the other handf the cut of the piezoelectric crystal material is teth
appropriately, the wave propagation mode changes from a vertical SA8V sensor
to a shear-horizontal surface acoustic wave (SH-SAW) s€nsarshown in Figure
2.2. A.E.H. Love predicted the existence of the SH-SAW wave matloathain
1911. The lattice motion of a Love wave forms a horizontal line perpaadito the
direction of propagation (i.e. are transverse waves). Hence, vieris critical to
deposit a highly oriented c-axis piezoelectric material to rg¢é@ea Love mode
SAW . When the SAW IDT is aligned perpendicular to the c-axis of the
piezoelectric material, Love mode waves are predominantly geder@his Love
mode SAW dramatically reduces the losses when liquids come iactamith the
propagating medium, which allows Love mode SAW sensors to be used a

biosensor¥.
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Figure 2.2: Love mode SAW propagatidh

Love wave devices also offer the advantage of concentratingctiustac energy in
the guiding layer grown on an appropriate substrate, thus offeengpihortunity of
higher mass sensitivities. Several Love mode SAW sensors iogaraboth gaseous

and liquid media have been demonstr&téd

2.3 Piezoelectric Material for SAW Sensor

A SAW is generated on the piezoelectric material which operatea high
frequency oscillation governed by the design of the IDT. To olit@nmaximum
acoustic wave energy from the input electrical energy, the depost a high
piezoelectric coefficient material as a substrate isrtbst important parameter of the
SAW sensor as well as its high quality deposition methdd The piezoelectric

coefficient is defined as the ratio between mechanical energy amdcelegnerg$®.

17



acoustic energy

20 . ey
K*{ piezoelectric coef ficient electrical energy  (6)

ZnO is a piezoelectric material with the highest piexadgt efficiency along with
Lithium Niobate (LiNbO3J’. Another advantage of ZnO is biocompatibffityDue to
the biocompatibility of ZnO, many biomedical devices have usedntiaterial for a
medical devic€. Moreover, ZnO can be grown by thin film deposition methods, such
as RF sputtering and pulsed laser deposition (PLD) with low difithe substraté >*

A high quality ZnO thin film deposition process is well developed compatible
with traditional photolithography techniques. Pulsed laser depo$PLD) is one of
the common ZnO deposition methods for high quality depogittdrPLD has several
advantages and benefits over other growth techniques, includingcdmgiol over
growth parameters, fast growth rates, and low growth tempesatBesause of its
relatively simple set-up and operation, it has been widely insextearch. ZnO with a
high piezoelectric coefficient is capable of generating vegh Hrequency (GHz)
SAW and when combined with a SISi substrate it can be an excellent material
choice for Love mode propagatidh. Based on its piezoelectric properties,
biocompatibility, and the high quality fabrication process, Zn@hésbest candidate

piezoelectric material for the implantable sensor design.
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2.4 Interdigitated Transducer

The operational frequency of the SAW sensor for future implansgipliécations
is set by the Federal Communication Commission (FCC), which slfoom 401
MHz to 406 MHz for Medical Device Radiocommunications Service (Melid).
Based on the SAW velocity in our ZnO film (4812 m/s) and the faadt half of the
SAW wavelength is equal to the separation of each electrodetpaiseparation
length of the IDT has to be gm in order to achieve a 402 MHz operational
frequency for the SAW sensor.

The IDT material is also crucial since the IDT can inducettieegy insertion loss
from the input electrical energy to the piezoelectric sulestiBhe energy insertion
loss depends on the acoustic impedance and spacing distance of teéedtbdde
width. Some potential materials for the IDT are compared basethe acoustic

impedance matching theory and reflective coefficient equ&tias shown in (7) and

(8).

Z = p-v=(density)- (velocity) (7)
2 8
P |\Z,+2,

P,

Figure 2.3: Schematic of the two layers acoustic impedance match
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where Z is the acoustic impedangeis the density of the layey,is the acoustic
velocity of the material, R is the acoustic wave reflectoeefficient, B is the
incident power, Pis the reflective power,,Hs the transmission power;,Zand 2
are the acoustic impedance in each layer respectively. Alumimgdngald are
selected as the IDT material and their properties werelegéd based on equation

(7) and (8). The results are shown in table 1.

R Aluminum (Al) Gold (Au)

Acoustic Wave
Reflective Coefficient 0.058 0.012

Table 1. Acoustic wave reflection coefficient calculation results

Based on the calculation results, Au was chosen as the material for the IDT

In addition to the acoustic impedance matching, the width ofléntrode in the
IDT also affects the energy insertion loss of the séhsBenerally, the electric field
in the piezoelectric material by the IDT is proportionalite width of the gapg in

Figure 2.4, between an electrodes pair.

d

1w

G

IDT IDT

Figure 2.4: Cross sectional view of the IDT in the SAW sensor
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whered is 6 um in this SAW sensor desigw, is the width of the electrode, agds
the gap between two electrodes. If the width of the electradan Figure 2.4,
becomes narrower, more of the electric field affects the de@oe substrate, so the
efficiency of the mechanical displacement is increased.

In this work, three different widths of IDT electrodes weregmesl, including 1
um, 1.5um, and 2um, to investigate the electrode width dependence of the energy

insertion loss.

2.5 Design of the SAW sensor

The PLD method for ZnO deposition introduces a specific frequencgdlaser to
the target, and the material is deposited on the sample. Becatusesohple set up
and very close lattice structure similarity between thgetaand deposited films,
PLD is an optimal tool for high quality thin ZnO deposition. HoweveD Rllows
a good uniformity only in die level deposition, because the laser caovet wide
areas in the target uniformly. Thus, it requires chip level ratinen wafer level
processes.
Because of this limited uniformity of the PLD, an inverted SAgWsor was
designed as shown in Figure 2.5. Compared with the traditional SAWtwe in
Figure 2.5(a), where the IDT is patterned over the piezoelesaterial, in this work

the IDT is patterned under the piezoelectric film in the inverted SAW sensor
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Figure 2.5: (a) Traditional SAW sensor cross sectional view,
(b) Inverted SAW sensor for PLD ZnO deposition cross sectional view

The traditional SAW sensor can achieve higher sensitivity tleother design,
because an additional mass loading affects the SAW propagatiotydirdébwever,
it is difficult to deposit high quality ZnO on the entire wafer the traditional SAW
structure using PLD. A piezoelectric substrate is geneusgd for the SAW sensor
fabrication rather than piezoelectric thin film SAW. There can be alsosive effect
on the IDT, since the IDT exposed to the external environment directly.

In the inverted SAW sensor design, the SAW, which is generatbd IDT, can
disperse from between bottom and the top of the piezoelectriilthimrea, so the
sensitivity of the sensor would be decreased in the sameidradiSAW sensor
structure based on the inverse relation between the sensitivitysAawd velocity
dispersion rati. However, the maximum acoustic energy of the Love mode SAW is
inside of the piezoelectric film at about 5% of the SAW waveledgpth (600 nm in
this SAW sensor). Therefore, the inverted SAW sensor still chiese the same
level of the sensitivity compared with the traditional SAWuUstunre due to the
maximum energy Love mode wave location. In addition, the inverted S#\&bs is

still able to detect biofilm formation, since the mass loading Wuéhe biofilm
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formation is usually 100 - 60Qg. The advantages of this revised structure also
include the reduced possibility of IDT corrosion than the traditioddVSstructure
because IDT is covered by ZnO film. Furthermore, this nieuctaire is compatible
with the PLD for ZnO film deposition, which allows a high qualitydaspecific

lattice structure deposition.

2.6 Passivation of the SAW sensor

ZnO is soluble when in contact with a non-neutral pH liquid or &teg term
moisture exposuré Zinc (Zn) has less ionization energy, which is the minimum
required energy to become an ion, than hydrogen (H). As a restitt,aihd H are in
the same solution, Zn will be ionized in the solution due to the smafiezation
energy than H resulting with generation of hydrogen gas.uBecaf this solubility of
ZnO, a SAW sensor based on ZnO is challenging for biosensor applicatins
Specifically in this work, when the ZnO film was placed in theté@al growth
media without a passivation film, the ZnO layer was dissolved coehplm three
hours. Therefore, the ZnO film-based SAW sensor for biosensor dppicdad to
be passivated by a dielectric thin film without a significargsl of the sensitivity.
Since the SAW propagates on the surface of the sensor, the matpaoperties of
the passivation film, such as shear modulus and density, arel qodiGaneters to
passivate the sensor without losing in sensitivity due to the ndbma material

properties. To study the sensitivity dependence in differenivadéisn materials, a
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theoretical model for the biofilm SAW sensor was developed, as sth@sthematic

of the cross sectional view of the model in Figure 2.6.

Bacteria X

Figure 2.6: Schematic of passivation SAW sensor for biofilm deteftion

wherex is the biofilm thicknessh is the thickness of the passivation film, ahds
ZnO film thickness. The bacterial growth over the sensor was asistonbe uniform,
so that mass loading depends only on the thickness of the bigfilin @ddition, the
SAW velocities were assumed to be equal both in the bottom and topayef3,|
yielding V1 = V; as in Figure 2.6 to simplify the model calculation.

The mass sensitivity of the SAW sensor is given in equatich (9)

v . 1 [Av
SniLTOEn(V—OJ ©)

whereS,’ is the mass sensitivity of the SAW sensgrjs the initial SAW velocity
before mass loading/m is the amount of the mass loading, ahdis the SAW

velocity change due to the mass loading. Based on the uniform ibagtewth
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assumption and from equation (9), a one dimensional mass sensdaivityef SAW

sensor can be derived as shown in equation (10).

dX x—0 (10)

wherex is the bacterial biofilm thickness. The velocity of the SAVdesived by the

three dimensional acoustic wave equation as shown in equatidfi {41)

|0

(11)

wherev is the SAW velocity,C is the shear modulus, apdis the density of the
surface. The acoustic wave velocity in the passivated SAW searstrecdefined as a
function of passivation film thicknes$)( density f), and biofilm thicknessxj for

non-passivated and passivated SAW sensors by (12) and (13), respectively.

V= CZnO — CZnO 1
V Pzno t Poac Pzno 1+M

,DZnOd (12)
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Czo Ciim 1
V=
Pz0 | Czno + Ciiim 1+ £ simh 4 Phac X
Pzmod  pzod (13)

whereCyiin, is the shear modulus of the passivation fins the thickness of the film,
andd is the thickness of the ZnO, as shown in Figure 2.6. In the pasbiS#AW
sensor calculation, the total shear modulus, including ZnO and passifilatiowas
calculated by the series mechanical spring model, sincaeieshanical displacement
in the IDT is transferred from the ZnO film to the passivatibon sequentially. In
equations (12) and (13), the key variable for the velocity is batctedfilm thickness
(x), and the other parameters can be determined to optimize thévagnsi the
sensor. Some potential passivation materials, such as silicon,rafud@num oxide,
and silicon dioxide, were selected based on the mechanical progaritsities to
ZnO film and also water resistivity. The mechanical properoé the potential
materials are summarized in table 2. Using these paranstdrequation (13), the
velocity function was defined depending on the biofilm thickness. Theaized
velocity in each material was plotted according to the biofilm thickness change

as shown in Figure 2.7.
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Shear modulu€Csiim) Poisson ratio Densitfpiim)
ZnO 44.28 GPa 0.30 5.606 g/ftm
SisN, 80.60 GPa 0.24 3.290 g/ém
SiO, 32.19 GPa 0.17 2.606 g/ém
Al;0; 124.0 GPa 0.21 3.950 g/&m
Teflon 0.005 GPa 0.46 2.199 gffm

Table 2. Potential passivation film material propertf&<$*

1 ‘
non-passivation
0.9+ Silicon Nitride
Aluminum Oxide

o
o

Teflon
Silicon Oxide
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Figure 2.7: Relative SAW velocity from some candidate materials

Compared with a non-passivated SAW sensor, the velocity in thieggasd SAW

sensor was always more attenuated due to the passivation fés losding and
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mismatch in mechanical properties as shown in Figure 2.7. Moreiheerelative
sensitivity of the passivated SAW sensor can be calculated byathethat the
sensitivity is proportional to the SAW velocity change during thdilisiogrowth
which corresponds to the slope of the curve as shown in Figure 2.7. The differentiated

plot (relative sensitivity change) of Figure 2.7 is shown in Figure 2.8.

x10™
1 —

non-passivation
Silicon Nitride
Aluminum Oxide

Teflon E

Silicon Oxide

Relative velocity [passivation / non-passivation]
¥
T

0 0.5 1 15 2 25 3

Normalized biofilm thickness [Density ratio*normalized thickness respect to ZnO]

Figure 2.8: SAW sensor sensitivity from candidate materials

In Figure 2.8, the normalized sensitivity for the potential passivataterials was
the y axis intercept, since that is the point described in equdt®nvhere biofilm
(x) approaches zero. The theoretical normalized sensitivity A% Ssensors
passivated with different films (y axis intercepts in Fig@r@) are shown in Figure

2.9.
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Figure 2.9: Normalized sensitivity from different passivation SAW sensors

Based on the modeling calculation, Aluminum Oxide passivated SAVWrsens
showed better sensitivity than other materials, and Teflontm&asvorst choice for
this application, even though Teflon is one of the most common biocompatible
materials for biomedical applications. Silicon nitride and aluminurndeoxvere
chosen as potential passivation films for the SAW sensor sinceh#weetical
normalized sensitivity calculation results were different diff. The schematic of

the passivated SAW sensor is shown in Figure 2.10.

Figure 2.10: Schematic of the passivated SAW sensor
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3. Device Fabrication

3.1

Process Flow

The overall fabrication process is shown in table 3.

Process Step

Process Description

Cross Sectional View

SiO, Deposition

LPCVD 60 nm at 150 °C

Pattern IDT
(AZ5214)

AZ 5214 image reversal
pattern

Cr/Au deposition

Cr/Au (15nm / 200 nm)
E-beam evaporation
deposition

Lift off

Ultrasonication in acetone

Dice wafer

ZnO deposition
(400 nm)

KrF excimer laser at a
wavelength of 248 nm with
pulse duration of 25 ns at
250 °C
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HsPO, + Acetic acid + DI
water for 40 seconds
ZnO pattern

(21:1:30 dilution by volume

Annealing 800 °C for 1 hour

(ramp up for 1 hour, cool
down)

Passivati.o.n film Al,0O3 ALD deposition at
deposition 150 °C

(A| 203 45nm)

HsPO, + Acetic acid + DI

Open electric
water

pads

(21:1:30 dilution by volume

Mo ol ool ool »

Table 3: Fabrication process flow
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3.2  SiQ Deposition

The SAW velocities in the ZnO film and Si substrate are difted812 m/s and
5840 m/s respectively. In addition to the non-piezoelectricity bfosi, this
acoustic velocity mismatch between the Si substrate and ZnOcéilmcause a
significant acoustic wave loss due to the loss of the SAW frenZzhO to the Si
substrate. Therefore, a thin layer of 8i@s deposited between the ZnO and Si to
prevent the loss of the SAW. The thickness of,S&yer is optimized to minimize
the acoustic wave loss and strain in two la{fef&he 60 nm Si@was deposited by
low pressure chemical vapor deposition (LPCVD) at 150 °C on 4prghe (100)

silicon wafer.

3.3 Interdigitated TransducerPattern

IDT was patterned on the SiSi layer before depositing ZnO. Three different
IDT electrode widths (1, 1.5, and 2 um) were designed to investiga energy
insertion efficiency dependence on the electrode width variafibre energy
insertion efficiency is known since the insertion efficiersynversely proportional
to the IDT electrode width.

16 devices with three different IDT electrodes on a 4-inch wadez designed.
The designed chrome mask for IDT is shown in Figure 3.1. To makeskemsycal
contact in the device package, the gold electric pads were expapndedim by
2mm. The overall device dimensions including the extended eleatan#dct pads

was 1 cm by 3 cm.

32



(b) Mask layout in device (im IDT SAW sensor)
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wafer was flood exposed by the UV light for 2 min, providing a dosébotit 2160
mJ/cnf. Finally the wafer was developed for 2 minutes in AZ400K : Dekthi
water at a ratio of 1:6. The microscope image after the ligpdy is shown in

Figure 3.2.

Figure 3.2: Microscopy image of the im IDT pattern after photolithography for 1
pum IDT SAW sensor

As shown in Figure 3.2, the IDT pattern was not clear dféephotolithography
because of the limited resolution of the contact lithography at X¥eatare sizes.
To remove the photoresist residue, Oxygep) (flasma was used for 50 s at 150 W

RF power. After @ plasma, the IDT pattern is shown in Figure 3.3.
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Figure 3.3: After O, plasma for 50 s at 150 W inyin IDT SAW

Then, the Cr/Au (15nm/200nm) was deposited by E-beam evaporation, and
followed by lift-off of the photoresist in acetone using an ultrasdra@th. The

Cr/Au patterned IDT is shown in Figure 3.4.

Figure 3.4: Optical microscope image of the Cr/Au (15nm/200nm) patterned IDT
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3.4 ZnO Deposition

After patterning IDT, the wafer was diced for the ZnO deposity PLD. The
laser deposition system used a KrF excimer laser at alemagle of 248 nm with
pulse duration of 25 ns to ablate a high purity (99.99%) ZnO ceramgett The
ZnO was grown at 28@ with an ambient oxygen partial pressure of ~1.0%H0r.

The thickness of ZnO film was 400 nm.

3.5 ZnO Pattern and Annealing

To open the electric contact pads from ZnO, the ZnO was pdittasieg a
mixture composed of phosphorous acid, acetic acid and DI water (1:180). T
protect the sensing area from the etchant, a drop of photoresigiiagas in the
IDT area and baked for 5 min since the ZnO pattern was not tetdang as the
ZnO film remained in the IDT area. Then, the chip was placedhet@nO etchant
for 40 s. After patterning ZnO, the photoresist was removed with acetone.

The resistance of the IDT was measured after opening thacetecrttact pads.

In the ideal case, the resistance in the IDT would be infimigeghe interdigitated
electrodes are open circuit and $i® an insulator. However, the resistance of the
IDT was about 10@ in both input and output IDTs.

The main reason of the low resistance in the IDT may be beoktise high
guality of PLD ZnO, which implies the number of the ZnO sirigtece domain is
small, and thereby the electrical resistance is low. Thetaese of the ZnO film

depends on the number of the ZnO single lattice domain, whichiescpystal ZnO
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area with boundary in each domain. This low resistance IDT cannot indece
strong electric field, because of the low potential differencea Assult, the SAW
may not be able to be generated on the surface due to the low patastigy
between the two electrodes of the IDT. One of the effectives wayncrease the
resistivity of ZnO film is annealing at a high temperaturéhe annealing can help
to reorganize the lattice structure and also make smaller depsai the number of
boundaries in the domains is increasing. The SAW device was athataelected
temperatures and the resistance was measured after theirapnéla¢ resistance

result after annealing at different temperature is shown in table 4.

Device Non-annealed 330 °C 800 °C
1 um SAW 150Q 450Q > 30 MQ
1.5pum SAW 150Q 500Q >30 MQ
2 um SAW 120Q NA 26 MQ

Table 4: Resistance measurement after ZnO annealing at 330°C and 800°C

At first, the device was annealed at 330°C to investigate slstamece difference
after low temperature annealing. As shown in table 2, even if the tempenatsiiat
330°C, the resistance increased about three times compared with eatedritnO
film resistance. In the 800°C annealing process, the temperaagenareased

13°C/min for one hour from room temperature to 800°C, and annealed fooone
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at 800°C. Then, the chip was allowed to cool down overnight. After 800°C
annealing for one hour, the resistance of the IDT was out ofuradds range (>
30MQ) by the multimeter. The high resistivity of ZnO resultingnf the annealing
at 800°C can induce a strong electric field in the IDT due tohibke potential
difference. As a result, the mechanical displacement can be thdtfegently, and

the SAW can propagate on the surface.

3.6 Passivation Thin Film Deposition

Based on the theoretical modeling calculation, described in Chapie®iRl4
and AbOs; were chosen as potential passivation films for the ZnO-bas&l SA
sensor since the normalized sensitivity difference from therercalculation was
only 2%.

40 nm of SN, film was deposited by plasma enhanced chemical vapor
deposition (PECVD) at 200 °C which is the most common deposition method for
silicon nitride. AbOs film can be deposited by atomic layer deposition (ALD), or E-
beam evaporation, or RF-sputtering. All three deposition methodsapphed for
45 nm AbOs film deposition to investigate the fabrication process dependance

the passivation performance.
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4. Testing and Results
4.1 Testing setup

4.1.1 Network Analyzer

The resonant frequency of the SAW sensor was measured by aknetwor
analyzer (HP8510, Agilent Inc., USA). The network analyzer consistiseof
sweeper, the test set, the vector signal processor, and the @disgagwn the

schematic in Figure 4.1.
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Figure 4.1: Schematic of the network analyZ&r
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The sweeper or synthesizer provides the RF stimulus to tleetdsim 10
MHz to 26.5 GHz. The test set supplies signal separation fodehee
impedance analysis, and the points at which the device underd¢esniscted
signal separation devices to analyze the device impedance. Todetker t
comprise a complete stimulus / response test system which praevilahetus
to the device under test and measures the signal transmitted through the device
(Sz1) or reflected from its input ¢9. The system then detects and processes
the data to provide various displays showing the magnitude and phassef t
responses. Accuracy enhancement techniques permit measurernbeati@al
at the interface to the device under test, minimizing thecteffe systematic
measurement errors.

The network analyzer measures the four different scatteriaghptars (S-
parameters). Many electrical properties of networks of compgsnsuch as
inductors, capacitors, and resistors, may be expressed usingrepens. For
instance, the system gain, return loss, voltage standing wave Y&WR),
reflection coefficient, and amplifier stability can be meadurg analyzing S-
parameter values. The scattering refers to the way in wihiehtraveling
current and voltages in a transmission line are affected whgnntkeet a
discontinuity caused by the insertion of a network into the transimidisie.
This is equivalent to the wave meeting an impedance differing tihenfine’s
characteristic impedance. The schematic definition of the fqar&mneters is

shown in Figure 4.2.
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Figure 4.2: Four S-parameters in the network analyzer

where ais the forward reference which is provided by the synthesizerde
frequency range RF stimulation; s the reflected signal from the testing
device, b is the transmitted signal through the device, ants @he reverse
reference from the test set. Based on these S-parametatiaesi the low
peak of $; at a frequency means that the least RF energy reflectiamsoat
the frequency. In other words, most RF energy transmits through viee de
because the impedance between the test device and energyaseurnagched.
In addition, the resonant frequency of the device can be monitored By the
high peak. The & high peak at a frequency represents the transmission of the
most RF energy at that frequency since the impedance is maittezdfore,

a resonant frequency of the test device can be measured bynmngnéither

the S; low peak or the § high peak at the network analyzer.
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The measured resonant frequency data was saved in the computer which
communicates with the network analyzer by the general purpos@aagtdus
(GPIB). The GPIB communication and data saving program were ddsigne
using C++ language.

Biofilm growth experiments typically span more than 48 hourthesoate
of data saving rate does not have to be fast, such as in 10 sectnds ra
because the bacterial growth rate is on different order of nuagniIn
addition, the only data needed to monitor the device’s resonant frecglaficy
during bacterial growth are either the w peak or & high peak reducing
the amount of data saved as opposed to saving the entire waveforan. As
result, the data saving program was designed to save only therlbvgh
peak frequency and intensity every minute, so that it was possilebgand
the experiment time without concern for the data capacity. €taled C++

code is shown in the Appendix A.

4.1.2 Sensor Package

To make a low electrical impedance connection between the network
analyzer and the SAW sensor, the package was designed with theabacte

growth well, as shown in Figure 4.3.

43



Figure 4.3: (a) Fabricated the SAW sensor, (b) the SAW sensor package for
bacteria biofilm growth experiments (The input and output of the semsor
connected with the network analyzer)

The sensor had two large gold electric contact pads to make easy
connection with the measurement instruments. The electrical comatt
package were made using soldering and the resistance in Regpacas less

than X2. The SAW sensor was located in the bacterial growth wdilichw
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4.2

localized the bacterial growth and prevented growth media leakiue
network analyzer test set was connected with the SAW sensorgeacka
through low impedance BNC connection to monitor the resonant frequency of
the device continuously. Finally, the package was placed on a haptade

37 °C to optimize the bacterial growth and covered by a polystya@rtainer

to reduce the temperature gradient near the testing setup.

SAW Sensor Characterization

4.2.1 ZnO Lattice Structure

For biofilm detection applications, it is critical to make surat tthe
propagation mode of the SAW is Love wave. This can be confirmed by
investigating the lattice structure of the ZnO film. X-m@d§fraction (XRD)
and photoluminescence (PL) spectroscopy have been employed forratructu
characterization and optical evaluation of the ZnO layers.

Photoluminescence spectroscopy (PL) is a process in which ansebsta
absorbs photons (electromagnetic radiation) and then re-radiates photons
Quantum mechanically, this can be described as an excitatiorhighar
energy state and then a return to a lower energy state accothpgnibe
emission of a photon. Depending on the material bandgap energy, the

emission wavelength is different, so the material composition lan
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investigated. After ZnO film deposition by PLD, the surfacehef film was

inspected by PL and the result is shown in Figure 4.4.
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Figure 4.4: Photoluminescent spectrum of the ZnO layer, (380 nm
wavelength is corresponding with the bandgap of the ZnO)

As shown in Figure 4.4, the peak wavelength of the emission lightnwa
380 nm. The ZnO has 3.3 eV direct bandgap, and it is corresponding to the
380 nm wavelength of the light based on the energy and wavelatafilom.
Therefore, this result represents the high quality of ZnO deposince there
was no other peak in the PL spectrum.

In addition, the crystal orientation of ZnO was investigateth®y<XRD to
determine what is the preferred lattice texturing of the deposited ZnQlhin f
XRD is a method of determining the arrangement of atoms witbigsaal, in
which a beam of X-rays strikes a crystal and diffracts inemynspecific
directions. From the angles and intensities of these diffractzsong a

crystallographer can produce a three-dimensional picture of thetydefhs
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electrons within the crystal. From this electron density, thennp®sitions of

the atoms in the crystal can be determined, as well asdmemical bonds,

their disorder

and other crystallographic,

including preferred dattic

orientation information. The XRD pattern of the ZnO thin filmsisown in

Figure 4.5.
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Figure 4.5: XRD pattern of the ZnO film deposited by PLD

To make sure the Love mode SAW is generated, the ZnO film should be

deposited in the c-axis direction (O0L) so that the c-axis @iystal lattice is

perpendicular to the substrate. As shown in Figure 4.5, the diffractgla af

the X-rays at 34.25° and 72.25°0f2corresponding to the (002) and (004)

lattice directions, were the most intensive reflections in thB-prepared

ZnO film.
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Thus, according to the PL and XRD data, PLD-deposited ZnO thin film
was single phase (no impurities) and highly structured (preferred oioentat
in the (001) direction) which should provide for the generation of the Love

mode SAW.

4.2.2Passivation Film Characterization

A SAW sensor without a passivation film was placed into Lysogeoth
(LB) bacterial growth media, which is the most comrogoli growth media,
to study how the ZnO film withstands exposure to growth mediapFhef
the prepared LB media was approximately 7.2. Based on the pH of the LB
media, the ZnO should not be damaged by the solution. However, the LB

media dissolved entire ZnO layer in about 3.5 hours later, as shovigune F

4.6.
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Figure 4.6: Measured ZnO thickness in LB
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This result confirmed ZnO could be soluble even if it was in aalquit
solution. To further study the ZnO solubility in solutions with clas@eutral
pH, another SAW sensor was tested in the phosphate buffered i8¢ (

Figure 4.7 shows the ZnO film thickness results in the PBS.
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Figure 4.7: The thickness of ZnO film in PBS buffer

As shown in Figure 3.6, the ZnO film was not dissolved in the PBS. The
pH of the PBS buffer was 7.4. These results confirm the dissolatidine
ZnO film may be due to the composition of the LB media and not becduse
the pH. It may also be possible that bacterial growth media @fesesome
ions such as chloride and hydrogen ions, that are produced by theabacteri
metabolism during growth. These byproduct ions can contribute to the ZnO
damage in the media.

In addition, a ZnO based SAW sensor was also tested in 10% dhkttdd
Bovine Serum (FBS), which is the most common mammalian cell eultur

serum due to its similarities to thhe vivo environment. When the ZnO SAW
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sensor was placed into 10% FBS with no passivation film, the et
layer was dissolved after about 6 hours.

Considering these results, a passivation thin film should be deposited on
the ZnO SAW sensor for the biofilm growth experiments. For thsiysted
SAW sensor characterization work, aNgj or Al,O3 thin film was deposited
on the SAW sensor.

The SiNg4 film was deposited to a thickness of 30 nm by PECVD on the
ZnO surface, and the passivated SAW sensor was placed in the LB media with
an overnight cultured. coli suspension for two days at 37°C incubation.
Then, the surface of the sensor was inspected using an opticascoijge, as

shown in Figure 4.8.

Figure 4.8: Optical image of the 30 nm thicknesghi passivated ZnO SAW
sensor after two days in LB bacterial solution (arrows indithée ZnO
damage areas)
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As shown in Figure 4.8, the 30 nmyNgj could not protect the ZnO film
from LB media. This might be either because of insufficieritigkt StN4, or
non-uniform PECVD deposition of the film in the thickness ranges used. The
thickness of the @i, film was increased to 40 nm using PECVD to study the
influence of thickness on thesBl, passivation performance. However, 10 nm
thickness increments of thesSj film did not make it protect the ZnO film

from the LB media as shown in Figure 4.9.

Figure 4.9: Optical image of the 40 nm 38, passivated ZnO SAW sensor
surface after two days in LB bacterial solution (arrows indicate ZnO damage

Based on these results, the thickness of tiidy Should be more than 40
nm to be able to passivate the ZnO of the SAW sensor. However,mdren

than 40 nm of SN, film was deposited, the sensor lost too much sensitivity to
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use for biofilm detection applications. Thus, the PECVERNGiwas not
selected to become a final passivation method for the ZnO #W Sensor
due to the non-uniform and low density film deposition provided by PECVD.

Another potential passivation film was chosen to b®Abased on the
modeling calculation presented previously,@y also shows high resistance
to water and is used as a passivation material for otheosygtem device
package8'°®. There are many ways to deposit thin film,@d such as
evaporation, sputtering, and atomic layer deposition (ALD). RF smgtand
evaporation provide good step coverage due to high gas pressure and
multidirectional deposition. ALD is the best option for the highly unifeinm
film deposition due to the high level of deposition rate controllgbédmnd
good coverage of high aspect ratio patterns.

The AbO; film was deposited to a thickness of 45 nm on the ZnO SAW
sensor using the RF- sputtering, or E-beam evaporation, or ALDAILRR
passivated SAW sensors were placed in LB media and 10% FB&ofalalys
along with a prepareH. coli solution. The optical surface image of the@y
passivated SAW sensor was inspected before and after the Iacteria
suspension experiment. Figure 4.10 shows the images of the 45.Q@m Al
passivated ZnO device before the bacterial growth media cearation

work using each different deposition method.
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(b)

Figure 4.10: Optical surface images of the SAW sensor passivated by 45 nm
Al,O3 deposition using (a) e-beam evaporation, (b) RF sputtering, and (c)
ALD on the ZnO test chip before LB media characterization wodtofc
difference corresponds to the ZnO thickness variance due to thmalopti
transparency of the ZnO film.)

In Figure 4.10, since ZnO film is a transparent material, wieethtckness
of ZnO differs slightly between each device, the reflec@dras different.
While the thicknesses were not equal, all were approximately 400nm;
however, the thickness of the ZnO was not a critical paranfetethe
passivation film characterization work.

The optical images of the A film deposited by three different
deposition methods for the passivation of the ZnO SAW sensor in éddam

with bacterial suspension are shown in Figure 4.11.
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Figure 4.11: The optical surface images of the SAW sensor passivated by 45
nm Al,Os film using (a) e-beam evaporation (black dot is ZnO), (b) RF
sputtering (dark area is ZnO), and (c) ALD (no ZnO damagéBimedia

with the bacterial solution after two days

As shown in Figure 4.11, the 8); films deposited by RF- sputtering and
E-beam evaporation were not able to provent ZnO damage from tlegiddact
solution. However, ALD AJOs; film was able to passivate the ZnO layer from
the bacterial solution. This result can be due to the highly démsdilm
deposition capability of ALD.

In addition, the AD; film passivated SAW sensors were placed in 10%

FBS for investigation of the passivation performance in a diffesenim
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using the same procedures. The surface images of the senstwaftiays in

10% FBS with a bacterial solution are shown in Figure 4.12.
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Figure 4.12: The optical surface images of the SAW sensor passivated by 45
nm Al,Ozfilm using (a) e-beam evaporation (arrow indicate ZnO resiche, a
bright green area is no Zn0O), (b) RF sputtering (dark aren@ @nd bright
green area is no Zn0O), and (c) ALD (no ZnO damage) in 10% FB&vior
days

The ZnO layer on the SAW sensors passivated bOsAE-beam
evaporation and RF-sputtering was dissolved by 10% FBS. However, as on
the results achieved in LB media, the ZnO was protected frohO¥teFBS

by ALD deposited AJOs.
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These AIO; passivation characterization results in LB media and in 10%
FBS confirmed that the only the 45 nm,®4 film deposited by ALD could
passivate the ZnO film of the SAW sensor because of the highsedand

conformal film deposition of the ALD.

4.2.3 Energy Loss

To generate the SAW on the ZnO, there are several energy ¢onsers
which result in energy loss in the sensor. At first, the input ed&trical
energy has an energy loss due to the acoustic impedance midratteen
IDT and ZnO at both the input and output IDT. This energy loss itDthe
and ZnO is also depending on the dimensions of the IDT electrode. The
energy loss is proportional to the electrode width of the ¥ theory, if
the electrode is narrow, which implies a wide gap between twtales, the
piezoelectric material is covered by a wider electritdfeo the mechanical
stress becomes stronger than in a narrow gap SAW sensor. Thas® is
propagation loss depending on the quality of the ZnO. These energg loss
decrease the sensitivity of the SAW sensor.

The overall energy loss can be studied by measuring the output t&Gevol

out
pp

peak to peak V., ) versus input AC voltage peak to pea‘K,‘J;(). Three

different IDT SAW sensors were fabricated to investigate ethergy loss

dependence of the IDT dimension. Tldgg‘t VS VF',E curves for the IDT
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electrodes with the different widths, 1 um, 1.5 pm, and 2 pm are skmown i

Figure 4.13.
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Figure 4.13: Output voltage peak to peak versus input voltage peak to peak

(Vo' vs V,‘J',]) in different IDT electrode dimensions of the SAW sensor

As shown in Figure 4.13, the 1 um IDT electrode SAW sensor shbeed t
highest output peak to peak and the 2 um IDT SAW was the lowest ostput a

expected based on the theory.

4.2.4 Sensor Calibration

The operational frequency of the SAW sensor measured by the network

analyzer is shown in Figure 4.14.
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Figure 4.14: Operational frequency of the SAW sensoi;SLow peak
represents the resonant frequency)

The resonant frequency of the SAW sensor corresponds to thed&kwnpe
the §; parameter analysis at the network analyzer. As shown in Hgide
there were two major peaks around 385 MHz and 401 MHz. The 401 MHz
peak was the operational frequency for which the device was designed, but the
385 MHz peak might be due to the acoustic wave dispersion becaubd the
was not located over the ZnO piezoelectric substrate. Herweas iacceptable
to use either peaks to calibrate the device.

The detection limit and sensitivity of the SAW sensor were stuioye
loading 10 ul of deionized (DI) water on the sensor. The masgigynsf

the SAW sensor is defined in equation (14).
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srvn:nmiﬂ _ lim L[ AT (14)
Am->0 Am\ Am—0 Am fo

where Sy’ is the mass sensitivity of the SAW sensgrjs the initial SAW
velocity before mass loadingm is the amount of the mass loading, is the
SAW velocity change due to the mass loadifigis the resonant frequency
shift, andfy is the operational frequency. Therefore, at a rgigperational
frequency the sensitivity of the sensor is equah®frequency shift divided
by the additional mass loading. In the device catibn,4smwas 10 ug.

The resonant frequency shift produced by wlatsting is shown in Figure

4.15.
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Figure 4.15:Resonant frequency shift due to 10 ul DI watediog
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For the calibration purposes, the 385 MHz peas used since the Q
factor was better than that for 401 MHz peak. Aswahin Figure 4.15, the
resonant frequency of the SAW sensor was negatshefted about 188 KHz.
Therefore, the sensitivity would be approximatél§8x10"°Hz/ gbased on
the water loading characterization work. The resmiu of the network
analyzer was 0.1 Hz. Thus, the minimum detectablssm which was

calculated by the resolution of the equipment dididhy the sensitivity of the
sensor, was approximatedx10 g .

Before the bacterial growth experiment, anpdOovernight suspension
culture of E. coli was loaded on the SAW sensor. Figure 4.16 shows th

frequency response upon the bacterial solutionihgad
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Figure 4.16: Resonant frequency shift due to 10H1toli bacteria loading
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As shown in Figure 4.16, the resonant frequesbift produced by
bacterial solution loading was about 731 KHz, whighs a significantly
higher resonant frequency change than produceddualyrig 10 ul of DI water.
This was because of the viscosity difference betvie® solutions.

Based on the perturbation thedty a liquid loading modifies the
propagation constant of the acoustic wave. As alttethe acoustic wave
penetrates to the liquid side causing the loshefsignal. The depth of the

acoustic wave penetration is in equation {15)

wheres is the depth of the acoustic wave penetratiois, the viscosity of the
solution, p is the solution density, anol is the propagation frequency. Based
on the penetration depth relation with the visgpsiie acoustic wave would
be more attenuated in contact with a high viscdgjtyid. Thus, the loading of
the bacterial solution on the SAW sensor resultedai higher negative

frequency change than that produced by loading @&
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4.3 Invitro E. coli Biofilm Growth Experiments

4.3.1Bacterial Growth Media

The biofilm SAW sensor was tested in two dadfa types of growth media,
which were Lysogeny Broth (LB) and 10% Fetal Bov8erum (FBS) diluted
by Dulbecco/Vogt modified Eagle's minimal essentiadium (DMEM).

The LB has become an industrial standardefagoli. cultivation far back
in 1950’s and it is the most common media used ategular microbiology
applications. LB media is mainly composed of yelstCl, and amino acids.
Amino acids, such as tryptophan, are the sourcéhtoprotein synthesis need
for bacterial growth. Yeast provides certain vitamand trace elements, such
as magnesium and nitrogen. NaCl produces an ospretssure balance of the
bacteria in the media. In this wrok, LB media waed as an optimized
environment folE. coli growth to investigate the SAW sensor response.

In addition to the LB media, the SAW sensoswabso studied in 10% FBS
as an approximateih vivo environment to see the sensor performance in an
animal serum. FBS is derived from blood drawn franbovine fetus and
blood cells are separated by centrifugation or nahticoagulation by
fibrinogen. The globular protein, Bovine Serum Atfin (BSA), is the main
component of the FBS together with many other jmeteDue to the rich
variety of proteins and similarities to amvivo environment provided by FBS,

it is the most widely used growth media for mamanralcell culture. The
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SAW sensor was tested in 10% FBS as a simulatedvo condition to

inspect the device response for future implantaplgications.

4.3.2Sensor Reusability

One of the key requirements for the implargadgbplication is the sensor
reliability, so that a patient does not have toargd revisional surgery to
replace the device. For the reliability investigatiof the SAW sensor, the
sensor was tested at least three times conseguéimdl the device output was
analyzed. However, the cleaning of the device wasy \critical for the
continuous use of the SAW sensor in multiple expents because of the
strong biofilm adhesion to the sensor surface. diban surface of the SAW
sensor was also important in keeping the same lgfiveensitivity since the
initial mass loading on the sensor would causesa In sensor sensitivity.
Hence, an effective cleaning method for biofiim cem from the SAW
sensor had to be developed.

At first, the biofilm-contaminated SAW senspgssivated by the 45 nm
ALD Al,0s film, was placed into acetone solution which isi@y used to
clean polymers in biological and microfabricatiorgesses. The biofilm on
the surface of the sensor was inspected usingabpticroscope after acetone

cleaning as shown in Figure 4.17.
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Figure 4.17: Cleaning of device by acetone, (a) Device cleaméu DI water
after a biofilm experiment (biofiim remained on tisensor), (b) Device
cleaned by ultrasonication in acetone (biofilm Wwasken, but still adherent),
(c) Device cleaned with acetone at 100 °C hotdiatehree hours (majority
of the biofilm was cleaned, but it was not clearowggh for subsequent
experiments)

The surface of a SAW sensor cleaned by DI wisteshown in Figure
4.17(a). The biofilm adhered so strongly that Dltevacleaning did not
remove it. Then, cleaning of the sensor was attedhpsing ultrasonication in
acetone for 30 minutes as shown the images in €&igut7(b). As an

alternative method, the device was heated at 100 &0 acetone solution for

three hours since the biofilm was still adherergradicetone cleaning at room
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temperature. To prevent the evaporation of theoaeein the heating acetone
cleaning process, the device was placed in a 50Meaker containing 300
mL acetone and sealed the top with paraffin filfiteAthree hours of heated
acetone cleaning, the majority of the biofilm wanowved. However, biofilm
residues were observed by optical microscopy asvishin Figure 4.17(c).
Even if the device was cleaned for longer thanehreurs using the heated
acetone cleaning method, the surface of the SAVosewas not cleaned
sufficient for the next experiment.

Bleach is well known as an excellent choice ¢teaning of organic
materials cleaning. The biofilm-covered SAW seng@s attempted to be
cleaned using a 15 times water diluted bleach ispluiThe biofilm on the
surface of the SAW sensor shown in Figure 4.18@9 placed in the diluted
bleach solution for 2 minutes. After bleach clegnitme surface of the device

was extremely clean as shown in Figure 4.18(b}headevice could be used

in the next biofilm growth experiment.

Figure 4.18 (a) before and (b) after 15 times diluted bleelganing for two
minutes
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Before the next biofilm growth experiment, tlokeaned device was
recalibrated by monitoring the resonant frequertaft slue to the DI water
loading. Results showed almost the same sensitastycompared with the
initial device. Then, the recalibrated SAW senswven the optical image of
the sensor in Figure 4.19(a) was tested in a sebmfitm growth experiment
using the same procedure. However, after the seeapdriment with the
bleach cleaned sensor, the ZnO film was damagethdbacterial growth
media, as shown in Figure 4.19(b). Due to the Zi®damage, the output of

the SAW sensor was not observed in the secondrhigfiowth experiment.

(b)

Figure 4.19: (a) Device surface after bleach cleaning, (b) Zi#hage after
the second biofilm growth experiment in the bleatdaned device (arrows
indicate ZnO damage areas)

The ZnO damage after the second test usingpldaeh-cleaned chip was
shown consistently after many attempts. The ZnOatdgrcan be due to the

fact that the bleach is not a neutral pH solutidhe bleach can cause

66



chemical decomposition of the A& thin film deposited by ALD during the
cleaning procedure, resulting ZnO damage.

Oxygen (@ plasma was then applied for cleaning of the biofrom the
SAW sensor. @plasma removes impurities and contaminants frorfaces
through the use of energetic plasma created froygesx gas. The vacuum
ultraviolet (VUV) energy is very effective for thweaking most organic bond
of surface contaminants. This helps to break apmth molecular weight
contaminants. A second cleaning action is carrigdby the oxygen species
created in the plasma {0 O,, O;, O, O, O, ionized ozone, metastably-
excited oxygen, and free electrons). These spewmest with organic
contaminants to form #, CO, CQ, and lower molecular weight
hydrocarbons. These compounds have relatively Veglor pressures and are
evacuated from the chamber during processing. &h@tmg surface is ultra-
clean.

With those advantages of Plasma cleaning, the ALD AD; passivated

SAW sensor can be effectively cleaned, as shoviguare 4.20.

Figure 4.20: Optical image of the £plasma cleaned SAW sensor (20X)
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The Q plasma cleaned device was characterized by Diri@aeing, and
the sensitivity of the sensor was maintained oviered consecutive
experiments. The detection limit results after edmbfilm formation

experiment are summarized in table 5.

Before biofilm After 1% After 2 After 3°
experiment | biofilm growth | biofilm growth | biofilm growth
experiment experiment experiment
Detection 49.4 pg 51.9 pg 53.4 pg 55.7 pg
limit

Table 5: Summary of the SAW sensor detection limit in sedjaé biofilm
growth experiments

The detection limit of the sensor became Hiyglvorse with the sequential
biofilm growth experiments (table 5), but was dfillee orders more sensitive
than the biofilm loading mass, which was on thesoraf hundreds of micro
grams. The key product of these experimental reswdss that the ZnO did not
show any damage after consecutive biofilm growtpeexments as shown in

Figure 4.21.
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Figure 4.21: The ALD Al,O; passivated SAW sensor surface after three
consecutive biofilm experiments using @asma cleaning between uses

Based on this result,,®lasma cleaning was selected over acetone and
bleach cleaning since it allowed the SAW sensdretased multiple times in

the biofilm growth experiments without ZnO film dage.

4.3.3The SAW Sensor Biofilm Growth in LB media

To prepare bacteria for the SAW sensor biofihowth test, a 2@l frozen
culture of Escherichia colE coli) W3110 was put into 5 ml of LB media in a
cell culture tube. Therthe bacteria were cultured overnight in the 200 rpm
shake incubator at 37 °C for 16 hours. The optiehsity (ORqg) was
measured after the overnight culture growth, amd@D was 4.20 - 4.50. 1

ml of the overnight cultured bacteria was placedhm bacterial growth well
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in the device package and was diluted 20 times dnjing LB media to
achieve the initial bacterial concentration ovex AW sensor to be 0.21 -
0.23. Then, the device package was held at 37 8Cavered by paraffin film
to prevent the bacterial solution evaporation dwrihe biofilm growth

experiment. The final testing setup is shown iruFegs.22.

Figure 4.22: Testing setup for biofilm growth experiment (Thacterial
growth well is sealed by paraffin film in the bilofi growth experiment. Also
the whole package is covered by a polystyrene gwrtaduring the
experiment.)

To read out the resonant frequency changengluhe biofilm growth, the
package was connected with the network analyzerflf@resonant frequency
was saved every minute to the computer by usind3@Binmunication.

Two types of SAW sensors with different IDTmdinsion were tested in
biofilm growth in LB media. Theoretically, the sri®aldimension of IDT has

a higher sensitivity than the wide electrode of JBihce the narrow electrode
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IDT allows more energy transmission due to highrgpénsertion efficiency’.
The resonant frequency shift results of the SAWsserover the biofilm

growth are shown in Figure 4.23.
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Figure 4.23:Resonant frequency shift results of the SAW semsbB media
biofilm growth experiment using ((@) - 1.5 pum IOb) — 2 um IDT, and (c) —
2 um IDT indicate different device with same fahtion process.®} 2", and
3" indicate the order of the consecutive biofilm fatinn experiment.)

The negative frequency shift of the sensor defined as the difference
between the initial resonant frequency and the oredsfrequency in the test.
The negative frequency of the SAW sensor was ptmpal to the mass
loading, which was caused by the biofilm growtfthis case, so the negative

frequency shift corresponded to the bacterial gnostate.
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The data in Figure 4.23 was shown for theu@ IDT SAW sensor
excepting the blue curve, which was obtained with5aum IDT SAW sensor.
The blue, green, and red curves represented theSAaW sensor frequency
shift over the first biofilm growth experiment withat sensor. The brown and
black curves corresponded to the second and thofidinio growth experiments
using the same SAW sensor as the red curve follpvarygen plasma
cleaning between uses.

As shown in the results, the output of the SA@hsor showed a rapid
change at the beginning of the experiment, anchezha steady state about 20
hours later. To investigate the growth rate in eagperiment, the linear
growth rate, which was the mass increase per hbthieabeginning of the
experiment as shown in equation (16), was calcdlatel summarized in table

6, based on the SAW sensor detection limit andpggent resolution.

[frequencyshift at20hoursx detectionimit]

Lineargrowthrate[ g/ hr] =
) Lug ] [equipmentesolutionx 20hours]

(16)

Data Green Red Brown Black Blue

Linear | o6 o \o/hr | 49.6pg/hr | 17.4ug/hr | 14.9ug/hr | 11.2ug/hr
growth rate .oug .oug A4pg -Jug 219

Table 6. Linear growth rate after 20 hours in the biofgmowth
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As shown in table 6, the growth rates weréed#it from each other even
if the device dimensions were the same. Bacterath rate was generally
affected by temperature, growth media compositipH, and mechanical
movement of the setup during static biofilm growiththe testing setup, the
temperature was maintained at 37°C using a hot@aie the device package
was covered by a polystyrene container to thermatiate the setup from
external heat exposure or absorptidhe initial bacterial concentration was
also always the same concentration, and the sameédia was also used
between experiments. Based on these controllediteams] it was reasonable
to set a hypothesis that the variance of the ol W sensor might be due to
the natural bacterial growth variance in LB mediacs the sensor did not
show much variance in the DI water calibration wpitformed after each
biofilm growth experiment.

To investigate the variance of bacterial mofgrowth in LB media, six 45
nm Al,O3z passivated ZnO test chips were prepared in a 6phake, which
was filled with the same Qfgy concentration (0.21-0.23) &. coli solution.
The 6 well plate was placed on the 37°C hotplatd aavered by the
polystyrene container as in the biofilm growth expents. Two days later,
the biofilm thickness was measured by an opticalrosicope using Z-axis
measurement technique in 30 - 40 locations per.chie average and
standard deviations of the biofilm thickness weedculated as shown in

Figure 4.24.
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Figure 4.24: Average biofilm thickness and standard deviaticasured by
an optical microscope in LB media (average thicknds35 um, standard
devication: 61.97 pm)

As shown in Figure 4.24, the average biofihitkness in LB media was
approximately 13%um, and the standard deviation was abouuBf which
was 46 % of the average biofilm thickness. Theaapimages of the biofilm
grown on the surface of the SAW sensor were alspeicted by the optical

microscope as shown in Figure 4.25.
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Figure 4.25: Optical images of the biofilm formed on the SAW\ser in LB
media with the thickness of (a) 18, (b) 133um, (c) 30um

Thus, if the bacterial biofilm was grown théckover the SAW sensor as
shown in Figure 4.25(a), the overall resonant feeqy shift of the sensor
would be higher than that of the others in Figur2s%) and (c), since the
resonant frequency shift is proportional to the sriaading on the sensor.

These experimental results suggest the resdreguency shift variance of
the output at the SAW sensor in LB growth medigFe 4.23) can be due to

the nature of the non-uniform biofilm formation.
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4.3.4The SAW Sensor Biofilm Growth in 10%FBS

The SAW sensor was also tested in animal sendnch was Fetal Bovine
Serum (FBS), to investigate the device performanca simulatedn vivo
environment. The 10% FBS diluted by DMEM was filled the bacteria
growth well of the package over the SAW sensor \ligh culturedE. coli,
which was prepared along with the same procedusesnalB media
experiments. The initial concentration of the baatesuspension was also
0.21 - 0.23 as in LB media biofilm growth experirhen

The sensor was tested three times sequerttigisove the reliability of the
SAW sensor in monitoring biofilm growth. After adfiim growth experiment,
the 45 nm ALD A}O; passivated SAW sensor was cleaned usingl&ma
for 30 s. The negative resonant frequency shiftlteof the SAW sensor in

10% FBS are sshown in Figure 4.26.
x10

Negative Frequency Shift [Hz]

. Biofilm in 10% FBS (d) 1st
4y Biofilm in 10% FBS (d) 2nd|
) Biofilm in 10% FBS (d) 3rd |
O -

_2 L L L L
0 10 20 30 40 50
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Figure 4.26: Resonant frequency shift of the SAW sensor in EBS ((d)
indicates a different SAW sensor with the same dsimn and fabrication
process)
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As shown in Figure 4.26, the resonant frequesiifts of one SAW sensor
in 10% FBS over all three experiments more closelyesponded with each
other than the results from LB media biofilm format experiments. The
three overall resonant frequency shifts at theostaty phase were about 1
MHz, and showed only 0.2 MHz difference betweerheather which is less
variations as compared to the 3 MHz frequency shifference in LB media.
Since the 10% FBS is not an optimized growth méatidacterial growth, the
biofilm growth could be suppressed due to the antrideficiency or
composition difference from LB media. Thus, any amirenvironmental
changes, such as temperature and pH, may not mhlg difference in the
bacterial growth.

The biofilm growth variance in 10% FBS wasgterformed using six test
chips with the same preparation procedures as innidglia. The biofilm
thickness measured by the optical microscope z@igi@acement technique

with the LB media results is shown in Figure 4.27.
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Figure 4.27: Average biofilm thickness and standard deviaticgasured by an
optical microscope in LB and 10% FBS

As shown in Figure 4.27, the average bioftlmtkness in 10% FBS was
about 32 pm and standard deviation was about 6.4wch is less variation
than in LB results. Based on this experimental Iteskie low variation of the
resonant frequency shift of the SAW sensor in 10B% FEould be due to the
uniform biofilm growth in 10% FBS. The biofilm imag from select locations on

the test device are shown in Figure 4.28.
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Figure 4.28: Three different biofilm growth optical images hretsame device

from 10% FBS biofilm growth experiments with thecktmess (a) 37um, (b)
50 um, (c) 24um

Since the biofilm growth in 10% FBS was unifioas shown in Figure 4.28,
the resonant frequency shift of the SAW sensohénedia (in Figure 4.26) was
also less variable between biofilm experimentsG#1-BS than in LB media (in

Figure 4.23) based on the mass loading and propaitresonant frequency shift

in the SAW sensor.
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5. Discussion

5.1 Passivation of the SAW sensor

Based on the passivation modeling calculation tes#l,O; and SiN; were
chosen as a passivation film in the SAW sensor.mmmum thicknesses of ADs
and SiN4 films were determined based on the ZnO surfageertton using optical
microscopy after two days in bacterial growth meddfferent thicknesses of a
passivation film were deposited on the SAW senadrthe surface of the sensor was
inspected for ZnO damage by optical microscopy.eBasn this preliminary work,
the thicknesses of AD; and SiN, films required for the passivation of the ZnO were
at least 45 nm and 40 nm respectively.

The 40 nm SN, deposited by PECVD cannot protect ZnO in the badtkiofilm
growth experiments (in Figure 4.8 and 4.9). Th&uteof the SN, passivated SAW
sensor can be because of the non-uniform and tegsrmal film deposition in the
PECVD.

AlL,O3 thin film was deposited 45 nm over the SAW sensing ALD, E-beam
evaporation, and RF-sputtering to investigate #i@ication process dependence in
the passivation film performance. As a result @ blacterial solution exposure of the
SAW sensor for two days, AD; deposited by ALD can protect ZnO, but@4 using
E-beam evaporation and RF-sputtering did not pre¥e® damage. Since the ALD
has highly dense and conformal thin film depositapabilities, the ALD AlO; film

can passivate the ZnO over more than one weekpufsexe to a bacterial solution in
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consecutive biofilm formation experiments. TherefoALD is the key fabrication

process for the passivation of the SAW sensor usih nm AIO3 thin film.

5.2 Correlation with Natural Bacteria Growth Model

The mathematical modeling of the natural b@tggrowth has been studied by
many other scientists Models are used to describe the behavior of raiganisms
under different physical or chemical conditionstsas temperature, pH, and flow
rate. These models allow for the prediction of wixtal population and the detection
of critical parts of production and distributionopesses. The key characteristics of
the bacterial growth model are the initial exporaergrowth and stationary stage. In
nature, low populations of bacteria start to groywamentially at the beginning of the
growth, and then reach a stationary stage duedohitph population density and
limited nutrient suppl$’.

A mathematical bacterial growth model was usedanalyze of the resonant
frequency shift results from the SAW sensor. Thenpertz bacterial growth mod8l
was used to compare with the SAW sensor results tduéhe simplicity and

mathematically normalized biological growth paraengin the equatiofl?).

_glb-ot)]

y= ae[ (17)
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where vy is the population of the bacteria, t isetim, b, and ¢ are mathematical
growth parameters depending on the bacterial growtivironment. The
mathematical parameters can be determined by tbgimal experiments or
mathematical approximations. Here the growth patarsevere chosen to normalize
the growth population so that the SAW sensor restdiuld be compared directly
with the model. Based on the mathematical normeédizacalculatio®, all of the
parameters became one.

Since the negative frequency shift of the SA¥sor was related to additional
mass loading due to the biofilm growth, it was jassto compare bacterial
population directly to the negative resonant fregpyeshift. The resonant frequency
shift of the SAW sensor was normalized with respedhe final frequency shift. By
normalizing the response of the SAW sensor, whigdrasented the relative growth,
the negative resonant frequency shift became wggitldata so that the direct
comparison between the model and SAW sensor resoltlsl be acceptable. As a
result, the y axis of the normalized frequency oese in the SAW sensor represented
the relative bacterial population growth rate alst éhe stationary stage became one.
The normalized SAW sensor results in LB media d@&rathematical model were

plotted together in Figure 5.1.
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Figure 5.1: Normalized resonant frequency shift result in LBhwthe Gompertz

bacterial growth curve, ((a), (b), (c) indicate felient devices with the same
dimension and fabrication processes, 2" and & indicate the order of the
consecutive biofilm growth experiment.)

As shown in Figure 5.1, the SAW sensor resuttsi LB media biofilm formation
experiments followed the exponential growth of thedel at the beginning, but it
reached stationary phase about 20 hours latertiiegamodel. This difference between
the model and experimental results can be dueddstidtic bacterial growth in the
SAW sensor biofilm formation experiment, which didt supply fresh nutrients
continuously during the experiment. In additiore thathematical parameters in the
model were normalized rather than determined bedas biological experimental

approaches. However, all normalized frequencyt sésults in the SAW sensor were
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closely corresponding to each other, since the mami difference in the stationary
phase frequency shift was only about 10%.
The normalized 10% FBS resonant frequency stslilts were compared with the

same mathematical model in Figure 5.2.
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Figure 5.2: Normalized resonant frequency shift result in 10S with the
Gompertz bacterial growth curve ((d) indicates fiedént device. I, 2% and ¥
mean the order of the consecutive experiments.)

The normalized 10% FBS results more closdlpvieed the model as compared to
the SAW sensor results from LB media biofilm foriaatexperiments. Except for the
first experimental result in 10% FBS, the othelfofeed the exponential growth rate

at the beginning and reached to the stationaryestdiput 10 hours, matching the
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modeling curve. This result can be due to the sirtiés toin vivo environment from
the 10% FBS composition. This more correspondisglte in 10% FBS validate the

SAW sensor for the futura vivo biofilm detection.

. Conclusions

This thesis work successfully demonstrated tfioe first time the design,
fabrication, and testing of the bacterial biofilmogth monitoring using the SAW
sensor. The sensor was fabricated using a c-aested high quality ZnO deposited
by PLD. The confirmed c-axis orientation by XRD Zn@in film allowed for
generating Love mode SAW, which was the key requerat for the SAW biosensor
application. For the passivation of the ZnO filmatoid damage resulting from long
term growth media contact, 40 nm PECVDRNgiand 45 nm AIO; by ALD or E-
beam evaporation or RF-sputtering were testedarb#tterial solution for two days.
As a result of the experiments, 45 nm thicknesOAfIm deposited by ALD was
only able to passivate ZnO layer due to the higisdeand conformal film deposition
capabilities of the ALD. Moreover, the SAW sensan de used again based on the
oxygen plasma biofilm cleaning after multiple biofiformation tests. Based on the
novel ALD Al,Os film passivation and unique ;(plasma cleaning procedure, the
SAW sensor can be used in multiple biofilm growttperiments without losing
sensitivity. The detection limit of the SAW senstudied by 10 pl DI water loading

was approximately 5.3 pg.
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The resonant frequency shift results in LB rmethd in 10% FBS followed the
initial exponential growth and subsequent statipnghase that are the key
characteristics of the mathematical bacterial gnowitodel. Normalized resonant
frequency shift results of the SAW sensor repraesgnthe relative growth in LB
media and in 10% FBS were compared to the Gompadterial growth curve due to
the simplicity and mathematically normalized biotag growth parameters of the
equation. The normalized 10% FBS results more blosdlowed the model as
compared to the SAW sensor results from LB medélibi formation experiments.

These repeatable results that correspond wighl the natural bacterial growth
model measured at the output of the SAW sensadatalithe novel application of the
SAW sensor for bacterial biofilm growth monitoringnd future implantable

applications based on the more correlated result§% FBS.

. Future Work

To develop an implantable biofilm sensorsitequired to have a wireless read out
method at the sensor output. Since the SAW serss ot need to have a DC input
source, it is possible to remove electronics corepts1to convert electrical signal
from AC to DC. As a result, the interface betweeRFR wireless signal and SAW
sensor is more compatible than in other sensinghadst One possible method to
develop the wireless biofilm SAW sensor would begRF-inductive coupling.

Another future direction is the functionalipat of the SAW sensor to provide

selectivity®>. However, this sensor selectivity work presentsigmificant challenge
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considering the future implantable applicationsolplacement of foreign material
in vivo, the immune system and self defense mechanisnt &ia@attack the
heterogeneous material and finally encapsulaie &, process called biofoulifiy’”.
As a result, without overcoming the biofouling deabes®, any functionalized
SAW sensor cannot be applied for implantable appbas. This is a significant
challenge to be overcome in development of theampble biosensor.

In addition, the effect of human tissue on SAWé¢nuation should be investigated.
When an electromagnetic wave meets human tisseariplitude and frequency of
the signal are attenuated due to the dielectristeom and density difference provided
by skin, blood, and boA& This attenuation effect may require changingdbeice
dimensions to increase the sensitivity. The seuisitiof the SAW sensor can be
improved by depositing ZnO thicker than 400 nm.

Finally, system modeling would aid future semsystem development. The final
implantable biofilm monitoring system is composédhe SAW sensor, RF wireless
communication, the human body interface, and theume defense system. These
components are not simply separated from each ,othdrinteract very closely.
Therefore, the modeling of the entire system iscati to study what factors should be

considered in integrating the system.
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# Appendix A

Network analyzer data save program (§)

/*

* Include the WINDOWS.H and DECL-32.H files. The standard Windows

* header file, WINDOWS.H, contains definitions us ed by DECL-32.H and
* DECL-32.H contains prototypes for the GPIB rout ines and constants.

*/

#include "stdafx.h"
#include <stdio.h>
#include <time.h>

#define ARRAYSIZE 100 /I Size of read buffer

int Dev; /I Device handle

char ReadBufferffARRAYSIZE + 1]; /I Read data buffer

char ErrorMnemonic[21][5] = { "EDVR", "ECIC" , "ENOL", "EADR", "EARG",
"ESAC", "EABO", "ENEB", "EDMA", ",
"EOIP" , "ECAP", "EFSO", ™ , "EBUS",
"ESTB", "ESRQ", ™, "™, "™, "ETAB"}

void GPIBCleanup( int Dev, char * ErrorMsg);

int _cdecl main( void ) {

*/

/*

* Assign a unique identifier to the device and st ore in the variable
* Dev. If the ERR bitis set in ibsta, call GPIB Cleanup with an
* error message. Otherwise, the device handle, De v, is returned and
* is used in all subsequent calls to the device.

*/

#define BDINDEX 0 /I Board Index

#define PRIMARY_ADDR_OF DMM 16 /I Primary address of device

#define NO_SECONDARY_ADDR 0 /I Secondary address of device
#define TIMEOUT T10s /I Timeout value = 10 seconds
#define EOTMODE 1 /I Enable the END message

#define EOSMODE 0 /I Disable the EOS mode

Dev = ibdev (BDINDEX, PRIMARY_ADDR_OF_DMM, NO_S ECONDARY_ADDR,
TIMEOUT, EOTMODE, EOSMODE);
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if (ibsta & ERR)

GPIBCleanup(Dev, "Unable to open device" );
return 1,

/*
* Clear the internal or device functions of the d
* bit ERR is set in ibsta, call GPIBCleanup with

evice. If the error
an error message.

*/

ibclr (Dev);

if (ibsta & ERR)
GPIBCleanup(Dev, "Unable to clear device" );
return 1,

}
/*
*
*
* MAIN BODY SECTION
*
* In this application, the Main Body communicates with the instrument
* by writing a command to it and reading its resp onse. This would be
* the right place to put other instrument communi cation.
*
*

*
~

/*
* Request the identification code by sending the
* |f the error bit ERR is set in ibsta, call GPIB

* message.
*/
ibwrt (Dev, "MARKMINI;,OUTPACTI" , 17L);
if (ibsta & ERR)
GPIBCleanup(Dev, "Unable to write to device"
return 1,
}
/*

* Read the identification code by calling ibrd. |
* set in ibsta, call GPIBCleanup with an error me
*/

ibrd (Dev, ReadBuffer, ARRAYSIZE);
if (ibsta & ERR)

GPIBCleanup(Dev, "Unable to read data from device
return 1,
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/*

* Assume that the returned string contains ASCII
* the string using the value in ibcntl which is t

* read in. Use printf to display the string.

*/

/* time example */

ReadBuffer[ibcntl] = o'
printf( "Returned string: %s\n" , ReadBuffer);
/ICreate a file to write to
FILE *OutFile = fopen( "S21freq.txt" ,at);
//Send data to file
fprintf(OutFile, "%s\n" ,ReadBuffer);

/[Close the file
fclose(OutFile);

ibwrt (Dev, "OUTPMARK;MARKMINIY 17L);
if (ibsta & ERR)
GPIBCleanup(Dev, "Unable to write to device"
return 1,

/*

* Read the identification code by calling ibrd. |

* set in ibsta, call GPIBCleanup with an error me
*/

ibrd (Dev, ReadBuffer, ARRAYSIZE);
if (ibsta & ERR)
{

GPIBCleanup(Dev, "Unable to read data from device"
return 1,

/*

* Assume that the returned string contains ASCII
* the string using the value in ibcntl which is t

* read in. Use printf to display the string.

*/
ReadBuffer[ibcntl] = o'
printf( "Returned string: %s\n" , ReadBuffer);
/ICreate a file to write to
FILE *OutFilel = fopen( "S1lintensity.txt" ,at);

/ISend data to file

fprintf(OutFilel, "%s\n" ,ReadBuffer);
/IClose the file

fclose(OutFilel);

/*
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*
* CLEANUP SECTION
*

*

*

/* Take the device offline.
*
/

ibonl (Dev, 0);

return 0O;

* After each GPIB call, the application checks wh ether the call
* succeeded. If an NI-488.2 call fails, the GPIB driver sets the
* corresponding bit in the global status variable . If the call
* failed, this procedure prints an error message, takes the
* device offline and exits.
*/
void GPIBCleanup( int ud, char * ErrorMsg)
{
printf( "Error : %s\nibsta = 0x%x iberr = %d (%s)\n" ,
ErrorMsg, ibsta, iberr, ErrorMnemonici berr));
if (ud!=-1)
{
printf( "Cleanup: Taking device offline\n" );
ibonl (ud, 0);
}
}
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Network analyzer data save program (&)

/*

* Include the WINDOWS.H and DECL-32.H files. The standard Windows

* header file, WINDOWS.H, contains definitions us ed by DECL-32.H and
* DECL-32.H contains prototypes for the GPIB rout ines and constants.

*/

#include "stdafx.h"
#include <stdio.h>
#include <time.h>

#define ARRAYSIZE 100 /I Size of read buffer

int Dev; /I Device handle

char ReadBufferffARRAYSIZE + 1]; /I Read data buffer

char ErrorMnemonic[21][5] = { "EDVR", "ECIC" , "ENOL", "EADR", "EARG",
"ESAC", "EABO", "ENEB", "EDMA", ",
"EOIP" , "ECAP", "EFSO", "™, "EBUS",
"ESTB", "ESRQ", ™, ™, "™, "ETAB"}

void GPIBCleanup( int Dev, char * ErrorMsg);

int _cdecl main( void ) {

*/

/*

* Assign a unique identifier to the device and st ore in the variable
* Dev. If the ERR bitis set in ibsta, call GPIB Cleanup with an
* error message. Otherwise, the device handle, De v, is returned and
* is used in all subsequent calls to the device.

*/

#define BDINDEX 0 /I Board Index

#define PRIMARY_ADDR_OF DMM 16 /I Primary address of device

#define NO_SECONDARY_ADDR O /I Secondary address of device
#define TIMEOUT T10s /I Timeout value = 10 seconds
#define EOTMODE 1 /I Enable the END message

#define EOSMODE 0 /I Disable the EOS mode

Dev = ibdev (BDINDEX, PRIMARY_ADDR_OF DMM,NO_S  ECONDARY_ADDR,
TIMEOUT, EOTMODE, EOSMODE):
if (ibsta & ERR)

GPIBCleanup(Dev, "Unable to open device" );
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return 1;

/*
* Clear the internal or device functions of the d
* bit ERR is set in ibsta, call GPIBCleanup with

evice. If the error
an error message.

*/

ibclr (Dev);

if (ibsta & ERR)
GPIBCleanup(Dev, "Unable to clear device" );
return 1,

}
/*
*
*
* MAIN BODY SECTION
*
* |n this application, the Main Body communicates with the instrument
* by writing a command to it and reading its resp onse. This would be
* the right place to put other instrument communi cation.
*
*

*
~

/-k
* Request the identification code by sending the
* |If the error bit ERR is set in ibsta, call GPIB

* message.
*
ibwrt (Dev, "MARKMAXI;OUTPACTI", 17L);
if (ibsta & ERR)
GPIBCleanup(Dev, "Unable to write to device"
return 1,

/*

* Read the identification code by calling ibrd. |

* setin ibsta, call GPIBCleanup with an error me
*/

ibrd (Dev, ReadBuffer, ARRAYSIZE);
if (ibsta & ERR)

GPIBCleanup(Dev, "Unable to read data from device"
return 1,

/*
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* Assume that the returned string contains ASCII data. NULL terminate
* the string using the value in ibcntl which is t he number of bytes

* read in. Use printf to display the string.

*/

/* time example */

ReadBuffer[ibcntl] = o' ;
printf( "Returned string: %s\n" , ReadBuffer);
/[Create a file to write to
FILE *OutFile = fopen( "S21freq.txt" ,at);
//ISend data to file
fprintf(OutFile, "%s\n" ,ReadBuffer);

/[Close the file
fclose(OutFile);

ibwrt (Dev, "OUTPMARK;MARKMAXI|"17L);
if (ibsta & ERR)
{
GPIBCleanup(Dev, "Unable to write to device" );
return 1,

}
/*
* Read the identification code by calling ibrd. | f the ERR bit is
* set in ibsta, call GPIBCleanup with an error me ssage.
*

ibrd (Dev, ReadBuffer, ARRAYSIZE);
if (ibsta & ERR)

GPIBCleanup(Dev, "Unable to read data from device" );
return 1,

}
/*
* Assume that the returned string contains ASCII data. NULL terminate
* the string using the value in ibcntl which is t he number of bytes
* read in. Use printf to display the string.
*/

ReadBuffer[ibcntl] = o' ;

printf( "Returned string: %s\n" , ReadBuffer);

/ICreate a file to write to
FILE *OutFilel = fopen( "S21lintensity.txt" ,at);
//Send data to file
fprintf(OutFilel, "%s\n" ,ReadBuffer);

/[Close the file
fclose(OutFilel);
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* CLEANUP SECTION

*

*

*/

/* Take the device offline.
*
/

ibonl (Dev, 0);

return 0O;

* After each GPIB call, the application checks wh

* succeeded. If an NI-488.2 call fails, the GPIB

* corresponding bit in the global status variable
* failed, this procedure prints an error message,
* device offline and exits.

*

void GPIBCleanup( int ud, char * ErrorMsg)

{

printf( "Error : %s\nibsta = 0x%x iberr = %d (%s)\n"

ErrorMsg, ibsta, iberr, ErrorMnemonici
if (ud!=-1)
{

ibonl (ud, 0);
}
}

printf( "Cleanup: Taking device offline\n"
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