ABSTRACT

ZHANG, XIAO. Capacitive Micromachined Ultrasonic Transducers (CMUTs) oms$l
Substrate for NextGeneration Medical Imaging and Beyorftdnder the directiof Dr. Omer
Oralkan.

Capacitive Micromachined Ultrasonic Transducers (CMUTSs) have been widely researched
for the last two decade®ne of he most immediate applicatiors ultrasoundmedical imaging.
Comparing to the traditional medical ultrasound transducer technology based on piezoelectric
materials, CMUT technology offelenefits includindgabrication oflargetransducer arrays, close
integration with electronics, ar@toad bandwidth in immersion. CMUT technology is especially
competitive for fabrication of 2D transducer arraysl their close integration with electronfos
reattime 3D imagingandfor fabrication ofhigh-frequency broadband transducer arrfayhigh

resolution imaging

CMUT technology was inventednd has been widely researchsd silicon substrates. In
recent years, fabrication of CMUT on glass substrates has raised significantsrtecestsex
number of advantagdtscan offer First, parasiticapacitance could be easily reduced since glass
is an insulating material. Second, insulation steps required in the sigsmd CMUT fabrication
process could be avoidddadingto areduced fabrication complexityhird, anodic bonding can
be used whethe substrates borosilicate glassvhichis alow-temperature bondingchniqueand
hasahigh tolerance to bonding surface area and roughnegklition tothe advantages ailicon
wafer bondingMoreover, glass transparency can enable novel apmicatbeyond pulsecho

ultrasound medical imagirend enlarge the potential markets of CMUTs

This dissertationinvestigates the design arfdbrication of several CMUTbased key

componerg on glass substrat&s providea tool kit for the development othe nextgeneration



ultrasoundsystemfrontends. On one side, a densely populagiitransducer arrawith through

wafer interconnectand a MEMS transmit/receive (T/R) switch were developed to overcome the
transducer integration challenges. On the othes, dig¢ taking the advantage of glass substrate
transparency, a transparent CMUT was developedbditit medical applications and consumer

electronics applications.

We firstdeveloped platform process to fabricate vacussaaled CMUTSs on a glass substrate
with anodic bonding. The CMUT performance and the array uniformity were characteoned.
parasitics, good process control, agood array uniformity were achieved by this platform
technology We further demonstratedragh-frequency (36MHz), broadband (A0%) 1D CMUT

array based on this process

Furthermore, we exteerd the platform process and built a 16x16 2D CMUT array by
incorporating througiglassvia (TGV) interconnectsThe parasitic capacitance of a via pair with
a 250um pitch was measured as F The resistance of a single via plustoselectrode contact

resistance was\&/. The 2D CMUT array element showed a low parasitic capacitance.

In addition we developec& MEMS switchco-fabricated witha CMUT. Static and dynarui
characterization was performed in air andnmmersion respectively The MEMS switchshowed
adcswitching voltage of 68 V and could be operated using a control voltage ofvzhgrvbiased

at 67 V. The optimum switchingtime is 1.34 ps anthe optimunreleasdime is 80 ns.

Last but not leastye demonstrated @MUT with improved transparency foackwardmode
PAI anddiscussed the effect of silicon plate absorption. SecofdlyaransparenCMUT was
fabricated with twdTO coated glassvafersby adlesivebonding The fabricated device shows

60%-80% optical transmittanaa the full visible wavelength range.
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Chapter 1 INTRODUCTION

1.1 Overview of Ultrasound Transducers

Ultrasound is defined as sound waves that have a frequdose20 kHz. An ultrasound
transducer is a device that could transmit ultrasound by convel#aigical energy into acoustical
energy, and could also receive ultrasound by converting acoustic energy into electrical energy. The
history of modern ultrasound can be traced back to the discovery of piezoelectric effect in 1880 by
French physicists Jgoes and Pierre Curid]. Piezoelectric ceramics were first introduced as
ultrasonic transducers during the 1940s. Later, piezoelectric materials, including polyvinylidene
fluoride (PVDF), were introduced in the 1960s, piexmmposites in 1980s, and piezoelectric

single crystals in the 1990s.

Since the late 1960s, the exponential growththef microelectronicindustry has largely
accelerated the application of ultrasonic devige different areas, such as ultrasound medical
imaging, nondestructive testing (NDT), acoustic microscopy, flow mngtesurface acoustic
wave (SAW) and bulk acoustic wave (BAW) devicdsigure 1-1 summarizeshe ultrasound
applications at different frequency rasg@he application market for ultrasound stjitows
steadily More recently, ultrasourfthgerprintsensors, ultrasound wireless power transfer, etc. are

being widely investigated and pushed towamisimercialization.
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Figure 1-1: Examples of dtrasound applicationsat various frequencies.

1.2 Capacitive Micromachined Ultrasonic Transducers (CMUTS)

CMUTs were made practical in the rii@90s[2], although the idea of capacitive ultrasound
transduces is as old as early piezoelectric transducBEng reason why capacitive transducers had
not been popular is that a high electric field strength of the order of a million volt per centimeter
(1CP V/cm) is required3], which is criticalfor deliveringa reasonakl transducer efficiency. The
explosive growth of microelectronics and MEMS technologyhielate 1960s and 1970s has
enabled the definition of a device dimension with an unprecedented accuracy. With the advanced
micro-fabrication and micromachining teclyaies, a very shallow (strnicron) cavity could be
defined in a capacitive transducevhich translates to a relatively low voltage (<100 V) to reach

therequiral electric field strength, making electrostatic ultrasound transducers possible.



The first genmtion CMUTswere built on silicon wafes with no vacuurssealingfor air-
coupled applicationR]. Since then, extensive research effoslbeen conducted to improve the

device performancand reliabilityas well asto exploit the ptentialapplications.

On the device aspectanous design ahfabrication approads have beernvestigated
including vacuum sealing of tlvavity, dualelectrode designs, various plate geometries, reduction
of electric charging, etc. In terms of device fabrication, CMUT was originally invented on silicon
substrags using the sacrificial release process. Later in 20@8e CMUT fabrication was
demonstrated by direct wafe-wafer fusion bonding techniqugl], which offes better
dimensional and stress control compktiee surface micrmachining. Duringhe same period, 2D
CMUT arrays with througisiliconvia (TSV) interconnectsvere developed for 3D redime
ultrasound imagingp]. Later trenckisolated througiwafer interconnects were developed which
eliminate the complicated process to make TSVsaaedlso compatible with wafer bondirg].
High-frequerty CMUT arrays wre also demonstrated for higlesolution imaging where deep
penetration is natequired[7]. Laterin 2009, row-column addresse@MUT (RC-CMUT) arrays
were demonstrated and investigated for 3D ultrasound im§@jnén recent yearsCMUT has
been made omsulatingsubstratein order to further reduce the device parasitics and the process
complexity [9]i[11]. Also, adhesive bonding has been proposed as an alternative way to build
CMUTs [12]. More recentlytransparent CMUT has been investigated for applications where
optics and acoustics need to be combifig]. An overview of theabovedescrited progress

regarding CMUTfabricationis depicted below.



1994 O e 1stgeneration CMUT (unsealed)
e 2nd generation CMUT (sealed)
e CMUT arrays.
2000 © * CMUT 2D array with TSV interconnects
* Wafer-bonded CMUTs.
* High-frequency CMUTs.
2005 O . . .
* 3D imaging with 2D CMUT arrays
* CMUT ring arrays
e CMUT 2D array with trench-isolated interconnects
2010 QO N . .
* CMUT fabrication on insulating substrates
* CMUT fabricated using anodic bonding
e CMUT Row-column addressed arrays
2015 O . . .
e« CMUT integrated with a MEMS switch
e CMUT fabricated using adhesive bonding
e Transparent CMUTs for medical imaging and beyond

Figure 1-2: A limited overview of CMUT technology progress The underlineditemsindicate

authordés contribution.

In terms ofCMUT application, althougfirst developed for aicoupled application€CMUT
laterfound itsmost promising applicatiom ultrasound medical imaginghe tremendous interest
of usingCMUT technologyas an alternative @omplement for piezoelectric medical transducers
stems from the advantages offered by CMWlich as ease of fabricating large arrays and
integration with electronics, as well as the wide bandwidth in immersion. CMUT is especially
attractive for higkfrequency ultrasound imaging and 3D r¢mhe ultrasound imaging, where

transducer arrays are difficult to fabricate and integrate with electronics using the traditional



piezoelectric technology and its associated fabrication apprdable 1-1 is asummary of the
important advantages of CMUT technology compareithéopiezoelectric transducer technology

for medical imaging applicatien

Table 1-1: Comparison of transducertechnologiesfor ultrasound imaging applications

Piezoelectric transducers CMUT

Fabrication method Ceramic technology MEMS technology

2D arrays enabled by

Difficult for 2D and high throughwafer interconnects
Array fabrication
frequency arrays Enable Igh-frequency

broadband transducer.

Moderate, matching layer Wide, no matching layer
Transducer bandwidth

required needed
Array uniformity Moderate High
Thermal stability Low High
Monolithic orhybrid
IC integration Difficult
integration
Output presse High Relatively low but improving

Researchers have progressed from early demonstration of the CMUT operation to the full
integration of 20014], 3D[15], [16], intravasculaf17]i [19], and photoacoustic imaging systems
[20], [21]. CMUT for medical imaging tsreached the commercial market2009 by Hitachi,

Ltd. [22] and the first practical CMUT l1near array probe wapresenéd in 2015 by KOLO



Medical Inc.[23], which is originated from the Stanford research group where CMUT was

invented.

In addition CMUTs have been demonstrafed therapeutic ultrasound, CMUTSs can provide
MR-compatible HIFU[24], [25]. Apart from medical ultrasoundCMUT has also been widely
researched for applications such cdmemical sensorf26]i[28], parametric speakdR9], and
biometric applications such alfrasonicfingerprint sensor, ultrasonic touchless interactive panel

[30]i[32], etc
1.3 Summary of Contributions

Thefirst objectve of thisdissertations to developa newapproach to fabricate CMUT 1D
and 2D arrays on glass substrates. The CMUTs fabricated on glass substrates simplifies the
fabrication flow and reduce the device parasitics and thus impinevieansducer efficiay. The
secondobjective is to facilitate the CMUT integration with electronics. On one side, we
demonstrate the CMUT 2D arrays with throtgjhssvia interconnects tharefeasible for hybrid
integration. On the other side, a MEMS switch that could bieeelsied in a CMUT structure is
developed. The significance of the MEMS switch is that it could eliminate thevblgige process
required to implement the froeind electronics that therefore could improve the performance of
the frontend electronics of thsystem. The third objective is to devetogmsparent CMUTSs on
glass substrates and demonstrate its potential for applications where acoustics and optics are

combined



The contributions of this dissertation are listed below.

This dissertatiomvill demanstratea novel CMUT fabrication methd#fiat is versatile to make

different types of CMUT arrays amhable novel applications

A 16x16 CMUT 2D array ora glass substrate with througflassvia (TGV) interconnects
was fabricated. A single via resistandespthe contact resistancei¥2 The capaci t an
250-um pitchvia pair was measured as 21.f& 2D array element was characterizedha

air.

A finite-element model was developed for a MEMS switch that could be embedded-and co
fabricated with CMUT on glass substrates using anbdrding.The switching mechanism
and switching speed were studied using the model and verified by chamagttréz actual

fabricated device.

The MEMS switch was fabricated and characterized by static characterizatieainand
dynamic characteraion under oil. The actual device performance agrees well with the FEM
model. Aswitchingtime of 1.34us and areleasingtime of 80 ns were demonstrated. The

control voltage of the switch is 2.5 V.

A CMUT element with improved transparency was presehbtedsing ITO aghe bottom
electrode. The fabricated CMUT was functional and sh&096-70% optical transmission in

600-800 nm wavelength range, which is suitable for photoacoustic imaging applications.



6. The CMUT with improved transparency was used for backwhotoacoustic imaging. A
graphite target and a tube filled with ICG solution were used as two imaging targets. The effect
of silicon plate absorption was not significant (30 dB less than the graphite target signal at 830

nm wavelength).

7. An optically transparentCMUT is developed for integrating ultrasound with flat panel
displays. The process only requires two masks and the mani processing temperature is
25C°C. The fabricated device has an optical transparency of-80% in the full visible

wavelengh range.
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10

1.4 Thesis Organization

Chapter 2 introduces the background and modeling of CMIChspter3 explairs the
platform processwhichrequiresonly threemasls and threghotolithographic step® fabricate

CMUT single transducers and 1D arrays on glass sulstrsitey anodic bonding

In Chapte#}, weincorporatghroughglassvia (TGV) interconnects into the platform process
to make2D CMUT arrays. The TGV parasitic resistance and capacitaace measured and an

element of a 1616 2D CMUT array was characterizedtire air.

Chapters introduces a MEMS switch thaaicbe embedded and -¢abricated in the CMUT
structure that is fabricated on glass subsiratng anodic bonding. The MEMS switch
characterized imir for static performance and characterized under oil for dynamic performance.
The results demonstrated that thefabricated MEMS switch is suitable for the fresrid

electronics of a medical ultrasound imaging system.

In Chapter6, we first demonstrate CMUT with improved transparency that could be used for
backwardmode photoacoustic imaging applications. Then we replace the thin silicon plate with a
glass plate. By using adhesive bonding technique, we demonstrataskdroces®tmake fully
transparent aicoupled CMUT that could be integrated with a-piainel display. Such applications
include aparametri@rray for generating usdirectional sound, fingerprint sensors, and ultrasound

gesture sensors, etc.

Chapter 7ds the summary of the dissertation
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Chapter 2 CAPACITIVE MICROMACHINED

ULTRASONIC TRANSDUCERS (CMUTS)

2.1 CMUT Structure and Operation Principle

The basic building block of a CMUarrayis a capacitor cell consisting of a movable plate
suspended abovevacuumgap An insulation layer is incorporated between the two electrodes to
prevent the two electrodes sting in case of contact during the CMUT operatidhe insulation
layer could be implemented either under the top electrode or on the bottom eléldtedde of
thumb for CMUT design is to maximize the electric field strength in the cantitya pracical dc
bias voltageso that the CMUT could be operatedh sufficient efficiency Therefore it is desired

to have the top electro@ the bottom of the plate.

The substrate for fabricating CMUT can &#eonductive substrate, such akeavily doped
silicon substrate, om dielectric substrate, such asglass substrate. CMUT plate can be

implemented either using a conductive material, such as conductive silieahelectric material.

I Insulation Electrode

Figure 2-1: Differ ent implementations of a CMUT cell.
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A single CMUT element consists of many capacitor aaisnectedn pardlel, and multiple
elements forman array. Arrays of different geometries can be fabricated on the same wafer

simultaneouslyKigure2-2).

Wafer level Array level Element level Cell level

100 pm . 50 um

Figure 2-2: CMUT arrays of different geometries fabricated on the same waferThe four pictures

showsthe CMUTs at wafer level, array level, element level, and cell level.

During CMUT operation, a dc voltage is appliecin element and the movable top plates
attracted towards the bottom electrodes due to electrostatic force, whiekised B the
mechanicatestoringforce due to the stiffness of the plate. Tiilatereaches a steadstatewhen
the two force balancesDriving the plate with an alternating voltage (aopdulates the

electrostatic force and therefagenerates ultrasound.

On thereceive sidgif the biased plate is subjected to ultrasopressurethe stored electric
chargeon the electrodewsill changedue to the capacitance change urideconstant bias voltage.

dQ_,, dc

=V, — 2.1
dt dc dt ( )
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Therefore, a current is produced with an amplittige isa functionof the biasvoltageV,,

the frequency of the incidentaveny,, the steadsstate capadince of thedeviceC,, and the

fractional displacememD—>< due to the incident waveshich can be mathematically expressed as:
X

Iac :Vdc @) COO% (22)

2.2 CMUT Performance Attributes

2.2.1 CMUT Modeling

In order to analyze the CMUT performance attributes,need to understand the CMUT
modelng. There are minly two approaches used simulatethe performance attributes af
CMUT, which aretheanalytical electrical equivalent circuit model (ECM), dhdfinite element
model (FEM).In this chapterwe will review the equivalent circuit model. The finreéement

model will be discussed in Chapter 5.

Masonds equi v aisghown infigure23uwith an insetdhowing the CMUT
parallel plate capacitor mod@pringmassdampemode) to derive some importaparameters

of CMUT that is needetb understanthe equivalent circuit model

In thisparallel plate capacitanodel, the CMUT top plate is constrained so that it moves like

a piston, which forms a parallel plate capacitor with the fixed bottom elecirbdgaistorwith a

massm is suspended over an effective electrostatic gapy a springconstank , which derives
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from the stiffness of the plate and resultghie mechanical restmg force during the CMUT
operation. The damper with a damping fadtorepresents the mechanical loss during the piston
movementyV isthe voltage applied between the top and bottom electrode to intreléct®static
force. It should be noted thahis model deviates from the reality since CMUT plate is edge
clamped with a maximum displacementthe center. In addition, the pistiike motion also
neglects the higher order vibration modes of the plaaédte inherent in the actual devices.
Furthermore, the assumption of a linear spring diffeem the actual restoring force especially
whenthe displacement is significant. Despite the limitations, the model can still provide a good
predictionof important CMUT parameters such as pudlvoltage, center frequency, fractional

bandwidth, etc.

TheMasonds egu moedalisa antasignal madel and therefore is only suitable
for the analysis of the receiver, or when the ac signamall comparedo the dc bias during
transmit. The model can be considered as a-poot network composed of an electrical domain

and a mechanical domai®n the electrical portheinput of the circuit is a voltage source with

an internal resistana#f R;. C, is the clamped device capacitance at the wdigge.C, is the

parasitic capacitancé®n the mechanicgbort of the circuit, voltage corresponds to force and

current corresponds to the plateeeage velocity with a transfoenratio of n, which is also

related tothe electranechanical coupling coefficientKt®). Z_ _ represents the mechanical

plate

impedance of the CMUT plateshich could be modeled using the spring constarsind the mass

m of the plate in the springpassdamper modelZ is the radiation impeahce of the

medium
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surrounding mediunilhe spring softeng behavior is modeled using a spring softening capacitor

- CO

n

The equation of motion is expressed as:

d?x . dx
m—-+ b— +kx 0] 2.3

where x is the displacement of the plate, m is the mass of the pist@the damping coefficient,

k is the spring constant, anf] is the electrostatic force.

Spring-mass-damper model

\C\D\\(\C\\C\D\F\
m

Plate mass: m

]

1

:

Dampe v —

Spring constant: k !

: 1/k

1

1

1

]

]

]

]

]

1

1

1

1
1
]
]
]
]
1
1
1
| [ Top electrode
]
]
]
1
1
1
1
]
]

I— —
I I Zplate_._ Zmedium
R, R, |G Co C/nt
V, 1:n - Lo/ Fs
_J._CS
. T .

Figure 2-3: Equivalent circuit model of CMUT that relates voltage and current (V andl) to force

and velocity (F and U). (For TX, Fs=0; For RX, Vs=0)
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2.2.2 Center frequency(f¢), fractional bandwidth (FBW), and quality
factor (Q)
2.2.2.1 CenterFrequency

Whenthe CMUT operates in air or vacuum, the center frequency of a-s@ssydamper

system is determined by the equivalerassm,, and the equivalent spring constadq}. Sincethe

medium dampings low it can be ignoreth such caseThe center frequency is equivalent to the

natural resonant frequendy of the plate and can be written as:

_ 2.9% , E Keg
w=w a2 fp(l- ﬁ) #% (2-4)

whereE, r ,andndenoteY o u ngd@dul us, density, and Poissonbé

respectively.a represents the radius of the plate dnds the pate thicknes$33].

Whenthe CMUT operates in immersion, the center frequency will also be influenced by the

complex damping factob=h 9, the resonant frequepof the system becomes:

2.9% E
2 - k
W, = a \jr(l 4) | K 25)
/1+o.67rma i
roh
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where r is the density of themedium.The imaginary part of the loading impedance of the

medium contributes tthe additionalmass to the plate while the spring constant of the plate
remairs the same. As a result, the center frequency shifts dohia.equation is a mergeneral
form of the center frequency, which indicatee center frequency shift down with the presence

of medium dampinga =1 in theair and a <1 in immersion)

2.2.2.2 FractionalBandwidth(FBW) and Qualityractor(Q)

As seen inFigure 2-3, the second order sprilgassdamper model can be regarded as a
secondorderRLC resonant network as an electrical equivalent. Therefore, one can ideatify

lower 3-dB and higher ?IB cuoff frequencies whichan be written as the following two equations

respectively|34]:
1 1.,
w, = W(— +|(— 2.6
(= s 60" B (26)
1 1,
w, = — —) 1 2.7
o Gy Y (27)
_ X, yk(m+Db) . : - . .
whereQ ) —T is the quality factor of the system, which is proportional tor#tie

of the stored energy over dissipated energy at the opefegogency.The fractional bandwidth

can thereforde obtained as:

woh-w 1 _ B 2.8)
W, Q Jk(m+h)
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The complex damping factdr is contributed by the mechanical loss within the CMUTcure
as well as the energy dissipated into the meditime.medium loss cabe expressed as:

5 - K?a’+ jKa
medium 1+ Kzaz

Z, (2.9

where K :T is the wavenumber It can be seen th&a needs to be large so that a wider FBW

could be obtained.
2.2.2.3 Discussion

The operating frequency and the bandwidth of the transdweenainly determined by the
dimensions, the shape, and the mechanrcgigrties of the thin platé wide bandwidth is desad
for better axial resolution in ultrasound imagin@ne of the major advantages of CMUTs
compared to piezoelectric transducers is the wide bandwidth when operated in immersion.
Compared to a PZT tragigcer, the vibratinglateof a CMUT is substantially thinnand therefore
the stiffness or the spring constant of the plateisldweT t r a n s dmechanicangpedancea t e
is much smaller than the loading impedarover a large frequency randges aresult, a CMUT
experiences a much higher damping wheddsto a wider bandwidthwhich translates inttess
ringing in the time domain signal and therefdeadsto a higher axial resolution in ultrasound
imaging The higher cutoff frequency is deterniigy the plate mass and the mass loading of the

immersion medium as well as the higher order resonant modes of theTplateawer cutoff
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frequency is determined by the spring constant. As the spring constant increases, the bandwidth of

the transducer degases.

2.2.3 Pull-in Voltage(V,

pull-in

), Coupling Coefficient (k7), T/R Sensitivity (S, Si)

2.2.3.1 Pulkin Voltage(V pul-in)

Pull-in of the plate occurs when electrostatic éoowercomes the mechanical restoring force,

and the plate abruptly collagsgown to the bottom electrode.

Before the plate pulls in, the equilibrium esiftetween the electrostatic forég and the

mechanical restorinfprceF, :
aF=F, + & (2.10

whereF_ =k(g, -0), F, =

eAV: . . o
—2—d | Ais the piston electrode area, aggs the permittivity

of the free space. Then the pullvoltage can be obtained when electrostatic force gradient
overcomes the gradient of the metical restoring force:
5 E
“(a ) _ eOAVZi

. kg
B ke W, Lt 2.11)
IJ'g gpi eOA

9pi Vpi

It can be seen thay, is 2/3 of the effective electrostatic gap:
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AV, AV, i , 2
=25 Ve, W S w oy oY@ (212
pi pi

Therefore, theull-in voltage can be expressed as:

8k
V= [ (2.13)
"\ 27A¢,

2.2.3.2 ElectromechanicaCoupling Coefficient(k?)

The electromechanical coupling coefficient is an important figure of merit of ultrasonic
transducers. The coupling coefficient is, by definition, the ratio of delivered mechanical energy to

the stored total enerdy the transducer, as expressed by equation,

k2 = Emeen - 1 (2.14)
E[otal 1+ Eelec
mech
where E_, = E .., Eqe- FOr the parallel plate structure, the coupling coefficient is
2X
ke = (2.15)
Oo- X

Initially, k? is zero and increases as the displacemerreases. When the displacement

equals to onhird of the initial gap distance the electrostatic force igratds larger than that of

mechanical force and ¢éhtop plate collapses on the bottom electrode; at this ddints equal to

1[3].
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It should be understood that the coupling coefficient has a direct impact on the device

efficiencyfor piezoelectric transducers. However, this is not deedor CMUTSs. Although the

ki can be as high as 0.85 when CMUT is biased clos&,fq, [35], it is not desired in actual

CMUT as a transmittdoecausen such case there will not be enough gap for the plate to vibrate.

Typically, a CMUT device is biased approximately 80% of\¥e , for the optimum balance

between output pressure and coupling coefficient.

2.2.3.3 TransmitSensitivity( S,y )

During the transmission, the input is the electrical actuation voltage and the output is the

acoustic pressa delivered to the surrounding mediufhe transmission efficiencyS, ), is

expressed as the ratio of the output pressure delivered to the medium to the electrical actuation

voltage.The stored electric energy inside the CMUT is:

CV2 _ eAV?
2 2d+x)

W = (2.16)

where C is the device capacitanceV is the voltage difference between the top and bottom
electodes, A is the area of the pmn, andeis the permittivity of the medium between the
electrodes. Therefore, the electrast&irce can be represented as:

fo W eAV?

= o 2.17)
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whereV? =\, > M (9> 2V, V() . For the fundamental frequenc3¥, V..(t) is the only term

contributes to the outpytressureTherefore, at a given dc operation point, the acoustic output

pressure could be expressed as:

dc “ac

2(d + x)?

eAV, V. (1)

pP(HCA #(1) CEY.() n\l) (218)

whereC = deTA and E = dv% are the capacitance of the device and thetrédal field strength
X X

in the gap at the dc operating poirdspectivelyAs a result, the transmission efficiency can be

represented as:

- PN oy
vy A (2.19)

S«

The above equatiandicates that CMUTs with larger capacitance and stronger electrical field (i.e.
a smaller gap and larger dc bias) have better coupling efficiency betweertalectd acoustic

domains during transmission.

The maximum output pressure at a frequencyatan be written as:
P=Re(Z, %tf) Re@, wx (2.20)

where x is the amplitude of the acoustic wave, which is equivalent to the CMUT plate

displacement, which is determined by the gap height and the dc bias. As a result, aelectrgeieel
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gap is desired for higher output pressure, while a smaller gap is required for a better transmit
efficiency at a certain dc bias. Therefore the trantgmgitefficiency and the maximum output

pressure is a tradsff.

2.2.3.4 ReceiveSensitivity( Sy ):

On the receive siddghe input of the CMUT is the acoustic pressure from the surrounding
medium and the output of the device is a current which resulted from the device capacitance change

caused by plate vibration under a constant dc\mHage.

(2.21)

ac

I :@ i/dc
ut

=lo

Therefore, a current is produced with an amplitwtiéch isa functionof the biasvoltageV,,

, the frequency of the incidemtavely,, the steadistate capacitance of tlieviceC,, and the

fractional displacememD—>< due to the incident wave, which can be mathematically expressed as:

l..=V,. @ COOQ( (2.22
%

By plugging intheC = &2 = Yoe
%

,and P=Re(Z, LB[E) into above equatignve can rewrite

the received current as:

| =ce & (2.23)
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Therefore, the receive sensitivity can be expressed as:

m

C

_ o NA
Swsp 5 B3 (2.24)

It is seerthat bothS;, and S;, are proportional to the electromechanical transformer ratio

We can also define the tweay sensitivity,S;,,r, With the unit A/V by the product d;, and

S

nz
STX/RX = Z_ (2-25)

We can derive the transfer function of the CMUT in TX mode by sefirg0and in RX

mode by settinghe V =0. The voltage acrosR,, represents the force on the top plate. Assuming

the parasitics andR ., and m,, canbe ignored, the magnitude of TX and RX transfer function can

be epressed as:

_|P| .n& wam, K’/zgz-é
er—‘v —;\gl (+—Rn )y W7_) 3 (2.26)
I| An€ % 'é
W= =Yy 2.2
SR‘V‘RngL(Rn)(W)H (2.27)
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2

>S5

=y
where w;, = g—m,ak:kp Woorer Kot =

a m= My, HM e It can be concluded that

@]

0
the maximum sensitivity in TX and RX both occutla centerfrequencyv= 1y, where the TX,

RX, and tweway sensitivity can be expressed as:

_n
SI'X,max - Z (228)
nA
X, max =— 2.29
Sk, R (229
n2
XIRXmax — 2.30
Stu/rx. R (2.30)

2.2.3.5 Discussion

Overall, it is observed that thecuumgap height design and control is one of the most critical
aspect to achieve a balance between transmit and receive performa@ntzager gap is desired
for higher output pressure, while a smaller gadasired for optimum sensitivity apeacticaldc

bias voltage.

Parasitics can heavily affect CMUT efficiency.tinh e M &quivateidt sircuit model, the

parasiticdlerivefrom the following aspectgirst, he parallel parasitic capacitan€y is the most

dominant parasiticomponenbecause it sinks the current in the electrical port and reduces the

available current that could be converted themechanical domain. Essentiallg,, exists where

the actiation voltage is apied but there is nplate movement, which is where not electrically

active. It includes the overlapped post region, cable capacitanem-boptom via capacitance
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when TSVs are incorporated, ayj also exiss becausethe plate average movement deviates

from the ideal piston movemertlaving an insulating substrate is beneficial for reducing the

parallelcapacitance resultinigom the CMUT structure.

Another parasitic capacitance is the series parasapadanceC,, which conesfrom the

insulating layer embedded inside the CMUT structure. A-Kiglelectric insulation layer and a

thinnerdielectric layethicknessaredesired to reduce the effect of the series parasitic capacitance.

2.3 CMUT Fabrication Process

2.3.1 CMUT on Silicon Substrates

2.3.1.1 SacrificiatRelease Process

CMUT technology was invented on silicon subssa@d extensive research shheen
conducted to improve the device performance and reliability in terms of the device stlesigre

and fabrication process flow.

Surface micromachining with sacrificial release process is the first technology used to
fabricate CMUTSs. The basic principle of sacrificial release process is to first deposit a sacrificial
layer and then selectivelgmove it using an appropriate etchant after depositingldtelayer
on top.An extension of this process includes throsglton via interconnects from the front side
of the substrate to the backsidkich can be used fonaking2D CMUT arraysA geneaal method

for making CMUTs through surface micromachining method, or sacrificial releasing msthod
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described as followinga) First, an insulation is deposited; it also acts as an etch stop layer. (b)
Next, a sacrificial layer is deposited. €hanne$ are etched define etch channed} Membrane
material is depositede) Release holes are etche) Mlembranas released by wettching of the

sacrificial layer. ¢) Etch holes are filled hj Electrodes are deposited.

There are several disadvantagesociated with this process. First of all, the fabrication
process is relatively complex. Second, the deposited layers have poor uniformity and could
introduce stress. Finally, it introduces additional parashesausethe silicon substrate is a

condutive material and requires additional insulation steps.

2.3.1.2 WaferBonding Process

The secondnethod,typically referred to as wafer bonding fabrication, involves fabricating
the cavities/bottom electrode on one wafer and the membrane/top electrode on ansdeond
[3.6]. The wafers are then bonded together with high force and elevated temperature. The
fabrication process idescribed as following(a) First, an insulation layer is grown on a highly
doped substrate. (Iavities are then etched on the insulatlayer. (c) A separate silicamm-
insulator (SOI) wafer is bonded together with the (b) wafer. (d) Anlesick process is done to
release the substrate and bwteade (BOX) layer of the SOI wafer. (e) A twsiep etching
process is done to expoe battom substrate. (f) Metal electrodes are deposited. Because the
cavities and membranes can be fabricated separately, it decouples design constraints so each
structure can be optimized individually. With wafer bonding, sacrificial layers, and thus heles, ar

not required hence the fifactoris improved Also, without the constraints of releasing, cavity
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depths can be made shallower which further improves electrical stability as actuation voltages can
be reduced and insulating thickness can be increasddadhsFurthermore, fabrication
repeatability and controllability is generally better with the wafer bonding process as the number

of lithography steps and masks are typically fewer.

Wafer bonding method is demonstrated to overcome the above shortcomaigsb@hding
process begins with two wafers: a substrate wafer and a sdieorsulator (SOI) wafer. For
silicon substrates, the cavities are defined on the substrate wafer. Then the SOI wafer and the
substrate are brought togethéfafer bonding has atsbeen implemented using eutectic bonding

and more recentlgdhesive bondinflL2] to make CMUTSs on silicon substez

2.3.1.3 Insulation onSilicon Substrate

In CMUT operation, it is desired to have the electric field applied only where it is required,
which is the vacuum gap. However, the commonly used silicon substrate is a semiconductor and
therefore result in the pardllparasitic capacitance. Several strategies have been investigated to

address the problem on the silicon substrate.

One way is to use an extended insulation layer structure in the post area to address the low
breakdown voltage and high parasitic capacgammsing a LOCOS peesq36][37]. However, this

process is notustable for 2D array.
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E—

Figure 2-4: CMUT with an extendedinsulation layer.

Another structure is to isolate the CMUT bottom electrode only to the region under the gap
wherea high electric field is desiredbghat the possibility of dielectric breakdown and parasitic
capacitance in the post region can be minimifa][37]. This structure also includes TSV
interconnects for accessing each element from the backside. Therkpgnent in this approach
is anSOI wafer with a thik buried oxide layer to completely insulate silicon bottom electrodes
below the active plate region in each CMUT cell. The hot electrode is provided through an opening

in the thick buried oxide layer filled with TSV.

Figure 2-5: CMUT with a thick buried oxide layer.
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2.3.2 CMUT on Insulating Substrates

Building MEMS devices onnsulating substragehave raised tremendous researicierest
[39]i [41]. Using an electrically insulating substratefabricate CMUTscan reduce the device
parasitics and simplify the fabrication flow Isliminating the complicated isolation steps
Furthermoreinsulatingsubstrates such as glass, fused silica, quartz, can provide excellent optical
transparency and therefore can enable novel applications where optics and acoustics are combined.
Fabricationof CMUT on insulating substrates is relatively new and is attracting more and more

attention.

It is desiredo fabricateCMUTSs on insulating substrageisingthe wafer bonding technique,
although 1 hasalsobeen shown thatacrificial release process ¢dibe employed ancesult in a
reduced parasitic capacitanf®. Anodic bonding comes across as an attractive method to
combine the benefit of wafer bondiagd an insulating substrate. The bottom electrode could be
patterredand deposited in the etched glass cavities and a silicon or SOl wafer could be anodically
bondedasthe plate to realize a CMUT structutéowever, one challenge with anodic bonding is
the outgassing during bondingn the previously demonstraeCMUTS on glass substrat&vith
anodic bondingeither the cavities were pressurized with trapped oxygen gas under a thick plate
[42], or the cavities were exposed to outside for gas evacuation, thus making the transducer not
suitable for immersion operatid@0]. This question needs to be addressed to fully unleash the
potential to make CMUTSs on glass subts using anodic bonding. Apart from anodic bonding,
adhesive bonding (with SU8, BCB) or eutectic bonding can also be combined with insulating

substrate
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Below is a summary of the CMUT fabrication technologiaegorized by the substrate type

The topcsin the black boxwill be discussed in this dissertation.

Figure 2-6 CMUT fabrication technologiescategorized by substrate types

2.4 CMUT Integration with Electronics

Close integration of CMUT and thedectronics are highly desired, especially for transducer
arrays with small elements, thus small capacitance, such as&@8 and the arraydesignedor
use at the end of a cathetkr.the current conventional ultrasonic imaging systems, the array is
located in a hantield probe, which is connected to the main processing unit via a cable bundle.
Transmit and receive electigs are located in the main processing unitorder to avoid the
additional parasitic capacitance introduced by the cable dagrdm signal quality, the receiver

electronics must be close to the transducer array. Furthermore, multiplexing and beagfor
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circuitry can also be integrated with the array to minimize the number of active electronic channels

and the number of physical connections between the probe and the backend system.

For integrating CMUT arrays with electronic circuits, mainly tweegaties of methods

have beemdapted

2.4.1 Monolithic Integration

The first approach is monolithic integration, which is to build CMUTs and CMOS
concurrently ¢o-processing)pr build the CMUTSs on top of the finished electronic wafer (post

processing).

2.4.1.1 Co-processing

One method to monolithically integrate CMUTs and electronicto ifabricate both
components concurrently using a standard or minimally modified process. A BICMOS process
using 16 masks has been used with only minor modifications including anoadditi
photolithography step and sacrificial layer etching to fabricate CMUTs-bsidéde with
electronic circuits on the same substfdy. Although this method offers a cestfective solution
for electronics integration, it suffers from two major limitations: (1) the transducer area is shared
by electronic circus or interconnections. (2) The device layer thickmesbmited by the process

used for electronic circuits.
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2.4.1.2 Postprocess (CMUTon-CMOYS)

The second monolithic integration technique is to fabricate the eledriinsicusing a
standard foundry procesadithen build the CMUT on top of the finished electronics. This-post
processing is augmenting a standard foundry process only with two blankptquests steps for
sacrificial etching and cavity sealifg}]. This approach has good area utilization and more control
over device dimensions, but it still suffers from the limitations on the device dimensions in the

verticaldirection due to the layers available in the standard foundry process.

Low-temperature wafer bonding can also be used ingrosess. It brings the advantages
of wafer bonding process such as control over the plate thickness, process simplicity, aed prov
a monolithic integration solution without going through the complexity of sacrificial release
procesg45]. In this lowtemperature bonding process, a thin titanium layer is used for electrical
via-contact tocCMUTs substrate as well as an adhesion layer for wafer bon@iheggap height is
set by the total thickness of the titanium adhesion layer and the passivation layer on the CMOS

wafer.

2.4.2 Hybrid Integration

2.4.2.1 Chip-to-chip bonding

The fabrication processes for both CMUT and CMOS could be optimized if the two
components can biabricated on separate substrates. In this case, CMUTs need thvaferh

interconnections from the front side of the substrate to the backside. The CMUT chip can then be
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directly bonded on the electronics using the yvesliablished flipchip bonding proesg46]. Direct
bonding requires that the electronic die areagteater than the CMUT die aresa that the
peripheral pads on the electronic die will be accessible to provide camsebgtween the front

end circuits and the backend system.
2.4.2.2 BondingThrough Intermediate Substrates

Using an intermediate substrate will make the size of the CMUT and the IC be independent
and it is desirable in the following cases: (1) To implement alaegg CMUT array, electronics
or both electronics and CMUT array should be implemented by tiling several unit blocks. This
approach also helps improve the overall yield one can achifle (2) Using a flexible
intermediate substrate, the overall form factor of an integrated ultrasound probe can be minimized.
This approach has been used to demonstrateetedent CMUT ring array for forwasiboking

cathetetbased intracardiac imag@jf48].

2.5 Summary

In this chapter, we reviewed the CMWhsics and the device modeling (parallel plate
capacitormodeland equivalent circuit model) hE criticalperformanceattributesare derivedand
the design tradeffs are discussedCMUTs havea wider bandwidth immersion derived from the
thin plate and low plate mechanical impedance. Therefore it holds great potential for ultrasound
medical imaging as a complement to zuelectric transducersA good device design and

minimized parasitics are requitéor optimized CMUT device efficiency.
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The CMUT fabrication process and integmatmethods are also discusséfe categorized
the CMUT fabrication technology based on sudistitypes. CMUTSs are traditionally fabricated
on silicon substrates. However, fabringtCMUT on insulating substratecan reduce device
parasitics and simplifghe fabrication process flow. Furthermore, insulating subsrstieh as

glass can offer thedmefit of optical transparency ahdlpinnovatefor new applications.
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Chapter 3 PLATFORM TECHNOLOGY
VACUUM -SEALED CMUTS FABRICATED ON

GLASS SUBSTRATE USING ANODIC BONDING

3.1 Introduction

CMUT technology has demonstrated great promise for neeneration ultrasound
applications Waferbonding technologyhas largelysimplified the fabrication of CMUTs by
eliminating the requirement for a sacrificial layer and increases control over device parameters.
Fabrication of CMUT®n glass substrates usingaic bonding has mgradvantages over other
bonding methodssuch as lowtemperature compatibility, high bond strength, high tolerance to
particle contamination and surface roughness, and cost savings. Furthermore, the glass substrates
lower the parasitic capacitance and i@ reliability. The major drawback is the trapped gas
inside the cavities, which occurs during bonding. Earlier CMUT fabrication efforts using anodic

bonding failed to demonstrate a vacusealed cavity.

In this Chapterwe developed a fabrication schetnevercome this issue and demonstrated
vacuumbacked CMUTs using anodic bonding. This new approach also simplifies the overall
fabrication process for CMUTs. We demonstrated a CMUT fabrication process with three
lithography steps. A vibrating plate igfoed by bonding the device layer of a siliemminsulator

(SOI) wafer on top of submicron cavities defined on a borosilicate glass wafer. The cavities and
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the bottom electrodes are created on the borosilicate glass wafer with a single lithography step.
The recessed bottom metal layer over the glass surface allows bonding the plate directly on glass

posts and therefore helps reduce the parasitic capacitance and improve the breakdown reliability.
3.2 Fabrication Process Development

The realized CMUT structure pasts of a thin singkerystal silicon plate with a thin silicon
nitride insulation layer and a patterned metal bottom electrode deposited inside a-gaaleon
submicrometer cavityigure3-1). The vibratingplate is formed by depositing a layer of silicon
nitride on the device layer of an SOI wafer before bonding. The silicon nitride layer is mainly to
prevent electrical shorting when the plate comes in contact with the metal bottom electrode
following pull-in and also acts as an intermediate bonding layer. Anodic bonding of borosilicate
glass to thirfilm coated silicon wafers was demonstrated previo[&¥i [51]. The device layer
is chesen to be highly doped conductive silicon as it is used as the top electrode. The bottom
electrode is deposited on the surface of the cavities so that the overall parasitic capacitance of the
device is reduced and the dielectric reliability is improvethagpost region in this approach does
not experience any significanteetric field. During the formi@gon of bond pads to provide
electrical access to bottom electrodes of individual transducer elements, a metal layer is also
deposited on top dhe silican plate to further iorease the conductivity of the top electrode and to

provide a suitable layer for wire bonding.
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Metal [ Silicon Nitride

Figure 3-I 3D crosssectional model ofa completed CMUT cell.

The initial substrate was a standard-@+thick, 100mm-diameter borosilicate glass wafer
(Borofloat33, Schott AG, Jena, Germany) that has a high surface quality with an RMS roughness
(Rg) of 0.7 nm ad a good flatness with a warp that is less than 0.05%. The thermal expansion
coefficient of the borosilicate glass substrate is 3.25 ppm/°C, close to that of silicon (3.2 ppm/°C)
preventing stress in the silicon plate after anodic bonding. The SOI watewéh used for
fabrication has a 2 + O4pm-thick, ntyped evi ce | ayer with 0.004 to O.
um-thick BOX layer, and a50Qm-t hi ck handl e waf er wBefolethe t o 1
processthe borosilicate glass substrate was cleaned for 1btesim a Piranha solution for
removal d organics and other gross particle contaminants from the surface. The cavity pattern was
defined using Zum-thick negative photoresist (AZ214E IR, Clariant, Wiesbaden, Germany),
which is suitable for lifioff [Figure 3-2 (a)]. The patterned wafer was hdrdked for 2 h at an
elevated temperature of 125°€idure 3-2 (b)]. This step promotes the adhesion between the

photoresist and the substrate and makes the photoresigeamask for the etching. The cavities



39

were created in 10:1 buffered oxide etch (BOE) solutieigure 3-2 (c)]. Wet etching was
preferred for a uniform etching and minimal surface roughness in the cavitigaedgeirred the

BOE lateral etch as 10 times faster than its vertical etch. It has been reported thatrechvater
interface layer between the wafer and resist causes the etchant to penetrate very fast laterally [21].
As a result, faster lateral than vertieaching is often seen in isotropic etching. This lateral etch
must be considered in the mask design to achieve the target cavity size after etchimg.d2ep

cavities were etched in 4&in total time with 5 cycles of BOE etching of 3 min each. The
phaoresist was hardaked for 10 min between each cycle to prevent peeling. After the cavity
etching was completed, the wafer was transferred to the evaporation chamber without removing
the resist. The gap height ¢fet CMUTs was defined by the fiifence othe etch depth and the
thickness of the metal deposited in the cavities. Thus a metal stack that consists of 20 nm of
chromium as an adhesion layer and 90 nm of gold was deposited to obtain-tita §jap height
[Figure 3-2 (d)]. The undercut that was formed during the wet etch helps to confine the metal

electrode to the bottom surface of the cavity and also makes tb# [iftocess easier.

Prior to bonding, we deposited 26t silicon nitrideon top of the dewie layerof the SOI
wafer by using plasaenhanced, chemicabpor deposition (PECVD) at 1080Torr chamber
pressure and 350°C temperature. This silicon nitride laygeseas an insulation layertheen
the conductive silicon plate (top electrode) arel itietal in the cavity (baim electrode) during
device oration. The glass wafer and the SOI wafers were cleaned using solvents and Piranha
solution, respectively. The basilicate glass surface and the nitride surface were anodically

bonded together at58°C under 2.%N down forcein vacuum(10 “ Torr) in a semiautomatic
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bonding system [model EVG510, EVG Group, St. Florian, Audhigure 3-2 (e)]. Typically, it

is recommended to limit the current during thadiag [22]. The setup that we use does not have
acurrentlimited bonding option. Thus, the voltage was ramped up to its final value at a rate of 20
V/min not to causabreakdowrin the silicon nitride layer and kept at the target value for 30 min.
The meal is exposed tahigh electrical field during bating, thus various bonding valjes were
evaluated to maintain high bond yield without damaging the floating bottom electrode inside the
cavities. The bonding was tested at 1000, 700, 600, and 500 \ghAbbinding yield with no
damage on the bottom electrodes was observed at 600 V for the presented process and wafer
parameters. After bonding, the handle wafer was ground down turhO@We used a heated
tetrametlylammonium hydroxide (TMAH) solution (10% TAH at 80°C) to selectively remove

the remaining handle wafer over the BOX layer, which was subsequently removed using 10:1 BOE

solution Figure3-2 (f)].

The borosilicate glass Bstrate is exposed ta high electostatic field, which causes
outgassing during bondirf§2]. We proposed to evacuate the gas inside the cavities and seal them
in vacuum To access the bottom electrode for forming bond padgldteat the pad tation has
to be etched. When the plate over the metal pad regainhed, the channel over the metal surface
is exposed and allows the gas to esc&pgufe3-2 (g)]. We used reactive ion etching with SF6
gas to etch silicon. Different arrays implemented on the same waf@sarseparated during this
stepby etching the conductive sibn between different arrays. After evacuating the trapped gas
in the cavities, oxygen plasma is used to remove the photoresist. Because there is no wet cleaning

at this step, no liquid reachesidethe cavities. Avoiding wet po@ssing is important at this step
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as it carleadto stiction and consequently collapsed cells in the drying stage. To seal the cavities
we deposited PECVD silicon nitridé-igure 3-2 (h)]. The thickness of the silicon nitride was

chosen to be more than three times the cavity height for a proper $8jling

After the sealing stephé wafer surface is completely covered by silicon nitride. To create
electrical contacts, the silicon nitride layer on the bond pads has to be removed. At this point, the
silicon nitride deposited on the conductive silicon plate is also removed leavisijdbe nitride
only on the locations where sealing is required. For etching the silicon nitride we used reactive ion
etching where the AZ5214E IR photoresist was used as a mask. The photoresist voakérhrd
for 5 min at 125°C before etching. After remmg the nitride layer on the pads and on the silicon
plates Figure 3-2 (i)], 20-nm chromium and 138m gold were deposited. The chromhguold
metal stack was then lifted off in-iethyl2-pyrrolidone (NMP) solven[Figure3-2 (j)]. At this

step, the device fabrication is completed.
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Figure 3-2: Fabrication process flow
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Figure 3-3: SEM crosssectional image ofa completedCMUT cell.

3.3 Characterization

3.3.1 Characterization in Air

The success of the sealing process was confirmed by measuring the deflectieroptioé
plate after the copietion of the entire procegBigure3-4). The upward plate deflection due to
gas trapped inside an array of cells of design #1 was measured using an optical surface profilometer
(model NewView 5000, Zygo Corporation, Middlefield, CT, USAfter evacuating the gas and
sealing the channels, the deflection endtmospheric pressure was s@wa&d as 28 nm. Finite
element analysis (FEA; ANSYS v.14, ANSYS Inc., Canonsburg, PA, USA) for this cell predicts
the atmospheric deflection as 26.8 nm, which plewes that there is no significant stress due to

anodic bonding and the cavity is under vacuum.
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Figure 3-4: Zygo interferometer measurement. Before gas evacuation (left). After gas evacuation

and re-seal fight).

The device watested in air using a network analyzer (model E5061B, Agilent Technologies
Inc., Santa Clara, CA, USA) with an internal dc supply available up to 40 V. The measured real

and imaginary parts of electrical input impedance in air ave/slior bias voltages of 10, 15, and

20 V inFigure3-5. The baseline in the real part corresponds to the series resistance of the device,
which is measured

as 21 Y.

To neguaryisobservede c ol
while increasg the bias voltage by-¥ steps. The collapse voltage is determined by the sudden

resonant frequency jump at the collapse.

The collapse voltages and the resonant frequencies of these three designs were also simulated
using FEA. TRANS 126, electromechanical transducer elements are used for the direct coupling
of electrostatic and structural domains. The element is capable of handling the spring softening

effect in the simulations. Firsthe static analysis was performed fond the collapse voltages.



45

Secondthe prestressettarmonic analysis was carried out to find the resonant frequency at the
70% of the collapse voltage. The results show that the fabricated CMUTs operate as predicted by
the finite element model. We haveeasured the electromechanical coupling coefficierf) s

0.1 at 15V dc bias (75% of the collapse voltage) and 0.3 aV2af bias (90% of the collapse
voltage), which are consistent with results reported eg8tr The single cell capacitance of the
same design under atmospheric pressure is calculated as 0.23 pF#yEAsinvhich corresponds

to a total capacitance of 64.17 pF when multipbgdhe total number of cells. We measured the
total capacitance dhe deviceas 67.84 pF, indicating that the external parasitic capacitance is less

than 6%.
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Figure 3-5: Electrical input impedance measurement. Real part (left). Imaginary part (right).

3.3.2 Characterization in Immersion
For immersion tests, vegetable oil was used because the transducer surface was not electrically

insulated. A small tank was built over tharisducer element that was wivended to a chip
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carrier. A calibrated hydrophone (model HB®R00O, Onda Corporation,uBnyvale, CA, USA)
comected to a preamplifier (model ARD10, Onda Corporation) was placed atnd# distance

from the transducer surface on the central axis of the transduc-VAunipolar pulse was
superimposed on the dc bias voltage through aDiaescuit. The conductive plate layer was
grounded and the bottom electrode was used as the aetttde A 12-V dc voltage was applied

and the element was drivday a 110ns wide pulseThe signal received by the hydrophone is
shown inFigure3-6. The notches at 3.8 MHz and its higher harmonics correspahé tinging

in the substrat¢s3] as it was also evident in the time domain data as a tail following the main
pulse. Substrate ringing can be pushed out of the frequency band of interest by choosing the

substrate thickness accordingly.
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Figure 3-6: Immersion measurement using a calibrated hydrophonga) Received timedomain

signal. (b) Fourier transform.
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3.3.3 Array Charact erization

We checked the resonant frequency of each individual element in an imaging array that we
fabricated Figure 3-7). The results show that the standard deviation is 0.11 MHz with a mean

value of 12.5 MHz imesonant frequency for a @ement array.
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Figure 3-7: (a) A 66-element 1D CMUT array fabricated ona glasssubstrate using anodic bonding.

(b) Array uniformity measurement.

3.4 High-Frequency Broadband 1D CMUT array

As a special design for the platform process demonstrate a highequency (29VIHz)
broadband (100% FBW) CMUT 1D array. The devices are fabricated using anodic bonding with
only three photolithography steps. We also discuss the design guidigimkgyh-frequency
broadband CMUTs using the simulations. A high fill factor and a thin plate are important for the

broadband design. Small cell size is required for the increased center frequency. To improve the
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transducer sensitivity and to keep thelajmbe voltage low, the gap height should be small and a
high-k dielectric insulation layer should be employed. The fabrication steps we report in this paper
have good potential to meet the hilgaquency broadband CMUT design requirements. So far we
have @monstrated that we can define arBf gap, bond to a post as narrow as 2 pum, and pattern

a highk dielectric layer on the bottom electrode.

(@) (b)

Figure 3-8: Gap height can be control as small as 50 nm through the fabrication process. (a)
Different regions measured on the wafer. (b) AFM image showing 50m gap before bonding (top).

SEM image showing 5énm gap after bonding (bottom).

The immergn test was performed in a tank filled with vegetable oil. A 1D array was diced

andwire bondedto a chip carrier. The frequency response of the elememamsmiting was
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measured using a hydrophone (Model HGL0200, Onda Corporation, Sunnyvale, Cistahee

of 1.8 mm. The element was biased at\b@C and excited using pulsefreceiver (Model
5073PR, Olympus Corporation, Waltham, MA. Pulse repetition frequency (PRF): 200 Hz; Energy
level: 2; Damping level: 1). The signal received by the hydropr®saawn inFigure3-9(a) in
thetime domain. The corresponding frequency spectrum is shokigune3-9(b). The frequency
spectrum shows the transducer center frequen@@ iMMHz and the IB FBW is 100% after
correcting for the pulse spectrum. The hydrophone calibration is available up to 40 MHz at the

time. Therefore the spectrum is not corrected for the hydrophone response.
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Figure 3-9: (a) Experimental received signal by the hydrophone(b) Corresponding frequency

spectrum.
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3.5 Chapter Conclusions and Future Work

We have presented a fabrication process for Cslbased on anodic bondiffgt] [11]. This
process offers the welinown advantages of wafer bonding such as good control over the
thickness and mechanical properties of the plate and overall reduced process complexity. In
addition to these general advantages of waderding process, anodic bonding has the specific
advantage of being more tolerant to roughness on the bonding surféberiifore, the narrower
post structures are feasible with anodic bonding to maximize the fill factor, which is especially
critical to achievewide bandwidthat high frequencies. The maxum processing temperature in
the presented approach is 350°C, whiltbves a patterned metal bottom electrode feduang
deviceseries resistance. Use of the glass substrate helps reduce the parasitic capacitance a
improves the dielectric reliability as the top plate and the bottom electrode mainly overlap on the
activetransducer area and not on the pastsng the same process, we further demonstrated a
high-frequency broadband 1D CMUT array using only three photolithography steps in the
fabrication[55]. The fabricated CMUT was characterized in immersion. The CMUT shows 29

MHz center frequency arftD0% FBW after correcting for pulse shape.
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Chapter 4 2D CMUT ARRAYS WITH TGV

INTERCONNECTS

4.1 Introduction

Close integration of ultrasonic transducer arrays and-#odtintegrated circuits is critical
for the overall ultrasound system efficiency and also a conipaut factor. For 2D arrays and
arrays used in ultrasound imaging catheters where the element area is small, the receiver
electronics must be closely integrated with the transducer array to avoid additional parasitic
capacitance introduced by the cableprserve signal quality. CMUT technology has attracted a
great deal of attention because of advantages such as ease of fabricating arrays and integrating
them with supporting electronics, as well as wide bandwidth Two main methods have been
developed for integrating CMUTs with supporting circuits: monolithic integration and hybrid
integration[37]. For mondithic integration, one method is to q@oocess the CMUTs anithe
electronics side by sid&6]. In this method, not only the substrate area is shared by CMUTs and
electronic circuits, but also the properties and vertical dimensions of the layers used in the CMUT
structure are limited by theMIOS process materials and film thicknesses. The other method is to
fabricate the electronic circuit first and then build the CMUTSs on top bygosessing19], [44],
[57], [58]. This method has a good area utilization and more dimensional control, but the CMUT
process is still limited because of the temperature @ingdrset by the existing metal lines. The

complexity of the overall process also increases.
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4.2 Through-Wafer Interconnects

4.2.1 2D CMUT with TSV interconnects

Hybrid integration allows the optimization of CMUTs and electronics independently. In
hybrid integratio, throughwafer interconnects are established as part of CMUT arrays to enable
a close connection with supporting electronics by-¢iphip bonding or through an intermediate
layer such asrainterposer or a flex circujiL5], [59]. The current implementation of this hybrid
integration @proach is based arsing througksilicontvia [46]. Since silicon is a semiconductor,

a reverse biased PN junction or a mdallatorsemiconductor (MIS) structure has to be used to
isolate individual connections to each element in an array and tcertuparasitic capacitance

[60]. The implementation of an isolation structure complicates the fabrication process. Using
polysilicon as a viandelectrode material degrades the surface quality and wafer flatness, affecting
subsegent processing steps. Last, TSVs can only be usedrface micromachining because the
complicated process of making TSV degrades the wafer surface quality and make it not suitable

for wafer bonding.
4.2.2 2D CMUT with Trench-Isolated Interconnects

An alternative interconnection method used for CMUTSs is to coegp isolation trenches in
a highly conducting silicon substrate, where the resulting pillar underneath each element serves as

the interconnect from the froto the backside of the waff]. This process is also complicated
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and creates relmlity problems due to the exposed gaps between top and bottom electrodes of the

CMUT array elements on the top surface.

4.2.3 2D CMUT with Through-GlassVia Interconnects

Throughglassvias (TGVs) have been used for advanced electronic packaging, especially fo
RF applications where parasitics are criti@dl]. Anodic bonding is widely used for wafavel
hermetic MEMS packagin$2]. In recent yea, fabrication of CMUTs on a glass substrate has
aroused significant interefl0], [63], [64]. We have recently reported a process for fabricating
vacuumsealed CMUTs on a borosilicate glasgstrate using anodic bondifid.]. This process
benefits from all the advantages of wafer bonding, including process simplicity, control over plate
thickness and properties, high filadtor, and ability to implement large vibrating cells.
Additionally, it reduces the parasitic capacitance and series resistance benefiting from an insulating

substrate and a metal bottom electrode, respectively.

The targeted implementation is illustraiadrigure4-1, where the CMUTs are fabricated on
a TGV substrate and directly fhighip bonded to an integrated circuit (IC). The vibrating plate
consists of a thin singlerystal silicon layer embedded betweeriliaan nitride insulation layer
at the bottom and a metal electrode on top. The bottom electrodes are formed in the etched glass
cavities and connected to the dedicated TGV interconnects giving each element electrical access
from the backside. The metalkxr deposited on top of the silicon plate is common to all elements
in an array and is connected to a TGV for backside access. A stacked metal layer is deposited and

patterned on the backside to form bwand pads
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Figure 4-1: A schematic crosssection of a completed CMUT element with TGV interconnects flip
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4.3 Fabrication of 2D CMUT with TGV Interconnect

4.3.1 Formation of TGV Substrate

Five masks are used for the fabrication process presentleid sectionThe via on the left in
the crosssectional drawings and the via in the back in the 3D drawings are for the top electrode
connection. The via on the right in the crsgstional drawings and the via on the front in the 3D

drawings are for # bottom electrode connection.

We use the same starting substrate and SOI wafer as in the platform process described in the
last chapterThe vias are designed on the 48th wafer area fahebothbottomand top electrode
connections for different arrayegmetries. The alignment marks are also formed by TGVs for
aligning the subsequent layers to the via pattern. Throwaglar channels are created first in the
0.7-mm borosilicate glass substrate at the designed via locations by laser dritjmiged-3). The
through channels are then metat by using the conductive copper paste technology (Triton

Microtechnologies, Oro Valley, AZB5] (Figure4-4). A benefit of this approach is that the paste
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has a thermal coefficient of expansion (TCE) matched to thtteoglass substrate. Therefore,
potential mechanical stress that can be caused by further heating steps and possible cracks around
the vias can be minimized. Then, the wafer is sintered and polished. By selecting the appropriate
coating material on theubstrate before polishing and using a slurry loaded with composite
particles as abrasive during the chemita&chanical polishing (CMP) process, a smooth glass
surface and a good copgterglass surface eplanarity are obtainefb6], [67]. For a completed

TGV wafer, the via location is in the range of £5 um from the designed location in both X and Y
directions, which is the accuracy of the laser drilling. diaeneter of the via is 70 um at the laser
entry side and 50 um at the laser exit s build the CMUTs on the laBeexit side and use

the laser entry side for the backside pad formation. With 33207 vias formed on timerl@@fer

area, the average wafgarp increased frod10 pmto D50 pum.Figure4-5 shows the SEM cross
sectional image of a TGV embedded in the glass substnat@&FMimage of the via surface on

the laser exit side. At the viglass boundary otine surface, copper and glass are at the same level

in most regions around each via, which makes a reliable electrical connection between the CMUT

electrodes and the TGVs possible.

Figure 4-2: Initial borosilicate substrate.
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Figure 4-3: Define patterned through-wafer holes by laser drilling.
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Figure 4-5: SEM crosssection of the TGV embedded in the glass substrate (left). AFM image of the

TGV surface profile (right).
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4.3.2 Forming Cavities and Bottom Electrodes Connected to the TGVs

The TGV substrate was cleanedngsa heatet MP @7 Osdlufion to remove organics and
contaminants from the surfacAcid-basedcleaning solutions cannot be used because of the
copper in the via. After cleamy, the cavities were patterned using a negative photoresist with the
alignment of each elemeto the dedicated TGV. We usBdE to etch glass instead of buffered
oxide etchant (BOE) in order to avoid peeling of the photoresist and not to damage copper vias.
Dry etching also helps achieve a deeper cavity, which is desired for a thicker botttwdel¢o
build a reliable connection to the TGV. We performed RIE with SF6 gas to realize a glass cavity
depth of 320 nmKigure4-6). After removing the photoresist, the bottom electrode was patterned
by a secondphotolithography step using ap@n-thick negative photoresist (AZ214E IR,
Clariant, Wiesbaden, Germany), which is suitable foolift Prior to the bottom metal deposition,
we wet etched the copper vias also 320 nm using a copper etchant (Copper£xdhdransene
Company, Inc., Danvers, MA) in order to keep the glass surface at the bottom of the cavity level
with the copper via surface. This selective wet etchant does not attack the photoresist and helps
remove the copper oxide on the via surfand consequently improve the electrical connectivity
between the bottom electrode and the TGV. Then a stacked metal that consistsxaff0mium
as an adhesion layer and 43® gold was depd®d into the cavity by evapdian and defined by
lift -off asthebottom electrode to obtain a 2Ath gap height and to build the electrical connection
from the TGV to the bottom electrodeigure4-7). Figure4-8 shows the top viewf the processed

substrate that is ready for anodic bonding.
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Figure 4-7: Evaporation and lift-off the bottom electrode and formingan electrical connection to

the dedicated TGV.

Figure 4-8: SEM images of the completed glass substrate with TGVs that is ready for anodic

bonding.
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4.3.3 Anodic Bonding

A 200-nm low-stress silicon nitride insulation layer was deposited on the devyieedéthe
SOl wafer by plasmanhanced chemical vapor deposition (PECVD) prior to bonding. The TGV
wafer was cleaned with a solvdmdsed solution and the SOI wafer was cleanediguBiranha
solution. The borosilicate glass surface and the nitride insulation layer surface were brought
together invacuum(10'* Torr) and then bondedt3 5 0 UC  u-kNddewn foRceirba sem
automatic bonding system (Model EVG510, EVG Group, St. Florian, Auskigiire4-9). It is
important to keep the wafer in vacuum before increpshe temperature to prevent copper
oxidation. The handle layer of the SOI wafer was then ground down to 100 um. At this step, a
protection layer (ProTEK B3 alkaline protective coating, Brewer Science, Rolla, MO) was coated
and cured on the backside irder to protect the vias during the handle wafer removal process.
This protection layer also prevents any liquid from flowing into the bonded cavities through the
via locations in case there is a leakage. A heated TMélltionwas used to selectively ettie
remaining handle layer over the BOX layer. The silicon plate was released after removing the BOX

layer in 10:1 BOE solutio(Figure4-10).
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Figure 4-9: Deposition of the silicon nitride insulation layer on SOI device layer. Anodic bonding in

vacuum.

Figure 4-10: Handle wafer and BOX layer removal.

4.3.4 Reaching Vias and Sealing

We performed a third photolithography steporder to evacuate the gas generated during
anodic bonding, and also to reach the vias for top electrode connection. The lines to guide the final
dicing of the arrays were defined at the same time. For the gas evacwaticmose to open the
plate ovethe TGV for bottom metal connectioRigure4-11). In this way we could later seal this
location so that the via is mechanically isolated from the active area but electrically connected to
the bottom electrode.hls improves the reliability of the process because CMUT operation will

be independent of the TGV condition in case of failurbeyfnetic sealing around the viahich
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would break the CMUT vacuum and degrade the CMUT performance. This was obsehed in
first-generation devices, mainly because of some maoking around the via bounddg8].

Prior to sealing, the photoresist on the freide was removed by oxygen plasma and the protection

layer on the backside was removed by RIE using CF4 gas. The wafer was then sealed under
vacuum with 3um conformal PECVD silicon nitride at 100thTor r chamber pressul
temperatureRigure4-12). In order to avoid copper oxidation, the wafer needs to steganum

when chamber temperature is above 100UC.

Figure 4-11: Silicon/silicon nitride etch for gas evacuation, array separation, and reaching top

electrode connection.

Figure 4-12: Conformal PECVD silicon nitride deposition for sealing.
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4.3.5 Forming Electrical Contacts

To create the top electrode connections, the silicon nitride layer on the top electrode
connection vias had to be removed. At this point, the silicon nitride deposited on the conductive
silicon plate was ab removed and the sealing layer was only left covering the cell that encloses
bottom electrode TGVHigure 4-13). After removing the negative photoresist using oxygen
plasma, 26hm chromium and 188m gold were deosited by dc sputtering over the entire wafer.
The silicon nitride etching mask was used again, this time with positive photoresist to remove the
metal on the sealing region in order to eliminate the parasitic capacitance at this Idagtion (
4-14). The last photolithography was done on the backside to define the bottom electrode pads and
a rectangular grid of top electrode connections to facilitate probing of elememis @romium
and 186nm gold were depaed and then lifted off on the backsidedqure4-15). At this stepthe
device fabricatiorwas completedrigure4-16 showscompleted device. On the lefttise SEM
crosssection of a completed CMUT cell with the dedicated TGV for bottom electrode connection.
On the right ar¢he optical image of the front sidad backsidef the fabricated 16x16lement
2D CMUT array. The physical parameters of the fabricated transeleceents are shown in Table

4-1



Figure 4-13: Silicon nitride etchto reach the plate and top electrode TGV.

Figure 4-15: Evaporation and lift-off for backside contact pad and testing grid.
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Figure 4-16. Completed device SEM (Left). Optical photos (Right)

Table 4-1: The physical dimensiors of the fabricated 2D CMUT array element.

Shape of the cell Circular
Cell width 78 pm
Cell-to-cell distance 4 um
Top metal thickness 0.2 um
Silicon layer thickness 1.5 um
Insulatng layer thickness 0.2 um
Gap height 0.17 pm
Bottom metal thickness 0.15 um
Substrate thickness 700 pm
Number of cells per element 8
Length of an element 243
Width of an element 243
250

Element pitch
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4.4 Device Characterization

4.4.1 Static Deflection Under Atmospheric Pressure

One of the main featus®f the 2D CMUT with TGVs is that a reliable vacuum sealing of the
active CMUT cells could be achieved by mechanically isolating the thrglagis via from the
active CMUT cells. The achiement of vacuum sealing can be confirmed by measuring the plate
deflection under atmospheric pressure. We used a stylus surface profilometer (Dektak 150, Veeco
Instruments Inc, Plainview, NY) and measured a maximum deflection of 80 nm in the center of a
circular CMUT cell Figure 4-17). The finite element model (ANSYS v.15, ANSYS, Inc.,
Canonsburg, PA) predicts that the atmospheric deflection is 78 nm, confirms the sealing, and also

proves that there is no signifitastress generated on the plate during the fabrication.

-20 -

-40 4

Deflection (nm)

.60 4

- - - Measurement
— FEM

-80

Radius (pum)

Figure 4-17: Measured and simulated deflection profile of the plate after the device fabrication was

completed.
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4.4.2 Parasitic Resistance and Capacitancef the TGVs

One of the main motivations for using copper thregigss vias for interconnection is the
reduced parasitic resistance and parasitic capacitance. We designed via test structures with
different pitch (125 pm, 190 pum, and 250 um) to charactetie via resistance and M@via
capacitance as shown in the left panel Fofure 4-18. Both resistance and capacitance
measurements were performed by accessing the vias from the backside of the wafer after the
backside metal pad formation. The resistance test vias are connected on the front side by a metal
layer that is formed at the step of bottom metal deposition. The measurement setups are shown in
the right panel oFigure4-18. The via resistance test structures include two vias connected with a
metal line. Therefore the resistance includes two TGV resistances in series with the resistance of
the 20pum-wide metal line between the vias. We measured 10 test strufduessch pitch using
a multimeter (U1272A Handheld Digital Multimeter, Agilent, Santa Clara, CA) connected to two
needle probes in a probe station. The resistance distribution is shdvigune 4-19 and the
avera@ resistance of structures with 3@, 190um, and 256um pitch are 6.87, 9.7 Y, and
13.1Y, respectively. As a result, the resistance of a single via including the contsianesiis
calculated as appraxiately 2Y . The bottom gold sheet resistane@pproximately ¥ /sq, which

matches the sheet resistance of-hB8thick gold that has been reported in the literafGes.
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Figure 4-18: Via test structures (left panel), via resistance measurement setup (right panel top), and

via-to-via capacitance measurement setup (right panel bottom).
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Figure 4-19: Measured results for resistance test structures.

The viato-via capacitance is mainly contributed by the two vias as electrodes with the glass
as a dielectric between them. The metal pads on the vianiglicontribute a negligible amount

of capacitance. The capacitance measient is pdormed by using a 12am pitch coplanar
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microwave probe (ModelACP4GSG 125, CascadeMicrotech, Beaverton, OR) connected to a
network analyzer (Model E5061B, Agilent Texhogies, Inc., Santa Clara, CA). The calibration

was carefully done in a tight frequency range from 10 MHz to 10.000005 MHz in order to measure
the femtofaradevel capacitance. The measured capacitance distribution is shéugune4-20

and the average capacitance of structures withub25190um, and 256um pitch are 47.8 fF,

34.8 fF, and 21.0 fF, respectively. The measured values are confirmed by the finite element model
and analytical calculation using Eqlt.the equation, 2d is the centercenter pitch of two vias;

R is the via radius; | is the substrate thickness, i.e, via length. Some variance between the model
and the measurement could be due to the fact that the actual via is tapered while tlassnotks

the via to be cylindrical. The comparison of the measurements and models is summdidde in

4-2. One should also note that the parasitic capacitance is between the signal electrode (bottom
electrode) ad ground (top electrode) for each element. Hence the measured via parasitic
capacitance represents the worst case. To that end, the measucedaieapacitance is a more
accurate representation for elemamelement electrical coupling. In any caseeg the CMUT

device capacitance is usuatiym the order of picofarads, the parasitic capacitance introduced by

the TGV interconnects is negligible.
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Figure 4-20: Measured results for capacitance test strucires.

c= dpé'é:e
ln[R+\/(R)2 1]

Table 4-2: Average viato-via capacitance: Measurement and Simulation Results

(2.31)

Via pitch Measured FEM Analytical
125 pm 47.8 fF 51.7 fF 54.1 fF
190 pm 34.8 fF 37.9fF 38.6 fF
250 pm 21 fF 30.5fF 32.8 fF

4.4.3 Electrical Input Impedance in Air

We tested the fabricatedeenents in air using a network analyzer (Model E5061B, Agilent
Technologies, Inc., Santa Clara, CA) with an internal dc voltage source available up to 40 V. We

probed the elements from the backside of the wafer.ifdn electrical input impedance are
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measured in air Figure4-21). The opercircuit resonance frequency of a 2D CMUT array element
was measured as 3.32 MHz at\1%lc voltage, which is approximately 80% of the galivoltage.

The baseline in the reahp corresponds to the series resistance of the device that includes via
resistance as well as the resistance of the bottom electrode, which is measurgédsas MHz

from Figure 4-21(a). The device capacitangs calculated as 2274 fF at 5 MHz frdrigure
4-21(b). The resonance frequency, collapse voltage, and device capacitance were simulgted usin
the equivalent circuit mod§r0] and by finite element model using TRANS 126 electromechanical
transducer elements for direct coupling of electrostatic and structural domains. The material
properties used in the simulations are liste@able4-3. The simulations and the measurements
are compared iffable4-4. The results show that the fabricated CMUTs with TGV interconnects

have a small parasitic capacitance (approximately 200 fF) and operate as predicted by the models.
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Figure 4-21: Impedance measurements (Vdc = 15 V) (a) Real part of the electrical input impedance;

(b) Imaginary part of the electical input impedance.
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Table 4-3: Material Properties Used in Simulations.

Glass Silicon Silicon Nitride Gold
Youngods GRac 148 260 70
Density, kg/m 2328 3100 3300
Poisson ratio 0.17 0.27 0.33
Relative permittivity | 4.6 117 5.7

Table 4-4: Simulation Versus measured device performance in air

Measured FEM Analytical
Resonance Frequenc| 3.32 MHz 347 MHz 3.34 MHz
Collapse Voltage 175V 15.4V 17V
Device Capacitance 2274fF 2001fF 2054fF

4.5 Chapter Conclusions and Future Work

We presented a CMUT fabrication process that integrates TGV interconnects and anodic
bonding [68], [71]. The process is lostemperature and eliminates the need for an insulating lining
for making througkwafer interconnects. Anodic bonding tias specific advantage of being more
tolerant to roughness on the bonding surface compared to commonly used fusion bonding

technique. By opening the plate over the bottom electrode TGV and tsealieg, a reliable
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vacuum seal can be achieved for akk #lements. The use of glass absstate and metal for
intercomects and electrodes reduce the parasitic capacitance and the series resistance of the
CMUTSs. The resistance of a single via is measured¥asThe viato-via capacitance of a 250
pm-pitch via pair is measured as 21 fF. The impedance measurements demonstrate the fabricated

device has low parasitics and operates as the models predict.

In the presented approach, by decreasing the substrate thickness, a smaller via diameter could
be realized anthus more space and flexibility in array design can be achieveadmddas with
80-um pitch have already been demonstrated in a@ethick borosilicate glass wafer [22]. 20
pum vias are possible in Gr8Bm-thick borosilicate glass. Several aspects optioeess flow could
be further improved. First, the insulation silicon nitride could be replaced by an ALPI&if€r
defined in the CMUT cavities bw lift-off process. We demonstrated the feasibility of this
approach irf55]. Also, for a better plate thicknesentrol an etchstop caild be added after the
handle removal process to avoid the silicon plate-et@r in sealing nitride etching step. First
and foremost, this paper demonstrates the process feasibility for incorporating TGVs in 2D CMUT
array fabrication using anodic bondinthe fabricated arrays need to be-fiifip bonded to the
electronics for immmersion maagments, which is outside the scope of the presented work but will

be investigated in the future.
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Chapter 5 A MEMS T/R SWITCH EMBEDDED IN

CMUT STRUCTURE

Ultrasound imaging systems require highltage transmit pulses (>10Q,y in the transmit
mode and regjre low-noise amplification of the received echo signals in the receive mode.
Transmit/receive (T/R) switches are critical compon&ni@n ultrasound imaging system as the
systemneeds to frequently switdback and forth between the transmodeand reeive mode
during imagingAn ideal T/R switch should act like an open circuitiaoff-stateand short circuit

in on-state.

Traditionally, the T/R switches are implemented based on electronic components such as
diodes or fieldeffect transistors (FET$Y2][73], which is not ideal as they introduce noise and
distortion to the resived signals and fail to completely isolate the receiving paths from the transmit
pulse causing some extended dead zone in the nearAietdcro-electronechanical (MEMS)
switch can significantly help as it provides low insertion loss in closedastdi® highisolation
in open stateln this chapterwe presenta fastswitching(switching onin 1.25 us, switching off
in 80 ns) low control voltagg2.5 V), high isolation €-50 dB),DC-contact modéMEMS switch
that could bentegrated and eprocessedto aCMUT element.The significance of this work is
to improve theCMUT basedultrasound imaging system efficiency and ease the-Vudfage

requirements of the frorgnd circuits.
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5.1 Transmit/Receive Switchng in an Ultrasound Imaging System

In many currentiltrasonic imaging systems, the transducer array located in ehleéthgrobe
is connected to the main processing unit via a bundle of cables. The transmit circuitry and receive
circuitry are all located in the main processing unit. A close integratitheafansducer array and
the electronics is highly desired to minimize #ftect of cable losses and parasitic capacitance,
which could degrade the noise performance of the system, and limit the achievable bandwidth.
Furthermore, integration helps to dease the number of connections needed to the main
processing unit by multiplexing several channels. For some applications such as intraoperative
navigation and intravascular diagnostic imaging, the size of the probe and the number of the cables

connectedd the probe are even more important.

A significant challenge of the ultrasound analog frend electronics is the requirement for
highvoltage excitation signals. The freahd integrated circuit (IC) needs to be capable of passing
through the highvoltage excitation pulse and also amplifying the received small echo signal.
Therefore, an important task is to facilitate the use of-hi@tage excitation pulse while protetg

the lowvoltage amplifiers.
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Figure 5-1: Top-level block diagram of a single TX/RX channel for ultrasound frontends

Thecommon implementatiaof the T/R switch in ultrasound frontends aesed on using a
diode bridye or crossoupled diode paj59]. The tg-level block diagram of a singléR channel

is shown inFigure5-2.
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Figure 5-2: Current implementation of T/R switches using diodes pag (single channel)

The circuit architecture can be divided into two pathshe transmit paths on tpthe diode

expander circuitryD3 allows the transmit pulse to pass throwyhing transmit cycle, while it
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presents an open circuit to the transducer during recgnle. In the IC implementation, each
diode in the expander circuitry was implemented in an electricsdlated region of the-type
eptlayer. To make sure that the parasitic bipolar transistors do not adversely affect the operation
of the diodes, the-type epi region was connected to theige of the dioddn the receive path at

the bottom, a transnpedance preamplifier (TIA) is followed by a buffBoth the input and the
output of the receiving path is protected from the highage pulses using diode limisgwhich

composed of a resistor and two backack diodesd1 andD2).

Although this cicuit architecture provides an automafi® switching mechanism, it suffers
from several disadvantagp®]. First, the resistdR1andR2plays an important role of the trade
off between power losses and thermal noise. During the pulsed excitation, both the transducer and
the two resistors load the drivingaiiit. To limit the power losses, high resistor values are desired.
However, this resulti additionalnoise to the received signalsiso, the diodebased switches
could introduce some distortion to the signals due to nonline@higd, thisimplementabn fails
to completely isolate the receiver from the transmit pulse and therefore the input of the TIA on the
receiving paths is charged by the transmit pulse. During the receiving ttyotiischargehas to
occur first in order to bring the TIA back its operating pointwhich causes some extended dead

zone in the near field on the reconstructed image.

To overcome the above shortcomings, the development for a high isolation, low insertion loss,
fastspeed T/R switcthat could be integrated with anralsound transducer arrayhighly needed.
In addition to excellent T/R isolation, a MEMS switch implementation could also benefit the

system noise performance in two ways: first, a-lmiage process can be used for the amplifier,



77

which is optimized forlow-noise performance. Second, it will eliminate the highage
protection circuitry and reduce the overall electronic noise. Besides, a MEMS switch will also help

improve the linearity of the frorend.

5.2 MEMS Switches

MEMS switcheshave been widely stuell for decades, mainly for RF applicatipeach as
radar systems, satellite communication systems, and wireless communication .SyHs
switches have some advantages that make it closer to an ideal T/Rregtichdin an ultrasound

imaging systemrontend

1 Very high isolation in the offtate and low insertion loss in the-state. MEMS
switches are fabricated with air gaps, therefore lzaxery low off-state capacitance
(2-4 fF) and result in excellent isolation.

1 Nearzero power consumption.lthough tens of vo#t electrostatic actuation voltage
is needed, MEMS switches Y nearzero power dissipation becaugey do not
consume any current.

1 Good linearity. MEMS switches are very linear devices and thereforenzamize
signal distortion omtermodulaion.

1 Low cost and ease of fabrication. MEMS devices are fabricated by micromachining
techniques on substrates such as silicon, glass, GaAs, deraperaturecofired

ceramics (LTCC).
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On the other handhe currently availablIMEMS switches haveosne weltknown problems:

1 Relatively lowspeed. The switching speed of most RF MEMS switches that has been
reported is around-20 ps.

1 Power handlingMost RF MEMS switclscannot handle power more than20 mwW
with good reliability.

1 High-voltage drive. Edctrostatic MEMS switches require-80 V actuation voltage
for reliable operation.

1 Reliability. Many systems require switches with-2@0 billion cycles. However, the
current mature RF MEMS switches can switch-D01billion cycles.

1 Packaging. Packagingss are high as MEMS switches ndede packaged in inert

atmospheres such as nitrogen and argon.

An example ofan RF MEMS switch is shown irrigure5-3. Typically, RF MEMS switches

have a lateral dimension ofihdreds of microns, and an air gap of several microns.

Figure 5-3: A RF MEMS switch example: Rockwell Scientific MEMS series switclfi74]
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Table 5-1: Important dimensional parameters for the Rockwell MEMS switch[75].

Horizontal dimensions
Total Length 250 ym
Total Width 150 pm
Control electrode length 75 um
Control electrode width 75um
RF line length 200pum
RF line width 20-40 um
Vertical dimensions
Gap height 2-2.5um
Bottom metal thickness 2 um
Bump thickness 1um
Contact area 400 pm?
Cantileverthickness 2 um

However, the MEMS switches designed for RF applications usually cannot be directly applied
to an dtrasound imaging system mainly due to the following two reasons. First, most of the RF
MEMS switches do not meet the switching speed requirement for an ultrasound imaging system
front-end[76]. Also, the previously reported MEMS switddo not have a compatible process

flow and cannot be convemity integrated with ultrasound transducers.

CMUTs and MEMS switches are both electrostatically actuated capacitors with a moving

plate and share similar fabrication technologies. Although the integration of these two components



80

seems a natural decisiohete has been no demonstration of CMUTs with embedded MEMS T/R
switches.Integrating a MEMS switch on the same substrate with the transducers will not only
improve the system performance contributed by its hégkation and low insertion logsit also

it can enable implementation of the LNA circuitry in a standardvoltage CMOS process. This
front-end amplification is essential to preserve the bandwidth and signal integrity, especially when

small transducer elements are loaded by a long cable.

We propos to design and fabricatefastswitching, lowcontrotvoltage, DCGcontactmode
series MEMS switch that can be integrated anfhboicated with CMUT®n the same substrate
using our previously reported anodiondingbased proces# highly integrated CMT based
ultrasound system could improve the system performance, ease theoliégje requirement of
the frontend electronics and therefore enable new imaging, diagnostic, and therapeutic

applications.
5.3 Design of a MEMS Switch Embedded inhe CMUT Structu re

Since the basic building block of a CMUT is a parallel plate capacitor that pulls in due to
mechanical instability at a cemaelectrical field, an electrnechanical switch can be easily
embedded in the CMUT structure. The electrostatic force thatgolin CMUT plate is also what
makes a MEMS switch worKherefore integration of these two components on the same substrate

is highly feasible.
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5.3.1 Switch Structure Design

We need to make some modifications to a single CMUT cell in order to build a ssitch
shown inFigure5-4. In the proposed MEMS switch structure, we have an interrupted transmission
line crossing the midline of the device, so the switch is normally in-€2&t€. On the two sides of
this transmissioftine, there are control electrodes to apply the electrostatic force to pull the plate
down. A metal contact is defineshder thesilicon nitrideinsulation layeiat the bottom side of the
plate so that it closes the circuit in the interrupted transmisis®mwhen the plate is pulled down,
which is the switch Os$tate.The insulation layer is needed so that the RF signal does not interfere
with the control signal.This approach will only require the distribution of digital control signals

for the switchesind analog signals lines.

MEMS

(CMUT+Switch)
1 /RF()Ul
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/
/ Electronics
~
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Figure 5-4: (a) MEMS switch structure modified from a single CMUT cell. (b)T/R switch in an

ultrasound imaging system
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The designed MEMS switches could be integrated into a CMUT 1D array in the following
two ways as shown iRigure5-5. In one desigipFigure5-5(a)], one switch will be placed on both
sides of a 1D CMUT array element. The control signal for the switch on each side 1d0%weit
of phase.Therefore, when the top switch is on and bottom switch is off, the element will be
connected to # highvoltage transmitting circuitry and disconnected from the receivers. On the
contrary, when the control signal is reversed, the transmitter will be disconnected and the receiver
will be connected to the elemeAil the T/R switching will take placetahe same time, therefore
only one control signal and its complement are required for the whole array. In the actual imaging
case, the Aon timeo for TX switches can be
transmit beamforming. The second couofigtion [Figure 5-5(b)] is more suitable for a direct
connection to a standard imaging system. As the additional switch provides protectibe

output of the LNA, and hence only one cable is needed to pasglhtioe highvoltage transmit

pulse and received the amplified echo signal to the system.
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Figure 5-5: (a) Two-switch configuration where TX and RX paths are totally isolated. (b) Three

switch configuration for seamless integration of lowoltage frontend IC with a standard imaging

system.

5.3.2 Analytical Calculation of Switching Time:

It has been reported that the switching time is mainly determined by the device mechanical

resonant frequencl. For an inertidimited system (with a small damping coefficient ancQ
the switching timet, depends on the device resonant frequeipeypull-in voltageV, , and

actuation voltage&/,, as shown irEq. (5.1)
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Vv
t © 3.67 sz (5.1)
0

S

The vacuurrbacked membrane structure with small dimensions gives CMUTSs the ability to
make devices with MHz resonant frequencies which translate to fast switching. Condiutring
the CMUT resonant frequency for medical applications is usually in the range of several MHz,
pull-in voltage is in the range of tens of volts, Table | presents several examples of fast switching

time assuming typical CMUT operation parameters.

Table 5-2: Examples of the calculated switching time

fO Vp Vs ts
1 MHz 10V 13V 450 ns
3 MHz 15V 20V 146 ns
5 MHz 20V 26V 90 ns

5.3.3 FEM Modeling:

In order to get the device dim&ions and verify the analyticalculation results, a finite
element model (FEM) was developed in ANSYS APDL (ANSYS v.17.2, ANSYS Inc.,
Canonsburg, PA, USA). CMUStructurehas been vdely studied using FEM mots[77][35].
Although the switch structure is similar to a CMUT, the operating principle and the performance
specifications are different. Also, the metal contact, RF line, and the control electrodes need to be

defined in the switch structure.
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A full 3D model is devimped in order to get accurate resulige start the modeling with the

plate geometry definition. The plate is composed of a silicon plate layer, a stacked Cr/Au layer top

electrode on the plate, a silicon nitride insulation layer underneath, and a GetAlucontact at

the bottom of the insulation layeFhe material properties of each layer arestish Table5-3.

SOLID45 elements are suitable for the plate modeling because it has plasticity, creep, swelling,

stress stiffening, large deflection, and large strain capabilities. plate is fixed by the 3m

outer boundary at the bottom of the silicon nitride layer, which represents the post region formed

by anodic bonding.

Table 5-3: Material properties used in FEM simulations

Silicon | Silicon nitride| Gold | Immersion mediun
Youngods G@GPg 148 296 79
Density (kg/nd) 2328 3187 19300 1000
Poisson ratio 0.17 0.27 0.44
Relative permittivity 5.7
Speed of sound (m/s 1500

The control electrodes anthe metal contactare differentiated using two types of

TRANS126 electromechanical transducer elemewmtsording to their gap distancdsor the

control electrodes, the gdeight is the effective gap height

(5.2)
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and the close gap height is 0. For the metaltact, the gap height T, and the close gap Iykit

ap’

is the metal contact heighit,,,... We first perform the static simulation &r to model device

steadystate behavior, including the atmospheric deflection and the plate aefledth DC bias.
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Figure 5-6: Plate structure model and created elements for static simulation.

A more important aspect of the switch is the dynamic behavior, which is the switching
speedThe switch isnext to the CMUE and will operate in immersion, which is beneficial to the
switching speed because the medium will increase the damping and reduce the plate oscillation.
We model the immersion medium using a sphere medium using FLUID30 elérhenfluid
structure interface is specified using proper fisiicicture interaction flaggLUID130element is
usedfor an absorbing boundatyg extend the fluid domain to infinityrransient simulation with

the full method is used to including the all the +liorearities. The time step is set to be smaller
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than % to capture the mode frequencyfatwhich is first determined kyerforming a harmonic

analysis. The simulated results are compared and discussed withutledazice measurement

results in sectiob.5.
5.4 Fabrication Process

The fabrication process flow is shownHkigure5-7. The first cell on the lefof the cross
sectional drawing and in the front of 3D drawimgpresent the switch. The other cells represent
the cofabricated CMUT element he initial glass substrateas the same wafer that was used in
the platform procesd-igure5-7(a)]. First, the substrate was cleaned using a piranha solution for
removal of organics and other contaminants. Then the cavities of the switch and thew&&JT
patternedand etched to 350m deep simultaneous[yigure 5-7(b)]. The photoresist was then
removed and the bottom metal pattern was defined by a second photolithography stéipeusing
samephotoresistAfter hardbakingthe photoresist for 5 minutes at 125°C;maih BOE etch was
performed to smootlthe bottom of the cavity and also to enlarge the photoresrcut to
facilitate lift-off. A stacked metalayer that consists of 2dm chromium and 16@8m gold was
formed in the etched cavities by evaporation and liftéifjure5-7(c)]. The metal layer serves as
the bottom electrode for the CMUT and also control electrodes and RF line for the Bwgtch.
5-10(a) shows the optical image of the switch and the CMUTr dffte completion oprocess on

the glass substratBigure5-8(a) shows the AFM imagef the center region of the switch cell.
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Figure 5-7: Fabrication process flow
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Figure 5-8: AFM image of the center region of the switch cell (left), and the corresponding metal

contact.

Figure 5-9: AFM images of the swith structure and the cefabricated CMUT structure

Next, we deposited a 260n PECVD silicon nitride insulation layer on the device layer of
the SOl wafer. The bump can then be formed on the insulation layer by evaporating and lifting off
a stacked metalyar of 26nm chromium and 5@m gold[Figure5-7(d)]. The insulation layer is
needed for both the switch and the CMUT: it prevents the short circuit when the CMUT pulls in,

and isolate the metal contact from thp pdate electrode for the switch.
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The processed glass and SOl wafers were first aligned and then anodically dichde® U C
under 2.5kN down forcein vacuum(10 4 Torr) using an irsitu aligned wafer bonding system
(Model AML-AWB-04, Applied Microengineering Ltd, Oxfordshire, United Kingddgijgure
5-7(e)]. To release the platéhe handle layer of the SOI wafer was ground down to 10@pan
the remaining handle layer and the BOX layer were removed udifgoeal MAH at 80°Cand a
10:1 BOE solution, respective[frigure 5-7(f)]. Figure 5-10(b) displays the optical image that
shows the bonded SOI device layer as the plate and augogew of the aligned metal bump

over the RF line.

In the next step, we digtched the silicon/silicon nitridaate[ Figure5-7(g)]. This step serves
the following purposes. First, it evacuates the generated gas during anodic bonding in the switch
and CMUT cells, so that the cells could be later sealechcuium Second, it is@tes the top
electrode plate of the switch and the CMUTSs to enable independent biasing of the CMUT and the
switch cell. Third, it allowsaccessinghe bottom pads of the switch and CMUTs. Additionally,
this step defines the dicing lines for device sepamatAfter the etching, the photoresist was

removed using oxygen plasntagure5-10c shows the optical image after this step.

We deposited 806m conformal PECVD silicon nitride on the entire wafer surface taiseal
cavities[Figure5-7(h)]. After that, the silicon nitride needs to be etched in order to accesgthe
plates and also thmttom electrodefor both the switch and the CMUThe sealing silicon nitride
was oty left at the places where sealing is neeffédure5-7(i)]. Then we transferred the wafer

to the evaporation chamber without removing the photoresist. Finally, a stacked layarnof 20



91

chromium and 18Gm gold was evaporated and lifted off to form electrical cont§Eigure

5-7(j)]. Figure5-10(d) shows the optical image of the final device.

Trrmm

]
]
]
]
]

-(a) Bottom metal formation

o

(c) Top plate etch (d) Completed devices
Figure 5-10: Optical images of the critical processing steps
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Table 5-4: Physical parameters of the tested switch
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Horizontal dimensions

Shape of the cell Square
Cell width, Wee 80 um
Control electrode widtAVcontrol 29 um
Control electrode lengthycontrol 74 um
Bump width,Wpump 6 um
Bump lengthLbump 13 um
RF line width, WF jine 10 pm
Ctrl electrode tdRFine gap,Gontrol 3 pum
RF line gap, Gr 3 um
Vertical dimensions
Substrate thickness, 700 pm
Glass etching depth, 0.35 um
Bottom metal thickness, 0.15 pum
Bump thickness, 0.07 pym
Insulation layer thickness, 0.2 um
Silicon plate thickness, 2 um

Top metal thickness,

0.2 ym
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5.5 DeviceCharacterization

5.5.1 Experimental Setup

The switch die was diced from the wafer and the switch pads were wire bonded to a chip
carrier. During the wire bonding and test, electrostatic dischaigP)(Bhould be prevented to
avoid damaging the switches due to stiction or dielectric breakdpi@h A printed

circuit board (PCB) was designed for the test to reduce the cable parasitics.

Figure 5-12: A switch die wire bonded on the PCB.

5.5.2 Static Characterization

The PCB with the wire bonded MEMS switch was first characterizau o study the steady
state behavior othe MEMS switch. A dc power source (Mode5310, Stanford &search

Systems, Sunnyvale, CAyasconnectedhrough the PCB to the top plate of the switch and the
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control electrodes were terminated ground. A multimeter(Model U1272A, Agilent
Technologies, Santa Clara, CA) was connected betwesrRHEy and Rky to measurehe
resistance of the switch. In the meanwhile, a Wstkidace optical profiler (Wyko NT1100, Veeco
Instruments Inc., Plainview, NY) was used to measure the plate surface profile. The dc bias was
increased from 0 V to 90 V with step of 1 V and a dwell time of 10 s to let the switch reach the
steady state. The measured switch surface center deflection at different dc bias voltages are shown
in Figure 5-13(a). The FEM static simulation selts are shown irFigure 5-13(b). A good
agreement between the model and the measurenasnbbserved, confirng that the MEMS

switch is vacuum sealed and a good dimensional control and stress control waslaémgwe

the steadystate measurement, it was observed that the switch turned on and off both at 68 V. The
onrr esi stance was measur ed a &toRRunetal pathmesistamdey 75
is 25 Y, the switch cgfo¥acwhrebi sbahdebesragpc
the switch geometryrigure5-14 shows the conductivity between theiRénd Rk from 40 V

bias voltage to 90 V bias voltage. The inset graphs are the switch sudéitefpr the offstate

(65 V) and orstate (70 V).



96

B E SN A
= £ .60 e L
- c [ .. - e ¥
k=l o 1 N T 3
g g -80+ -
% % 1 oV e e [
a o 0477 SN S L
00 |- 20V o [
------ dqo0v| o S
A0V i
- 70V SR A [
-140 H|...... 80V RN ’.::",." o
______ 9oV et I
-160 - T T T T T T T T
40 -20 0 20 40
Radius (pm) Radius (um)
(a) (b)

Figure 5-13: Static deflection at different bias voltages. (a) Wyko measured results. (b) FEM static

simulation results.
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5.5.3 Dynamic Characterization

For medical ultrasound imaging applications, the MEMS T/R switches integrated next to the
CMUT elements need to work in immersion, which is also beneficial for the smgtsipeed of
the MEMS switch because the medium damping will reduce the plate oscillation-voltage
control signal is desired fan ultrasound imagingystem front end to ease the requirement of
circuit designlt is also required for switch operationorder to minimize the oscillation amplitude
during the switching. Therefore, we biased the switch at 67 V, which is close enough to its
switchingvoltage (68 V). Then we increasthe control signal amplitude from\@ with a 0.1V
step. We found thahe switch could be operated at a control signal amplitude of 2.5 V. Another
important factor related to the switching speed isribetime and thdall time of the control
signal. We investigated this behavior using a shpglat laser Doppler viboromatéOFV-534
sensor head, OF8000 controller, Polyte&mbH, Waldbronn, Germany). A $0microscope
lens was used to concentrate the laser beam-jmadameter spot on the top plate over the metal
bump. The DB300 decoder with a déquency range from 30 kHz to 24 MHz was
used to filter out théow-frequencynoise. We used vegetable oil as the immersion medium due to
the exposed pads and bonding wires. The laser was focused through the oil on the
plate surface. A duathannel waveforngenerator (33522A, Agilent Technologies, Santa Clara,
CA) was used to deliver the control signal and also the RF signal to the MEMS switch.
The control signal was generated using the pulse mode in order to enable modification of the edge
speed. For the sing edge, theise time was changed from 20 ns to 1 ps. The control

signal and the Rfm signal were recorded using an oscilloscope (M303024A, Agilent
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Technologies, Santa Clara, CA). In the meanwhile, the vibration of the plate was measured using

the \brometer. Figure 5-15 shows the recorded RF signal and tlwerresponding
plate displacement for @ase times of 100-ns, 206ns, and 30és. The measured displacement

results were compared to FEM simulation result.
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Figure 5-15: Dynamic characterization with a control signalrise time of (a) 100ns; (b) 200 ns; and

(c) 300 ns Figure (d)-(f) shows thecorrespondingplate center displacement.

It can be observed thdtaswitchingtime is first dominated by the metal bump rebound after
the first contact. Asherisetime increasg the rebound becoraéess significant and redusthe
switchingtime, which is due to the center frequency of the rising edge deviate feopiate
mechanical resonant frequency. However, agitiedime further increasg theswitchingtimeis

dominated by the prolongedetime and therefore increase again as showkigare5-16. For
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the switch uder measurement, the optimum switching tim&.34 us and the correspondinge

time is 300 ns.
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Figure 5-16: Switch switching time versus control signakise time.

For thereleasdime, the speed is ontjetermined by th&all time of the control signaFigure
5-17 shows the recorded RF signal and its corresponded displacement compared to the FEM
simulation for thefall time of 100 ns, 200 nand 300 ns, respeedly. Figure 5-18 shows the
relationship between tHall time and theeleasdime. It can be observed that tiadl time and the
releasdime havea linear relationship. Therefore, a féat time is desired foa fast switching off.

For the switch under test, the optimueheasdime is 80 ns while th&ll time is 20 ns.
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Figure 5-17: Dynamic characterization with a control signalfall time of (a) 100 ns; (b) 200s; and

(c) 300 ns, respectively. Figure (df) shows thecorrespondingcenter displacement.
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Finally, we usd a2.5-Vpp, 1-kHz square wavas the control signal with the optimuise
time andfall time. A 1-MHz, 300mVpp continuous sinusoidal wave was first used as the RF
input. Figure5-19(a) shows the measured output signal. Then we useMBAZ, 5-Vpp unipolar
pulse wave as the input and the output is shoviaguare5-19(b). The results demonstrate that the

fabricated MEMS switch is suitable for ultrasound imaging system operating frequency.
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Figure 5-19: (a) 1-MHz, 300mVy, CW input signal turned on and off by a tkHz control signal. (b)

500ns, 5V pulsesignal turned on and offby a 1-kHz control signal.
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5.6 Chapter Conclusions and Future Work

We designed and fabricated a MEMS T/R switch that could Halrecated and closely
integrated with a CMUT element on the same glass substrate using anodic jaapifgp]. A
switch test structure was characterized. The static deflection measurement agrees well with the
FEM simulation results, confirmed that fabricated switch is vacseated and has a good
dimension and stress control. The static measurement deateashe switch has a switching
vol tage of 6 8 Vv and a contact resi stance
optimizing the switch geometry. We further investigated into the switching mechanism using a
dynamic characterization. The result shows #hatching time is first dominated by metal
bump rebound and then dominatedivgcontrol signatisetime. An optimumrisetime exiss for
the fastesbn-switching. For the switch under teshe besswitchingtime is 1.34 ps with 300s
control signarisetime. Thereleasdime is only dominated by tHall time. A shorterfall time is
desired for a fast release. releasetime of 80 ns has been demonstrated withn20
control signafall time. We also demonstrated that the MEMS switch cbaldperatety a 25
V, 1-kHz control signal to conduct and block a-MHz, 300mVpp continuous
sinusoidal wave aaninput signal, an®00-ns, 5V pp unipolar pulse wave aninputsignal. This
work demonstrates that thMEMS T/R switch can meet the operating frequencyiregnent in

an ultrasound imaging system.

The fabricated switch needs to be tested with th&alkbncated CMUTs to demonstrate its

capability in & ultrasound imaging system, which will be investigated in the future. There are
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several aspects of the MEMSVitchthatcould be further improved. First, a thicker metal bump
could be used to reduce the series resistance of the switch, and thus improve the power handling
capability, which is especially important for trangmig high-pressure ultrasound and also
applications wherahigh-power continuous wave is needed such as HIFU. Also, some other metal,
such as Pt and Pd, could be employed to improve the power handling and reliability of a MEMS
switch [81]i1 [84]. Second, the gap height should be reduced so that the dc bias voltage can be
minimized, which will also reduce the plate oscillation amplitude and make the switch faster.
Besices, the switch cell could be designed higher frequency forraevenfasterswitchingspeed

and integrate with higfrequency CMUT arrayss reported in Chapter Zurthermore, the
proposed MEMS switch structure is compatible with 2D CMUT array falwicatrocess that we

reportedn Chapter 4and couldenable reconfigurable transducer ari@gj.
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Chapter 6 TRANSPARENT CMUT S ON GLASS

SUBSTRATES

6.1 Applications of Transparent Transducers

The combination of ultrasonics and optics is desired in many applications such as integrating
ultrasound sensing with flat pdndisplays, embedded optical vibrometry, and photoacoustic
imaging [86][32]. The opacity of materials used in conventional piezoelectric transducer
constructs has severely resteid such applications. Lithium niobate with indium tin oxide (ITO)
electrodes has been investigated to build a transparent piezoelectric traf@dliddowever,
transparent CMUTSs are desired because of the benefits such as ease of fabrication and integration,
and broadandwidth.Our platform process enables fabrication of CMUT on a glass substrate that
has a highoptical transmittance. A traaparent CMUT structure can be realized by replacing the

metal electrode with transparent electrodes.

Indium tin oxide (ITO) has high optical transpacg and electrical conductivitgnd hence
has been used as a transparent conductor in devices such esitghg diodes (LED) and liquid
crystal displays (LCDJ)88]. In this work, we use ITO as the bottom electrode of CMUTs to

improve the optical transparency.

The CMUTSs with ITO bottom electrodes are fabricated based on our anodic bonding process.

We had also applied the process to make CMUTs that has silicon nitride instead of metal on the
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silicon platg55]. Glass substrate and silicon nitride have goatsprarency. The thin silicon plate

has some limited transparency in the red to NIR wavelength range. The major limitation in the
total transmission through the CMUT structure we have reported in our previous work was the
metal (Cr/Au) bottom electrodes. tims work, we use ITO as bottom electrode material instead of
Cr/Au. In the following section, the fabrication process and the optical and acoustical
characterization results diest presentedThen, we use the device for experiment backvwaode
photoaoustic imaging. In section 6.4, we further improved the transparency by replacing the
silicon plate with a glass plate. The device is designed for applications where optics and acoustics

needto be combined, such as integrating an ultrasound sensor uitatgpanel display.

6.2 CMUT with ITO Bottom Electrodes for Improved Transparency

6.2.1 DeviceFabrication:

The simplified fabricatioprocess flow is shown iRigure6-1, which is similar to the platform
process reporteith Chapter 3 with replacing the metal bottom electrode to ITO electrode. CMUT
cavities are patterned after cleaning the wafbe wafer was baked at 125between the wet
etching cycles to prevent photoresist from peeling off. The BOE etching processabersito-
vertical etch rate ratio of 10:1. Therefore a-@rb undercut can be achieved during the cavity
formation, which is beneficial for the later ITO iff stepFigure 6-1(a). The wafer was then
transfered into & RF sputtering system without removing the photoresist. An ITO film with a
thickness of 170 nm was sputtered over the wafer in ambient temperature and then lifted off in a

heatedNMP solution. Then the wafer was annealed at°@5for 5 minutesn a rapid thermal
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annealing (RTA) system to improve the ITO conductivity and transpafémgyre6-1(c)]. Figure

6-2 shows optical image and AFM image of the ITO bottoactebdes defined in the glass cavities.

The SOI wafer and the processed glsigisstratevere bonded together by anodic bonding.
The top plate was formed after the handle wafer and BOX layer rerfiéigare 6-1(d)]. The
silicon plate was etched at the bottom pad location to evacuate the gas generated during anodic
bonding[Figure6-1(e)]. The device was sealed using-arh conformal PECVD silicon nitride
[Figure6-1(f)]. The sealing nitride was etched to reach the conductive top plate silicon and the
bottom electrode to form electrical contaEtgure6-1(g). The device fabrication was complete
after evaporating and lifting off a stacked layer ofr2® chromium and 188m gold as the bond

pads[Figure6-1(h)].

0.7-mm Borofloat Glass Substrate

(a) (e)

i

(b) ()

(c) &)

(d) (h)

[ Photoresist Chromium/Gold [l ITO before annealing
I Silicon Il Silicon Nitride ITO after annealing

Figure 6-1: Simplified fabrication process fow.
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Figure 6-2: Optical image after the ITO bottom electrode definition (left). AFM image showing the

profile of the glass post and ITO bottom electrode (right).

Figure6-3 shows the optical image of a finished CMUT element with ITO bottom electrode
and circular cells with a diameter of 78 um and a plate thickness of 2.5 um. The atmospheric

deflection measurement in the center of a cell confirmed the devices atenwsealed.
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Figure 6-3: Atmospheric deflection measurement of a finished CMUT element. The inset shows a

finished CMUT element.
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6.2.2 Device Characterization:

Figure6-4 is the optical images of the CMUTs fabricated with ITO bottom electrodes (left)
and metal electrode(right) undera microscope with backside illumination. The die with six
CMUT elements was placedabareNC S TATE UNI VERSI TYO |l @go. Froc
it is clear that the device with ITO bottom electrode heisrgroved transparency in visible light

range.

Figure 6-4: (a) Six CMUT elements with ITO bottom electrodes show the improved transparency of
the bottom electrodes. lf) Six CMUT elements with Cr/Au bottom electrodes presented for

comparison.

To further characterize the transmission coefficient, the ITO and Cr/Au bottom electrodes and
the finished devices were measured using a spectrophoton@dey 60 U\Vis, Agilent
Technologies, Santa Clara, CA) from 400 nm to 1000 nm wavelength FEggee6-5(a) shows
the transmission through the 26 ITO bottom electrode dheglass before and after annealing,
in comparison to 158m Cr/Au bottom electrode ahe glass.Figure 6-5(b) shows the optical

transmission through the final device with ITO bottom electrodes and Cr/Au electrodes. It is clear
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that the CMUTs with I'D bottom electrodes have a significant transmission improvement in the
measured wavelength range. Howevire 2um silicon plate is the main hurdle for the

transmission in the shorter wavelength range.
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Figure 6-5: (a) Transmission measurement. Transmission of the botin. (b) Transmisson of the

final devices

The real and imaginary parts of the electrical input impedance of thedian CMUT was
measured in air using a network analyzer (Model E5061B, Agilent Technologies, Inc., Santa Clara,
CA) [Figure6-6(a)] . The open circuit resonance frequency of the CMUT element was measured
as 3.62MHz at 18V dc voltage, which is approximately 75% of the guallvoltage. The kY
baseline in the real part corresponds to the series resistance of the device, which is mainly

contributed by the resistance of the patterned ITO bottom electrode.
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This resstance could be reduced by depositing a thicker ITO layer or using parallel
connections to the pads. For the PAI experiment, we-mareled two connections to two pads

reaching the ITO bottom electrode to reduce the series resistance.

A pulseecho measureemt was performed in vegetable oil to characterize the gzl
bandwidth in immersion and also to help quantify the effects of optical absorption in the silicon
plate on the generation of spurious transmit signals. The CiasTplaced..2 cm away frona
plane reflector and was biased at\18lc voltage (75% Wui-in). A 1-V, 250-ns pulse was used to
excite the device. The received echo signal and its Fourier transform are sHegur@®6-6(b).

The center fregency of the CMUT is 1.4 MHz with ad@B fractional bandwidth of 105%.
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Figure 6-6: (a) Electrical input impedance measurement in air. (b) Pulsecho measurement in

vegetable oil.
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6.3 Backward-mode Photoacoustidmaging

6.3.1 Background of Photoacoustic Imaging:

Photoacoustic imaging (PAI) is emerging as an attractive hybrid imaging modality that
combines the physics of optical imaging and ultrasound imdg®ig It is a complement to the
traditional pulseecho ultrasound imaging since it can provide optical contrastnnation.
Comparedo optical imaging techniques, PAI provides excellent spatial resolution with deeper

penetration primarily determindxy ultrasound waveleng{1].

An important challenge in PAI is the arrangemehthe laser source and the ultrasound
transducer. Various approaches have been demonstrated for different applje@iidbae ofthe
commonly used arrangement is to have the light source illuminate the target from the single side
or two sides at aght angle to the acoustic pgfi]. Another implementation is to have the light
source integrated as two fiber bundles along the length direction of a 1D transduc§@2jrray

[93].

However, this method does not illuminate the surface area under the transducer array and
results in a blind spot in front of the transducer. Also, it is difficult to use this approach with 2D
arrays, which would result ialarger area under the 2D transducer array not being illuminated.
This approach also limits the footprint of the imaging probe as the fiber bundle and the closure
required to place it next to the ultrasound array occupy extra space. The small footprint is

especially important foiintracavitalprobes. The light illumination has also been distributed using
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a spherical mirrof94]. Another approachis afaceto-facearrangement which is also referred to

as forwardmode[95]i [97], which is not practical for many clinical applications.

In some diagnostic imaging and imag@ded therapeutigoplications, it is desirable to have
the light source integrated behind the ultrasound transducer for implementing-tch#edo
backwardmode PAI. First of all, this approach would allow a more uniform illumination in the
near field. Also, it couldeadto a compact form factor, which is important for therapy monitoring
applications using a catheteased imaging system. One approach to implement the backside
illumination is to use a ring array or annular array and introduce an optical fiber bundlesinto th
central lumenj93], [98], or place a forwardiewing ultrasound catheter in the central lumen of an
annular light ring99]. However, the former arrangement limits arrayrgetry and illuminated
area and the latter results in a larger catheter size. The ideal implementation is to have a transparent
transducer which allows the laser illumination to go through with mingai&absorption Some
transparent piezoelectric matdsigduch as polyvinylidene fluoride (PVDF) atehdlanthanum
zirconate titanate (PLZT) have been proposed for such pufp066g [101] A PVDF annular
array has been adopted with throtgiie illumination 6r PAI [102]. Also, transparent Fabry
Perot polymer film optical ultrasound sensors and optical aringpresonator (MRR) have been
investigated for implementation of backwartbde PAI[103], [104] However, there are only
limited reports on using CMUTSs for such an operation. An earlier attempt was based on CMUTs
fabricatedon a silicon substra{86], where transmission is limited and the wavelength of the light

source has toéabove 1000 nm to reduce the silicon substrate absorption.
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The abovedescribedMUT on a glass substrate with indium tin oxide (ITO) bottom electrode
improvedthe device transmissidn 30% to 70% in the wavelength range from 700 nm to 900 nm
which is @mmonly used for irvivo photoacoustic imagingVe will use thidevice in immersion
and have laser illumination through the fabricated CMUT to demonstrate preliminary

photoacoustic imaging results.

6.3.2 Experimental Setup

The diagram of the experimental sefor photoacoustic imaging is shownRigure6-7. The
CMUT die was mounted onRCBthat has a bia$ circuit and switches to select individual CMUT
elements for testing. The PCB was designed with a rectanguéartén the center to allow light
to pass through the CMUT die, as shown in the ins&igire 6-7(b). After wire bonding, the
CMUT and the laser output were fixed using af@ihted holder and mounted on &a$is linear
stage (model PRO165, Aerotech Inc., Pittsburgh, PA, USA) to enable mechanical scanning. The
3D-printed holder was used to ensure the relative position of the CMUT and the laser output does
not change during the experiment. A dc power suppigdel E3631A, Agilent Technologies,
Santa Clara, CA) was connected to the PCB and the signal received by the CMUT was filtered and
amplified by a receiver (model 5072PR, Olympus Corporation, Tokyo, Japan). The filtered and
amplified signal was recorded by a f@ntrolled digitizer (model NI PE$124, National
Instruments, Austin, TX). The excitation laser source is a -fibapled optical parametric
oscillator (OPO) pumped by a-8witchedNd: YAG laser (model Phocus Mobile, Opotek Inc.,
Carlsbad, CA) with a wavength range from 690 nm to 950 nm. The laser pulses had a pulse

width of 4.5 ns and a repetition rate of 20 Hz. The output energy of the laser was calibrated using
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a pyroelectric energy detector (model: QE25, Gentec Inc., Quebec City, Canada). Thefoutput
the laser was coupled to the backside of the CMUT die using a fiber bundle with a diameter of 5
mm. The target and the coupling medium were placed in a glass container under the PCB. The
bottom view of the PCB is shown Figure 6-8(a) with the inset graph indicating the relative
location of the laser beam and the CMUT elements. We chose to use the number 2 CMUT element
on the die because the light illuminated through this entire device. The side vibefitfer

bundle,the PCB, and the holder is shownkigure6-8(b).

Two different targets were imaged. The first imaging target was-enth tliameter pencil
lead The pencillead was suspended 2 cm above the bottom sarf#cthe glass container.
Vegetable oil was used as the medium instead of water as the transducer surface and bond wires
were not electrically insulated. We filled the vegetable oil up to approximately 1.5 cm above the
pencillead Then we lowered the hatd until the CMUT surface touched the oil. The laser beam
output from the fiber bundle into the CMUT chip hestavelength of 830 nm and a fluence of 12
mJcm?. The CMUT was biased at A8 dc voltage. We set the receiver gain at 20 dB and the
cutoff frequency of the lowpass filter at 10 MHz. The transducer was scanned across the pencil
leadand the received signals at each locati@nesampled at a rate of 200Sa's, digitized, and

averaged 16 times to improve the SNR before recording.

The second targetas designed to better mimic the condition of biological tissues. We looped
a polyethylene tube witaninner diameter of 2.3 mm arahouter diameter of 3.6 mm and filled
it with an indocyanine green (ICG) solution {aM), which is commonly used as a caast

enhancement agent in PAIL. The tube was then suspended using fishing lines inside the glass
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container. Then we filled up the container with a mixed solution of 1% Agar and 1% Intralipid
(20% intravenous fat emulsion) in DI water to build the photodmomsaging phantom. After the
phantom was solidified, we added anbn oil layer on top of the solid phantom for acoustic
coupling. The CMUT was again biased at\18Ic voltage. This time the received signals were
amplified with 40dB gain. The laser wawahgth was chosen as 790 nm to match the maximum
absorption of the ICG solution. In order to get a stronger PA signal, this time we used laser output
fluence of 20mJcm2 into the CMUT chip. By mechanically scanning in x and y directions,
volumetric data warecorded at a sampling rate of 208as and by averaging of each scan line

16 times.

Photoacoustic images were reconstructed using the standard-addisym QAS)
beamforming algorithmgl05] along with a oherence factor (CF) weightif$06]. Prior to image

reconstruction, every Acan S(t) was processed a§107]:

Sprocessec( t) = 3 ) - t“ST(t): (61)
Sprocessec(i) = 3 D - ( 3 ) _$ I 1))1 (62)

This preprocessing suppresses thed@guaicy component in the signal. Then, theséans
were filtered by a 0.281Hz 4.5MHz bandpass filter to eliminate otdf-band noise. After that,
DAS receiveonly beamforming was applied to form the PA image. Considering the radiation
pattern of the CMUT antb maximize the image SNR, a threshold value éfvlds chosen and

the contribution from an element was not taken into consideration if the angle from its normal to
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the pixel location was larger than the threshold. Finally, envelope detection was pedrdmahtae

image was multiplied by the coherence factor map. Logarithmic compression was performed

before displaying the PA image.

CMUT  PCB | Laser *—Tigﬂ‘ Oscilloscope‘
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Figure 6-7: A schematic diagram of the CMUT with improved transparency

Laser Output

() (b)
Figure 6-8: (a) Bottom view of the PCB with CMUT (inset graph indicates the relative location of
the laser output and CMUT elements). () Side view of PCB attached on the holder with the optical

fiber bundle in the back.
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6.3.3 Backward-mode PAI Results

6.3.3.1 GraphiteTarget

The experimental results of imaging of the pelaaitiin oil are shown ifrigure6-9. A sample
A-scan at X=0 mm is shown Figure6-9(a). Four signals (S1, S2, S3, S4) are marked on the A
scan with the signal paths shownFigure6-9(b). As the 4.5ns wide laser pulse shines through
the CMUT, some of the optical energy is absorbed in the silicon plate and converted to heat.
Thermoelastic expansion of the silicon plate caused hg hegating and cooling will set the plate
into vibrationat its natural frequency in oil, which results in the Sl on theedn. S2 is the received
PA signal generated by the perleihd The tail signal after S2 is because of the substrate ringing
of thedevice and the reverberations in the peleaitl S3 is the pulsecho signal transmitted due
to S1 and reflected by the penlead and therefore occurred at double the distance compared to
S2. S4 is the PA signal generated by the pésadreflected ly the silicon plate and then reflected
back by the penclead Therefore it appeared at three times the target depth. The reconstructed B
scan image of theross sectionf the pencileadis shown inFigure6-9(c) with 40-dB dynamic
range. The pencleadwas seen at the depth of approximately 12 mm. Substrate ringing and the
reverberations in pendiadcan be observed after the main signal. At the distance of 24 mm, a
weaker signal (34 dB lower thahe pencillead was detected, which is due to the ptdsbo

signal generated by the silicon plate absorption and corresponds to S3 esdcdue. A
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Figure 6-9: Pencil lead crosssectional PA imaging results: (a) Aample A-scan at X=0 mm and its
Fourier transform after applying a Gaussianwindow; (b) Signal paths of the four signals on the A

scan; (c)Reconstructedimage

6.3.3.2 SiliconPlate Absorption Spuriousdghal

In order to further evaluate the effect of the siliptate absorption, we designed the following
two experimentsFirst, we compared the photoacoustic signals generated by the light absorption
in the pencilead(referred a® Awargetin the following context) and the puleeho signals generated
by photoacostically induced vibration of the silicon plate (referred assAn the following
context) for the same travel distance in oil across the 690 nm to 950 nm wavelengtR AaiRge.
was first recorded as described for the imaging experiments. To &gkdalso at 12mm travel
distance, we placed the CMUTFnem away from the glass container bottom, which served as a
plane reflector without generating interfering PA signals. The laser wavelength was scanned from
690 nm to 950 nm wavelength range witktep of 10 nm. The received signals were normalized

to 1-mJcn? laser energy through the CMUT. The results are plott&igiare6-10(a) with curve







































