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ABSTRACT

DESIGN AND IMPLEMENTATION OF CAPACITIVE
MICROMACHINED ULTRASONIC TRANSDUCERS FOR HIGH
INTENSITY FOCUSED ULTRASOUND

F. Yalgin Yamaner
Ph.D. in Department of Electrical and Electronics Engineering

Supervisor: Assoc. Prof. Dr. Ayhan Bozkurt

High intensity focused ultrasound (HIFU) is a medical procedure for noninvasive
treatment of cancers. High intensity focused ultrasound is used to heat and destroy
the diseased tissue. Piezoelectricity has been the core mechanism for generation of
ultrasound waves in the treatment. Focusing can be done by using spherically curved
transducers or using a lens or electronically steering sound waves by using phased
arrays. Current research in HIFU technology targets the development of MR-guided
miniaturized ultrasonic probes for treatment of cancerous tumors. Capacitive mi-
cromachined ultrasonic transducer (CMUT) is an alternative technology to generate
and detect ultrasound. CMUT consists of a suspended membrane The advances in
CMUT technology, enables fabricating tiny transducer arrays with wide bandwidth
makes them a strong candidate for the application. In this thesis, a new method-
ology is proposed to design and operate CMUTSs to generate high pressures under
continuous wave excitation. An accurate nonlinear circuit model of CMUT is devel-
oped and the model is carried into a SPICE (Simulation Program with Integrated
Circuit Emphasis) simulator for fast simulations. The model includes the radiation
impedance of the array, thus the operation in a fluid environment can be simulated.
The model is verified by doing FEM simulations. The circuit model provides a novel
optimization tool for CMUT operating in non-collapse mode. The optimized CMUT
parameters are presented and a sample fabrication is done using anodic bonding pro-
cess. With the process, a 100 m thick silicon wafer is bonded to a glass substrate.

A new driving scheme is proposed without a need of DC voltage. Thus, the charge
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trapping problem in CMUT operation is eliminated. The fabricated device provides
1.8 MPa surface pressure with -28dB second harmonic for a maximum 125V drive
voltage at 1.44 MHz which is currently a state of art performance of a CMUT under

continuous wave excitation.

Keywords : Capacitive Micromachined Ultrasonic Transducer, CMUT, High In-
tensity Focused Ultrasound HIFU, Large Signal Circuit Model, Microfabrication,
Anodic Bonding
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OZET

YOGUNLUKLU ODAKLANMIS YUKSEK FREKANSLI SES
TEDAVISI ICIN KAPASITIF MIKROISLENMIS ULTRASONIK
DONUSTURUCULERIN TASARIMI VE GERCEKLESTIRILMESI

F. Yalgin Yamaner
Elektrik Elektonik Miihensiligi Boliimii, Doktora
Tez Danigmani: Do¢. Dr. Ayhan Bozkurt

Kanser tedavisinde ¢igir acan yontemlerinden biri olan yogunluklu odaklanmais
yitksek frekansli ses tedavisi (HIFU) gelisen teknolojiyle birlikte popiiler bir hal al-
maktadir. Prensip olarak lokalize tiimoriin 1sitilarak tahrip edilmesini miimkiin kilar.
Viicut igerisinde bir noktaya odaklanmig yiiksek frekansh ses dalgalari, akustik en-
erjinin 1s1 enerjisine dontigiimiiyle o noktadaki sicakligin artmasina neden olur. Be-
lirli sicakhigin iizerine g¢ikildiginda hiicre oliimii baglar. Odak noktadaki kanserli
hiicrenin oliimiiyle tedavi tamamlanir. Oldukg¢a hedefe yonelik bir tahrip olmas: ve
bilindik yan etkilerinin olmamasi tedavinin popiilerlik kazanmasindaki énemli etken-
lerdir. Ses kaynagi olarak pizeoelektrik teknolojisi kullanilmakta ve biitiin sistem
bu teknolojinin iizerine insa edilmektedir. Yari iletken teknolojisinin ilerlemesi daha
kiigiik yapida sistemlerin olugmasina imkan taniyarak damar icinde de tedavinin
kullanilmasina olanak saglamaktadir. Bu amagla sistem minyatiirizasyonu hedeflen-
mektedir. Kapasitif mikroiglenmis ultrasonik doniistiiriiciiler (CMUT) piezoelektrik
doniigtiiriiciilere gore yeni bir teknolojidir. Mikro-elektromekanik (MEMS) teknolo-
jisi ile tretilen bu dontistiiriiciiler, piezoelektriklere gore yari iletken teknolojisine
daha uyumludur. Bunun yaninda hareket eden zar yapisi sayesinde daha genis
banthdir. Uzun yillar siiren aragtirmalar neticesinde CMUT {iretimi bir yariiletken
iiretim teknolojisiyle rahatlikla tiretilmekte ve elektronik entegrasyonu yapilabil-
mektedir. Yapilan ¢aligmalarda bu teknnolojinin sagladig1 faydalar ortaya konmus
ve yakin gelecekte ticarilesmesi beklenmektedir. Bu tezde, HIFU i¢in bir CMUT

tasarimi yapilmig ve gergeklegtrilmistir. Uygulamaya yonelik bu tasarim igin bir
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optimizasyon metodu gelistirilmis ve okuyucu bilgisine sunulmustur. Optimizas-
yon oncesinde CMUT i¢in lineer olmayan etkileri de icerecek sekilde bir devre mo-
deli olugturulmugtur. Bu devre modeli CMUT konvansiyonel c¢aligma modu igin
olugturulmustur. Bu modun tercih edilmesindeki en onemli etken uygulama sirasinda
olusacak harmoniklerin minimuma indirilmesini saglayarak 1s1 kaybinin optimize e-
dilmesidir. (okme ve derin ¢okme modlarinin lineer olmayan etkileri arttirmasi,
cikigtaki ikincil harmonik seviyesini de arttirarak akustik enerjinin doniigtiiriicii yii-
zeyinde 1s1 olarak kaybina sebebiyet vermektedir. Aym sgekilde bu modlarda zar
yapinin siirekli bir sekilde alt tabana yapigip ayrilmasi sonucu olusabilecek beklen-
medik zaman farklilagmalar1 da harmonik seviyesini arttirmaktadir. Cokme modu-
nun olmadigr bolge HIFU operasyonu i¢in olduk¢a uygundur. Devre modeli, sonlu

eleman model analizleri (FEM) ile sinanmig, ve dogrulugu arttirilmigtir.

Ortamin etkileri gozetlendiginde dontigtiiriictiniin gordiigii radyasyon empedan-
sinin performans tizerindeki etkisi biiyiiktiir. Radyasyon empedanst CMUT dizisinin
yapisina; her bir hiicrenin dizi icerisindeki konumuna, aralarindaki mesafelere, kar-
silikli etkilegsimlerine ve en onemlisi frekansa gore farkliliklar gostermektedir. Rad-
yasyon empedansi modellenerek devre modeli icerisine yerlegtirilmisg ve gercek caligma
kogullarinin modellenmesi saglanmigtir. Operasyon esnasinda maksimum zar hareketi
saglanarak cikig giicliniin arttirilmasi hedeflenmistir. Bu amagla CMUT radyasyon
direncinin maksimum oldugu noktada operasyon saglanarak ¢aligilan ortama maksi-

mum gii¢ transferi saglanmistir.

HIFU operasyonunda dontistiiriiciilere elektriksel olarak ytiksek genlikli ve sii-
rekli sintisoidal dalgalar uygulanmaktadir. Geleneksel olarak CMUT bir DC ge-
rilimin tizerine eklenmig bir AC gerilimle ¢alismaktadir. DC gerilim zar yapimin
belirli bir seviye biikiilmesini ve gerilmesini saglayarak hareketin uygulanan AC
gerilimin frekansiyla ayni olmasini saglamaktadir. Fakat uygulanan DC gerilim
elektrotlar arasindaki yalitkan bolgede yiik birikimine sebep olarak olarak CMUT
performansini diigiirmektedir. Bu etkinin ortadan kaldirilmasi amaciyla DC kul-
lanilmayarak CMUT lar sadece galigma frekensinin yarisinda uygulancak AC sinyal

ortaya konmus ve deysel olarak gosterilmisgtir. Yiiklenme proplemi (charging prob-
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lem) olmadan gahgtirilan doniigtiiriiciiler uzun siire uygulanan elektriksel sinyale per-

formans diisiisii olmadan tutarli cevap verebilmektedir.

Uretilen déoniistiiriiciiler 2.88 MHz'de, 125V sinyal genligi altinda, 1.8 MPa
yizey basincini -28dB ikincil harmonik seviyesiyle iiretebilmektedir. Uygulanan
sinyalin frekans1 1.44 MHz'dir. Elde edilen basing ve ikincil harmonik seviyesi uygu-
lanan bu elektriksel stirekli dalga altinda su ana kadar elde edilmig en yiiksek se-

viyedir.

Optimizasyon sonrasi elde edilen dontigtiiriicii yapisi, kalin bir zar tabakasinin
olugturulmasini gerektirmektedir. Bu amagla zar malzemesi olarak inceltilmis silikon
taban secilmis ve anodik yapigtirma metodu kullanilarak silikon taban cam tabana

yapigtirilmigtar.

Anahtar Kelimeler : Kapasitif Mikroiglenmig Ultrasonik Doniistiirticler, CMUT,
Yogunluklu Odaklanmig Yiiksek Frekansli Ses Tedavisi, HIFU, Medikal Ultrason,

Esdeger Devre Modeli, Mikrofabrikasyon, Anodik Yapigtirma
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Chapter 1

Introduction

High intensity focused ultrasound (HIFU) has become increasingly popular for non
invasive and minimally invasive cancer therapy. In addition to being as effective
as its existing alternatives, such as radiotherapy, HIFU treatment of tumors is sig-
nificantly safer. Current research in HIFU technology targets the development of
MR-guided miniaturized ultrasonic probes for treatment of cancerous tumors. Ca-
pacitive micromachined ultrasonic transducer (CMUT) is an alternative technology
to generate and detect ultrasound [1-3]. Fig. 1.1 shows a cross section view of a
conventional CMUT structure. The technology of CMUT has made a high progress
since it was first introduced. Recent designs, operating and fabrication methods are
all promising and make CMUT a strong candidate for ultrasonic applications [4-9].
Using silicon micromachining, CMUTs can be fabricated with different geometries
and operating frequencies on a single wafer with an accuracy of nanometers which
is difficult for piezoelectrics [10]. Smaller transducer elements can be fabricated on
chip, so the overall device size can be reduced. Conductive silicon can be used as
metal layers of CMUTSs, removing the need of metal, so that electromigration effects
can be eliminated which occur due to high currents in high power continuous wave
(CW) operation. Silicon is also a thermally conductive material and its usage in-
creases the heat dissipation in the device which is an important problem with PZT

transducers [11,12]. In other words, self heating of the transducer will be much less



than PZT transducers. By the use of CMUTSs, skin burns can be eliminated in the
region where the transducer is in contact with the body. Furthermore, silicon and
silicon dioxide are MRI compatible materials [13]. So CMUTSs can easily be used
within MRI. Recent designs have been presented for non-invasive cancer therapy of

lower abdominal cancers using CMUTs [14].

Figure 1.1: A cross-section view of a CMUT.

Recently, it has been demonstrated that CMUTs can be used as HIFU trans-
ducers [15], however the pressure level and the second harmonic at the output need
to be reconsidered and an optimization is required on CMUT parameters to increase

the delivered sound energy.

The joint efforts of CMUT research groups at Bilkent Univesity and Sabanci
University to solve the pressure level issue, resulted in a new operation method that
has been named as the “deep collapse mode”. This highly non-linear operation mode
enables the generation of significantly larger output powers [16]. However, collapse
mode may not be suitable for continuous wave of operation due to CMUTs relatively
high amplitude harmonic content that is a natural result of the non-linearity of the

device.

In this thesis, a new methodology is proposed to design and operate CMUTs
to generate high pressures and low harmonics. For a selected frequency of operation,
CMUT geometry can be optimized to get high power. The optimization requires a
fast simulation tool. Finite element based CMUT simulation tools take too much
time for an optimization, especially when the array size is large and the operation is in

fluid. Thus, the nonlinear electrical circuit model in [17] which simulates the CMUT



behavior is used for the optimization. First, the circuit is improved by including a
realistic radiation impedance model of CMUT array, then the accuracy of the circuit
is increased by further modification on circuit parameters by doing finite element
simulations. The improved circuit model can be used as a fast simulation tool for
the uncollapsed operation mode. It includes the radiation impedance of the array,
thus the operation in a fluid environment can be simulated. The circuit can be simply
performed using a freely available SPICE circuit simulator. The modeled circuit gives
the output pressure for any given CMUT dimensions and input voltage. A transient
simulation of a fluid loaded array can be done in seconds by the proposed circuit
model. The optimization in this work was done in a SPICE environment using the
proposed model. The accuracy of the circuit is tested in comparison with the FEM
model. CMUTSs were fabricated with high membrane thickness and low gap heights
using anodic bonding technology. The important charge trapping issue in CMUT
operation has been eliminated by driving CMUTs at half the operating frequency
without a DC voltage. It has been shown that a DC voltage bias is not necessary

for transmit operation to obtain high output pressure levels.

1.1 Organization of thesis

Chapter 1 provides a brief introduction of the thesis. The targeted application,
HIFU, is overviewed and the compatibility and advantages of CMUT technology are
discussed. The contributions of the author are given. In Chapter 2, HIFU operation
is described in detail and the current devices and literature search on the topic are
given. In Chapter 3 introduces CMUT and its structure. The different operating
methods to improve the transducer efficiency are shown. The recently discovered
operation mode, “deep collapse mode”, is briefly described and the improvement in
the transmit pressure is shown. Chapter 4 constructs the base of this thesis. A novel
nonlinear circuit model to simulate CMUT behavior is introduced. The creation of
the model using a SPICE tool, is explained. The model enables the optimization of

CMUT parameters. The components in the model are examined in separate sections.



And the overall model performance is compared and tuned with FEM. In Chapter
5, a methodology for optimizing CMUT parameters to get high power is proposed.
The methodology is developed over the model which is described in the previous
chapter. An example of an optimum design is given. Chapter 6 describes a new
fabrication method of CMUTs. First fabricated CMUTs with thick membranes are
introduced. Anodic bonding is used to fabricate CMUTSs. Prior to bonding the two
wafers are separately processed, thus the fabrication is divided into two sections. The
fabrication steps are shown. In Chapter 7, the experiments on the fabricated CMUT's
are presented. The experimental setup for the CW operation is shown. Lastly, the
accuracy of the SPICE model is once more verified with the experimental result in

this chapter. Chapter 8 concludes the thesis.

1.2 Contributions

This thesis covers a part of the collaborated research of CMUT research groups at
Bilkent Univesity and Sabanci University. The proposed idea of CMUT optimization
for high power is realized in this thesis. The developed nonlinear circuit model of
CMUT, by the group at Bilkent University, is improved in terms of accuracy and the
model is carried into a SPICE simulator for fast simulations. The created radiation
impedance model for the circuit, provided a novel optimization tool for CMUT. The
FEM simulations done in this thesis, provide verification of the circuit performance.
An optimization methodology is proposed and applied over the improved circuit
model. The Bilkent University’s clean room facilities enabled the environment to
fabricate a sample device. The device provides 1.8 MPa surface pressure with -28 dB
second harmonic with a maximum 125V drive voltage which is currently a state of
art performance of a CMUT under a continuous wave. A new driving scheme is
proposed without a need of DC voltage. Thus, the charging problem is eliminated.
Measurements also provided further verification of the proposed circuit. With the
optimized parameters, it has been shown that pressure levels up to 4.3 MPa can be

easily achieved.



Chapter 2

High Intensity Focused Ultrasound

High intensity focused ultrasound (HIFU) is a state of the art cancer treatment
technique. Treatment is done by destruction of the abnormal tissue using high energy
focused sound waves (Fig. 2.1). Acoustic absorption converts acoustic energy into
thermal energy. Acoustic absorption is proportional to the acoustic intensity as well
as acoustic absorption coefficient (attenuation coefficient). Thus, focused ultrasound
is able to confine the thermal energy generation to a predetermined controllable
focal spot. When the temperature reaches a certain level, the intervening tissue
is thermally coagulated. Unlike radiotherapy or laser light treatment, HIFU does
not use ionizing radiation. Thus, it works without harming the surrounding healthy
tissues. The method even has no known side effects. Treatment is more effective
when the abnormal tissue is concentrated into a small volume. By scanning the
focal point, a volume can be treated without the need for a traditional operation.
The interest in HIFU treatments of breast, brain, liver, bone, kidneys, prostate and

uterine fibroids is increasing and the progress is promising [18].



Skin

Liver

Destructed
~ < tissue at
<~ focus

Transducer ~<

Tumour

Undamaged
tissue in front of
focus

Figure 2.1: A schematic representation of high intensity focused ultrasound lesion

production.

2.1 HIFU Devices

In the 1950s, cross-cut planar quartz crystals with converging lenses were used for
HIFU [19]. Later on, the introduction of piezoelectric ceramic transducers changed
the principle of the operation. Using these materials, both single element unfo-
cused [20] and mechanically focused [21]transducers have been developed and op-
timized for different ultrasonic operations. Dynamic electronic focusing have also
been investigated for the therapy [22]. Extracorporeal devices mainly target organs.
They require high focal length, high intensity; thus, they operate at relatively lower
frequencies (1.0 - 1.7 MHz). Transrectal devices target prostate. They operate at
frequencies between 2.25 MHz and 4 MHz and are smaller in size as compared to

extracorporeal ones [23].

There are many piezoelectric transducer based extracorporeal HIFU devices
implemented by research groups and companies. One such device has been designed
by Haar, et. al. for extracorporeal use [24]. A spherical lead zirconate titanate
(PZT) ceramic transducer of 10 cm diameter and 15 cm focal length is used. The
transducer operates at 1.7 MHz. Another device has been built in Chongquing
HAIFU Technology Company, China. It includes a 12 cm diameter PZT transducer



which has a focal length of 10-16 cm, and operates at either 0.8 MHz or 1.6 MHz.
It also has a built in 3.5 MHz diagnostic scanner [25]. Yet another extracorporeal
device designed by GE Medical Systems uses magnetic resonance (MR) compatible
10 em diameter transducer. Transducer operates at 1.5 MHz and has a focal length

of 8 cm [26]. Other extracorporeal device designs can be found in the literature [27].

An example for a transrectal device is the probe that has been developed by
Sonablate Focus Surgey Inc., USA. The probe contains elements that both image and
treat prostate through the intact rectal wall. 4 MHz PZT transducers are used and
the focal length of the device can be set to 3.0 cm, 3.5 cm or 4.0 cm. Depending on
the focal length the intensity at the focus changes between 1680 - 2000 W cm ™2 [28].
Another probe by a therapeutic ultrasound company, called EDAP TMS, uses a
rectangular transducer of focal length 4 cm with an operating frequency of 2.25 - 3.0
MHz. The intensity of the transducer at the focus is 1000 W cm~2 . The probe has

a built-in 7.5 MHz imaging element [29].

The devices are dominated by piezoelectricity. The improvement in the perfor-
mance of CMUT, makes them a strong candidate in the field. The flexibility in the
fabrication, enables to design and fabricate a CMUT operating at a specific frequency
required for the application. Recently, Wong et al. demostrated a HIFU device with
CMUTs operating at 2.5 MHz. The obtained peak-to-peak pressure level is around
1.4 MPa (16.3 W/cm?) with 80V DC voltage and 130Vpp AC voltage [14]. A focal

intensity of 85 W/cm? is measured.



Chapter 3

The CMUT

The Capacitive Micromachined Ultrasonic Transducer (CMUT) consists of a thin
membrane that vibrates with electrostatic actuation (Fig. 3.1). The voltage applied
between the two electrodes of a CMUT provides the electrical force that is required
to move the membrane. The main advantage of this technology is the low mechanical
impedance of the thin membrane which eliminates the need for matching layers as
compared to piezoelectric transducers. Although the idea of an electrostatic trans-
ducer is as old as piezoelectricity, the electric field requirements, on the order of
million volts per centimeter, made them unrealizable for decades [3]. Advances in
the microfabrication technologies allowed the fabrication of tiny gaps, in the order
of sub-microns, between the electrodes, enabling GV /m electric fields [10]. While
providing numerous advantages over the piezo technology, power output (which is
referred to as “transmit sensitivity”) has always been a shortcoming of the device.

Various solutions have been offered to alleviate this problem.

3.1 Collapse-snap back

To increase the transmit pressure, Bayram et al. introduced the collapse-snapback

mode [29]. In this mode of operation, the CMUT membrane is brought in and out
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Figure 3.1: A cross-section view of a CMUT.

of contact with the substrate of every transmission cycle to maximize the volumetric
displacement [30]. The usage of this unstable region increases the output pressure.
The voltage required to collapse the membrane differs from the voltage required to
snapback the membrane. After membrane collapses the voltage is reduced until the
membrane snapbacks. Although this method successfully increases the maximum
transmit pressure around 5 dB [4,5], it can be problematic due to the nature of the

snap-back motion which causes an uncontrolled timing of output signal.

3.2 Membrane with central mass

Another design specification that has been shown to improve the device performance
is the membrane shape of the CMUT, which has been investigated by several groups.
One method is placing a center mass on the membrane to operate CMUT more in
a piston shape as shown in Fig. 3.2 [31,32], which results in 2 dB improvement in
the transmit sensitivity. The resonant frequency of the CMUT has to be carefully
considered in that case. Otherwise, undesired vibration modes starts to dominate in
the operating region. Mass material could be gold or the membrane itself could be

shaped by leaving a mass at the center.
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Figure 3.2: Non-uniform membrane with a center mass.

3.3 Dual-electrode CMUT

The dual-electrode CMUT structure has two smaller electrodes placed close to the
supports in addition to the center electrode (Fig. 3.3). These side electrodes can be
used to move the center of the membrane the entire gap distance without collapse.

This effect is known as “leveraged bending” [33].

Side Electrodes Center Electrode Membrane

..

ST Vacuum
Gap

Conductive Substrate/

Figure 3.3: A cross-section view of a dual electrode CMUT.

This structure provides a superior recieve sensitivity. In receive mode, the mem-
brane shape can be adjusted by the side electrodes so that center receive electrode is
brought closer to the bottom electrode which results in higher receive sensitivity [34].
On the other hand, using side electrode actuation increases the CMUT membrane
motion from 1/3 of the gap to almost full gap without collapsing the membrane,
which results in increased transmit pressure. Hovewer, as the side electrodes are
close to the membrane posts, the required voltages levels to bend the membrane are

high as compared to the conventional CMUTSs with center electrode [35].
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3.4 Deep Collapse with full-electrode CMUT

We have recently demonstrated that the region beyond the collapse is a powerful
region to operate CMUTs. The “beyond the collapse”, here, means that rather
returning back the membrane to its initial uncollapsed position, membrane can be
operated further in the collapsed state. The discovery of this mode is done in the tests
of fabricated different electrode sized CMUTSs. In order to describe this operation,

the importance of electrode coverage needs to be underlined.

Top Electrode

Conductive Substrate

Figure 3.4: CMUT with full electrode coverage.

The electrode coverage of a CMUT plays a major role in both transmit and
receive operations. Usually, CMUTs are designed with half electrode coverage for
the receive mode in order to optimize the receive sensitivity [36]. However, this
may not be optimum for the transmit operation. The maximum collapsed area of
the membrane is limited by the electrode sizes. When a full electrode structure is
used, the collapsed area can be increased by increasing the applied voltage. Since
the contact radius is incrased, the membrane stores more energy and delivers more
acoustic energy into the medium when it releases. Staying in the collapse mode
and using the energy beyond the collapse provides more than 40 kPa/V transmit
sensitivity (Fig. 3.6). The larger electrode coverage enhances the electrical field, thus
the total force increases over the entire plate and the required voltage to collapse the

membrane is also reduced.

The Fig. 3.5 shows the benefit of full electrode coverage as compared to half
electrode coverage. As seen from the figure pressure amplitude saturates after a
certain increase in the bias voltage. The maximum collapsed region of the membrane

is limited by the electrode region. Thus, further applied voltages do not enhance the

11



membrane movement. On the other hand, full electrode CMUT still gets benefit from
the applied voltage and forces the whole membrane area to collapse and increases
the mechanical energy stored in the membrane. The Fig. 3.4 shows a cross-section
view of the full electrode CMUT where the electrodes cover the whole membrane
area. We predicted that more than 6 MPa peak-to-peak pressure can be observed

by using this mode of operation.

- % - Half Electrode
| —e—Full Electrode

- - X

N W A~ 01O N

Peak-to—peak Pressure (MPa)

—_
T

20 40 60 80 100 120 140 160 180 200
Pulse Amplitude (V)

Figure 3.5: Simulated peak-to-peak pressures at the surface of a CMUT when excited
by a 40 ns long negative pulses for half electrode and full electrode coverage. The
pulse is applied on top of an equal amplitude DC bias and increased step by step.
CMUT parameters: a = 30 ym, t,, = 1.4 pm, t, = 0.2 pm, ¢t; = 0.4 pm.

Considering the transmit efficiency all the analysis in this thesis is done over a

full electrode CMUT structure.
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Figure 3.6: Transmit sensitivity of CMUT operated in deep collapse mode. Excited
by a 40 ns long, 5-V pulse while the bias is being monotonically increased (circles)
and monotonically decreased (diamonds). The sudden jump in the figure is a result
of transition stage between collapsed and uncollapsed states. CMUT parameters: a

= 30 pm, t,, = 1.4 pm, t, = 0.2 pum, t; = 0.4 pm.
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Chapter 4

Nonlinear Electrical Circuit Model

CMUT as a structure consist of many dependent parameters which makes the opti-
mization difficult. For example, a selected parameter to operate CMUT at a specific
frequency, on the other hand affects the operating voltage. The design for a high
power CMUT requires an optimization considering all input parameters. Currently,
CMUT can be simulated realistically using FEM tools. However, these tools are too
much time consuming especially in simulation of larger CMUT arrays under fluid
loading. The increased node number for an accurate FEM simulation requires com-
plex mathematical operation of large matrixes in the background and increases the
time to simulate the operation. Thus, the optimization of large arrays is practically
not possible using FEM tools. The electrical circuit model of the transducer is an
alternative to explore the operation. The developed models are lack of nonlinear
interactions and are not suitable for large signal excitations. Small signal analysis
of the operation is possible but it is not enough for an optimization under large
continuous wave signal. Knowing the analytical expressions for membrane deflection
under static force and using energy formulations of the capacitance, we developed
a nonlinear circuit model which accurately simulates the operation. The missing
radiation impedance model of arrays in the previous models is included in order to
do a realistic simulation of a CMUT array under fluid loading. In this chapter, we

describe our nonlinear large signal model that is used for the optimization in this

14



thesis.

4.1 The Circuit Model

The circuit model of a CMUT has been widely studied in the past decades. The first
developed circuit model was based on Mason’s equivalent circuit which conventionally
models transducer behaviour [3]. However, the Mason’s equivalent circuit is an
effective linear model; it only provides small-signal analysis of the transducer under
a static DC voltage. The circuit includes a transformer that provides the transition
between electrical and mechanical domains. Depending on the applied DC voltage,
each time the transformer ratio has to be recalculated and provided to the circuit.
On the other hand, it does not include the nonlinear effects and is not suitable for
large signal analysis. The first efforts for developing a nonlinear circuit model is
proposed by Eccardt et al [37]. It is a 1D model and does not consider the 2D array
interaction. A mnonlinear circuit model is required to examine the operation of the

transducer under different excitations.

FEM tools provide the analysis of CMUT but they are not suitable for opti-
mization in the design stage due to their computational costs. Thus, a large signal
nonlinear CMUT model is compulsory for the optimization of CMUT parameters in

a fast way.

The nonlinear electrical circuit model of an immersed circular CMUT depicted
in Fig. 4.2 is used as the basis of the model in this thesis. The model is created by
K. Oguz, et al. in [17,38] and the performance of the model is demonstrared using
a harmonic balance simulator. The model in this thesis is the improved version of
this model and it is carried into a SPICE environment in order to do transient simu-
lations. First, the restrictions in the design parameters are eliminated by improving
the accuracy of the model. Second, a circuit is created to model the frequency de-
pended radiation impedance of the array. Previous model assumes that the radiation

impedance seen by the array is a real, constant value. But this is not the case in
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Figure 4.1: Representative cross section of a circular membrane with radius a, thick-
ness t,, and gap height of t,. Top electrode is the conductive silicon wafer. ¢; is the

insulating layer thickness above the gap. The bottom electrode is a metal layer.

real. The created R, L, C network accurately models the radiation impedance and

provides realistic simulations of the arrays in a fluid medium.

Fig. 4.1 shows the representative cross section of a circular CMUT cell that is

modeled in this thesis.

Vrms Cﬁlls ers

+ 4

. Frms
Lyel

CERORE (Fuy iz

Figure 4.2: Nonlinear equivalent circuit model of a CMUT.

The electrical components of the transducer are at the left side of this circuit.
Here, Cy is the shunt input capacitance of the transducer, and it represents the
undeflected membrane capacitance. i, is the additional nonlinear component of the

capacitive current, and i, is the motion induced current that accounts for the move-
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ment of the membrane. The derivations of these two equations are given in [17]. The
root mean square (rms) of the velocity distribution on the membrane surface, v,,s,
is considered as the lumped through variable at the mechanical side of the circuit

and is defined as:

21
Vpms = \/7?6;2/ / r)drdf (4.1)

where a is the membrane radius, and v(r) is the velocity of a point at r from the
membrane center. The average velocity is not suitable as a lumped variable to

determine the kinetic energy of the membrane in a distributed system.

To preserve the kinetic energy of the membrane mass, the mechanical section
of the circuit is derived accordingly. Z,,,s represents the radiation impedance of
the CMUT in the model. F}, represents the total force over the membrane in the
mechanical domain. L,,,; and C,,,s together models the mechanical impedance of
the membrane. The membrane is assumed as a first order spring mass system where
the mass is modeled by L,,,s and the inverse of the spring constant (complience) is

modeled by C.,,;. The details of each component are given in the following sections.

4.2 Membrane Model

The membrane mass is given by
Lyms = ptmma® (4.2)
and the compliance of the membrane is given by

3 -1
C. —18 [ (167%% } (4.3)

1—0?)a?
where the parameters in the equation are listed in Table 4.1. The lumped parameters,

L, and C,.,,,5, accurately model the first series resonance frequency of the membrane

for t,,/a < 0.1 [39].
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The membrane velocity profile is modeled quite accurately as a clamped radi-
ator,

29 M
v(r) = v, [1 — T—J for r <a (4.4)
a

for n = 2, where a is the radius of the membrane, r is the radial position and v, is

the peak velocity at the center of the membrane.

The force and current equations resulting from this velocity profile are derived
and the corresponding radiation impedance is employed. However, if t,,/a ratio
increases, (4.4) with n = 2 begins to match to the velocity profile of the membrane
with less accuracy. Thus, this model is not accurate for thick membranes. As L,
defines the mass, it is obvious that a correction is needed for the value C,.,,,s value. To
improve the accuracy of the membrane model, a correction factor is applied to C, s
to make the model accurate for t,,/a < 0.8. In order to do that, FEM simulations
were done for various membrane radius and thicknesses and a correction factor is
used to match the results. With the corrected value, the model with the material
properties given Table 4.1 is fully consistent with FEM. The model is also checked for
different membrane materials and it is observed that when Poisson’s ratio is between

0.2 and 0.35, the error is within 1% percent.

The corrected C,,,s is as follow

b

Cl = Crms(1.019 + 5.005(;)“’81) (4.5)
Young modulus of Si, Y 1.3ell
Density of Si, p 2330
Poisson ratio of Si, o 0.28
Permittivity of SiOs, €, 3.9
Density of water, pg 1000 kg/m3
Speed of sound in water, ¢ | 1500 m/s

Table 4.1: Membrane material properties used in simulations.

Fig. 4.3 demonstrates the accuracy of the correction term for various values of

CMUT dimensions.
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Figure 4.3: The resonant frequency of the membrane as determined from L,,,, and
C!... for various t,,/a values. C! . is the corrected capacitor value to accurately

model resonant frequency (left). Membrane impedance is plotted for a radius of

280 pm and a membrane thickness of 92 pym (right).

The membrane impedance is compared with FEM results in Fig. 4.3. The
reader should note that the model does not predict higher modes of the membrane,

it is accurate up to more than two times the series resonance frequency of the CMUT.

When the membrane area is divided into small rings with an area of 27wrdr, from
the principle of virtual work, the force on this small ring is found by differentiating
the stored energy in the clamped capacitance with respect to the displacement of
the membrane [17,40].

d [0Epe(r, t)]
dz

d [0C(x(r,t))]

1 5
= V(¢
QV() dx

SF(r,t) = (4.6)

where x(r, t) is the membrane displacement normal to the surface and the capacitance

of the ring is
€027T OT

tg@ - ZE’(’T’, t)

where ¢, = t, +t;/€, and €, is the permittivity of insulating layer.

0C (x(r,t)) = (4.7)

Total force on the membrane is found by integrating (4.6) as 6r — 0 and the

result is found to be

—1 Xp(t)
CoV2(t) too tanh ( 7;?)
Fi(t) = g 4.8
tr({) 4tge tge — xp(t) * zp(t) (4.8)
tge
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where Cy = egma?/ tge- The € is the free space permittivity.

4.3 Nonlinear Currents, 7. and i,

The charge on each ring over the membrane can be written as

0Q(r,t) =V (t)oC(z(r,t)) (4.9)

The time derivative of the charge gives the current,

av(t) n d[oC (x(r,t))]

d
S16Q0,0)] = 3C(a(r. 1) =

V(t) (4.10)

Integrating 4.10 as 6r — 0 results in two current components. The integral of the

term at the left side of 4.10 is

avie) |t (22)

Ly = C 4.11
left U O] ( )
tge
where the C’Od‘g—y) is the current passing over the C in the circuit. Thus, the nonlinear

component of this term can be seperately written as
-1 zp(t)
avie | e ()
—1
dt zp(t)

i. = Cy (4.12)

tge
which is called as nonlinear capacitive current, ¢..On the other hand, the integral of

the term at the right side of 4.10 is

-1 zp(t)
@ | 4, (50
25(3;,, dt tge — Ty zp(t)

(4.13)

Iright - Z.vel -

tge
This second nonlinear current is a result of membrane motion and it is denoted as

Z.vel .
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4.4 Radiation Impedance

When CMUT operates in a fluid medium, the circuit must be terminated by a radi-
ation impedance component. The radiation impedance seen by a CMUT or an array
is not purely real and has imaginary components. It is frequency dependent and it is
a strong function of ka product. For the array case, it also depends on the number of
CMUT cells and their positions in the array (Fig. 4.4) [41]. The radiation impedance
can be modeled by using RLC circuit components in a parametric manner [42]. The
component values are defined in terms of the membrane radius, a, the sound velocity
in the medium, ¢, the density of the medium, py and the number of cells in the array
(N). The model accurately mimics the radiation impedance in any case of a change

in the related parameters.

Figure 4.4: The configuration of CMUT array for different number of cells.

To model the radiation impedance of a single CMUT cell, the circuit in Fig. 4.5
is proposed. The circuit accurately models the radiation impedance of a single
cell (Fig. 4.6). The component values of the circuit for the normalized radiation

impedance is given in Table 4.2.

Lo T T
C C
e e e
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R1 A A ,Rl A A ,R3

Figure 4.5: RLC model for the normalized radiation resistance and reactance of a

single CMUT cell (left) and an array of CMUT (right).

To model the radiation impedance of an array of CMUT cells, the subcircuit is
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repeated in series as in Fig. 4.5. The proposed circuit models the radiation impedance

of CMUT arrays with 7 and 19 cells. For different number of cell configurations, the

component values are also given in Table 4.2.

N 1 7 19
Ri/R, | 0.64 0.39 0.48
Li/R, | 054 a/c | 0.55d/c|1.2d/c
CiR, | 02a/c |1.38d/c|1.22d/c
Ry/R, | 0.90 0.02 1.4e-6
Ly/R, | 037 a/c | 0.77d/c | 2.3 d/c
Rs/R, | — 1.31 2.06
Ls/R, | — 0.07 d/c | 0.05 d/c
CsR, | — 0.32 d/c | 0.40 d/c
Ri/R, | - 1.04 1.12
Li/R, | - 0.28 d/c | 0.29 d/c

Table 4.2: Component values for the radiation impedance model with different num-

ber of cells in the array where R, = ma?poc/N.

A smaller circuit is sufficient to model the radiation of a single CMUT cell. The
accuracy of the model is demonstrated in Fig. 4.6 for N=1, 7 and 19, respectively.
The R, L values are multiplied and C values are divided by R, to form the actual

radiation impedance, Z,,,s, of the element in the circuit, where R, is ma?pgc.
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Figure 4.6: The normalized radiation impedance of a single CMUT (top) and a
CMUT array of 7 cells (left) and 19 cells (right) with the RLC model and actual

values.

4.5 Modeling Nonlinear Components in SPICE

The circuit is created in a public domain circuit simulator, LTSPICE (Linear Tech-
nology Spice Simulator)!. The simulation environment is suitable to create a circuit
component with user defined variables. The tool also allows the sweeping of any
defined parameters or an input for the simulation. Furthermore, it creates flexible

environment to optimize the parameters.

Each component value in the simulator is defined parametrically in terms of

the CMUT geometry and its properties.

Behavioral sources are used to generate the main components in the circuit.
To model i. and i,., “behavioral current sources” are used. Fj, is modeled using a

“behavioral voltage source”. These components are all require z,, as input, thus a

LTSPICE, http://www.linear.com/designtools/software (Linear Technology, CA, USA).
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Figure 4.7: SPICE Model. The radiation impedance is modeled by R, L, C circuit

components. N represents the number of cells in the array.

small subcircuit is also created with a voltage controlled voltage source to generate .

The RMS displacement x,,,, is equal to the charge on C,,,,, which can be calcu-

lated as

v _, dE, Q.
/UTTI’LS - dt - rms dt - dt

(4.14)

When this value is multiplied with v/5, the peak displacement at the center of

the membrane (x,) is obtained [17].

2y = V5C,ms F, (4.15)

The small subcircuit does the work described above. Alternatively, z, value
can be obtained by taking the integral of the current, v,.,s, and multiplying with v/5

using a behavioral voltage source. The surface pressure is calculated by dividing the
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force over the radiation impedance, F,;, to the surface area of the CMUT cell.

When CMUT operates in air, the effect of atmospheric pressure must be in-
cluded in the model. The effect can be easily included in the model by adding an
extra force term into the total force equation at the mechanical side. This force term
is written in terms of the atmospheric pressure multiplied by the surface area and

the rms correction factor [17].

5
Fatm - £Patm7-ra'2

5 (4.16)

The model is first tested for operation in vacuum. In that case, the radiation
impedance seen by the CMUT is zero. So, the radiation impedance component is

not included in the model and that section of the circuit is shorted.

x,, values predicted for different DC voltages are in good agreement with FEM

results as shown in Fig. 4.8.

—FEM
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Figure 4.8: The static deflection of membrane center as calculated by FEM and
the circuit model (a = 30 pm, t,=2 pm, t,=0.1 pm, t,=0.1 pym (A). a = 300 pm,
tm=100 pm, t;=0.4 pm, t,=0.1 pm (B).)

The transient performance of the circuit model is tested in air. The center

displacement of the membrane, z,, is compared with the FEM result in Fig. 4.9.

After verifying the circuit performance of single CMUT operating in vacuum.

The radiation impedance of a single cell is included by replacing the proposed RLC
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Figure 4.9: Single CMUT cell in vacuum. 1 cycle 20V AC voltage at 7.3 MHz with
20V DC voltage (left) and 4 cycle 100Vpeak cosine burst at 1 MHz (right) is applied.

circuit to the radiation impedance section. A 100 V peak 2-cycle burst sinusoidal
signal is applied to a single CMUT model in water. As seen from the Fig. 4.10, the
circuit model accurately simulates the CMUT operation. Lastly, the model is tested
for a CMUT array of seven cells. The 3D FEM model, described in the appendix, is
used to simulate the surface pressure of the element. The observed surface pressures
are compared in Fig. 4.11. The difference in the peak pressure is due to the difference
in the predicted radiation impedance by the 3D FEM Model. The FEM model takes
around 30 hours for the 4 us transient analysis of the element, whereas the created

circuit model takes less than a second for the same simulation.
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Figure 4.10: 2 cycle 100Vpeak cosine burst at 1.3 MHz is applied to a single CMUT
under fluid loading (=300 pm, t,,=100 pm, ¢t,=100 nm, ¢,=400 nm.)
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Figure 4.11: Observed surface pressure. 2 cycle 100Vpeak cosine burst at 1.44 MHz
is applied to CMUT element with 7 cells under fluid loading (=280 pm, t¢,,=92 pm,
t,=110 nm, #;=350 nm.)
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Chapter 5

Optimization of CMUT
Parameters for HIFU

This chapter introduces the methodology to design a CMUT array for HIFU op-
eration. Using the nonlinear circuit model described in the previous chapter, we
propose a methodology to design and operate CMUTs for a specific HIFU operation.
The operating frequency of the application and the available input voltage levels are
defined as the constraints of this optimization. The flowchart of the optimization
is given and a guideline is created. For maximum power delivery to the medium,
we targeted an operation where the radiation resistance seen by the array is at the

maximuin.

5.1 Operating at half the resonance frequency

Conventionally, transmitting CMUTs are excited with a sinusoidal signal on a DC
bias voltage. DC voltage may cause charging in the insulating layer [43]. The trapped
charges drift the voltage and shifts the operating frequency [44]. Hence, it causes a
degradation in the CMUT performance. It is important to eliminate charging when

a repeatable CMUT operation is critical.
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For a CMUT operating under a continuous wave signal, it is possible to elimi-
nate the DC voltage at the input. This can be done by applying a sinusoidal signal
with a frequency at half of the operating frequency. If the applied drive voltage is

V() = Vinas cos(%t +0) (5.1)

where V.. is the peak voltage, then F, the force on the membrane, will be propor-

tional to
2

F o« V3(t) = Vgax [1 -+ cos(wt + 20)] (5.2)

As seen in Eq. 5.2, V2(t) includes a DC term that will naturally form a bias
voltage and a sinusoidal force term at the operating frequency. Therefore, the me-
chanical effect of the DC voltage can be achieved by using a continuous wave signal

at half of the operating frequency.

The optimization in this work is done for driving the CMUTs at the half the
resonance frequency, so that DC voltage is eliminated which causes charge trapping

in the insulating layer and degrades the CMUT performance.

5.2 Optimization

We start the optimization by defining an initial boundary for the maximum operating
voltage. This voltage is assumed to be the maximum available input voltage and
insulating layer thickness is defined accordingly. The selected insulator thickness, t;,
should prevent the breakdown during the operation. We assumed that our maximum
operating voltage is 100V and the insulating layer is chosen as silicon dioxide with a

thickness of ¢;,=200 nm for a safe operation.

We assumed that our target operating frequency is 3 MHz and we are going to
use an array configuration of 7 cells. The radiation impedance peak of such an array
is at ka = 3.75. Thus, the radius to observe the maximum radiation impedance

at this frequency is 298.4pm. Using the circuit model, we swept the t,, parameter
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Figure 5.1: The center displacement of the membrane for different ¢, under a con-

tinuous 100V 1.5MHz sinusoidal signal (¢=289.5 pm, t,,=130 pm, ¢;=100 nm).

to find the required membrane thickness for a resonance at 3 MHz. t,, is found
as 130 pum. After the resonance frequency is set, 100V, continuous cosine signal
at half the resonant frequency (1.5 MHz) is applied to the circuit. ¢, is reduced
from a high value down to a height where the center of the membrane is about to
touch the bottom electrode during the operation. At a t, value of 84 nm the center
peak displacement reaches 80 nm (Fig. 5.1). At this point, the resonance frequency
shifts due to the spring softening. In order to adjust the resonance frequency, the
membrane thickness is increased and the last step is repeated. After a few iterations,

tm and t, values converge to 125 pm, 81 nm, respectively.

For a known operating frequency and given peak voltage, the optimization flow

chart is given in Fig. 5.2

Table 5.1 lists the optimized CMUT parameters for continuous 3 MHz oper-
ation. As seen from the table, the CMUT operating at the peak of the radiation

impedance provides the maximum pressure with the lowest second harmonic.
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a(pm) | ka | tm(pm) | tg(nm) | x,—p(nm) | Surface Pressure (MPa) | 2nd Harmonic (dB)
20 0.25 1.6 168 175 1.24 -11
50 0.62 6 132 140 1.32 -12
100 0.62 25 95 128 3.6 -21
298.5 | 3.75 130 84 128 3.02 =27
350 4.4 170 80 112 2.7 -25

Table 5.1: Design Comparisons at 3 MHz. (#,=200 nm, N=7, 100 V,, )

The available input voltage changes the results dramatically. When the avail-
able voltage is increased up to 200V (¢;=400 nm), the surface pressure reaches
4.3 MPa with harmonics at —27dB for the optimum design which is not possible

with the current PZT technology.
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Figure 5.2: The flowchart of the optimization.
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Chapter 6

Fabrication

Conventionally, CMUTs are fabricated using sacrificial release process in which a
cavity is formed by removing the sacrificial layer [7,45-48]. Sealing is required to
vacuum cavity in this process after removing the sacrificial layer through the etch
holes. The typical membrane thickness is around a few microns and the sacrifi-
cial layer thickness defines the cavity height. Recently, CMUTs are started to be
fabricated using wafer bonding technology [9,49,50]. The technology enables more
control over the process. Gap height can be defined precisely. Moreover, the mem-
brane thickness is no more limited by the deposition; the wafer itself is used as a
membrane or a predefined membrane layer is transferred. For the fabrication of a
high power CMUT transducer, we utilized anodic wafer bonding technology. Anodic
bonding is used to bond a silicon wafer to a borosilicate wafer using proper pressure,
electric field and temperature. The cavities and the insulating layer are formed over
the silicon wafer and the bottom electrode is defined over the borosilicate wafer. The

process for each side is explained in detail.
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6.1 Membrane Side

We defined the cavity of the CMUTSs on the silicon side 6.1. The microfabrication
process on the silicon side starts with a 3 inches, highly doped, double side polished
silicon wafer. High conductivity of this wafer (0.015-0.020 ohm-cm) serves as one
of the electrodes of the CMUTs. The thickness of the silicon wafer determines the
thickness of the membrane. The wafer thickness is measured as 92 pum using surface
profiler. First, an insulation layer of 450 nm silicon oxide is thermally grown in a
diffusion furnace. The silicon wafer is kept in the furnace at 1050°C for one hour
in the presence of adequate water vapor. Second, 100 nm of silicon oxide is etched
using a reactive ion etching (RIE) reactor to create the cavities. As the last process
on the silicon side, the silicon oxide at the back side of the silicon wafer is etched

away using the RIE reactor to get an electrical contact.

(@)

(b)

—
—
i

(d)

Figure 6.1: (a)3 inch Conductive silicon wafer with a thickness of 100 pm. (b)
Thermal oxidation (c) Lithography and oxide etching to form the cavities



Figure 6.2: The photograph of the completed process on membrane side.

6.2 Substrate Side

Having completed the membrane side, the substrate side is fabricated on a 3.2 mm
thick 4 inches borosilicate wafer (Fig. 6.3). The substrate wafer is chosen to be
quite thick in order to maintain a rigid substrate. Since the smoothness of the
borosilicate surface is critical for the success of the anodic bonding, the substrate
electrode is buried on the glass wafer. An image reversal photoresist (AZ5214E)
is used for the lift-off process. Before the evaporation of the gold electrode, the
glass is etched approximately by the thickness of gold to be evaporated. As the
substrate electrode, 15 nm of titanium and 85 nm of gold are deposited by thermal
evaporation. The borosilicate and silicon wafers are cleaned at 120°C in Piranha etch
(1:3 HyO4:H5SO,) for 15 minutes before the bonding process. The prepared wafers
are then anodic bonded!. The current passing during the bonding process is limited

to prevent dielectric breakdown, since a bonding voltage up to 1000V is utilized.

Since the borosilicate wafer is larger than the silicon wafer, the substrate elec-
trical contacts are taken at the exposed gold electrodes on the surface of the borosil-
icate wafer 6.5. Electrical contacts are made using a silver conductive epoxy?. A

photograph of the completed fabrication is seen in Fig. 6.6.

! Applied Microengineering Ltd, Oxfordshire, UK.
2Eccobond 83C (Emmerson-Cumming)
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Figure 6.3: (a)Borosilicate glass wafer (b)Lithography and glass etching for bottom
electrode (¢)Ti/Au deposition (d)Cleaning

Figure 6.4: The photograph of the completed process on glass side.

6.3 Fabricated Devices

For testing purposes, we included different types of arrays in the fabrication mask.
As the thickness of the membrane is fixed by the silicon wafer itself, we created
arrays with different membrane radiuses. The properties of the fabricated CMUTs

are given in Table 6.1.
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Figure 6.5: After anodic bonding, lead wires are connected using conductive epoxy.

Figure 6.6: Fabricated CMUTs.

Membrane material Si
Membrane thickness 92 pm
Membrane radius 260/280,/300/320/450/900 pm
Insulating layer thickness 350 nm
Cavitiy height 110 nm
Number of cells in the elements 7/19/39

Table 6.1: Properties of the fabricated devices.
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Chapter 7

Measurements

After fabrication, the fabricated devices are tested. First, the predicted operating
frequencies are compared with the measurements. As fabricated devices has a silicon
wafer thickness of 92 um, we observed the maximum radiation resistance with the
array radius of 280 um that operates at 3 MHz. The immersion measurements are
done in the vegetable oil with the CMUT array of 7 cells. The tested array has a ka
value of 3.56.

7.1 Impedance measurements in air

To verify that CMUTSs are working, CMUTs are connected to the HP E5071C net-
work anaylzer. The impedance measurements were done over different fabricated

elements to check the resonant frequencies in air (Table 7.1).

The tested CMUT element properties is given in Table 7.2. The element con-
sists of 7 CMUT cells. HP 4284A LCR meter is used for capacitance measurement

and the total capacitance including the paths is measured as 103 pF.
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Radius | Resonant frequency (air)
260 pm 3.2 MHz
280 pm 3 MHz
300 pm 2.6 MHz
320 pm 2.3 MHz

Table 7.1: Resonant frequencies in air.

7.2 Immersion Experiments

Immersion experiments were done in a vegetable oil tank (Fig. 7.1. The setup in
Fig. 7.2 is used for characterizing the transmit mode of operation of the fabricated

CMUTs.

Signal generator output is amplified by using ENT 2100 100W Class A Linear
Power amplifier. The amplifier has a fixed nominal gain of 50 dB. The amplified 5
cycle cosine burst signal at 1.44 MHz is applied to the transducer element. An HGL-
200 calibrated ONDA hydrophone is placed 1 cm away from the transducer surface.
The AH-2010 preamplifier is connected to the hydrophone with ONDA AR-AMAF
connector. The measured signal is first corrected for the diffraction and attenuation
losses ! to obtain the pressure generated on the radiation resistance at the surface.
This pressure is further modified using the radiation impedance given in Fig. 4.6
to obtain the total pressure on the surface of the transducer. Latter modification
is exact for the fundamental component at 2.88 MHz and since the signal has low

harmonic content (second harmonic < 25 dB), the contribution due to errors in

! Attenuation in sun flower oil, a = 5.68¢ 712 m~'Hz!° [51]

membrane radius, a 280 pm

membrane thickness, ¢,, 92 pm

insulating layer, thickness, t; | Si0y, 350 nm

gap height, ¢, 110 nm

Table 7.2: The parameters of the tested CMUTs on glass wafer.
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harmonics are insignificant. The measured surface pressures for the applied peak

voltages is given in Fig. 7.3.

When the membrane gets closer to the bottom electrode, the attractive force
increases due to the increased electrical field. Thus, the velocity profile changes and
the nonlinearity increases. On the other hand, the energy that is stored to move
the membrane in the other direction is released by the mechanical movement of the
membrane which is more linear. It can be easily seen that the positive peaks of the
pressure is more sinusoidal as a result of the resonance (Fig. 7.3). For the operation,
the tradeoff between second harmonic and the peak pressure should be carefully

considered (Fig. 7.4).

1.8 MPa peak to peak pressure with —28dB second harmonic is measured at the
transducer surface for a peak voltage of 125V (Fig. 7.6). Due to the load impedance
of the CMUT which is directly connected to the power amplifier, this voltage is

measured as the maximum applicable voltage.

7.3 Model Validation

The parameters of the fabricated CMUT are directly entered to the SPICE model
and surface pressure is compared to the measurement result. SPICE model predicts
1.7 MPa peak to peak surface pressure for the same peak voltage and the pressure
can be increased up to 2.5 MPa with a maximum peak voltage of 145V. On the other
hand, 1.2 MPa with —32 dB is observed for a peak voltage of 100V.
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Figure 7.1: Picture of the experimental setup.

D Agilent ONDA DCBNS Precision
DS06052A ,\ﬂﬁ ¥ XY-stage
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Figure 7.2: Schematic of the experimental setup with the devices.
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Figure 7.3: Measured surface pressures for different peak voltages at 1.44 MHz.
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Figure 7.4: Normalized frequency spectrum of the surface pressure for different peak

voltages.
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Figure 7.5: The SPICE model with the fabricated device parameters.
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Figure 7.6: 5 cycle 125Vpeak cosine burst at 1.44 MHz is applied to the CMUT
element. After the measurement is corrected for diffraction, and attenuation losses;
the result is multiplied by Z,(w)/R,.(w) in frequency domain and its inverse fourier

transform is compared to the pressure obtained from SPICE model.



Chapter 8

Conclusion & Future Directions

The proposed model can be used to accurately simulate the behavior of a CMUT for
the uncollapsed region, which is suitable for low harmonic high power applications.
Using the proposed model, the CMUT parameters can be optimized in a faster way
when compared to FEM. By creating the model in a SPICE simulator, the simulation
of a fluid loaded array can be done within seconds. Furthermore, the circuit can be
used as a CMUT front-end IC test bench to optimize the ICs performance before

fabrication.

Higher radiation impedance improves the transducers performance. For the
given voltage and for the given total transducer area, the cMUT cell radius should
be chosen to maximize the radiation resistance at the operating frequency to get

higher power.

Driving CMUTs at half of their resonance frequency eliminates the problems
caused by the charge trapping the insulation dielectric. The membrane moves sym-
metrically in both directions around a stable deflection point. At the optimum
operation, the center of the membrane swings in a distance of more than the gap
height. Using anodic bonding it is possible to fabricate CMUTs with thick mem-
branes and low gap heights at low temperature. The process provides high control

over the CMUT parameters.
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The measurements show that CMUT technology is a strong candidate for HIFU
operation. The observed surface pressure is a record level for continuous wave opera-
tion. The second harmonic level is around —30 dB and can be reduced by operating
at lower peak voltages. The available voltage has a important impact over the output
pressure. When a higher input voltage level is provided, with the proposed method-
ology for the design, the volume displacement of the membrane increases for the

optimum design because the resulting gap height increases.

The control over layer thicknesses is important in fabrication. In a well equipped
clean room facility, a more precise fabrication would be done in order to realize the

optimum design.

The measured pressures are on the surface of the CMUT element. Focusing can
be done with a phased array that consists of optimized CMUT elements by using
the methodology described in this thesis. An overall system design with driving

electronics would be the future goal for a targeted HIFU operation.
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Chapter 9

Appendix

9.1 FEM Model

' Symmetry
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Figure 9.1: Representative finite element model of the transducer created in ANSYS.
Membrane is modeled with PLANES2 elements. TRANS126 elements are generated
using EMTGEN command.

The FEM model is created using ANSYS (v13.0) Multiphysics Environment.
An 2-D axissymetric model is created to simulate single CMUT cell behavior 9.1.
Predefined elements are used to generate the model. 2-D 8-Node Structural Solid
PLANES2 elements are used to model the membrane. The fluid medium is modeled
using FLUID29 elements. Absorption is activated by using FLUID129 elements on
the outer surface of FLUID29 elements to extend the fluid domain. The fluid struc-

ture interaction is activated over the membrane surface. Electromechanical trans-
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ducer elements, TRANS126, were generated under the bottom surface nodes of the
membrane using "EMTGEN command. The command requires a gap value, GAP,
to generate ground plane nodes under the selected nodes and creates TRANS126
elements in between. The macro also performs a point-wise capacitance calcula-
tion and provides the necessary inputs for each TRANS126 element. The GAPMIN

parameter entered in the command defines where the contact occurs.

The TRANS126 element is lack of modeling the insulating layer, thus the re-
quired input parameters (GAP and GAPMIN) for the TRANS126 element are mod-
ified to perform a realistic capacitance calculation considering the insulating layer
thickness of the fabricated CMUTs. The modified parameters are calculated as fol-

low;

t;
€

GAP =t, + (9.1)

GAPMIN = 1 (9.2)

€

The performance of the model with the modified parameters is verified by con-
tact elements. CONTA172 / TARGE169 element pairs are replaced between the
membrane and the substrate nodes. The static deflection profile of a CMUT in col-
lapse state is plotted for both cases in Fig. 9.2. The simulations with contact elements
are more realistic as the pair elements include the sliding effect of the membrane over
the substrate when it collapses. However, the simulations with TRANS126 elements

takes considerably less time.
The model including the fluid medium is shown in Fig. 9.3.

The 2-D FEM model described here is first used for the static analysis. The
modal anaylsis are done to get the resonant frequency of CMUT in air. The reso-
nant frequency in fluid medium is found by doing harmonic analysis. The transient

analysis are done in the fluid medium to get the peak displacement of the membrane
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Figure 9.2: Comparison of the deflection profile of a CMUT in collapse state simu-
lated using for TRANS126 and CONTA172/TARGE169 contact elements. CMUT
parameters: a = 30 ym, tm = 1.4 pm, tg = 200 nm, ti = 0.4 ym

under a CW signal. in the transient analysis, the transient effects are turned off in
the first step to observe a stable membrane under the DC bias. And then, transient

effects are turned on and the analysis is performed.

The 2-D axissymmetric model can also simulate the behavior of an infinite
CMUT array. In that case, rather using a circular absorbing boundary a rigid fluid
column is created over the membrane. The rigid fluid column creates a mirror effect
and reflects pressure waves on its walls, so that the model sees the same filed from
the walls of the fluid column and assumes that the membrane is covered with CMUT

cells 9.4.

To simulate the behavior of a CMUT array with finite number of cells, a 3D
model is required. 3-D models require a volumetric mesh which increases the number
of nodes dramatically in the model. Thus, the simulation time that is required to

simulate an array of 7 CMUT cell with fluid loading becomes unfeasible. To decrease
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Figure 9.3: Representative finite element model including the fluid medium which is

extended using FLUID129 absorbing elements.

the simulation time, we get benefit from the inherent symmetry of the model, the
analysis’s are performed on a quarter symmetry model as shown in Fig. 9.5. In 3D
model, the membrane is modeled using SOLID186 elements and the fluid medium
is modeled using FLUID220. The fluid element provides a perfectly matched layer
(PML) option to absorb the outgoing sound waves. Hence, the outer fluid elements

are modified to act as a PML layer.
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Figure 9.4: The FEM model of a CMUT element with infinite cells.
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Figure 9.5: 3D FEM model of a CMUT element with 7 cells. A quarter model of the

array and the fluid medium is used for the simulations.
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Figure 9.6: Expanded view of the 3D quarter model of a CMUT element with 7 cells.
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