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Abstract

In the last two decadesagacitive micromachined ultrasonic transducers (CMUTS)
have proven themselves to be promisiogvariousultrasound imagingnd chemical
sensing application®lthough holding many benefits faultrasoundmaging, CMUTs
havecertainweaknessesuch as theelativelylow output pressurat transmissiorwhich
hinder th& developmentin the diagnostic imaging applicationin the sensingarea
CMUTs have showattractive features such hgh mass sensitivity, miniaturized array
configuration, and ease of functionalizatioddowever, their potentiafor humidity
sensings less exploredThe objective of thisthesislie in two asgct. One is tooffer a
solution toovercome the limitatiof low output pressure, and the other is to develop
CMUTs asresonant gravimetribumidity sensorsThe majorefforts are made on the
second task

For the first objectivea novel duaklement ultrasonic transducisr proposed. It
incorporates two transducer technologies by using a circular piezoelectric element for
ultrasound transmission and an annular CMUT elementrdoeption The hybrid
transducer combines the brdaahdwidth and high receive sensitivity of the CMUT and
the high outpupowerof the piezoelectric transducer to improve the overall sensitivity
and axial resolution. The annular CMUT is designed, fabricated, and concentrically

aligned with the piezoelectriprobe via a custom housing. Immersion measurements

vi



show that the hybrid dualement transducer improves the axial resolution by 25.58%
and the signalo-noise ratio by 8.55 dBverthe commercial piezoelectric probe.

For the second objectivaCMUT-basd resonant humidity sengeffirst developed
with the direct wafer bonding techniqgu@raphene oxide (GO) @nployedas the sensing
material. Due tocombinationof the masssensitive CMUT and the moistusensitive
GO, the sensor exhilst rapid responskecovery, good repeatability, ankigher
sensitivitythan most of its competitar§he second generation of CMtbased humidity
sensos aims tofurther improve the relative humidity RH) sensing performance by
adopting the nitrideo-oxide wafer bonding technologfor CMUT fabrication. In
contrast to conventional wafer bonding CMUT processes that use expensiveailicon
insulator (SOI) wafers to produce resonating membranes, the negspremploysow-
pressure chemical vapor depositi®CVD) silicon nitride as the membrane material.
It provides thinner and lighter membranes, and thus memtive CMUT resonators
Additional benefitsof the nitrideto-oxide wafer bonding techniquare the reduced
fabrication complexity and more controllable membrane thicknésslly, a duai
frequency (10/1MHz) CMUT is developedising this fabrication techniquit generate
two RH response curves and can provigere accurateRH sensing.Due to the
independeneof the two resonance frequencies, the diequency CMUTalso shows
great potential foidentification of different chemicalsThis thesis demonstrates that
CMUT sensors can b&trongcandidate for miniaturized, highly sensitive, andliable

humidity sensors
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Chapterl Int roducti on

1.1 Motivation

Capacitive micromachined ultrasonic transducers (CMUTs)as
microelectranechanicalsystems (MEMS) baseddevices, have attracted tremendous
attentionssince invented in 199f]. Theywere first introduced for aicoupled non
destructive testing (NDTgppications[5]. In the last decades, CMUTswve gained more
interess in immersion applications, especiaitybiomedical imaging6]i [8]. Compared
to conventional piezoelectrical transducers, CMUTs offer mamgue characteristic
such asbroad bandwidthhigh receive sensitivityease ofconstructinghigh-density
arrays, andsimpleintegration withelectronicswhich are favorableof miniaturized high
resolution imaging systemBespite the advantages, CMUTSs inherently suffer from low
output pressure due to thdéimited effective membrane and deflection ar§¥s The
inferior transmission performance leads tolaaer overall sensitivitythan the
piezoelectric competitor3hefirst objectiveof thiswork is to providea solution that can
harness the promising benefits of CMUTs while ensuring the overall sensitivity of the
transducer.

In addition to ultrasoic transducers CMUTs can also be seen agavimetric
resonatordecause thewre made omultiple drumlike resonator structurethat are

electrically connected in paralldin the last decade,CMUTs have been extensively



investigatedor bio/chemical sensing applications basedyoavimetric detectiofil O]i
[14]. After coating with a sensing film, a CMUT sensor is able to adsspealfic analyte,
which can be detectdry monitoring the resonance frequency shift caused bip#ured
mass.In the area of sensin@MUTs have shown promising featuregch as high mass
sensitivity and reliability, low limit of detection, ease of functinalization, and
miniaturizedarray footprint for multianalyte sensinglany analyteshave been studied
to demonstrate the superiority of CMUTSs tine sensing eea. However, CMU T s 0
potential for humidity sensing is less explored.

Humidity detections of significant importance in a wide varietyagfplicationgrom
our living environment to industrial procesqé$], [16]. MEMS technology provides
promising solutions to implement portable, sensitive, and reliable hyraatisors. Such
humidity sensors include surface acoustic wave (SAW) sefsdfilm bulk acoustic
resonators (FBARS])L8], and micrecantilevers[19]. However,each of these sensors
encounters certain limitationSAW sensors have large footprints whaamstructed as
arrays for selectivity enhancemdtf]. FBARs have a low fabrication yield due to the
lengthy back etching or sacrificial release fabrication prof28k Micro-cantilevers
suffer from aow quality factor and thus a lomassresolution[12].

The seconabjectiveof thisdissertations to develophighly sensitiveCMUT-based
humidity sensorghatare alsdastresponserepeatableandreliable,and to demonstrate
the potential of miniaturized CMUTer selective sensingf multiple analytes including

the humidity This include design, fabricationand characterizatiorof the CMUTs



selection of the sensing matesiads well agperformance evaluation and improvement

of the sensors

1.2 ThesisOutline

This thesis is organizenhto eight chaptersChapter 2first provides the relevant
background of CMUTs includintiper operationaprinciple, applicationsand advantages
and fabrication techniqueghen briefly reviews th@resentresonanthumidity sensors
and corresponding sensing materials

Chapter 3 presents the analytical model and finite element simulation of the CMUT.

Chapter 4 reports the hybrid ultrasound transducer that incorporates a CMUT and a
piezoelectric probe. Thdesign and detailethbrication processre followed by the
concentric integration scheme and the characterization results.

Chapter 5 presents a highly sensitive CMbAsed humidity sensor that uses GO as
the sensing materialhe CMUT is designed, fabrited and characterized. The sensing
performance of the resonator including the RH sensitivity, the repeatability, the response
and recovery time, and the hysteresis is demonstrated.

Chapter 6 is dedicated to further improving the humidity sensing perfoentdtice
CMUTs by introducing the nitridéo-oxide wafer bonding fabrication procesghe
design, fabrication, characterization, and sensing performance of the sensors are
presentedT hreedifferent concentrations of GO dispersion were used tctimmalize the

CMUTs and their influeneson the devices are investigated.



Chapter 7repors the development of a muhliesonance CMUT for sensing
applicationsThe characterization and humidity sensing results are presented.

Chapter 8 summarizeke contributions ofhis thesis and proposagurework.



Chapter2 Background

2.1 Capacitive Micromachined Ultrasonic Transducers

A CMUT cell can beroughly considered as a paralglate capacitgras shown in
Fig. 2.1. It consists of a moving membrane wéh electrodatop and a rigid substrate
separated by an insulator andaauum cavity. A single CMUTelementis made of tes
to thousands of sudell structures electrically connected in paraMghen an AC signal,
superimposed on a DC bias, is applied across the electrodes, the membrane vibrates and
transmis ultrasonic wavesn the reception modevhenan incident acoustic wave hits
the surface of the biased CMUT, the capacitance between the electrodes is changed and

induces aurrentwhich can be converted to a voltage signal and be measured

electrode
membrane

vacuum cavity

insulator

substrate / bottom electrode

Fig. 2.1: Schematic of basic CMUTell structure

2.1.1 CMUTs for Ultrasound I maging

Conventionally, almost all ultrasound imaging is realized by piezoelectric
transducersBased on the piezoelectric effect, a piezoeleptabeconverts an electrical
pulse into mechanicaibration and generates ultrasound into the medium; the reverse is

true when it is as a receiver. Leadconatetitanate ceramic (PZT) is the most commonly

5



used piezoelectric material due to its high electromechanical conversion effii2éhcy
Fig. 2.2 shows the structure of a typical singliement piezoelectric probe. It consists of

a piezoelectric crystal (PZT), a matching layer, a backing layeetalhousing, and an
acoustic lenPZT inherently has enuchhigher acoustic impedancep 34MRayl)

than tissue (&sue= 1.5 MRayl).Hence,a matching layer isequiredfor impedance
matching to ensure sufficient ultrasound transmisf2@h The vibration of PZToften

lasts for several cycles and stops gradually after the electrical excitation. This
phenomenon i s t e rlteddcesthe hamdgidtm and tbuthé axialt 6 .
resolution of the transducérhe backing layeis used to reducexcessiveribration by
absorbingnechanicaknergy.The dissipation of thacoustic powerhowever, leads ta
compromisedransducer sensitivity. An acoustic lens is layered on top of the matching
layer. It focusesultrasonic waves and improves the imaging resolutidithough
piezoelectridechnologyhas beemominating the markett has certain limitationg=or
example, kgh-density piezoelectric transducer arrays are difficult to manufacture
because the fabrication uses mechanical dicing methods to tefareay elementand
scaling down the elements is very challengingaddition,the multiple structural layers
typically lead to a bulkyprobe making it unsuitable for miniaturized imaging

applications such as intravascular imaging and endoscopic imaging.
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Fig. 2.2: Structure of a singlelement piezoelectric probe

As a relatively new transducer technolo@UTs provide several advantages over
piezoelectric transducers. Firdtg acoustic impedance of CMUTs inherently matches to
the surrounding medium, so matching layers are not req#83dSecondCMUTSs are
generally fabricated from a silicon wafer using standard integrated circuit (IC)
manufacturing techniques, thus benefiting from all the capabilities that IC technology has.
One of theseattractive abilities is tlat CMUTs can be seamlessly integrated with
electronics[24]i [27], resulting inimproved noise performance and receive sensitivity
[27]. Moreover, micromachining techniques enable CMUTSs to be fabricated into arrays
and single elements with a wide range of sizes and shapes, which can be difficult with
conventionalpiezobased processing techjoes. In terms of acoustic performance,
CMUTs can easily achieve a fractional bandwidth of over 10@#ti)e that of
piezoceramidased transducers ftigpically limited to 60%to 80% [7]. The fractional
bandwidth is the bandwidth of a transducer divided by its center freq{28JcA wider

fractional bandwidth corresponds to a shorter acoustic pulse and thus a better axial
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resolution. Furthermore CMUTs have been reported to hawe higher receiving
sensitivity than the piezoelectric counterg2a]i [31]. With all these features, CMUTs
have beenansidered as a strong altative to piezoelectric tradscersn the ultrasound
imaging field

2.1.2 CMUTs for Bio/Chemical Sensing
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Fig. 2.3: Working mechanism of CMUT as a gravimetric sensor.
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2.1.3 Fabrication Methods
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Fig. 2.4: Sacrificial release process for CMUT fabricat[6h



For both ultrasound imaging and bio/chemical sensing applications, one of the major
advantages of CMUTs is themmicrofabrication process. It benefits not only a
miniaturized footprint, but also enhanced performance. Two techniquesuaity used
for CMUT fabrication: the sacrificial release procg&sand the wafer bonding process
[38].

The sacrificial release process the first technique thas adoptedto fabricate
CMUTSs[9]. Fig. 2.4 depicts the process flow.starts with a higly doped silicon wafer
(step & First, a silicon nitride (SN4) etchstop layer is deposited on the substuaiti
low pressurehemical vapor eposition(LPCVD) (step b). Polysilicon is generallsed
as the sacrificial layer, which is deposited in two steps. The first laysolydiliconis
deposited with LPCVD (step c), then patterned and dry etched for the channels (step d).
The etching stopat the underneath $8l4 layer. Then the second thin layermpailysilicon
is deposited with LPCVD (step e). The thickness of the sepolydiliconlayer defines
the thickness of the etch channels, while the total thickness of the sacrificial layer (the
first and the secomublysiliconlayer) determines the thickness of the CMUT cavitfes.
photolithographyand dry etch step, whidk not shown in the crossection view of the
process flow, is performed to define the membrane shape and the etch chagntes aft
second polysilicon deposition. Subsequently, thesl$i membrane is deposited by
LPCVD (step f). Since another layer otl$i will be deposited to seal the cavities, the
thickness of the &IN4 here is not the final thickness of the membrane. Thesteptis to

open etch holes on the etch channels with photolithography and dry etching (step g),
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followed by the membrane release step with potassium hydroxide (KOH) wet etching
(step h). The cavities are then sealed with another deposition of LPCGMb(Stiep i).

The last process is to create contact pads for the top and bottom electrodesNThe Si
layer is patterned and etched to expose the bottom electrodes (step j). Finally, the
aluminum layer is deposited by sputtering, patterned by photolithograptiyetetched

to achieve the top and bottom bonding pads (step k).

@)
©)

(b)
®

(©)

(2

(d Si $i0;, Al

Fig. 2.5: Wafer bonding process for CMUT fabrication

The wafer bonding proced88] is relatively new and has temea dominant
technique for CMUT fabricatiorfig. 2.5 depictsthe flow of a typical CMUT wafer
bonding processlhe fabrication begins with a highly conductive prime silicon wafer,
which later serves as both the substrate and the bottom electrode. A layer of wet thermal
oxide is grown on the substrate (step b). The cavities are then patterned using a

photolithograply and oxide reactivn etching (RIE)step(step c). Next, a siliceon-
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insulator (SOI) wafer with a conductive silicon device layer is bdnwlith the patterned
substrate(step d). The bonded wafer pair is then annealed for hours to enhance the
bonding srength. While the bottom silicon substrate is protected by the thermal oxide,
the top silicon handling layer is removed through tetramethylammonium hydroxide
(TMAH) etching, followed by wettching of theburied oxidelayer with buffered HF

(BHF) (step e)Subsequently, the areas for interfacing of bottom electrodes are revealed
through two dry etching steps of the silicon and>382ep f). The silicon device layer is
patterned and etched with deep reaetoreetching (DRIE) to partially reveal the batto
electrodes. Another purpose of the silicon etching step is to create isolation trenches
between the CMUT elements. Next, a lithography patterning and oxide RIE stafde

to fully expose the bottom electrodes (step f). Finally, an aluminum electrpeteita
deposited by sputtering, followed by a wet etching process to form the metal contact pads
(step 9).

While process variations of both fabrication techniques have been reported, it is
widely accepted that the wafer bonding process is superior toathdical release
procesg9]. The most straightforward advantage of the wdifended CMUT technique
is the reduction in masks and processing steps, and consequently a lower cost and higher
yield. Better control of the cavity depitalso achieved with the wafer bonding process
due to tle absence of the wet sacrificial release process. Additionally, -wafeted
CMUTs have netchedholes and channels for the membrane reléesa.resultahigher

sensitivityis obtained due ttheincreasedctive area.
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2.2 ResonantHumidity Sensors

Humidity detection has been playing an important role in increasing applications such
as chemical industry processimgharmaceutical processinmtelligent control of the
living environment, and soil moisture monitorifigh], [16]. To monitorthe moisture, a
humidity sensor is essenti@dln ideal humidity sensor should have such features as high
sensitivity, fast response and recovenypod reproducibility andeversibility, and low
cost According to the sensing type, humidignsors are categorized into capacifB@],
resistive[40], optical[41], and gravimetric sensors, among which the gravimetric ones
based on madsading effecbffer such advantages as high sensitivity and fast response.
Gravimetric humidity sensors includgiartz crystal microbalans€QCMs) [42]i [44],
surface acoustic wave (SAW) sensfdrg|, film bulk acoustic resonate (FBARS)[18],
micro-cantileverd19], and a potential candidat€€MUTs. Each of them will béoriefly
introduced below.

2.2.1 Quartz Crystal Microbalances (QCMs)

(@) (b)

_ electrodes
A"

quartz ’,"
Fig. 2.6: Schematic of a QCM: (8D view; (b) crossectional view.

QCM is the most populand maturgravimetric sensgknown for its good stability
and sensitivityFig. 2.6 shows the configurationf@ QCM sensqrwhich consistof an

AT-cut quartzcrystaldisk with ametalelectrode on each sid@CMstypically operate
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in bulk thickness shear mode and possess resonance frequencies between 5 to 20 MHz
[45]. They are able to measure a mass change on the nanografd@lc§&’]. The mass
sensitivity of QCMs igropational to the square of the resonance frequency. Therefore,
higher sensitivity can be achieved by thinner crystalsich operae at higher
fundamenthresonance frequenciddowever,thinning down quartz crystals beyond the
normal ranges imposes fabrication challenges and leadsgonelyfragile device$48].

Another drawback of QCMs ibat the crystals are ethip compoents and are not IC
compatible As a resultthe sensing systeia usuallybulky.

2.2.2 Film Bulk AcousticResonators (FBARS)

e <
electrodes
A4

SiO2

Si

Fig. 2.7: Schematic ofan FBAR.

FBAR is anothettype of bulk acoustic wave (BAWbpased deviceA schematic of
an FBAR is shown in Fig. 2.7. It consists of a piezoelectriayer sardwiched between
two electrodes and mounted on a suspemdechbrane, which is usually SI(45] and
SisN4 [49]. FBAR has a similar working principleto QCM. The major differences
between them are the material and dimension of the piezoelageicZinc oxide and
aluminum nitride are the commonly used materiak FBARs die to tler superior

piezoelectric properties such as highectromechanicatoupling coefficient, high
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acoustic velocity, and low acoustic l0§8ARs also differentiate from QCMs on the
membranestructure which is completely isolated from the substrate such that the
acoustic energhpssis minimized[50]. FBAR devicedypically have gpiezoelectridayer
thicknesf only a few microns ankdenceresonate atery highfrequencies between 500
MHz and 5 GHZ45]. As a resulttheyusuallyhave much higher sensitivity th@CMs.
Moreover, FBARdevices are produced by tHiitm technology,which ispromisingfor

array and IGntegraton. However,FBARSs currentlyhavea very low fabrication yield

due tosomepractical challenges such as the lengthy back etching of the bulk substrate
The hardly predictable combined residual stress of the membrane and the piezoelectric
film also makes it difficult to design and fabricate FBARS]. Consequently, most of
thereported-BARs work as single elemenbdoreover, FBARs suffer froralow quality

factor due to the high energy lofgl]. As a newcomer in the sensing field, FBAR
expectedo bea great candidate for sensiagplicationgproviding the chdlengescan be
addressed

2.2.3 Surface AcousticWave (SAW)Sensors

piezoelectric substrate

sensing layer

input IDT output IDT

delay path

Fig. 2.8: Schematic of a SAW senso
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SAW deviceis another alternative of acoustic wavased gravimetricensos.
Unlike QCMs and FBARs that use bulk acoustic waves, Shalicesutilize acoustic
waves confined to the surface of the structiig. 2.8 showsthe commonly usetivo-
port configuration o SAW sensor. Two sets ioterdigital electode transducers$dTs)
areseparated by a delay path and locatedop of a piezoelectric substrai¥ith a signal
applied to the input IDT, the acoustic wave is emitted over the delay line to the output
IDT, where the mechanical wave is converted tcaayzableelectrical signal.The
sensing filmis deposited on the delay patks the acoustic energy concentrates on the
surface of the device within only one or two wavelengths, subtle surface perturbations
such as mass loading and electric loading vallena considerable impact on the wave
and induce a frequency shi&s a humidity sensor platform, SAW devioHers several
advantages such &sgh sensitivityand fast responsgl7]. The weaknesses of SAW
basedhumidity sensors include the lack of thermal stability and CMO®Rpatibility
[51].

2.2.4 Microcantilevers

sensing film

]
cantilever

Fig. 2.9: Basic structuref a microcantilever.

Microcantilevers a among the simplesMEMS-based resonatorsThe basic
structure of a microcantilever resonatshownin Fig. 2.9. It is like a microscale diving

boardthatmoves up and dowm.he operating mechanism of microcantileveasiesas
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the sensostructure Oneoptionis actuating thestructurepiezoelectricallyandmeasuing
the resonance frequency Ipyezoresistord52]. Microcantileversare fabricated with
MEMS technology. Therefore, they are available as miniature “chatnel structures
for selective sensingdowever, thdow quality factor of microcantilevers has limit¢de
sensorresolution [12]. To address this problempproaches such as downsizing
cantilevers to the nanoscale are under active investiggf8h
2.25 CMUTs

CMUT is expected to be an outstanditernative as a humidity sengaatform.
The CMOScompatible fabrication process of CMUTs enables easy integration with
electronics ad allows miniaturization ageletive sensing systems by implementing tiny
multi-element sensor arrays, which is difficult for conventional QCM and SAW sensors.
Compared with microcantilevers, CMUTs have advantages such as adughwfactor
and ease of functionalization due to their closed and flat membrane s@fecef the
objectives of this work is to develop CMtBased humidity sensors and evaluate their

potential in this area.

2.3 SensingM aterials

It is known that thesensing pedrmanceof a resonant gravimetric sensor is
determined by both the transducer itself andinetionalmaterial. Therefore, selection
of the sensing material is of vital importandéne generalrequirements for @ensing

materialinclude high sensitivty, rapid response and recoveggod reversibility, and
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prolonged environmental stabilittMeanwhile, the material should also have such
features as good adhesion to the substrate, ease of processingy aostldt present,
the most ommonly used materiglare polymersand metal oxideswhile some other
materials are under active development
2.3.1 Polymers

Polymersand polymeibased compositdgvea historyof over 40 yearas humidity
sensing materialgs4]. They have exhibitedood mechanical and adhesive properties
thatcontrol the longevity of the sensgBd]. Some of the reporteaygroscopigolymers
include cellulose derivativeg55], poly-methylmethacrylate (PMMA) [56], and
polyvinylidene fluoride (PVDF) [57]. The high capacity and rapid diffusion of
amorphous polymers make them attractive for lditywsensing applications due to their
high sensitivity and fast responfet]. Moreover somepolymers such as Nafiomave
excellentchemical stability which allows them to be operatedtire atmosphere with
organic vapors and dufil]. Other advantages of polymers include simple fabrication
and low cosf58].
2.3.2 Metal Oxides

Metal oxide films can also be utilized hygroscopic layerét present, some metal
oxides such a8l.03 [59], ZnO[60] and TiQ [61]i [63] have been applied to QCM and
SAW-based sensorddowever, their application in humidity sensing is much less
common than polymers because of their infenigroscopic cagbility. For SAW-based

humidity sensorghemetal oxide sensing layer carteractwith water vaporand induce
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a considerable change tine electrical conductivity, whiclimelps improvethe humidity
sensitivity. An advantage of etal oxide is their stability in corrosive environment.
However metal oxidesusually have inadequateadhesionto the substrate when using
low-temperature processeashich limits their applicationgbl].
2.3.3 Other Materials

Some othematerialshavealsobeen studiedbr gravimetric humidity sensors. With
high sensitivity being one of the most critical characteristiesfoporousmaterials that
have large surface areas and high adsorption capaaryadopted Some of these
materialsareblack phosphorou4], carbon nanotube£{\Ts) [65], andmetalorganic
framework materials (MBs) [66], [67]. Particularly, h the recent decadgraphene
oxide (GO) has been emerging as a superior material for moisture sensing and has been
adopted forQCM [42]i [44] and SAWbasedhumidity sensorqd17]. It is an oxidized
product ofgraphenend it has suchreactive oxygen functional grougss carboxyl,
hydroxyl, and epoxy. These oxygergroupsrender GO hydrophiliand makeit an
excellenthygroscopianaterial Moreover, GO is easily accessible and4oest[41]. Due

to these advantages, GO is selected as the senategatthroughouthisthesis
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Chapter3 CMUModel I ng

Modeling of CMUTs is of critical importance because it helps predict the
performance of the device at the design stagéhis Chapter, thanalyticalmodel and
the finite elemenandysis (FEA)modelof a CMUT areintroducedBoth models assume
that themembraneof the CMUT is conductive<100> orientedsingle crystalsilicon,

which also serves as the top electrode.

3.1 MassSpring-Damper Model

Fig. 3.1: CMUT massspringdamper model

Themassspringdamper model is used derivesomeimportant CMUT parameters
such as the resonance frequency and thepubltage The model simplifies the CMUT
membrane as a rigid plate supported by a spring and a damper anchored on a substrate,
as depited inFig. 3.1. This model assumeke top plate is limited to smallpistortlike
displacement, i.e., the plate does not defotns. ot true inpractical situatiosabecause

the membranedisplacemengenerallypeaksat the center and decreases towards the
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clamped edge. Therefore, adjusted plate area is required to ensure the accuracy of the
model.To derive the equivalent plate ay@ge assume thahe actualmembrae and the
plate displace the same volume under the same condiguB.2 displays the CMUT

with a deformed membrane and the equivalent circular plate.

(a) e - (b)

N

| dlo membrane T aey
! vacuum cavity

y__
substrate / bottom electrode vl

Fig. 3.2. CMUT with deformed membrane and equivalent pl@g CMUT; (b) equivalent plate

As the membrane satisfies the thin plate conditidht 2a /t, ¢10C, wherea is the
membranegadiusand t_ is the membrane thickneshe membrane deformation can be

analyzedoy thin plate theory68]. Using the deflectioshape function based timeplate

theory, we can get the membrane deflectiof68f

2
a r? 6 Pa* _ar?
w(r)=w — 5 = les 3.1
( ) pkéé' a2 9 64DO gaZ ( )

wherer is the distance from the centew, is the maximum displacement of the

membraneP is the uniform pressure that deflects the membrdngis described as

Et
Dy =—F"=%,
0 12(1— uz) (32)
whereE, t ,and v aret he Yowrngudaus, thickness, and

membrane material, respectively. It has been prakeat the peak displacement,,

equals to 46% of the CMUT galpeight d, just before pulin occurs, under the

conditiors that thedeflectionis small compared to the membrane thicknasd the
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atmospheric membrane displacement is negligit®. These simplifying assumptions
are true with higirequency device§.he neaipull-in instance is analyzed here because
it is where the CMUT gets the highest efficiefi28]. In this case, the volume deflected
by the membrane can be calculated as

0.46d,

3 @, (33

2 1
Visp = ) 20rw(r)dr 5 Wk 2,
where A =pa’ is the area of thmembrane.
For the equivalent pistelike plate, the putin occurs when the displacement is 1/3

of the gap heighi23]. Hence therolumedisplaced by the plate is

1 1
Viisp = 3 d, A '_'é dp éff’ (3.4

where A=pd., is the area of the equivalepiate.By equating(3.3) and(3.4), we can
get the equivalent radius,, of the plate in the masspringdamper model
a =0.68a. (3.5)
In addition to the equivalent radius, other parameters such as the spring cdgstant

and equivalent massgn, for the masspringdamper model are also obtained based on

plate theory. The average displacement dive entiremembranes obtained to be 1/3 of

the peak displacement:

W -i“aZprw(r)dr = Ly (3.6)
v~ p 13 192D, 3 ™ '

According to Hookeds L&wanbewrigenbs near sprir

F _Pepd 1920D,
W, W, a

avg avg

ks:

(3.7)

The resonant angular frequency of the membrane can be derived by plate tlié9}y as
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(3.8)

mtm ’
where r is the density of thenembraneThe resonant angular frequerdsrived from

the massspringdamper model is
w, =, |—. (3.9

CombiningEg. (3.7) i Eqg. (3.9), we can get the relationship between mh&ss of the

equivalent platem, and the mass of the membrane

K
m=— 4.84dt, r, %.84m. (3.10)

X

According toEq. (3.2) andEq(3.8), the resonance frequencyair for the clamped

circular membrane can be written as

—_— 0.4n, E
0o~ 2 2 r (1_ Lzl) . (3.11)

It is quite straightforward that the resonance frequency of the membrnarogastional
to the membrane thickness and inversely proportional to the squére membrane
radius.

When operated in immersion, where the diameter of the membrane is much smaller
than the acoustic wavelength &« / ) and the damping effect from the medium cannot

be neglected, the resonance frequency of the membrane bd@0ines

041, [ E
2
. a rm(l- &) (312
° ra '
\/1+0.67
rmtm

where r is the density of thenedium.It can be seen that the same membrane has a
lower resonance frequencyimmersion than in air.
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After obtaining the parameters from plate theory, we can substitute them into the
massspringdamper model. When a DC bias voltayg is applied across the electrodes,
an electrostatic force is generated tdl the membrane towards the substrate. Assuming
no other external forcesxist the equation of plate vibrating motion can be expressed as

2
nws%(+b%( £ FE O (3.13)

wherex is the displacement of the plateis the damping coefficientf, is the spring
force, and F, is the electrostatic force. At the equilibrium position, the first two terms

become zero, and the spring forebalanced with the electrostatic for€bae capacitance

of the parallel plate capacitor is given by

, (3.14)

where €, is the permittivity ofvacuum.The energytored in the parallel plate capacitor
is

oG _emg .
2 2(dy- %) (319

W

The electrostatic force exerted on the plate can be calculated as

dw _eAV,?
F — —0 dc .
°dx 2(d,- %) (3.16)

The spring force, which is also referred to as the mechanical restoring force of the plate,
is linearly proportional to the displacement

F = kX. (3.17)
At the equilibrium state, E¢3.13) can be simplified as

_ &AV

F.+F .
2(d, - x)

S e

kx 0. (3.18)
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From Eq (3.18), the relationship between the voltage and the plate displacesehted

V, = /%jox(do -X). (3.19)

As the bias voltage increases, the electrostatic force will eventually overcome the

as

mechanical restoring force, and the membrane will abruptly collapse into the substrate.
The pultin voltage (or collapse voltage) represents this transition voltage. ake pl
displacementx; at the collapse point can be found by equating the derivative of the

voltage to zero ¢V,./ dx=0) and is calculated as; =d,/3. By substituting the

calculateddisplacement into E¢3.19), the pultin voltage isobtained a$23]

_ / 8k,
Vv, = v (3.20)

Note that the above calculations assume that the membrane is conductive and no
insulaton layer is introduced. In practical devices, an insulating layer such asaB@O

SisN4 is depositeddn the substrate and the membrane may be @owductive material

with an extrametalelectrode layer on top. Thus, the gap height between the top and
bottom electrodes should be replaced by the effective djapin the above equations.

The effective gap is given §23], [71]

t ot
Aoy = 0 - (3.20)

m )

where t and e, are the thickness and relative dielectric constant of the membrane,

t and e are the thickness and relative dielectric constant of the insulating layer.
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3.2 FEA Model

3.2.1 2D FEA Model

medium

vacugil | Si membrane

TaSiO,

Fig. 3.3: FEM of the simplified CMUT with COMSOL

In addition to the analytical modelthe FEA model is alsauseful for analyzing
CMUTs. The FEA model provides a more tiraensuming yea more accurate method
for predicting the performance of CMUTSOMSOL Multiphysics is usetbr the FEA
simulation Fig. 3.3 shows theaxisymmetric2D FEA model of a CMUT cell in the
medium Thesimplified 2D modelconsistsof the silicon membrane, the vacuum cavity,
and thesilicon oxideinsulating layer of the CMUT, and the medi. The substrate of the
CMUT is omitted toreduce the computational complexiBoundary conditions have
beensetto eliminate the effect of this simplification. The insulation layer is fixed and its
bottom surface is groued, as with the situation whettee substrate existEhe diameter
of the medium is set as three timesniEmbrane diametén the simulationThis size is
determined as a compromise between the computational time and accuracy according to

our previous experience in comparing the simulation results and experimental £esults.
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larger dimension of the medium will improve the calculation accusheyprice ofa
longer computational timézuture research will seek to quantify the rate of change in
accuracy with the increasing diameter of the medium.

The material properties used for FEA simulationslistedin Table3.1. Unlike the
well-studied silicon an&iO,, GO has a very wide range of mechanical and dielectric
properties depending on how it pgoduced It is hencedifficult to determineall the
properties of GO from singleliterature In the FEA simulations, itenaterialproperties
arereasonably chosdnom differentresourcs [72]i [74].

Table3.1 Material properties

Parameters <100> Si Sio2 GO
Youngds moi 130 70 25

Poi ssonbs 0.28 0.17 0.28
Density (kg/nd) 2329 2200 200
Relative permittivity - 4.2 100

Table3.2 Parametes of the simulated CMUT

Parameter Value
Resonance frequency 10 MHz
Membrane thickness 2 &m
Membrane diameter 52 em
Cavitydepth 200 nm
Thicknesf insulation layer 300 nm
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Fig. 3.4 Relationship between the maximum membrane displacement and the sweeping frequency:

(a) inair; (b) in water.

Here, a CMUT with ten MHz hair resonance frequency is simulated. The design
parameters of the CMUT is listed Trable 3.2. Using a frequency sweep, the resonance
frequencyof the CMUT isfound where the membrane displacement reaches the
maximum. Under a bias voltage of 40 V, the simulated relationship between the
maximum membrane displacement and the sweeping frequency is sHeg:8id. Both
the inair andin-watersituations are analyzed. The resonance freges of the CMUT

are 10.47 MHz and 4.82 MHz when the medium is air and water, respectively, which
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shows a good agreement with the analytical model calculations (10.81 MHz and 4.97
MHz, respectively). It is observed that when working in water, the CMUTalasich
smaller membrane displacement, a lower resonance frequency, and a wider bandwidth.
This is attributed to the higher damping in water.

3.2.2 Effect of Functional Layer

In order to investigate theresonating performance of the CMUT after
functionalization, a GO layer is built on top of the membraie thickness of the GO
film is determined to be 100 nm, which is much thinner than the membrane thickness,
simulating practical situation&ssentially, the GO lmemesa structual layer of the
CMUT and vibratesimultaneouslywith the membraneAs the CMUT is targeted for
humidity sensingn the room environmenobnly the inair situation is simulatedkig. 3.5
shows thesimulatedinfluence of the GO film on the CMUFig. 3.5 (a) indicatesthat
the GO film cause a decrease irmembranedisplacement andn increase in the
resonance frequencyrhe lower resonating amplitude is due to the extra damping
introduced by the GO layer. The influence oa tesonance frequency is twofokebr
one, the GO film adds to the effective thickness ef@MUT membrane, thus increases
the resonance frequency. For another, it adds an extra mass to the meanbrhaece
decreases the resonance frequency. Which effect dominates the frequency shift main
depends on theechanical property and the dimensidithe GOayer. In this simulation,
the effect of the thickness increase overwisdime effect of the mass loading and results

in therise of the resonandeequencyFig.35( b ) pr e s e nsofeningehfef edcstpbr i |
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of the CMUT. The resonance frequency decreases as the bias voltage inttreasdse
seen that théunctionalized CMUTalwayshas ahigherresonance frequendian the

original devicedespite the change theDC bias.
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Fig. 3.5: Simulated mfluenceof the GO film onthe resonating performance of CMUT: (a)

membrane displacement ¥eequency; (b) resonance frequency vs. bias voltage

3.2.3 MassSensitivity
The FEA model is also used evaluae the mass sensitivity of the CMUT sensor.

Themassof the GO layerm,, is calculated to be 0.04 ng, which is 0.43% of the mass

m of the Si membraneBecause the loaded mass on thenbrane isgenerally much
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smalker thanm in practical sensing applicationonly the small mass loading case
(Dm< m) is analyzedThe loaded masss simulated by increasing the density of the
GO layer.The relative mas®adingis defined as the multipdeof m,,. Fig. 3.6 presents

the frequency shift as a functiofithe relative mass loading under various bias voltages.
When increasing the relative mass loading from 0 to 10, the resonance frequency
decreases fd224kHz at a 10 V bias voltageshowing a mass sensitivity 05 Hz/fg.

As the bias increases from 10 V to 80 V, the mass sensitivity degraded slightly. This is
because the membrane is more stringent at a higher bihgacdhe extra massauses

a gnaller frequency shiftNonetheless, theffect of the bias voltage on the mass

sensitivity is very small.
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Fig. 3.6: Influence of the bias voltage on the mass sensitivigMUT sensor.
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Chapter4 Devel opmenNovef
CMUID as €an c e nDurall c
El e mélnht r a $roanniscd u c e

4.1 Revisiting M otivation

Ultrasoundhas been used for a wide range of applications including medical imaging
and nondestructive testing (NDT). The core of an ultrasound imagysiem is the
ultrasound transducer, which transmits acoustic pulses into the medium and receives
echoes for image reconstruction. While piezoelectric transducers are -currently
dominating the ultrasound market, CMUTs have emerged as a promising alteimative
the last three decad§s], [8], [9], [23], [75]. CMUTs providemany advantages over
piezoelectric transduceia both fabrication techniques and acoustic performance. In
terms of fabrication, CMUTkave CMOS compatibilitythe capabilityof building highly
dense arrays, and flexibility of forming various sizes and sh&sgmrding the acoustic
performance, CMUTs offea widerbandwidth and a higher receive sensitivity.

Despite these attractive features, CMUTSs inherently suffer from low output pressure
due to the limited effective membrane and deflection d8a&kecent research shed
that the overall sensitivity of CMUTs is 10 dB lower than the comparab@ectric
transducer, mainly due to the inferior transmission performpt&jeEfforts have been
made to increase the output pressure of CMUTs. About 6 dB increase in the transmit

pressuravas achieved by operating the CMUT in tt@lapsesnapback mode, in which
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the CMUT membranwas collapsed onto the substrate and then released to maximize the
volume displacemer77]. However, reliability issues can be a problem for the collapse
shapback mode due to frequemtmbrane and substrate con{@&]. Optimized CMUT
geometry designs featuring improved fifictor and transmission efficiency, such as
rectangular membrane configurations, have also been reféged he dualelectrode
CMUT structure, which separates the transmit and receive electrodes by locating the
transmit electrodes near the edges and the receive electrode in the center, has
demonstreed a 6.8 dB increase in the maximum output presgi@e CMUTs with
pistonshaped membrandgve also been developed to enhance both transmission and
reception performanc80]. Added with an extra mass in the center of the membrane,
piston CMUTs provide a more unifor membrane displacement and higher output
pressure than conventional flmembrane CMUTs. While more research is ongoing, the
consensus is that CMUTs are currently not yet able to compete with piezoelectric
transducers in term of transmission powenichlimtsCMUTs 6 per f or manc e
of penetrationThis motivates us to find a solution that can harness the promising benefits
of CMUTs while ensuring the overall sensitivity of the transducer.

In thischapter a hybrid duaklement transducgwhich incorporates a piezoelectric
transducer and a CMU@&lement is introduced The dualelement prototype utilizes a
commercial piezoelectric probe for ultrasound transmission and a custom CMUT for

reception As a resulthigh transmission power of the piezoelectric element and high
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receive sensitivity of the CMU&recombined to providenhancedverall sensitivity.

Moreover, improved axial resolution is achieved due to the wide bandwidth of the CMUT.

4.2 SensorDesign

/" Annular CMUT:
Riy=3.4 mm
— Ryt = 4.5 mm
Circular piezoelectric
transducer

J\> Rpiczo — 3 mm

Fig. 4.1: Schematic of the concentrically aligned det#ment transducer

Success in contrashhanced ultrasound imaging has been achieved with the
concentric duaklement design, which consists of a Rfgdquency (8 MHz) circular
and a lowfrequency (2 MHz) annular pieZmased elemen{81], [82]. We have chosen
to adopt a similar geometric layout largely due to the fact that this confocal configuration
providesidenticalbeam axis anébcal point between the transmitter and receif&3].
As shown inFig. 4.1, a circular piezoelectric transmitter and a Hsigaped CMUT
receiverwere concentrically aligned and integrated. An unfocu2e2b MHz 6 mm
diameter commercial piezoelectric probe (Olyrmp30204S-SU) was selected as the
transmitter. 2.25 MHz is a commonly used frequency for both medical diagnesis

abdominal imagingand NDT. The smallest diameter available by the vendor, 6 mm, was
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chosen to maximize the fabrication yield of thealar CMUT because smaller aperture
sizes are less susceptible to contaminations during the fabrication process.

Table4.1 Dimensions of the annular CMUT

Parameter Value
Inner radius 3.4 mm
Elemen
Outer radius 4.5 mm
Membrane diameter 76 ¢
Membrane thickness 2 ¢
Cell
Cavity depth 250 nm
Thicknesof insulation laye 250 nm

Based on the selected piezoelectric probe, the CMUT receiver was designed
accordingly. In order to achieve aptimal sensitivity, the intended natural focus and
resonance frequency of the CMUT element should be the same as those of the
piezoelectric element. The designed dimensions of the annular CMUT is shoaloién
4.1. The inner radius of the CMUT annulus was designed to be 3.4 mm to keep the two
elements close while also allowing a 400 pm tolerance for misalignment. The outer radius
was dependent on the desired natural fdegkh, which was calculated to be 14 mm. A
well-established rule for annular arrays consisting of multiple concentrieshiaged
elementsvasemployed to determine the outer radius of the CMEIEments with equal
areas share the same natural f¢8d$. This rule should bealid for our case as the dual

element design can be considered a-élement annular array.h€ outer radius was
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designed to be 4.5 mm such that the CMUT had an area equivalent to the piezoelectric
probe. Ultrasound beam simulations were performed ubmdast objecbriented C++
ultrasound simulator (FOCU$35], [86]. Fig. 4.2 displays thesimulated-8 dB and-17

dB pressure fields of both the circular and annular elements. The natural focus of both
elements id44 mm, which validates the desigrhe side lobes of the acoustic beams are
highlighted in the figurelt can be observed that the annulus generates Righarside

lobes than the circular plateinfulations show that the firside lobdevel of the analus

is -8 dB, compared tel7 dB of the circular element. Associated with the side lobes are

fluctuations in the acoustic signal, which will be discussed in the Results section.

(a) ” Pressure field of the circular element (-8dB) (C) Pressure field of the annular element (-8dB)
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Fig. 4.2: Simulation of pressure profdef thetwo elements with equal arga-b) circular element

with a radius of 3 mi(c-d) annular elemenith an inner radius of 3.4 mm and an outer radius of

4.5 mm
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The CMUT cells that comprise the annular element were designed to resonate at
around 2.25 MHz. The membrane of the CMUT came from the silicon device layer of a
SOl wafer. Based on the availbtyi of commercial SOl wafers, a 2 gthick membrane
was chosen. Given the resonance frequency, the membrane radius of the CMAE cell
determined to be 3Bm via FEA simulations. The cavity depth was designed to be 250
nm for the CMUT to operate in themcontact mode. The thickness of the insulating
layer was a tradeff between the sensitivity and dielectric breakdown voltage. A thinner
insulating layer is desired for better sensitivity, while a sufficient thickness is required to
avoid breakdown of #ndevice. The insulating wet thermal silicon dioxide was grown in
our facility with a dielectric strength of around 30Q WY[87]. Its thickness was selected
to be 250 nm. Consequently, the breakdown voltage was around 75 V, which was safe

for the CMUT to be biasedithin 60 V.
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4.3 SensorFabrication

Si Si0, Al

(b)

(c)

(d)

(©)

)

(@

(h)

(i)

Fig. 4.3: Fabrication flow of the annular CMUT

The CMUT was fabricated pursuant to the direct wafer bonding process, followed
by a singulation process for the annullise wafer bonding process was selected to
its exceptionalyield, uniformity and process ctol [38]. Fig. 4.3 depicts the detailed
process flow of the annular CMUThe fabrication process statteith a 100mm 0.001
0.005 ohmcm <100> silicon wafer, which later served as both the substrate and the
bottom electrode. A 500 nm layer of wet thermal oxide was grown on the bottom wafer

at 1100 (stepa). The 250 nm deep cavities were patterned usiplgotolithography
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step and RIE (stel). Next, a 100mm 0.010.02 ohmcm <100> SOI wafer with a silicon
device layer thickness of {an was prepared for wafer bonding with the bottom wafer.
The thicknesses of the BOX layer and the handling layer arg¢ .@nd 500t m,
respectively. Bforethe wafer bonding process, a standard RCA 1 clegbased on 5
parts deionized watet,part 27% ammonium hydroxidandl part 30% hydrogen
peroxide)[88] was performed on both the SOI wafer and the patterned bottom wafer to
remove organics and particles on the waferag@s. Direct fusion bonding (AML AWB

04 alignerwafer bonder) was conducted between the two wafers 2@@N downward

force aftera 10minute plasma treatment (ste). The bonded wafer pair was then
annealed at 1100 for an hour to enhance the bondstgength. While the bottom silicon
substrate was protected by the thermally grown oxide, the top silicon handling layer was
removed through TMAH etching, followed by wetiching of the BOX layer with BHF
(stepd). Subsequently, the silicon device layer wasterned and etched with DRIE to
create isolation trenches between the devices &témother purpose of this step was

to partially reveal the bottom electrodes for interfacing and open arg@@de annular

via for singulation of the annulus. Next|itnography patterning and oxide RIE stisp
made to fully expose the bottom electrodes and the annular vig)step00 nmthick
aluminum electrode layer was then deposited by sputtering, followed by# piocess

to form the metal contact padst€pg). At this point, the CMUT device was produced.
The next step was to create the central hole for the packaging. Silicon DRIE (Oxford

PlasmalLab 100 ICP 380 DRIE system) was used to thretaytihe substrate (stdp.
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The Bosch proces@89], popular forits capability of creating vertical sidewalls, was
chosen for DRIE.

The throughwafer etching process was one of the most critical and challenging steps
in the fabrication, makingelectionof the DRIE mask materialrgcial. We took into
account the device compatibility and fabrication yield/risk. Two layers of masks were
chosen a 50 nm sputtered Cr layer and art iri-thick photoresist layer atoglectronic
Materials plcAZ9260). In addition to the function as a mask, ttek photoresist was
also used to pattern the underlying Cr. Both Cr and the photoresist offered high selectivity
over silicon Gi : photoresist 40 :1, Si: Cr >2000 :1) andprotectedhe devices from
ion bombardment in the DRIE process. After theotighwafer etching process, the
photoresist was completely bombarded away. Then, the Cr mask was removed by wet
etching.Fig. 4.4 (a) shows the througbetched CMUT. Notéhat three asymmetric tethers
with a width of 100 ¢ monnsctiosdetween sheagnolard t o
CMUT and the central substrate (d&g. 4.4 (b)). The tethers prevented the central
substrate from falling into the plasma chamber. Finally, the central circular substrate was

manually removed with a tweezexs shown irfrig. 4.4 ().
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(b)

tether

©

Fig. 4.4: Throughetched CMUT (a) CMUT on a chip carrier(b) magnification of the tethgfc)

annular CMUTwith centralsubstrate removed

4.4 DeviceCharacterization

A LaserDoppler Vibrometer (Polytec OF8000, DB300 displacement decoder)
was usedo test the functionality and the-air resonance frequey of the CMUT. Using
a frequency sweep with a function generator (Tektronix AFG3022B),thie iasonance
frequency othe CMUT was determined by measuring where the maximum membrane
displacement occurred. Given a 50 V bias and a 10 Vpp AC continuous sinusoidal signal,
the CMUT reached the {air resonance at 5.15 MHz with a maximum displacement of

50 nm.
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Fig. 4.5: Hydrophone measurement ainelquencyspectrum of the piezoelectric proliiee centr

frequency is 2.8 MHz and the-6dB bandwidth is 2%.

Transmission testTo study the immersion performance of the CMUTd ahe
Olympus piezoelectric element, both the transmission and reception tests were carried
out in vegetable oil, which provided electrical insulation between the electrodes of the
CMUT. Thetransmission performance of the piezoelectric probe was figsacterized
to analyze the output pressure and the frequency spectrunpulgerreceiver
(Panametrics NDT 5073PR) was used to drive the probe. The acoustic signal was picked
up by a hydrophone (Onda H&200), which was placed at 22 mm away from the

transdicer and connected to a digital oscilloscopgilent DSO7104B through a pre
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amplifier (Onda AH2010).The hydrophoneas alignedo the center of the piezoelectric
probe by adjusting its position to achieve a maximum receiving signal amplitude while
keepng it 22 mm away from the probEig. 4.5 shows the acoustic output captured by

the hydrophone in both the time and frequency domain. Using the sensitivity of the
hydrophonepre-amplifier combination provided by the manufacturer (0.822/kPa),

the output pressure of the transducer was calculated to be 302 kPa according to the
maximum peako-peak output voltage. Theenterfrequency and the6 dB fractional
bandwidth of the probe, determined from the frequency spectrum, were 2.34rdHz a
42%, respectively. Note that the measucedterfrequency and bandwidth were very
close to that provided by the manufacturer, which were 2.24 MHz and 43%, respectively.
Then, the transmission test of the CMUT was conducted under the same conditions as
the piezoelectric probe. The CMUT was biased at Zei¢/ 4.6 depicts the CMUT output

signal in both time and frequency domain. The output pressure was measuredto be 6
kPa. The frequency spectrum revealedeaterfrequency of 2.63 MHz and & dB
bandwidth of 131%. The measured center frequency of the CMUT was slightly higher
than the predicted value (2.25 MHz). We hypothesize that the frequency difference
resulted fom the thickness uniformity of treembrane®ecause there was an up to 0.5

pm thickness variation in the device layer of the commercial SOl wafer. Comparison of
the transmission tests between the piezoelectric probe and the CMUT is presented in
Table4.2. Compared to the piezoelectric transducer, the CMUT has approximately triple

the bandwidth and ori#fth the output pressure. It can also be observed ket dB
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frequency rangeof the CMUTcompletelycovers that of the piezoelectric probe. In other

words, the frequency spectrums of the two transdwpersllentlymatched as designed.
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Fig. 4.6: Hydrophone measurement anelquencyspectrum of th€MUT: thecenerfrequency is

2.63MHz and the-6dB bandwidth is 31%.

Table4.2 Comparison between the piezoelectric probe and the CMUT in thegaitchtests

Parameters Piezoelectric probe CMUT
Center frequenc{MHz) 2.34 2.63
-6 dB bandwidth 42% 131%
Output pressurékPg 302 68

Receive sensitivity (mV/kPa 4.28 22.57
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Reception tesfTo characterize the receive sensitivity of the two elemarGsnm
diameter circular CMUT which was fabricated in the same batch with the annular CMUT,
was used for ultrasound transmission. First, the output pressure of the circular CMUT
was characterizewith the hydrophone placed 22 mm away. When the circular CMUT
was biased at 20 and excited by the sanmeilseras in the above transmission test, the
output pressure of the peanplifier was measured to be 65 kPa. Note that the circular
CMUT generatea very similar acousticsignal to that of the annular CMUTs center
frequency and the6 dB bandwidth were measured to be 2.59 MHz and 122%,
respectively. Then, the Olympus piezoelectric transducer, which was connected to the
oscilloscopehroughthe pulsefreceiver (Panametrics NDT 5073PR), was substituted in
lieu of the hydrophone for ultrasound receptiéing. 4.7 shows the ultrasound signal
detected by the piezoelectric probe. The maximum pe@leak output voltage of the
pulse/receiver was determined to be 278 mV, which translated to a receive sensitivity of
4.28 mV/kPa. Subsequently, the Olympus probe was replaced @anthgarCMUT
biased at 20 V. The incident acoustic signal to the CMUT induced a current and was
convertedo a voltage usingt@ansimpedance mp | i f i er wi th a gain
captured signal is presentedHig. 4.8. The maximum peato-peak output voltage of the
amplifier was measured as 1.467 V. Accordingly, the receive sensitivity of the EMUT

transimpedance amplifier combination was calculated to be 22.57 mV/kPa.
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Fig. 4.7: Reception test using a 6 mrdiameter circulaCMUT for ultrasound transmissioacoustic

signal detected by the piezoelectric probe in both time domain (top) and frequency domain (bottom).
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Fig. 4.8: Reception test using a 6 mrdiametercircular CMUT for ultrasound transmission: acoustic

signal detected by the annular CMUT in both time domain (top) and frequency domain (bottom).

4.5 Results

The roundtrip (transmit and receive) measurements of the Olympus piezoelectric

probe and the integratepiezeCMUT duatelement prototype were performed for

comparison.
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Fig. 4.9: Pulkeecho test of the piezoelectric transducer

Piezaonly test: The piezoelectric transducer was first tested. A 9.5-timok
aluminum reflector was placed 22 mm away from the transducer. The same
pulsefreceiver was used to excite the piezoelectric transducer and feed the echo to the
digital oscilloscopeFig. 4.9 shows the signal reflected from the aluminum block and
received by the piezo probel Bnd BL represent the interface echo (or front wall echo)
andbackwallecho, respectively. BB5 are the second to fiftbackwallechoes which
have been reflected within the test block. Two succedmekwallechoes represent a

round trip in the block.
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CMUT

Housing

Fig. 4.10: Integration 6 the CMUT andthe piezoelectric probéa) photograph of the integrated

dualelement prototypéb) transducers before integration (c) the hybrid transducer.in oil

PiezatransmitCMUT-receive testThe piezoelectric probe was then integrated with
the annur CMUT via a custom plastic housing, as showRig14.10. The CMUT was
mounted on the trouginthe front side of thasergraved housing, while the piezo probe
was inserted in the hole from the back side. Note that there was a 1.6 ni@tgapn
the surface of the piezo probe and the CMUT resuftmg the thicknesses of the CMUT
and the housing. Although ideally the two elements should be seamlessly integrated, the
1.6 mm gap was negligible compared to t6edB depth offield of the transducers
(approximately 3%nm calculated fronfrig. 4.2). After integration, the CMUT was wire
bonded to the circuit board for external electrical connections. Next, the-tgound
experimentwas performedwith the piezeCMUT hybrid prototype. The hybrid

transducer was immersed in oil, with the same aluminum reflector 22 mm away. The
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pulse applied to the piezoelectric transmitter remained unchanged. The CMUT was
biased at 20 V and ooected to the oscilloscope through ttesimpedancamplifier.
The piezetransmitted ultrasound was reflected by the aluminum block and received by

the CMUT.Fig. 4.11 presents the received echo.
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Fig. 4.11: Measurement for the piezcansmitCMUT-receive test.

Table4.3 Comparison between the pieanly and thepiezotransmitCMUT-receive measurements

Parameters Piezo-only Piezotransmit-CMUT -receive
20 dB pul se 2.26 1.68
SNR (dB) 15.08 23.63

Quantitative comparison between the ptenty and the pieztransmitCMUT-
receive measurements are presentelhinie4.3. The-20 dB pulsdengh (pulse length
where the output pressure is 10% of the maximum) of F1 reflects the axial resolution of
the detection. A shorter pulse length indicates a higher axialutes. The CMUTF

involved measurement showed a pulse length of{lsGthd a 25.58% enhancement over
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the piezeonly test. The roundrip sensitivity was compared using thignakto-noise
ratio (SNR). The piezonly experiment measured SNRof 15.08 dBwhile the pieze
transmitCMUT-receive test showed an improvement of 8.55 dB.

In addition to the improved axial resolution and sensitivity, undesired signal
fluctuations were observed with the dedément prototype. In particular, the amplitude
of the fifth backwall echo B5, which was supposed to be the lowest among all those of
the backwall echoes due to acoustic attenuation, was calculated to be 15% higher than
that of B4 (sed-ig. 4.11). The variation wapossiblyinduced by the side lobes of the
annular CMUT, which corresponds to the simulation results in the Method section. A
reasonable explanation is that the chance of picking up interfering signals by the side
lobesincreases as the acoustic signal reflegtkin the aluminum block several times.
Side lobes are known to be inevitably higher for annular transducers than circular ones
[90]. However, it is possible to suppress them by several stramgibsas reducing the

ratio of the inner radius to the outer radius of the annular transi@iger

4.6 Summary

To address the | imitation of dugdddhéns 6 | ow
ultrasonic transducevas proposed. Ihcorporate two transducer technologies by using
a circular commercial piezoelectric element for ultrasound transmission and an annular
CMUT element foreceptionTo the best of our knowledghis isthe firstever reported

integration of the piezoelectric transéucand the CMUT.The hybrid transducer
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combinel the broad bandwidth and high receive sensitivity of the CMUT and the high
output pressure of the piezoelectric transducer to improve the overall sensitivity and axial
resolution. The annular CMWWas designegfabricated, and concentrically aligned with

the piezoelectric probe via a custom housing. Immersion characterizatiorecahedl

the CMUT hal a centerfrequency of 2.63 MHz, & dB fractional bandwidth of 131%,

and a receive sensitivity of 22.57 mVA&Rompared to 2.34 MHz, 42% and 4.28 mV/kPa

of the piezoelectric probe. The routip measurements shew that the hybrid dual
element transducer improyehe axial resolution by 25.58% and the SNR by 8.55 dB
overthe commercial piezoelectric prob®otential applications of tis hybrid transducer
include, but are not limited to, detection of pipeline cracks and the delamination of aircraft

structures.

52



Chapter5 Devel opmenHi glolfy
SensiGMUARa skudmi d i t
Snsor

5.1 Revisiting M otivation

CMUTs have beeproven to be agromisingbio/chemicaplatform in the last decade.
Compared to other gravimetsmased sensorshdir advantages include high mass
sensitivity, reliability, miniaturization, ease of functionalizaticend capability of
selectivesensingHowever, their potential for humidity sensing is less expldrea012,

Lee et al. applied 50 MHzCMUT to detect water vapors using mesoporous silica

film as the sensing materid\. sensitivityof 2 kHz/%RH was reported ian RHrange of

0% to80% [92]. In 2014, this group developed a multichannel oscillator for the sensing
system and improved the RH sensitivity to 2.6 kHz/%RH betvaadétH level of 0% to
20%[13]. It is well known that the mass sensitivity of a resonant gravimetric sensor is
determined by both the transductself and also the sensing material. In the recent
decade GO has been emerging as a superior material for moisture sehsn its
excellent hygroscopic property and low costhlds beemnidely adopted for other types

of gravimetric sensors like QCM42]i [44] and SAW gnsorq17].

In thischaptera CMUT-based humidity senst@unctionalizedwvith GOis introduced
The objectiveis to demonstrate the efficiency of combining the msesssitive CMUT

and the moistursensitive GOThe CMUT humidity sensor is designed and fabricated
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with microfabricationtechniqesand coated with a GO thin film. The analysis on the
sensitivity, the repeatability,the response/recovery timeand the hysteresis
characteristics are presented to prove that the CMUT humidity sensor can serve as a

strong candidate for humidity sensing.
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Fig.5.1: Schematic of (a) CMUT structure; (b) working mechanigrthe CMUT humidity sensor.
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5.2 Operational Principle and Design

As shown inFig. 5.1 (a), a basic CMUT cell structure is a parajidte capacitor
with a vacuum cavity inbetween and the resonatimyembrane anchoredround.
Superimposed by a DC voltage, when an AC voltage is applied across the two plates, the
membrane vibrates. The vibration amplitude is maximized as the frequency of the AC
voltage equals the resonance frenqcy of the CMUT. For a CMUT with circular
membranes, the resonance frequency is determingd §$.11).

After coating of the GO thin film, a resonance frequency shift of the CMUT is
expectedWhether the shift is positive or negatiweinly depends on thenechanical
property and thdose of theGO. As depicted ifrig. 5.1 (b), the working principle of the
CMUT humidity sensor is based on the miesling effect, where the additional mass
of water molecules loadexh the GO film causes a resonance frequency shift. If the added
mass is small compared with the mass of the membrane, the mass sensitivity can be
expressed g82]

1
= (5.1)

NI
3 |e

S:i =
pm

According to Eq. (5.1), a higher mass sensitivity requires a higher resonance
frequency and a lower mass, both of which can be achieved by a smaller radius. However,
given a membrane thickness, the radius is limitgdhe fabrication capabilities and the

SNR level when the resonance frequency becomes impractically high. Therefore, both
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the performance and practical conditiomsed tobe considered while designing the
CMUT humidity sensor.

A circular CMUT with a diamer of 2 mm was designed to facilitate thepasition
of the GO thin film. A single sensor contains 850 CMUT cells. The resonance frequencies
of the reported CMUTSs for gravimetric detection range from 1.8 MHz to 50 NIHz
[12], [14]. In this work, the imir resonance frequency of the CMWias moderately
designed to beraund 12 MHz as a compromise between the mass sensitivity and the
fabrication yield. A thinner membrane is usually desired for a higher mass sensitivity due
to its lighter weight.Here the thickness of the membrame&ss s el ect ed as
depending on thavailability of SOI wafes. Using theFEA simulation, the radius of the
membrane and the cavity deptiered et er mi ned to be 26 em and

the selected resonance frequency and membrane thickness.
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5.3 SensorFabrication

Hl S Si02 Cr/Al
bottom wafer / i afer ' top wafer
= bonding
(=)
=
(a) =22

(2

Fig. 5.2: Process flow of the CMUT.

The CMUT was fabricated using the direct wafer bonding pro€esss.2 depicts
the process flow. Ae fabrication started from a 100 mm 0.60D05 ohrmcm < 100 >

prime silicon wafer, which was grown with a 500 nm S&Yer by wet thermal oxidation.
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In step (a), the oxide layer on the substrate was patterned and etched with cavities. Then
a 106mm 0.0010.005 ohmcm < 100 > SOI wafer with a device layer thickness of 2.2
em was prepar edArfRCA-1deaningwas dowerow both the bottom
wafer and the SOI wafer before the bonding to ensure the surface cleanness and also
render the wafer surfas hydrophilic. Then the wafers were bondeg&anuumafter a
10-minuteplasma treatment (step b). In step (c), the CMUT membrane was released by
removing the handling layer and tB®X layer.Then, the membrane waatperned and
etched with DRIE to definghe CMUT elements (step d). Subsequently, the bottom
electrode was exposed through a lithography patterning and RIE etching step (step e). In
step (f), a 30 nm chromium and 100 nm aluminu#taper electrode was deposited using
e-beam evaporation, followdeby a liftoff process to form the metal contact pads. The
fabricated CMUT is displayed iRig. 5.2 (g).

The 1 mg/mL GO dispersion was prepared by dispersing the cowiaieGO
powder with DI water andhen treating it with ultrasonic bath fornahour. To
functionalize the CMUT, 5 -castéd om the GBMOT di s p €
membrane using a microliter syringe. The GO thin film was formed after the water was
evaporatedn room temperatureSince multilayer GO is a metastable matg@al, the
sensor was kept in room temperature for three weeks until its structure and chemistry

properties became stable.
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5.4 Apparatus

Vector network analy zer

oo 93.6%
DC Bias RH
Saturated salt solutions ————— =SS ==
CHsCOOK MgCl KNOs

Fig. 5.3: Schematic diagram of theumidity sensing experimental setup.

Fig. 5.3 shows the schematic diagram of the experimental sdlote that 8 the
measurements were performed at the room tempelaire  Saturated salt solutions
were used to generate different levels of RH. Potassium acetai€QCHK), magnesium
chloride (MgC}), potassium carbonate {&€Os), sodium chloride (NaCl), potassium
chloride(KClI), and potassium nitrate (KNJprovided & RH of 22.5%, 32.8%, 43.2%,
75.3%, 84.3%, and 93.6%, respectivi€l¥]. Via a bias tee (PSPL5530B, Tektronix), the
CMUT humidity sensor was biased by a DC power supply (&PR30D, GW Instek)
and excited by the vector network analyzer (VNA). The VNA (TTR503a, Tektronix) was
used to measure tHa; parameter§95] of the CMUT humidity sensor at each RH level,
which were convertethto electricalimpedances$or analyzing the resonance shifthe

relationship between thadectricalimpedance and th& 1 parameter is expressed by

z2=2, 15% (52)

where Z . isthesystem impedance and equals td/%0

ref
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5.5 DeviceCharacterization

The laserdoppler vibrometetestwasfirst carried outto test the vibration and the
in-air resonance frequency of the CMUT before the functionalization. The TOWMA$
biased at 70 V and excited by a 10 Vpp AC continuous sinusoidal signal. Using a
frequency sweep, the resonance frequaitlie CMUT was measured to be 12.40 MHz
with a® 0.2 MHz variation across 10 randomly picked ceélig. 5.4 displays a 2D scan
image of the CMUT membrane displaceméfdriations in the membrane displacement

were obsered due to the distinguished resonances of the cells.

Fig. 5.4: Vibrometer displacement measurement of the CMUT at a 70 V DC voltage and a 10 Vpp

AC signal at 12.40 MHz.

VNA
| = |
be _l_ I_ '_' v — J CMUT

I bias tee

Fig. 5.5: Schematic of the setup for electrical impedance measurement
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The electrical input impedance of the CMUT was characterized by the VigA.

5.5 shows the schematic of the electrical layout for the Td.S1 parameters of the

CMUT were measured at various DC voltages, then converted into electrical input

impedancedrig. 5.6 (a) andFig. 5.6 (b) show the impedance magnitudes and the parallel

resonance frequencies thie CMUT at different bias voltages, respectively. Due to the

spring softening effed23], the resonance frequency decreased as the DC bias voltage

increased. When biased at 70 V, the measured resonangerfcgpf the CMUT was

12.315 MHz, whichwas closg(0.6% variation}o the result from the vibrometer test.
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~

Impedance magnitude (©2)

~
=
~

Resonance frequency (MHz)
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37.6 1

37.4

—40 V
- =50V
< «60V
- JOV
=80V

T T
12.2 124
Frequency (MHz)

12.8

DC bias (V)

90

Fig. 5.6: (a) Measuredmpedance magnitude of the CMUT; (b) resonance frequencies@ts

bias voltages.
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A field emission scanning electron microscop&i,JSM 7200F, JEOL) was used
to characterize the surface morphology of the GO thin film, which is showig.i5.7.
It can be seen that the uniformity of the coating was imperfect. Marsyes of GO
nanoflakes were randomly distributethis was caused partially by th@nuniform
nature & the dropcasting technique and partially by thgh concentration of th&O
dispersionThe nonuniform film may result in improved sensitivity of the sensor due to
the increased space for water molecule capture, but also degraded reversibility because
the clusters can trap water molecules during desorptmressOther coating techniques
such as spin coating and inkjet printing may be investigated for a more uniform coating
in the future This will be discussed in the last chapter of the th&sier GO deposition,
the impedance test showed a slight increase in the resonance frequency of the CMUT

humidity sensor. Specifically, the resonance frequency increased from 12.20 MHz to

12.865 MHz when biased at 80 V.

Fig.5.7.SEMi mages of the GO morphology (a)
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5.6 Humidity SensingResults
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Fig. 5.8: (a) Resonance frequency response of CMUT humidity sensor at various RH levels;

(b) resonance frequencgaponse in three different measurements.

The humidity sensing performance of the CMUT humidity sensor was characterized
using the setup shown Fig. 5.3. The resonance frequency shiftof the CMUT was
analyzed at various RH levels before and after GO codfiigg.5.8 (a) displays the
resonance frequency response wimemeasing the RH level from 22.5% to 93.6%. The

frequency shift was negligible without GO coating due to the -slmaoth silicon
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membrane of the CMUT, which was not a good moistdsewent. After coating of the

GO sensing layer, the humidity senaty was improved drastically. i$ also observed

that the resonance frequency shift was small at low RH levels (<43.2%), and large at high
RH levels (>43.2%). An explanation was that the added mass of the GO film came from
the adsorption of water moleculeghich mainly concentrated on the surface of the film

at low humidity levels, and penetrated into theerlayerof the film at high humidity
levels, inducing a higher mass increase and thus a higher frequency9¢hift
Specifically, the sensitivity was calculated ® 29 kHz/%RH between the RH level of
22.5% and 43.2%, and 11.5 kHz/%RH between 43.2% and 93 &8e5.1 presents a
comparison between the CMUT in this work and othavignetric humidity sensors
reported inliterature The CMUT-based humidity sensor is found tohidit a superior

RH sensitivity over most of the competitors. In order to test the repeatability of the sensor,
three measurements were conducted under the sandlition irthreedifferent daysFig.

5.8 (b) displays the resonance frequency responses of the three tests. It was found that the
variation became larger with the increased RH level. The repeatability error reached the

maximum of° 4.51% at the RH of 93.6%.
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Table5.1 Comparison between the CMW$Ensoiin this work andtherreported gravimetric

humidity sensors

Sensor  Resonance Range oRH Sensitivity
Reference Sensing material
type frequency (MHz) (%) (kHz/%RH)
22.5-43.2 2.9
Thiswork CMUT 12 GO
43.2-93.6 11.5
[13] CMUT 50 mesoporous silica 0-20 2.6
10- 80 3.17-16.19
[17] SAW 392 GO
80-90 42.08
[97] SAW 200 sol-gel SIiG 30-93 8.3
) ) 20-50 2.2
[98] FBAR 1400 zinc oxide
50-95 8.5
[18] FBAR 1250 GO 3-70 5
[42] QCM 10 GO 6.4-93.5 up to 0.022
[99] QCM 10 GO/poly(ethyleneimine) 11.37 97.3 0.027
1 47%RH 47% RH
0
£ 'l
£ -100-
(4 B
>
2 150
Y ]
[on
9 200
[T

-250

75.3% RH

-300 T T ¥ T Y T y T

0 10 20 30 40

Time (s)

50 60

Fig. 5.9: Dynamic frequency shift of the CMUT humidity sensor with the RH level switching

between 2% and 75.3%.

The timedependent frequency response of the CMUT humidity sensor was tested

by switching the sesor between the laboratory ambiance (47% RH) and a 75.3% RH

environment provided by NaCl solution. The resonance frequency of the CMUT in the
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laboratory atmosphere was first recorded as the baseline. Then the frequency shift was
monitored by the VNA and oerded by a LabVIEW program. The dynamic frequency
response of the sensor, as showfim 5.9, indicated that the CMUT humidity sensor

had fast rgponserecovery performance. The response time and recovery time (defined
as the time for reaching 90% of the steady state) were measuredL@shand4 s,

respectively.
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Fig. 5.10: Humidity hysteresis curvef the CMUT humidity sensor.

Hysteresiglue to water molecule adsorptisna commorphenomenoffor humidity
sensorg100]. The humidity hysteresis characteristic of thd@T humidity sensor was
investigated by measuring its resonance frequency response with the RH increased from
22.5% to 93.6% and then decreased back to 2F%946.10 shows the tested hysteresis
curve. Compared to the frequency shift in the humidggending response curve, a
declinein the frequency shift was observed in the humidiégcending response curve.

It is also observethat the hysteresisvelwas slightlyhigher at lower RH levels (<43.2%)

and peaks at 43.2% RH. The possible reason for the hysteresis was that the water
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molecules were trapped in the deep layer of the GO film and were difficult to desorb

when decreasing the RH from high humidity le\&Is].

5.7 Summary

This chapter presents highly sensitive CMUTbased humidity sensor with GO
sensing film The CMUTtransducer with a diametef 2 mmandan operating frequency
of 12 MHz was fabricated by the direct wafer bonding technique. To validate the design,
both the laser vibrometer and théNA were adopted to characterize the resonant
properties of the fabricated devide.GO thin film was then coated as the water vapor
adsorbing layer on the resonating membranes of the CMUT. The humidity sensing
performance ofthe CMUT humidity sensor was evaluated through the electrical
impedance analysis ovam RH range of 22.% to 93.6%. Frequency shifts caused by the
added mass of the absorbed water molecules was observed in the measurements.
Particularly, the sensor exhibd a humidity sensitivity of 2.9 kHz/%RH at low RH levels
and 11.5 kHz/%RH at high humidity levels. It also showedentrepeatability with a
maximum repeatability error 6f4.51%and a short response/recovery time of 10 s/4 s.
Benefit from theMEMS tecmology and the watesensitiveGO, CMUTs have shown to

be a strong candidate for miniaturizaadhighly sensitive humidity sensing platform.
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Chapter6 CMUTHumi dis¢ygsor s
Fabr i wiatNetdr-ti @xel de
Waf BandiTeeghnol ogy

6.1 Revisiting M otivation

In the last dapter the CMUT-based humidity sensor functionalized with GO
showed an excellent sensitivity of up to 11.5 kHz/%RH betvaadRH level of 22.5%
to 93.6%. The moistursensitive GO significantly enhanced the humidity sensing
performance of the CMUTuwe to itsabundane of oxygenrcontaining groups. Although
the CMUT-based humidity sensor was more sensitive than most of its competitors, there
is still a need to further improve its sensitivity. This work aims to improve the RH
sensitivity by introducindhe nitrideto-oxide wafer bonding technology for fabrication
of CMUT sensorsPreviously the CMUT was fabricated by the standard wafer fusion
bonding technique, which bonded 801 wafer with ahermaly oxidized bottom wafer.
The resonating membranes of CMUTs came from the silicon device layer of the SOI
wafer. Employing SOl wafers can lead to several issues. First, obtaining commercial SOI
wafers with a thin device layat the submicronlevel can be ifficult. This limits the
flexibility of sensor design and performance optimization. Moreover, the poor thickness
uniformity of the device layer can degrade sensor performance, despite the high cost of
SOl wafers. A solution is to avoid the use of SOI wafey adopting thin SIN4resonating

membranes for CMUTSs. ThesBis layer can be grown by LPCVD, so its thickness can
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be customized. As a result, thinner and lighter membranes can be easily achieved for a
higher mass sensitivity. In general, CMUTs witeBNgimembranes are fabricated by the
sacrificial release proce$d], which producs stiction during the releasing process. As
such, the CMUT sensitivity often has to be compromised in order to reduce stiction by
making a larger gap between the membrane and the substrate.

In 2009, our groupeported a nitridgo-nitride wafer bonded CMUT with promising
acoustic and electrical resuls01]. In this process, a chemical mechanical polishing
(CMP) step was required to smoothen the surface of thettbottom and top wafers
before wafer bonding. More recently, we developed a nitnexide wafer bonding
procesg102] and fabricated a CMUT for the collaps®de operatiofl03], where the
membrane was in contact with the substrate. The new wafer bonding technique requires
a CMP step solely for the top wafer. When compared to conventionab&@t wafer
bonding processes, it reduced the number of photonfiasksfour to three for CMUT
fabrication. As a result, the fabrication cost was reduced without compromising the
performance.

In thischapter highly sensitive CMUT humidity sensors that were fabricated by the
nitride-to-oxide wafer bonding process repated The CMUTsare functionalized by
GO with three different concentrations. Based tbe first-generation CMUTbased
humidity sensopresented in Chapter this chapteaims to improve the RH sensitivity

and deviceuniformity, and reduce the fabrication cost and operating voltage.
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humidity sensing performance of the CMUT sengersivestigated by measuring their

RH sensitivity, repeatability, dynamic response, and hgstecharacteristics.

6.2 SensorDesign

Eq. (5.1) indicates that a smaller radius results in a higher mass sensiipeyt
from the mass sensitivity, the operatingltage is another design critenifor CMUTSs.
It is estimated from the puih voltage Vpi. By substitutingeq. (3.2), Eq.(3.7) and Eq.

(3.22) into Eq.(3.20), we can get the relationship betweVgil and the CMUT dimension

, f Et,d2
Vo' e g (6.2)

It can be seen that a lower pirl voltage requires a larger radius, which contradicts to

andmaterial properties as

the high mass sensitivity. Aaptimum solution shouldensuremasssensitivity while
maintaining the operating voltage in an acceptable range. One way to achigsddhat
control the pulin voltage by selecting a suitable membrane material, which is typically
limited to silicon or silicon nitride due to the fabrication process of CMUTs. Nonetheless,
the influence of material properties is small compared to thaeddusthe changes in

the CMUT dimension. A more effective way to design a small cavity depth. However, it
poses huge fabrication challenges when the radius gets too small and the cavity needs to
be extremely shallow, for instance, under 50 Amsuch a srall scale, the fabrication

error tolerance will be very small because the cawtgavity variation can have a

significant impact on the device performanéaother alternative is to employ thin
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membranes for CMUTSs. Although it is possible to achievedticon membranes at the
submicron level, it is often difficult due to the limited availability of commercial SOI
wafers. The uniformity of the thin device layer of SOl wafers may also be a problem. To
this regard, SN4 membrane is a good choice because it is easy to obtain thin LPCVD
SisN4 layers at the sulmicron level. Moreover, 8N4 layers grown by the LPCVD
process naturally have an excellent thickness uniformity, which is favorablehigh a
quality factor. Thisfurther explains why the nitrid®-oxide bonding process is more
suitable for CMUT sensing applications than the conventionalii®®@lved process.

Here 3 mmdiameter circular CMUTs with 84 membranesveredesgned The
critical design parameteese pesented imMable6.1. TheCMUTs were designed with an
in-air resonance frequency of 10 MHz and a membrane thickness of 520 nm. The
membrane radius was then uniqueptimizedvia FEA simulation. The DC operating
voltage was designed to bader50 V andthe cavity depth was detennad accordingly.

Table6.1 Design parameters of the CMUTSs.

Parameter Value

Resonance frequency 10 MHz
Membrane thickness 520 nm
Membrane diameter 30 ¢
Cavitydepth 180 nm
Electrode thickness 100 nm
Operating voltage <50V

71



Number of cells 5380

6.3 SensorFabrication

Bl S: B Si:N: [ Si0: i Cr/Al
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cross section view

Fig. 6.1: Procesdlow of the CMUT.

I
vCMP

(b)

The CMUTs were fabricatedusing the nitride-to-oxide wafer bonding process

which required onlythree photomask§ he process, as shown kig. 6.1, started with
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two 100-mm 0.0010.005 ohmcm <100> silicon wafex, which later served as the bottom
wafer and top wafergspectively. In step (a),600 nm SiN4 layer was deposited on the

top wafer using the LPCVD process and a 500 nm &iger was thermally grown on

the bottom wafer. In step (b), the bottom wafer was etched with cavities by RIE. In order
to achieve anltra-smooth surface for a successful wafer bonfilid ], [102], [104] the

top wafer was treated with a CMP process to reduce the surface roughness to sub
nanometer scale. In step (c), the wafers were cleaned in RCA 1 and RCA [B8Hitis

5 minutes each, followed by anothennute RCA 1 cleaning and a-b@inute oxygen
plasma treatment. Then the wafers were fubmmded under a 2500 N compressive force
for 20 minutes. Subsequentiyet wafer pair was annealed at 1100 € for an htwr
strengthen the bondintn step (d), the backsidesSis layer and the silicon handling layer

of the top wafer were removed by RIE and TMAH etching, respectively. Next, a
lithography and RIE stepasperformed to expose the bottom electrode (step (e)). In step
(f), the electrode contact pads, formed by 20 nrohodmium and 80 nm of aluminum,
were deposited usiran e-beamevaporation and a |Hbff process.

In this fabrication process, a CMP procdmfore wafer bondings of crucial
importance For a successful bonding, it @itical to ensure that the rooteansquare
(RMS) surface roughness of the wafesvithin 10 Arus [105]i [107]. The thermally
oxidized prime silicon wafesind the LPCVD SNg4 layernaturally meet this requirement.
However, the wafer bonding kept failing without the CMP prodgased on our previous

experience in fabrication, the thermal oxide grown in our facility is safe forifgnd
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Thereforearoughnesgharacterization on the LPCVDs8iy layerwas performed using
atomic force microscopy (AMFFig. 6.2 andFig. 6.3 displaythe AFM scan 06520 nm

i thick LPCVD SgN4 layer without and withCMP, respectivelyln a scanning area of
100 nm * 100 nm, the surface roughness of the nitride layer without\iaddm@nly 4.7
ARMS, evensmaller thanthat with CMP. Howeverthere existd lots of randomly
distributedlarge bumps on the surface without CMRebumps have vad heightsand
noticeable areas ofacancies between time The possible reason for the failed wafer
bondingwas thatthe effective bonding area had besgnificantly reducedby these
bumps After CMP, on the contrary, although theRMS surface roughness slightly
increased and countlessngillars wereintroduced, theseanillars were extremely
small in diameter andrery densely positioned The effective bonding arewas
considerablyincreasedAs a result, the bonding was very sessful anch fabrication

yield of over 90%was achieved
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25 50 75 100 nm

Fig. 6.2: The AFM scan showing the surface roughness %0 nnmLPCVD SkgN4 layerwithout

CMP: (a) 3D view; (b) top view.
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2.9 nm

25 50 75 100 nm
Fig. 6.3: The AFM scan showing the surface roughness %20 nm LPCVD SN4 layer with CMP

(a) 3D view; (b) top view.

After fabrication the CMUTs were functionalized by draastingé e L o f GO
dispersionon the membranes usingracroliter syringe This volume of GOdispersion
was determined such that it was able to cover the whole area of the CMUT membranes.
The GO thin filns were formed afterwater evaporatiorin room temperatureTo
investigate the influence of the GO concentration on the sensor performance, GO
dispersions with a concentration of 0.5 mg/ml, 0.25 mg/ml and 0.1 mg/ml were prepared

for three CMUTSs. The corresponding CMUT humidity sensors weedddlas CMUT
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1, CMUT-2, andCMUT-3, respectivelyAfter coating of the GO thin filmghe sensa&
werekept in room temperature for three weeks until its structure and chemistry properties

became stable.

6.4 DeviceCharacterization

Before functionalization othe CMUTSs, a laser vibrometer measurement was
performed to test their resonance frequencies andtasedlll uniformity. Using a
frequency sweep with a function generatbe irrair resonance frequency of the biased
CMUT-1 was determinedt where the menmane displacement reaches the maximum.
Fig. 6.4 (a) shows the 2D scan image of the membrane displacement when-Chas"
biased at 35 V and excited by a 1 Vpp 10.20 MBztinuous sinusoidaignal. In order
to test the celto-cell uniformity, the resonance frequencies of 20 cells in aweve
measuredFig. 6.4 (b) displays the resonance frequencies at a bias voltage of 20 V, 30V,
and 40 V. A maximum variation of 0.11 MHz (~1%) was observed between the cells,

showing an outstanding device uniformity.

77



(b)

g 10.4 1 / Nt

=

~ —_—) =0 —0 —0 —9 —9 —8 =9 —6—0 —0 —0 —9 —& —O

~ ’ ¥ .

5 102 @

=

5

= ot b b A o e e e e e e e e

8 1004 W’

= A

(]

=

? —e—20V

& 98- —e— 30V

-t 40 V
| TR T T T T T . T T i
0 2 4 6 8 10 12 14 16 18 20
Cell number

Fig. 6.4: Laser vibrometer test of CMUT: (a) 2D scan of the membrane displacement at a 35 V
bias voltage and a 1 Vpp 10.20 MHz continuous sinusoidal signal; (b) resonance frequencies of 20

cells at differenhbias voltages.

The electrical input impedance of CMUT was first characterizedThe pultin
voltage Vpi of the CMUT-1 wasmeasuredo determine the operating bias. By gradually
increasing the DC bias, the pirl voltage was measured to be 60a¥which an abrupt
resonance shift was identifie@he impedances before and after the functionalization
were measured at various bias vgéa and are shown Fig. 6.5 (a) andFig. 6.5 (b),

respectively.lt is observed thathe phases of impedances were always negative after
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functionalization. This mainly resulted from the capacitive characteristics of the CMUT

sensor. It might also mean that the device had a weak resonance. Nonetheless, the CMUT

can still serve as an effeefi humidity sensor because the resonance frequency or

frequency shift can be clearly determined from the amplitude of impedaigcé.5 (b)

also indicates the decrease in quality factor after functionalization, which was due to the

extra energy dissipation induced by the GO film. This may degrade the resolution for

humidity sesing. Similar results were found with CMUZ and CMUT3, the

impedancesf which are shown ifig. 6.6 andFig. 6.7, respectivelylt is also observed

that the performanceof CMUT sensors coated with loweoncentratedsO was less

affectedby the functionalization
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Fig. 6.8 presents the parallel resonafieguencyof the CMUTSs as a function of the
bias voltage. Taking CMUL as an example, the resonance frequency showed a good
agreement with that from the lasabnometer test. As the bias voltage increased, the
resonance frequency decreased due to the spring softening effect. It is also observed that
the resonance shifted to higher frequencies after coating the GO thin film, which was
attributed to the increasadfective thickness of the resonating membraAasong the
three sensor<CMUT-1 got the largest frequency shift as expected due to the highest

concentration of GO.
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The morphologies of GO filmwereexamined bySEM. Fig. 6.9 (a-e) presents the
surfacemorphologies of GO films coated on the CMUT membrafi&s 6.9 (a)) and a
silicon substrateHig. 6.9 (b-e)).It is noticed that the GO film with a higher concentration
was more tortuous:ig. 6.9 (f) andFig. 6.9 (g) show the crossection views of a CMUT
cell without and with GO coating, respectiveBecause takingrosssectionimages
requiredpermanent damaging of the CMUT and we had limited number of dummy
samples, only a CMUT coated with 0.5 mg/mL GO was used for the imaging. The

measuredhickness of the GO film wasroundl175 nm.
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Fig. 6.9: SEM images of: morphdogies of (a) GO on the CMUmembranes, (b) GO nanosheet, (c)
0.5 mg/ml GO, (d) 0.25 mg/ml GO, (e) 0.1 mg/ml GO; cresstion views of a CMUT cell (f)

without GO coating, (g) with GO coating.
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6.5 Apparatus

CMUT sensor

/
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Fig. 6.10: Schematic diagram of the humidity sensing experimental setup.

Fig. 6.10 shows the schematic diagram of the expental setup for humidity
sensing. The RH levels of 11.3%, 22.5%, 32.8%, 43.2%, 52.9%, 75.3%, 84.3%, and 93.6%
were generated by saturated salt solutions of lithium chloride (LiCl), potassium acetate
(CHsCOOK), magnesium chloride (Mgg}) potassium carboia (K2COsz), magnesium
nitrate (Mg(NQ)2), sodium chloride (NaCl), potassium chloride(KClI), and potassium
nitrate (KNQ) , respectivelyy94]. Forthe SOkbased CMUT humidity senspresented
in Chapter 5LiCl (RH 11.3%) andMg(NOs)2 (RH 52.9%) were not used for the humidity
sensing test It was because the twsalis were out of stock at the time of purchasing and
some unexpected problem with the oroesulted in averylong leading timeHence,|
decided to perform experiments without testing the two RH lelzaker on the SOF
basedCMUT used in Chapter 5 brokdown during a putin test So thetwo RH levels
were not testd Here for the SNs-based CMUTS, all ordered salts have arrived and an

RH level from 11.3% to 93.6%were measuredNote that all measurements were
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performed at room temperature. The CMUT sensors were bias@cﬁ@,[,i during the

humidity sensing tests. The frequency shifts of the sensors were analyzed fr&m the

parameters measured by the VNA.

6.6 Humidity Sensing Results andDiscussion

Table6.2 Humidity sensing performance of the CMUT sensors.

Label of sensors CMUT-1 CMUT-2 CMUT-3
GO concentration (mg/ml) 0.5 0.25 0.1
Humidity sensitivity, RH 119%643% 5.6 4.7
35
(kHz/%RH) RH 43%93% 15.3 8.7
Maximum repeatability error (%) °©23 °©1.6 °22
Response/recovery time (s) 11/3 15/3 10/3

The lumidity sensing performance of the three CMUT sens@scharacterized by
measuring the frequency shifts as a function of the RH I&igl6.11 (a) displays lte
frequency responses as the RH level incredsad 11.3% to 93.6%. The sensing
performance of the sensassummarized imable6.2. It is observed that the sensor with
a lower GO concentration produced a lower RH sensitivity bubgtérlinearity. For
both CMUT-1 and CMUTF2, thefrequencyshifts were smaller at RH lelgebelow 43.2%
and increased at higher RH levels. Based on this transition, their humidity sensitivities
were calculated in the two ranges. CMUI'and CMUTF2 achieved a sensitivity of up to

15.3 kHz/%RH and 8.7 kHz/%RH, respectively. In contrast, CMUTal an
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approximately linear frequency response, with a sensitivity of 3.5 kHz/%RH. The reason
for the discrepancy in sensitivity is quite straightforward. A lower concentration of GO
leads to less adsorption of water molecules and thus smaller frequensyRbifarding

the linearity, CMUTF1 and CMUTF2 had thicker GO films, within which the water
molecules coulgbenetrate into thaterlayerat high humidity levels and result in larger

frequency shift§96], whereas the water adsorption mainly took place on the surface of

CMUT-3.
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Therepeatability of the sensors was examined by performing three humidity sensing
measurements under the same experimental condition in different days. The testing
results are shown iRig. 6.11 (b). The repeatability error was calculated as the ratio of
the maximum deviation in frequency shifts to thik-scalefrequency shift. All the three
CMUT sensors exhibiteexcellentrepeatability, with a maximum repeatability erad
° 2.3%, ° 1.6%, and® 2.2%, respectively.

To characterize the dynamic responses of the CMUT sensors, their resonance
frequencies in the laboratory ambiance (29% RH) was used as the benchmark. The
dynamic frequency shifts were recorded by the VNA and the Labview program while
alternating the sensobetween the ambiance and the 75.3% RH environprenided
by the saturated NaCl solution. During the switching, the sensors were kept in the
ambiance for about 32 andin the 75.3% RH environment for a little longer time of 42
s to allow sufficient wateadsorption. The switching time was controlled in 1 s after
repetitive practicedsig. 6.12 shows the tim@&lependent responses of the sensors. All the
sensors exhibitethst responseecovery performance. The measured response/recovery
time for CMUT-1, CMUT-2, and CMUTF3 was11/3 s, 15/3 s, and 10/3 s, respectively.

It is observed that the frequency shifts between 29% RH and 75.3% RH were smaller in
the dynamic tests thahat shown irFig. 6.11, and the discrepancy was the most evident
with CMUT-1, which employed the highest concentration of GO. The inconsistency was
likely induced bytwo factors. The first one was the different environment in the

laboratory ambiance and in the bottle with saturated salt solutions. Subtle alternations in
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the environment such as pressure change might have affected the sensing results. The
second cause ight be the different ways of switching between RH levels. Instead of
increasing and decreasing the RH level gradually, the sensors were moved directly
between a low and a high RH environment in the dynamic tests, leadinaduate
desorption of watemolecules and thus smaller frequency shifts.

The humidity hysteresis of the sensors was examined by gradually increasing the
RH level from 11.3% to 93.6% for water adsorption and then decreasing back to 11.3%
for water desorption. The frequency shifts were monitored by the VA6.13 shows
the hysteresis curves of the three sensors. The hurdielityending curves were observed
to be slightly lagged behind the humidagcending curves for all the sensors, possibly
caused by the trap of water molecules in the interlayer of GO films during the desorption
procesq17]. The level of hysteresis reaches the maximum at the RH level of 43.2%,

43.2%, and 32.8% for CMUT to CMUT-3, respectively.
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6.7 Summary

This chapter present€MUT-based humidity sensors that were fabricated by the
nitride-to-oxide wafer bonding technologin contrast to conventional wafer bonding
CMUT processes that use expensive SOI wafers to produce resonating membranes, the
proposed process employs LPCVING as the membrane material, which provides
thinner and lighter membranes and thus nsemitive CMUT resonatorsFurthermore,
additional benefits such as reduced fabrication complexity and more controllable
membrane thickness are possible. Ten MHZUTs were designed and fabricatéithe
device uniformities and resonance frequencies were characterized by a laser vibrometer
and a VNA.Three CMUTs were functionalized by GO with a dispersion concentration
of 0.5 mg/ml, 0.25 mg/ml, and 0.1 mg/ml. OwerRH range from 11.3% to 93.6%, the
sensors showed a maximum RH sensitivity of 15.3 kHz/%RH, 8.7 kHz/%RH, and 3.5
kHz/%RH, respectivelyThe CMUT coated with the highest concentragshibited the
highest sensitivity.Decent repeatability and a shontesponseécovery time were
achieved by all the CMUT sensoiiis work demonstrates that CMUT sensors realized
by the nitrideto-oxide wafer bonding technique are promising for highly sensitive
humidity sensing. Due to the@xceptionalmass sensitivity, the dewgled fabrication

process can also be suitable for constructing CMUTstfaar bidchemical applications.
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Chapter7 A Mul-Reisonance

C

foSensAppgl i cations

7.1 Introduction

The last two chaptetsave demonstrated the benefits of CMUT as a sthomgjdity
sen®r. In some cases, however, being sensitive to only one specific ditadytamidity
is notgood enough. A sensg systemis sometimes desirable discriminatediverse
chemical vaporsCurrently, ame of the most popular solutiorfsr thatis the electronic
nose systemwhichuses an arrayof multiple sensorsEach sensois functionalized by a
specific film that isselectivelysensitive taneanalyte By extracting and analyzing the
multi-channel signals, it is possible to identifyatassify chemical vapoid.08], [109]
Microcantilever [110], [111] QCM- [112]i [114] and SAWbased115]i[117] sensors
have been implemented for such purpobsvever,due to the increased complgxin
readout circuits and modification processes, these sensing platforms sufférdtarge
footprint, high costandpower consumptigrand degraded long terstability [109].

To overcome these limitations, virtual sensor arrays haveibreestigatedn recent
yearsas a alternative to the muksensorarray scheme A virtual sensor arraysesa
single sensorto generate mulgile independent outputsimulating an array118]. The
sensor is functionalized by a sensing material with divesgreses to differemtnalytes.
Data analgison the multidimensional responses carovide similar resultas achieved

by the physicalmulti-sensor arrays.o date multi-frequencyvirtual sensor arrays based
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on piezoelectricresonant sensors such @EM [119]i[121], SAW [122], and bulk
acoustic wave resonatofl08] have beenealized These sensommployed signals at
multiple resonant ordeftsarmonicsto producediverseresponses on different analytes.
They haveachievedrelatively high sensitivities and aldbe promising capabiliyy of
distinguishing various analytddowever due to the intrinsicouping between harmonic
signak, the frequencydependentresponsesof theseresonatorsare not completely
independentand hencdimiting ther ability of vapordiscrimination [108]. Moreover,
constructingpiezoelectriebasedresonant sensors with multiple independesbnance
is challengingbecause othe manufacturing constraints.

In thischapter a singlechip multiresonance CMUT igroposedis a hew alternative
As indicated in Eq(3.11), the resonance frequency of a CMUT can be adjusted by
varying the radius of the membrandsing microfabrication technology, it Bsasyto
implement multiple membrane radir resonance frequeieson a singlechip CMUT.
Because CMUT cells with differemtsonanceare free of internal coupling, they are able
to generate completely independent respofmesensing applicationsn addition, the
flexible choice on the membrane sizenabls almost arbitraryresonancedesigrs,
compared taorelythefundamental antlarmonicsignal detectiosifor the piezoelectric
based resonatorall these features make CMUT a powertiternative as a virtual
sensor arrafor vapor discriminationThe feasibiliy of multi-sizestructured CMUT $ias
recentlybeen demonstrated faredicalimaging application§l23], [124] These arrays

consist ofinterlacedlow frequency (LF) and high frequency (HB)barraysthat are
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electrically insulateéndseparatelypperatedIn this work, we proposeduatresonance
CMUT with LF (10 MHz) and HF (14 MHz) cells electrically connected in parallel.
Using a fregency sweep, two independent resonances can be desauigthneously
andbeused for gravimetric sensinDue to time and experimental condition constraints,
the multiresonance CMUTs were used for humidity sensing only and not useapfar
discriminaton. The multiresonance design stibbwns its advantage over single
frequency configurationshen used for detection of a single analieltiple responses
can be produceihstead of ongproviding more reliable and accurate sensing results

In this chapter, design, fabrication, and characterization of the-restthance
CMUT are elaboratedlhe tumidity sensing performance of the @Gfiodified CMUT
sensois examined by measuring its RH sensitivity, repeatability, dynamic response, and

hysteres characteristics.

7.2 Operational Principle and Design

Fig. 7.1 (a) shows the structure of trdualresonance CMUhumidity sensarlt
consists omany electrically connectezklls with two different radiiFunctionalized by
GO, when the mass of adsorbed water molecules is added on the membranes, two
independentrequency shifts will bénducedat the resonance#ccording to Eq(5.1),
the HF cellshave a higher massensitivityandhencea larger frequency shifBased on

the distinguished frequency shifts, two frequerdgpendent responses can be achieved
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when the sensor is exposed to various RH levEi® two responses provide more

accurate sensing and potentially can be used for discrimination of two chemical vapors.
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Table7.1 Design parameters of tlieialresonanc€MUT.

Parameter Value
Resonance frequeies 10 MHz/ 14 MHz
Membrane thickness 520 nm

LF membrane diameter 30 &m

HF membranediameter 25e m
Cavitydepth 180 nm
Electrode thickness 100 nm

Number ofLF cells 1260

Number ofHF cells 1188

A 1 mm* 2.5 mm rectangulaCMUT with SkN4 membranewere desgned for
humidity sensingThe critical design parameterare pesented inTable 7.1. The LF
resonance of the CMUT waglectedo bel0 MHz The HF resonanoceasdesigneds
a syntheticalconsideration of theensing performance, tloperatirg voltage,andthe
fabrication complexityln terms ofthe sensing performance, a largely separated pair of
dual frequencies is favorable because it generates more distinguishable resfimnses.
dowrside is thatt requires a longefrequency sweepingme duringthe sensing process
if we want to keep the resolution of detecti&s the LF and HF cells are biased and
excited simultaneousiguring operationthey shoulddeally haveequalpull-in voltages
to ensurghe SNRat both resonancesTo achieve this objectivé&g. (6.1) suggests that

an efficient way is to create a shallower cavity depth for the HF. ¢&dlwever, making
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cavities with various depthen a single chipequires extra photomasks and patterning
and etchingstegs, which increases the fabrication complexity and cAssolutionis to
choose two close resonances such that the corresponding CMUT cells can kaweethe
cavity depths and also close puil voltages.Although close resonancesay cause
crosstalk anddegrade the identifiability of the two responses, a compromise can be
reached upon careful consideration. Hére,HF resonance was chosen td#dViHz &
a tradeoff between the sensing performamcelthefabrication complexity

Given the designed resonances d@hd membrane thickness of 520 nnhet
membrane radivereuniquely determined viBEA simulation. The DC operating voltage
was designed to bender50 V andthe cavity depth was determined accordingliye

final CMUT was composed of 1260 LF cells and 1188 HF cells.

7.3 SensorFabrication

The process flow of the duedsonance CMUT is depicted kig. 7.2. The CMUT
was fabricated using the same nitrideoxide wafer bonding process agroduced in
Chapter 6. The onlynodificationis that cavities with twdifferent radii were created
simultaneouslyin step (b).Fig. 7.2 (g) shows the fabricated devicéhe CMUT was
functionalized by drojrasting 8uL GO dispersion with a concentration of 0.1 mg/ml.
This concentration was selected because it provielgsbnablyigh sensitivity and also
relatively less damping to the senasprovedin Chapter 6The sensor was then kept in

room temperature for three weeks before it served as a humidity sensor.
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7.4 DeviceCharacterization

Fig. 7.3: Vibrometer displacement measurement ofdbal frequencyCMUT at a30V bias

voltage (a) without AC excitation; (b) with & Vpp AC signal a@.94MHz; (c) with al Vpp AC

signal at B.72MHz.
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Before functionalization of the CMUTa laser vibrometer test was carried out to
check themechanical vibratiorand resonance frequenciesthe cells as well as the
crosstalk betweethe two resonancebirst, 20 LF cellsand 20 HF cells were randomly
choserfor the resonance tedthe resonanciequenciesvere measured to bedd. MHz
and 1372 MHz, respectively, with a maximum variation ©1.1%. Fig. 7.3 shows the
2D scan imageof the membrane displacemsmnthen the CMUT was biased at 3Gavd
excited at different AC signalIn Fig. 7.3 (a), no membrane vibration was observed
without AC excitation It can be seen frorig. 7.3(b) andFig. 7.3 (c) that membranes of
the LF and HF cellgeacked the maximum displacementsear their resonancg
respectively and there was nevidentcrosstalk betweethe two resonancesSmall
variatiors in the displacemenamplitude were observed. This was attributed to the
resonance variation between the cellse vibration measurement provdatie complete
independenebetweerthe two frequencies, which is favorable for vag@scrimination
applications.

The electrical input impedance of the CMUT was charactetigethe VNA. The
pull-in voltages of the LF cells and the HF cells were measured ¥,bg =62V and
Vpi_HF =7V, respectivelyFig. 7.4 (a) andFig. 7.4 (b) show the impedances at various
bias voltages before and after functionalization of the Ciwd3pectivelyTo avoidthe
collapseof any cells, the operating voltage was determined bas#ueqoultin voltage
of the LF cells.The maximunbiasin this test was 40 V, which wa@.65®’pi_LF and

0.51; - . Both resonancesereclearlyidentified from a single frequency sweefp
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can be seen th#te LFresonance was always stronger than the HF resorBimsevas
because the dual frequency CMUT had a larger number of LF cells and the operating
voltage was closer to the puil voltage of the LF celldt is also observed th#étecoating

of GO film has fightly damped the resonation of the CMUT and also degraded the quality

factor. Neverthelessthe resonances were still easily detectable bectheséoaded

damping was small
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Fig. 7.4: Electrical impedance measurementt@dCMUT: (a) without GO; (b) with GO

Fig. 7.5 shows the parallel resonance frequencies of the CMUT as a function of the
bias voltge. Before functionalization, the resonances had a good agreement with that
measured from the laser vibrometer characterizatiothébias of 30 V, for instance,

the measured resonance frequencies were 10.08 MHz and 13.82 MHz from the
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impedance test, verclose to 9.94 MHz and 13.72 MHz from the vibrometer test. The
spring softening effect was observaitboth resonances. After coating of the GO film,
the resonances arose slightly due to the increased effective membrane thickness and the

resonance shift as larger at the HF resonance because of the higher sensitivity.
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Fig. 7.6 (a) andFig. 7.6 (b) present th&EMimages of the CMUT without and with

GO coating, respectivelyCells with different resonances can be clearly visualized.
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cluster of GO was observedhing. 7.6 (b). Thiswas not desirable becauseavias formed
by many layers of GO nanosheet and might cause trapping of water mqledulds

might degrade the reversibility of the sensor

7.5 Results and Discussion
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Fig. 7.7: Humidity sensing measurements of th&l frequencfCMUT: (a) frequency shiftas a

function of RH; (b) frequency responses in three measurements.

The humidity sensing measurement was performed using the Ssiumin Fig.
6.10. TheCMUT sensor was tested at a biased voltage of 35 V at room tempeféakeire.

frequeny shifts of both resonances were characterizéd. 7.7 (a) displays the
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frequency responses as the RH increased from 11.3% to 9hé%ensing performance
of the sesor issummarized inmable7.2. The sensor showed distinguished sensitivities
at the two resonanceSimilar to the resultsn Chapter 6, the sensor at boésonances,
had larger frequency shifts at higher RH levels due to the adequate adsorption of water
moleculesAccordingly, the RH sensitivity was calculated in the RH ranges of-143%0
and 43% - 93%. The maximum sensitivities at the LF and HF resonaraces4.6
kHz/%RH and 6.4 kHz/%RH, respectiveljhe higher sensitivity of the HF cellswas
attributedto their smaller membrane radius, as indicategn(5.1). Fig. 7.7 (b) shows
the responses of three tests different days The CMUT humidity sensomexhibited
outstanding repeatability at botthe LF and HFresonances, with a maximum
repeatability error of 3.7% and 2.7%, respectively.

Table7.2 Humidity sensing performance of tbaal frequencyCMUT sensor.

Resonance LF HF

Humidity sensitivity RH 119%43% 2.1 2.5

(kHz/%RH) RH 43%93% 46 6.4
Maximum repeatability error (%) ° 3.7 °27
Response/recovery time (s) 11/4 12/5

The dynamic response of the CMUT wetsaracterized by switching the sensor
between the laboratory ambiance (22% RH) and the 75.3% RH environiient.
resonance shifts were recorded by the VNA and the Labview program. In order to

enhance the sampling rate, the LF and the HF resonance shédteweasured separately.
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Fig. 7.8 shows the dynamic responsighe sensofThe measured response/recovery time

at the two resonances was 11/4 s and 12/5 s, respectively.

LF
RH 22% o= 0= HF
0 - a; P fﬁf =
~ { 2 | ® r
E | [ l 1 I
;:’ -50 4 T 1 | I
< l | { | ! |
2 1 1 (4 I
o -1004 | t
5 § Lo | :
g T | . |
8 150 [ t 2 |
oo i p % rob ;
- 1 4 -
-200 A RH 75.3%
T

] T T T T T T T T T
-50 0 50 100 150 200 250 300 350 400 450 500
Time (s)

Fig. 7.8: Dynamic frequency shift of theéual frequencYCMUT sensor with the RH level switching

betweer22% and 75.3%.

a

@ ]

N

oL

< -100

=

=

2]

> -200

[}

c

[

3

g -3004 — :

= humidity ascending
— o humidity descending

-400 T T

O 1 20 3 40 5 60 70 8 90 100
Relative humidity (%)

o
1

L3

=]

=]
L

-200
-300
-400+ humidity ascending

— + humidity descending
-500 T T

0O 1 20 3 40 5 60 70 8 90 100
Relative humidity (%)

Frequency shift (kHz) =
e

Fig. 7.9: Humidity hysteesis curves of théual frequencYCMUT sensor(a) at LF resonance; (b) at

HF resonance.

The humidity hysteresis of the CMUT sensor waamined by gradually increasing

the RH level from 11.3% to 93.6% and then decreasing back to 11.3%. Hysteresis still
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remained a problem for the sensor due to the trapped water molecules in the interlayer of
the GO film.The level of hysteresis was similar the two resonances and reached the
maximum at 43.2% RHCoating a thinneand more uniformayer of GO film will

possibly suppress the hysteresis.

7.6 Summary

This chapter reports multi-resonance CMUTabricated by thenitride-to-oxide
wafer bonding teatology. With the ultimate goal of implementing vapor discrimination,
this sensor was solely used for moisture sensing due to time constfaisitsgle
resonance CMUT is eligible for humidity detection but not for vapor discrimination. The
multi-resonanc€MUT (10 MHz/14 MHz) was designed and fabricated to overcome this
limitation. The basic idea was to utilize the frequency dependency of the mass sensitivity.
By implementing two resonances in a single sensor, two distinct responses can be
achieved for selgive sensing. Characterizations on the CMUT membrane vibration
showed that the two resdnan states were able to function completely independent. The
CMUT was then functionalized by 0.1 mg/mL GO and applied for humidity sensing. It
generated two isolate@sponses at two resonances, with a maximum sensitivity of 4.6
kHz/%RH and 6.4 kHz/%RH, respectively. It also exhibited decent repeatability and
rapid response/recovery. Compared to sensors that can only produce a single response,
the multiresonance CMUTould significantly decrease the chance of false alarms and

potentially be used for vapor discrimination.
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Chapter8 Su mma r yu B aVoer Kk

8.1 Summary of Contributions

CMUT wasinitially proposed for aitcoupledNDT applications in the early 1990s.
Since then, ithasgained tremendous interests and has been considered as the next
generation of acoustic imaging transducers whitlly compete with piezoelectric
transducerd6]. Because manyttractive features of CMUTs, the compact siare
particular, address several challenges met by conventional piezoelectric transducers,
most of the ongoindCMUT researchfocuseson medical imaging application¥et,
CMUTs have certain limdtionswith low output pressure being one of thdpart of the
thesis aims to provide a solution to this issue.

The first contribution of this thesis is developing a novel hybrid ultrasound
transducer which may offer a new perspective for ultrasound mgagplications. By
integrating an annular CMUT and a circular piezoelectric probe, the benefits of the two
transducer technologies are combined émhancedsensitivity and resolution. The
fabrication process of the annular CMUT is presented and a concentric configuration is
proposed for its integration with the piezoelectric probe. Potential variations of the hybrid
configuration have been discussed for ping medical imaging apipations. This
work is presented in Chapter 4

Chemical sensing is a relatively new area for CMUAKhough CMUT-based

humidity sensing igven less studied, it can be expected that CMUTSs inherit all benefits
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that have been achieed from other chemical sensing applicatioBsch advantages
include the high mass sensitivity, reliability, ease of functionalizatod, minimized
array configuration.This thesis first looked into th&easibility of using GO film to

functionalize CMUTE for highly sensitive humidity sensing, theedicatedto further

improving the sensing performance by developing new CMUTSs.

The second contribution is developing a highly sensitive CNtd3ed humidity
sensor that uses GO as the sensing layer. The afficief incorporating the mass
sensitive CMUT and the moistusensitive GO is studied for the first time. The CMUT
sensor generates a higher RH sensitivity than maghefreported gravimetric humidity
sensors. It also shows excellent repeatability and fast response/reddvieryork is
presented in Chapter 5

The third contribution igpropasing the nitrideto-oxide wafer bonding process to
fabricate CMUTbased humidityensors for enhanced sensing performance. Compared
to the conventional S@ased fabrication method, this process offers reduced fabrication
complexity and cost, improved sensitivity, and superior device uniformity. The high
sensitivity of the fabricated CWMITs is demonstrated through humidity sensing tests. The
proposed fabrication process is not only suitable for humidity sensing, but also for other
chemical sensing applicationkhis work is presented in Chapter 6

The fourth contribution is developing auih-resonance CMUT for sensing
applications for the first time. The functionalized CMUT is able to generate two

independent frequency responses to each specific analyte, showing great potential for
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chemicalvapordiscrimination. It has the same capabibiy the multisensor arrays but
requires much simpler operation and sensing circuits. Moreover, in applications where
only one analyte such as water vapor needs to be detected, theespdiise CMUT can
provide more accurate and reliable results thagleifrequency measuremeni&his

work is presented in Chapter 7.

8.2 Future Work

8.2.1 CMUTs for Medical Applications

In Chapter 4, thestudy contributes to the initial investigation of integrating the
piezoelectric transducer and the CMUhis ideacan befurther extendedor medical
applications. Variations of the hybrid transducanbe pursued in the future. A potential
variation is a transducerthat consists of a mulglement CMUT ring array and a
piezoelectriebased circular element or ring array. By usiig tCMUT array for
conventional Bmode imaging and the piezoelectric transducer for -pmler
therapeutic purposes such as hyperthermia and drug delivery, the hybrid transducer
would be suitable for imagguided therapy.

An even more promising variatiorf the hybrid transducer will be composedaof
LF ( f,= 1 to 5 MHz) piezoelectric transmitter aadiF ( f, 2 2f ) CMUT receivert
is believal thatthe ultrabroadband transducer will offer new perspectives for barm
imaging, which enhances visualization of blood vessels by transmitting ultrasound at the

fundamental frequencny and receives at two or higher times of the transmit frequency

109



[81], [125]. The wide bandwidth of CMUgis particularly valuable for higlorder (>29
harmonidmaging,because it allows detection of multiple harmonic components so as to
improve the SNR81]. However, the exploitation of CMUTs for harmonic imaging is
currently limited by their inherent nonlinearity. The acoustic pulse generated by CMUTs
contains an undesirabl@®harmonic component due to the dependence of electrostatic
force on the square of the applied voltage and the membrane displa¢Ed®gnil27]
The unwanted harmonic signal pollutes the nonlinear response of the explored media and
thus deteriorates the image quait6], [128] An alternative transducer for harmonic
imaging can be the hybrid transducer that uses a piezoelectric probe for ultrasound
transmission and a CMUT for harmonic reception. Consequently, the nonlinearity is
avoided and the wide bandwidth of the CMUT is employed for high SNR harmonic
imaging.
8.2.2 CMUTs for SensingApplications

This thesis has laid the foundation of CMW@sed humidity sensorghe focus of
this workis mainly on the sensor developmdnt humidity sensingWhile the ultimate
goal of thisresearchprogramis tofulfill a highly sensitivereliable, and portable CMUT
based sensing system that d&criminate multiple chemicaBporss includingmoisture

a few things can bpurswed beyond this thesis in the future.

8.2.2.1 Optimization on CMUT Design

Due to consideration of thalfrication yieldand the condition of the equipment at

the time of fabricationthe CMUTs were designed conservativdlgeir potential is not
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fully developed yetFurtherimprovement can be made by optimizing the dediarst,

the mass sensitivity of th€EMUTs can be enhanced by increasing the resonance
frequency and decreasing the membrane radasond, the operating voltage of the
CMUTSs can be minimizefbr portable sensing applications. The minimum operating bias
of the CMUTs in this thesis is 35 Wlthough a bias voltage of 20 $houldalsobe
applicable, the priceill be thedegradedSNR and resolution of detectiofs mentioned

in Chapter 6, an effective way of minimizing the operating voltagebedecreamg the

cavity depth andnembranehicknessThe third improvement in the future to develop
multi-element CMUT arrays and CMUTs with more than two resonances as electronic
nose system# duaklresonance CMUT has been presented in Chapter 7. However, the
maximum number of chemicals that can be discriminated is only two at a time. By
implementing more resonances in a CMUT or more elements in a CMUT array, it is

possible to deect and distinguish more types of chemicals.

8.2.2.2 Optimization on SensingM aterial

GO has beerused as the sensing material throughout this ttzesit hasshown
excellent performance on moisture adsorption. Howeavvbgsalsocaused aelatively
high leve of hysteresisA possible reason for the hysteresis is that the coated G@sfilm
not optimized for a good thickness and uniformifiye thicker the sensing film, the more
chance that water molecules will be trapped in the interlayer, wietériorates the
reversibility. The thickness ofGO film can be reduced bgimply diluting the GO

dispersionBut reducing the concentration will clease the sensitivity of the sensdre
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concentration of GO dispersion employed in this thegiges fron®.1 mg/mlito 1 mg/ml
An optimal dose of GO dispersion can be investigated in the future to find a balance

between the sensitivity and the reveitgip

Fig. 8.1: SEM image of the CMUT showing neuniform coating of GO film.

The coating method of the GO film in this thesis is écapting, which is known for
its uncontrollable unifority. Fig. 8.1 displaysthe SEM image ofa CMUT membrane
drop-castedvith the0.1 mg/mIGO dispersionA large bumpgs observed and is several
times thickethan the averagéOthicknessA bady controlled dropcasting might result
in countlessoumps, whicltgenerates considerable volume to trap water molecules and
leads tonotablehysteresisTo improve the uniformity of the sensing film, other coating
tedhniques such as spin coating and inkjet printing can be investigated.

Another cause of the hysteresis mighttbe strong interaction between GO and
water molecules. It is known that the sensitivity and the reversibility of a material are a
pair of contradiction. Because a high sensitivity requires strong adsorption of water

molecules,whereasgood reversibility needs the interaction to be weak such that the
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devicecanrapidlyreturnto its originalstatus.Therefore, i is worth studying more other
sensing materials such as nanostructured polyfoeen optimal tradeff between the

sensitivity and the reversibi.

113



[1]

[2]

[3]

[4]

[5]

[6]

Bi bl i1 ography

Z. Zhenget al, AfDevel opment -baséd cancemr dumleme@ MU T

ul trasonic transducer: Design, J fabri
Microelectromechanical Systwol. 27, no3, pp. 538546, 2018.

Z . Zheng, Y. Yao, Y. Sun, and J. Yeow,
humi dity sensor based on the capaciti v
Sensors Actuators B Chemiol. 286, pp. 3645, 2019.

Z.Zheng,Y.Yao,J A. Liwu, Y. Sun, and J. T. W.
based humidity sensors built with nitritlko x i de waf er bondi ng
Sensors Actuators B Chemol. 294, pp. 123131, 2019.

M. I. Haller and B. T. Khuey a k u b, A s ur Edaeteetrostaticc r o ma
ultrasoni c aUltrasonics 8ymgodiun®®pp. 42411244.

M. I. Haller and B. T. Khuey a k u b, AA surface micr oma
ul t rasoni c IBEEMrars.rUlirassndRercoelecty. Breq. Contrefol.

43, no. 1, 1996.

O. Oralkanet al, ACapacitive micromachinrned ul
gerer ation arrays fIBEE Trams Olttasoh. FesroelectraFgeq.n g ? , C

Control, vol. 49, no. 11, pp. 1598610, 2002.

114



[7]

[8]

[9]

[10]

[11]

[12]

[13]

G. Calianoet al, ADesi gn, fabrication and <cha
micromachined ultrasonic probe for medical inmagi |JEEE Trans. Ultrason.
Ferroelectr. Freq. Contrglvol. 52, no. 12, pp. 2252269, 2005.

B. T. KhutYakub and 0. Or al kan, ACapacitiyv
transducers for me di c alJ. Micromechanicy and
Microengineeringvol. 21, no. 5, pp. 054004054014, 2011.

A. S. Ergun, Y. Huang, X. Zhuang, O. Oralkan, G. G. Yaralioglu, and B. T. Khuri
Yakub, ACapacitive mi cromachined ul t
t e ¢ h n olEE& grans.dJltrason. Ferroelectr. Freq. Contralol. 52, no. 12,

pp. 22422258, 2005.

K. K. Parket al, ACapacitive micromachined wul tr
det ect i on ApphPhgsi Lettvol.@E no, 9 pp.id, 2007.

H. J. Lee, K. K. Park, M. Kupnik, O. Oralkan, and B. TuRkY ak ub, A Che mi c
vapor detection using a capaci ttnave mi c
Chem, vol. 83, no. 24, pp. 9318320, 2011.

K. K. Parket al, ACapacitive micromachined wul tr
chemical sensor for DMMP tlee c t $ewsars Actuators B Chemol. 160, no.

1, pp. 11201127, 2011.

H. J. Lee, K. K. Park, O. Oralkan, M. Kupnik, and B. T. Khvra k u b , i A
mul tichannel oscill ator f olEEEdramsedrslonant

Electron, vol. 61, no10, pp. 5635640, 2014.

115



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

L. Zhao, Y. Zhao, Y. Xi a, Z . lbased J . Li
resonant biochemical s ens olEEEUTRENsNIm. el ect
Electron, pp. 110, 2018.

C. Lee and G. LeA, r é&\Bemsordettvol. 3,ppe hld,0r s :
2005.

H. Farahani, R. Wagi ran, and M. N. Ha
mechani sm, and fabrication tSQeocsbrsva.l ogi es
14, no. 5, pp. 78817939, 2014.

X.Leetal, AA high perfor mance haconstidwatey s e n s
and graphene oxi de o8ensars Attu&ars, B Chgwvelr ed st
255, pp. 24542461, 2018.

W. Xuanetal, AA film bulk acoustic resonator
with graphene oxi dleMiceosechahics Misreengmeetingv e | a
vol. 27, no. 5, 2017.

C. Steffens, A. Manzoli, F. L. Leite, O
force microscope microcantilevers wused
Microelectron. Eng.vol. 113, pp. 8/ 85, 2014.

G. Chenet al, AFil m bul k acoustic resonators
using a pol y m$8crRep.vop P ppr 18, 2018y er , 0

T. L. Szabo,Diagnostic ultrasound imaging: Inside ou2nd ed. Kidlington,

Oxford, Unted Kingdom: Academic Press, 2014.

116



[22]

[23]

[24]

[25]

[26]

[27]

[28]

K. Martin et al, i Brequéncy Piezoelectric Transducers for Contrast
Enhanced Ul tr &ensotsvoldl1l4,Inonalgpp.re@3p36842, 2014.

A.S.Ergun, G. G. Yaralioglu,andB. T.Khytia k ub, A Capaci tive mi
ul trasonic transduc elrAsrosp. Edgeobli6yno.a,ppd t ec h
761 84, 2003.

X. Chenget al, A CAMLCMOS ultrasonic transducer arrays with-adwp

el e ct r olmernat®naloConference on Solistate Sensors, Actuators and
Microsystems (Transducer009, pp. 12221225.

J. Zahorianet al, i Monol i-orkCMOS idgrdtibn for intravascular

ul trasound IEER Prans. tlaasankerraelecty. Freq. Contrglvol.

58, no. 12, pp. 2652667, 2011.

G. Gur un, P. Has | er , -end rcceiver elettronicDferger t e
high-frequency monolithic CMUIonrC MOS i magi nlgGEE d&ramsay s, O
Ultrason. Ferroelectr. Freq. Contrplol. 58, no. 8, pp. 1658668, 2011.

A. Bhuyanet al, A3D volumetric ultrasound i mag
integrated with fronend ICs using flic hi p bondi ng IEEEchnol o
International SolidState Circuits Conference Digest of TedahPapers (ISSCC)

2013, pp. 396398.

C. K. Abbey, N . Q. Nguyen, and M. F.

bandwidth on diagnostic information transfer in ultrasoniB de i magi ng,

117



[29]

[30]

[31]

[32]

[33]

[34]

IEEE Trans. Ultrason. Ferroelectr. Freq. Contraefol. 59, no. 6pp. 111%1126,

2012.

A. Savoia, G. Caliano, B. Mauti, and M.
of a high frequency CMUT IBEE ntereatiohadb r me d
Ultrasonics Symposium, IJ3011, pp. 600603.

A. S. Savoia, G. Caliano and M. Pappal ardo, AA CMU
ultrasonography: From micr olfEBEbTran at i on
Ultrason. Ferroelectr. Freq. Contrplol. 59, no. 6, pp. 1127138, 2012.

S. Luryi, J. Xu, and A. Zaslavskyuture trends in naroelectronics: Frontiers

and innovationsHoboken, New Jersey: WIldi£EE Press, 2013.

M. J. G. Mdgaard, M. Laustsen, M. H. Jakobsen, T. L. Andresen, and E. V.
Thomsen, fACombined colorimetric and gr a
benzyl methyy k e tSensoes Actuators B Chemol. 275, no. July, pp. 483

489, 2018.

Q. Stedman, K. K. Park,and B. T. Khitfia k ub, A Di sti ngui shing
CMUT chemical sensor arr alEEAM Witrasant i f i c i
Symp. IUSpp.162 165, 2014.

D. Barauskas, D. Pelenis, D. Virzonis, J. P. Baltrus, and J. Baltrusaitis,
AGreenhouse gas molecule CO2 detection

ul t rasoun dAndl Clemyal 88cn®.rl3, pp. 6668665, 2016.

118



[35]

[36]

[37]

[38]

[39]

[40]

[41]

H. J. Lee K. K. Park, M. Kupnik, and B. T. Khuty a k u b, AFuncti ona
|l ayers for CO2 sensing using capacitive
Sensors Actuators, B Chemol. 174, pp. 8793, 2012.

H. J. Lee, K. K. P. an D M. Kupnik, O. Oralkan,daB. T.KhuriYa k ub, A Hi ghl
sensitive detection of DMMPIEHEESemsgs a CML
Conference2010, pp. 21222126.

K. K. P. K. K. Park, H. J. Lee, M. Kupnik, O. Oralkan, and B. T. KiXakub,
ACapacitive micrtormarchd mear ud g r alBEEmMe mi ¢ a
Sensors Conferenc2008, vol. 160, no. 1, ppi 8.

Y. Huang, A. S. Ergun, E. Haggstrom, M. H. Badi, and B. T. kNakub,
AFabricating capacitive micr onbandingi ned u
tecm o | oXQ Migraelectromechanical Sysvol. 12, no. 2, pp. 12837, 2003.

A. Tripathy et al, AfDesign and devel opment for
applications of leadree Ca, Mg, Fe, Toxidesbased electrgeramics with

improved sensing propteri e s v i a pSens&svd. @6, m.t7j 2016., 0

K. J. Park and M. S. Gong, AA water dui
rigid sulfonated pol ybenSensors Acauatarsl @ an d
Chem, vol. 246, pp. 5860, 2017.

X.Ganetal, fAHiIi gh per f or mbasedRrumidity semsor smtegeated x i d e

on a phot oni ApplcRhys.dettadl. 110,aw@. 15 pp.1502017.

119



[42]

[43]

[44]

[45]

[46]

[47]

Y. Yao, X. Chen, H. Guo, and Z. Wu, n G
crystal mi cr obal an cAppl. Suof.rScj.volu 267, doi 17,pp. d et e c
77787782, 2011.

S.Wangetal, fAReduced -goalyatipylere oxédde acomposgitefilms for

humi dity sensing Vvi a $eonsars Acwatocsr B/Ghéna | mi
vol. 255, pp. 22082210, 2018.

D. Zhang, D. Wang, X. Z o n-gerformance QQ@wvh g , an
humdity sensor based on graphene oxide/tin oxide/polyaniline ternary
nanocomposite prepared bysni t u oxi dati ve pd&engoser i z at
Actuators, B Chemvol. 262, pp. 531541, 2018.

L. Gar&-Gancedcet al, i -Bas&l FBAR resonators wittadon nanotube

e | e ct IfEBHITeass, UWitrason. Ferroelectr. Freq. Contrebl. 58, no. 11, pp.

2438 2445, 2011.

Y. Zhu, H. Yuan, J . Xu, P. Xu, and Q. P
sensors based on quartz crystal microbalance coatech@xagonal lamelliform
monodisperse mesoporous silica SBA t h i Sensbrs Actmtocs, B Chem.

vol. 144, no. 1, pp. 16469, 2010.

J . Xi e, H. Wan g, Y. Lin, Y. Zhou, and Y
based on quartz crystal microbala e coat ed with Sens@s col |l o

Actuators, B Chemvol. 177, pp. 10831088, 2013.

120



[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

S.Reymer met , R. Lanz, and P. Mur al t ABul
at 8 GHz for gravi met Sensors dctuaterd BiQme of o r
vol. 114, pp. 681686, 2006.

T. Y. Lee and J. T. Song, ADetection cC
F B A RThin Solid Filmsvol. 518, no. 22, pp. 6686633, 2010.

Y. Zhang, J. Luo, A. J. FI| ewi tedonatod. Cai
(FBARs) as bi o sBeosessoBioglectroAvolr1&6y no.eMay, pp.

1i 15, 2018.

G. KorotcenkovHandbook of humidity measurement, volume 2: Electronic and
electrical humidity sensor§aylor & Francis Group, 2019.

H. SoneH . Okano, and S. Hos aka, APi cogram
cantil ever Japamesehl.i Apd. €mysics,rParbl Regul. Pap. Short

Notes Rev. Papvol. 43, no. 7 B, pp. 4663666, 2004.

M. Li, H. X. Tang, -sanstide NEMSbased cihvlavdrse s , fi |
for sensing, scanned probe and very Highequency aNap | i cat i

Nanotechnol.vol. 2, no. 2, pp. 11420, 2007.

Z. Chen and C. Lu, fAHumidity Sensors: A
Sens. Lett.vol. 3, no. 4pp. 274295, 2005.

W. Hu, S. Chen, B. Zhou, L. Liu, B. Di

sensitive humidity sensors based on quartz crystal microbalance coated with

121



[56]

[57]

[58]

[59]

[60]

[61]

bacteri al c e | Bendore ActuatarseBnOhegmalnl®9, bo. 1, pp.

3017 306, 2011.

H. Y. Yoo and S. Bruckenstein, AA novel
based on porous film coatings. A high sensitivity porous poly(methylmethacrylate)

wat er v apAmal. Clne Acsawol. 785, pp. 98103, 2013.

A. .Gl ¢ck, W. Hal der , G. Li ndner ;excitdd M¢ |
resonance sensors for ¢asSehsbroAgtuaaors@® h u mi
Chem, vol. 19, no. 13, pp. 554557, 1994.

J. Xu, M. Bertke, H. S. isWamicrazdntdeyersand E
f or humi diJtMyromeeharics Migaemgineering019.

U. Mittal, T. Il slam, A. T. iGewmd203 and I
thinfim-based rapi d SAWEBEUms.cEledtrgn Devegssl.or , 0

62, na 12, pp. 424r4250, 2015.

N . Sakly, A. Haj Sai d,-seasmgpropertiesbezZnO Ou a d ¢
QDs coated QCM: Optimizati on, Mat@oStiel i ng
Semicond. Processol. 27, no. 1, pp. 13039, 2014.

A.lLBuvailo, Y. Xing, J. Hi nes, NoasedD o | | ah
nanostructured thin fil m ACS ApplhMatei. di t vy

Interfaces vol. 3, no. 2, pp. 53%33, 2011.

122



[62]

[63]

[64]

[65]

[66]

[67]

[68]

F. Yakuphanogl! u,

sensor

properties

no. 6, pp. 6768676, 2012.

M. Procek,

A.

A Semi c o nedl@@W) humiglity a n d

of Ti GQid $taye Ssivwll 14,9 e |

Stolarczyk, T.

Pust e

q

ca

l ny,

based on TiO2 nanostructures for the detection of NO2 and explosives vapours in

a i Bensorsvol. 15, no. 4, pp. 9563581, 2015.

Y. Yao et al,

nanosheets

2017.

H. W.

iNovel

Chen,

QCM rdusingi sthekedyblack phosphorus

a3ensere Actsiators gB Chegnabl.i244opp. 250264,

R.

Wu , K.

H. Chan,

Y.

CNT/Nafion composite material to low humidity semgin me a s u Sensoesnt , 0

Actuators, B Chemvol. 104, no. 1, pp. 8@4, 2005.

A. L. Robinsonet al,

frameworkc o at e d

2012.

L. Kosu u ,

A.

AUl trasensitive

h u-orgadic t

mi Amab Ghem.gob 84sn0.4l6, pp. 7043051,

Bouchaal a, N .

Jaber, and

MOF Coat edJ. 8anso/GIN016, pp. 18, 2016.

K. K.

detecti

on

Par k,

n

ACapacitive

ai

r

123

0

2011.

mi cr omachi

y

M.

ned

de

u



[69]

[70]

[71]

[72]

[73]

[74]

[75]

l. O. Wygart, M. Kupnik, and B. T. KhurY a k u b, AAnal ytically
me mbr ane di splacement and the equivalen
in IEEE International Ultrasonics Symposium, I\2908, no. 6, pp. 2112114.

X.Zhuangh Capaci tive micromachined -wafet r ason
interconnects, 0 2008.

G. G. Yaralioglu, A. S. Ergun, B. Bayram, E. Haeggstran, and B. T. Kifakiub,
ACal cul ation and measur ement of el ectr
capacit v e mi cromachined u lEEEr @rans. nUltrasont r an s C
Ferroelectr. Freq. Contrglvol. 50, no. 4, pp. 449456, 2003.

C. Cao, T. Filleter, M. Dal vy, and C. V
monol ayer grGabdné&nYevol8X ppd48v5ax, 2014.

T. Bayer, S. R. Bi shop, N . H. Perry, K.
ionic/electronic conductivity and permittivity of graphene oxide paper for

el ectrochemi cal ApmlnMateg Interfacgsvol. 8, ns.18,0pp., 0

11466 11475, 2016.

J. Wa n , J. Jiang, and H. S. Par k, iNeg
Nanoscalevol. 9, no. 11, pp. 4004012, 2017.

L. L. P. Wong, A. I . H. Chen, Z.i Li, A
column addresskemicromachined ultrasonic transducer array for surface scanning

app!l i c@lttasonigs 80|. 94, no. 8, pp. 2072080, 2014.

124



[76]

[77]

[78]

[79]

[80]

[81]

D. M. Mi | | s and -tibe invBa imafingi witlh capaditiRee a |
micromachined ultrasound transducer (cMUT) linearr r ay SIEEE i n
International Ultrasonics Symposium, [UZ03, pp. 568571.

B. Bayram, O. Oralkan, A. S. Ergun, E. Haeggstrom, G. G. Yaralioglu, and B. T.
Khuri-Ya k u b, ACapacitive micromachined wul't
power transmissi n |JEBE Trans. Ultrason. Ferroelectr. Freq. Contrafol. 52,

no. 2, pp. 326339, 2005.

R. O. Guldiken, J. MclLean, anaectiéede L. D¢
structure for improved tIEEEAmmIiUltrasannd r ec
Ferroelectr. Freq. Contrglvol. 53, no. 2, pp. 48391, 2006.

Y. Huang, E. O. Haggstrom, A. S. Ergun, and B. T. kKivua k u b , AOpt i mi
membr ane <configuration i WEBE lotvWdtmsonCMUT p
Symp. IUSpp. 505508, 2004.

Y. Huang, X.Zhuang, E. O. Haggstrom, A. S. Ergun;HC.Cheng, and B. T.

Khuri-Ya k u b, ACapacitive micromachined wul f
shaped membranes: Fabricati olBEEdmds. exper
Ultrason. Ferroelectr. Freq. Contrplol. 56, no. 1, pp. 136145, 2009

R. Gessner, M. Lukacs, M. Lee, E.- Cheri
resolution, highcontrast ultrasound imaging using a prototype -degjuency
transducer: | n v ilBEE Trans UltdasonFerroelecty. Breqgs t udi e

Control, vol. 57, no. 8, pp. 1772781, 2010.

125



[82]

[83]

[84]

[85]

[86]

[87]

[88]

M. Lukacset al, AHybrid dual frequency -transd
ul t r asoun d IEEBr@enatiorgl, Uitrasonics Symposium, [LED09,

pp. 10001003.

H. H. Kim, J M. Cannata, R. Liu, J. H. Chang, R. H. Silverman, and K. K. Shung,

n20 MHz/ 40 MHz dual el ement transducers
IEEE Trans. Ultrason. Ferroelectr. Freq. Contrebl. 55, no. 12, pp. 2682691,

2008.

B. A. J. Angelsa, Ultrasound Imaging: Waves, signals and signal processing
Trondheim, Norway: Emantec AS, 2000.

R. J. Mc Gough, T. V. Samul ski, and J.
method for calculations of thenefari el d pressure generated
J. Acoust. Soc. Amvol. 115, no. 5 Pt 1, pp. 1941954, 2004.

D. Chen and R. J. McGough,A 2 D f-feeld methodefa calculating near

field pressures gener at e d. Aboyst. 8qe.cAthi zed 1
vol. 124, no. 3, pp. 1526537, 2008.

S. Na, Z. Zheng, A. I . Chen, L. L. P.
andfabrication of a higkpower aircoupled capacitive micromachined ultrasonic
transducer array wi tERE TcansaHeetron Devicesola nnul a
64, no. 11, pp. 463@643, 2017.

W. Kern and J. E. Soc, ®Bme ngv aledethin@mn o ¢

Electrochem. Sogvol. 137, no. 6, pp. 1881892, 1990.

126



[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

A. A. Ayon, R. Braff, C. C. Lin, H. H. Sawin, and M. A. Schmidt,
ACharacterization of a time mul tdi pl exe:
Electrochem. Sogcvol. 146 no. 1, pp. 338349, 1999.

J. Y. Lu, H. Zou, and J. F. Greenl eaf ,
Ultrasound Med. Bio).vol. 20, no. 5, pp. 40328, 1994.

A. Weyns, ARadi ation field calcul ati ons
Phanar <circul ar, S g u aultrasonccivel. 18, mon 4, lpar t r a
183188, 1980.

H. J. Lee, K. K. Park, M. Kupnik, N. A. Melosh, and B. T. Kh¥akub,

A Me s o p o r-filmuos highlirsemsitive resonant chemical sensor for relative

hum di ty and @R dhem.wic84,ino. i, pp 3063066, 2012.

S. Kim et al, i Rtengpemature metastability of multilayer graphene oxide

f i | Mat. Mater, vol. 11, no. 6, pp. 544649, 2012.

L. Greenspan, AHulmi dany d$atxedatpeod nda gued
Res. Natl. Bur. Stand A. Phys ics Chenwol. 81A, no. 1, pp. 896, 1977.

R. MavaddatNetwork scattering parameters (Vol. ®yorld Scientific, 1996.

H.Bietal, AUl trahigh humaphe¢yeXieRegswle3, o i ty
no.5V, pp. 17, 2013.

Y. Tangetal, fAHi ghly sensitive surface acous
based on sefjel SiO2 films: Investigations on the sensing property and

me ¢ h a nSersars, Agtuators, B Chemol. 215, pp. 283291, 2015.

127



[98] X. Qiuet al, AFi |l m bwalvekes@tordassdtralatve humidity sensor
usi ng Z rE@ctrbchdmns®liGtate Lett.vol. 13, no. 5, pp. J6367, 2010.

[99] Z. Yuanetal, @A Novel hi ghly sensitive QCM humi
based on graphene oxide (GO)/poly(ethyleneimire)yle r e d Seindods m, 0
Actuators, B Chemvol. 234, pp. 145154, 2016.

[100] M. Bj°rkqgvist, J. Paski, J. Sal onen, é
reduction in thermally car bttBESemsd). por ou
vol. 6, no. 3, pp. %2 546, 2006.

[101] A . Logan and J. T. W. Yeow, AFabricati:
transducers with a novel silicantrideeb a s ed waf er bEERTans.g pr o
Ultrason. Ferroelectr. Freq. Contrplol. 56, no. 5, pp. 1074084, 2009.

[102] A . | . H. Chen, L. L. P. Wo n g, Z . Li, S.
fabrication with a nitridgo-oxideb a s e d wafer bodding
Microelectromechanical Systol. 26, no. 4, pp. 82836, 2017.

[103] O. Oralkan et al, A E x p e characenratianl of collapseode CMUT
0 p e r alEEEormansoUltrason. Ferroelectr. Freq. Contrelol. 53, no. 8, pp.

15131523, 2006.

[104A. S. Logan, L. L. P. Wong, A. I . H. Ch

rowmc ol umn addressed capacitive MMEETr omac!

Trans. Ultrason. Ferroelectr. Freq. Controlol. 58, no. 6, pp. 1266271, 2011.

128



[105] J. B. Lasky,i Waf er b ondtomign sfulra tsoirl iApgbcithys.ol ogi e
Lett, vol. 48, no. 1, pp. 180, 1986.

[106] M. Shi mbo, K. Furukawa, K . -tofsilicknudileat , and
bondi ng Jmippl Pyslvpl.o60, no. 8, pp. 2982989,1986.

[107] J . Hai sma, G. A. C. M. Spieringsnpr U. K.
insulator wafer bondingea f er t hi nni ng t echnnJoApplgi c al
Phys, vol. 28, no. 8, pp. 1426443, 1989.

[108] Y. Zhaoetal, 1 Det e astrimioation afwvalatilelorganic compounds using
a single multresonance mode piezotransduced silicon bulk acoustic wave
resonator (PSBAR) SessoryActwatorsaBIChewa.2slor arr
pp. 11911199, 2018.

[109] A. Opreaand U. Weimafi Gas s e n s o r ssSerisiave teadsducans panta s S
1: transducers and receptdrsa s i ¢ u n d AnalsBioanal dChem@Ql%

[110] D. Lange, C. Hagleitner, A. Hierlemann, O. Brand, and H. Baltes,
ACompl ement ary met al o x arrdys onsaeinglechopn d u c t ¢
Masssensitive detecti on oAnal.Cliemadl. 74/ne. or gan
13, pp. 30843095, 2002.

[111] A. Bi et sch, J. Zhang, M. Hegner, H.
functionalization of cantilever array sensorshykij et  pNarotechriology , 0

vol. 15, no. 8, pp. 87880, 2004.

129



[112)J. Rabe, S. B¢ttgenbach, J. Schr°der, a
guartz microbalance array and its application to chemical sensor systems for
| i g ulEEESSens. Jvol. 3, no. 4, pp. 361368, 2003.

[113] X. Jin, Y. Huang, A. Mason, and X. Zeng
mi crobal ance drmlsChengvolsdb, no. Z ppr58803, 2009.

[114] R. Toniolo, A. Pizzariello, N. Dossi, S. Loreng®. Abollino, and G. Bontempelli,
ARoom temperature ionic |liquids as wusef
from their odor anal ysis by quAnaltz cry
Chem, vol. 85, no. 15, pp. 7241247, 2013.

[115] K. T. Tang,C . H. Li, and S. -ndkese@dorinade basedanael e c
polymercoated surface acoustic wave array for wireless sensor network
appl i c%enhsoreval.sll, no. 5, pp. 4609621, 2011.

[116] U. Stahlet al, A Heynm gfability of polymercoated surface transversewave
sensors for the det ectSersors (Switzerandgplani ¢ s «
17, no. 11, 2017.

[1171J. Devkota, P. R. Ohodnicki, and D. W.
and g%essers (Switzerlandjol. 17, no. 4, pp. 11315, 2017.

[118] R. A. Potyrailo, AMultivariable sensors
era of internet of tChemnRegvolalh6dno.ild gpust ri a

1187111923, 2016.

130



[119] N. Siraj, H. Marzoughi, B. PRegmi, C. Neal, I. M. Warner, and N. C. Speller,
ARati onal D -® sVirtgahSensdr Ar@yS Mased on Film Thickness,
Viscoelasticity, and Har A@nChensvolf83,r Vapo
no. 10, pp. 51586166, 2015.

[120] N. C. Speller, NSi r aj , K. S. Mc Carter, S. Vaugh
virtual sensor array: Vapor identificat
Sensors Actuators, B Chemol. 246, pp. 952960, 2017.

[121] N. C. Speller, N. Siraj, S. Vaughan, L. N. Speller,and M. War ner , @A QCI
mul ti sensor array for fuel di scriminat.
Fuel, vol. 199, pp. 3846, 2017.

[122] W. Sei del and T. Hesjedal , AMul ti mode
acoustic whappldhys kettgob 84snp. @, pp. 1407409, 2004.

[123] A. Kshirsagaret al, A Mreduency CMUT arrays for imagidtperapy
appl i catlBER mngernaiional bltrasonics Symposium, U013, pp.

19911 1993.

[124] R. K. W. Chee, P. Zhang, -FMquengydrdedaced a n d
CMUTs f or Phot odEER Urans.iUltrasdnniargpelatty Fréq.

Control, vol. 64, no. 2, pp. 39401, 2017.

[125] Y . E. Chung and 4{énhand¥d ultidmographyiiAdivance and s t
current status iUltrasanogitaphyvoh 24)no.il,pai@8, ng, 0

2014.

131



[126] A . Novell, M. Legr os, N . Fel i x, and A.
mi cromachined transducers fI&EE Tramsnl i ne a
Ultrason. Ferroelectr. Freq. Contrplol. 56, no. 12, pp. 2782743, 20009.

[127]1S. Zhou, P. Reynolds, and J. Hossack, fi
suppress harmonic gener at i onEEEfranMEMS el
Ultrason.Ferroelectr. Freq. Contrglvol. 51, no. 11, pp. 1564574, 2004.

[128] A. Novell, M. Legros, 3JM. Gr ®goi re, P. A. Dayton, an
of bias voltage modulation sequence for nonlinear contrast agent imaging using a

capacitive micromachend ul t r as oni cPhyst Med. 8idJuot. 89r ar r a

no. 17, pp. 4874896, 2014.

132



