DESIGN AND VERIFICATION OF DIAMOND BASED CAPACITIVE
MICROMACHINED ULTRASONIC TRANSDUCER

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

AHMET MURAT C,ETiN

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
ELECTRICAL AND ELECTRONICS ENGINEERING

FEBRUARY 2011



Approval of the thesis:

DESIGN AND VERIFICATION OF DIAMOND BASED CAPACITIVE
MICROMACHINED ULTRASONIC TRANSDUCER

submitted byAHMET MURAT CET IN in partial fulfilment of the requirements for the de-
gree of

Master of Science in Electrical and Electronics Engineering Departrant, Middle East
Technical University by,

Prof. Dr. CanarOzgen
Dean, Graduate School bfatural and Applied Sciences

Prof. Dr.ismet Erkmen
Head of Departmenglectrical and Electronics Engineering

Assist. Prof. Dr. Barig Bayram
SupervisorElectrical and Electronics Eng. Dept., METU

Examining Committee Members:

Prof. Dr. Cengiz Besikci
Electrical and Electronics Eng. Dept., METU

Assoc. Prof. Dr. Simsek Demir
Electrical and Electronics Eng. Dept., METU

Assoc. Prof. Dr. Haluk Klah
Electrical and Electronics Eng. Dept., METU

Assist. Prof. Dr. Baris Bayram
Electrical and Electronics Eng. Dept., METU

Dr. Said Emre Alper
Technical Vocational School of Higher Education, METU

Date:




| hereby declare that all information in this document has been obt&ned and presented
in accordance with academic rules and ethical conduct. | also declarthat, as required
by these rules and conduct, | have fully cited and referenced all ntarial and results that

are not original to this work.

Name, Last Name: AHMET MURAT (;Ei'N

Signature



ABSTRACT

DESIGN AND VERIFICATION OF DIAMOND BASED CAPACITIVE
MICROMACHINED ULTRASONIC TRANSDUCER

Cetin, Ahmet Murat
M.S., Department of Electrical and Electronics Engineering

Supervisor : Assist. Prof. Dr. Baris Bayram

February 2011, 94 pages

Potential applications such as high intensity focused ultrasound (HIFU) thcalethera-
peutics require larger output pressures. Ti@ounprecedented acoustic output pressure in
transmit without the limitations, Capacitive Micromachined Ultrasonic Transdi@dUT)
operation modes of collapse and collapse-snapback are introducedatuliéer Both oper-
ation modes require the membrane to contact the substrate surface, whashgpproblem
on the durability of the membrane in terms of structural integrity and tribologicadquty.
Large membrane deflection at collapse increases the stress within the menaméichange

of stress at ultrasound frequencies causes reduced lifetime and coisgdoreliability in

these high output pressure operation modes.

Based on the additional requirements of these modes to reach high outmmitraressure
at a sustainable transducer operation, diamond is proposed as the ultimata$o be used
as the membrane material. Mechanical (high Young’s modulus, extremeesajdithermal
(large thermal conductivity, low thermal expansion ff@&nt), and electrical properties (in-
sulator, large electrical breakdown field) of diamond are all in favor afises in the micro-

fabrication of CMUTSs.



This thesis introduces the design and test results of the first diamond-6&46Ts as an
alternative to silicon and silicon nitride based CMUTs. Simulations are pertbumsang

Finite Element Methods (FEM) using a commercially available software packdd@YS.

The diamond-based CMUT is operated successfully both in air and immesiahef first
time. A special experimental setup is prepared to gather huge amount aine@ast data.
Fully customizable in-house software is developed to command and contrtdghsetup
equipments for current dissertation and future work. Fresnel aruhRoder regions of the
CMUT are characterized in sunflower oil using a combination of advaheedware and
software. The experimental results of radiation arftraktion for the diamond-based circu-
lar CMUT are verified by the theoretical calculations for a circular pistonsolacer. The
results obtained from the first generation diamond-based CMUTSs peestie diamond as a

promising material for membranes in CMUTSs.

Keywords: CMUT, Transducer, Diamond, Finite Element Analysis (FEAasound



Oz

ELMAS TABANLI ULTRASONIK CEVIRGECLERN TASARIMI VE
DOGRULANMASI

Cetin, Ahmet Murat
Yiksek Lisans, Elektrik ve Elektronik vhendislgi Bolumi

Tez Yoneticisi : Yrd. Dog. Dr. Baris Bayram

Subat 2011, 94 sayfa

Tibbi tedavide, wksek y@unluklu odaklanmis ultrason gibi potansiyel uygulamaliayiik

cikis basinglar gerektirmektedir. Sinirlamalar olmadan iletim@i&lmemis akustik ¢ikis
basinci sunmak icin, Kapasitif Mikroislenmis Ultrasonik Cevirgeclar literatiirde @kme

ve gokme-birakma calisma modlari tanitiimaktadir. Her iki calisma modu membranin ta-
ban yizeyine temasini gerektirmektedir ki, bu yapisatiinlik ve asinmazelligi acisindan
membran dayaniklin zerinde problem olusturmaktadiriiksek c¢ikis basinglh isletme mod-
larinda @kme sirasindakiigksek membranikilmesi stresi artirmakta ve ultrasonik frekans-
lardaki stres dgisimi dmrin kisalmasina veiyenilirligin tehlikeye girmesine sebep olmak-

tadir.

Bir cevirgegin sirdurilebilir isletiminde yiksek ¢ikisli basing iletimine erismek i¢cin bu mod-
larin ek gereksinimlerine dayanilarak, membran malzemesi olarak kullanilzezke elmas
nihai g@dzim olarakonerilmektedir. Elmasin mekanik ifigsek Young modlu, asiri sert-
lik), termal (yuksek 1sil iletkenfii, dugik 1sil genlesme katsayisi) ve elektriksel (yalitkanlik,
yuksek elektriksel kirllma alangzellikleri, onun Kapasitif Mikroislenmis Ultrasonik Cevir-

geclerin mikroéiretiminde kullaniimasi lehindedir.
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Bu tez, silikon ve silikon-nitrat tabanl Kapasitif Mikroislenmis Ultrasonikvitgec’lere al-
ternatif olarak ilk elmas tabanl Kapasitif Mikroislenmis Ultrasonik Cevitlgeimn tasarim ve
test sonuclarini @stermektedir. Siasyonlar ticari olarak bulunabilen bir yazilim paketi,

ANSYS, kullanilarak Sonlu Elemanlar Modeli ile gerceklestirilmistir.

Elmas tabanli Kapasitif Mikroislenmis Ultrasonik Cevirgec ilk defa havaiveicinde basarili
bir sekilde calistiriimistir. Byuk miktardaolcim verisi toplamak icindzel bir deneysel
diizenek hazirlanmistir. Mevcut calisma ve gelecekteki isler icin testrdginin ekipman-
larini kumanda ve kontrol etmey@ilik tamamerdzellestirilebilir bir yazilim gelistirilmistir.
Kapasitif Mikroislenmis Ultrasonik Cevirgec’in aycicek §aicindeki Fresnel ve Fraunhofer
bolgeleri gelismis donanim ve yazilim birlesimi kullanilarak karakterize edilmiimas ta-
banli Kapasitif Mikroislenmis Ultrasonik Cevirge¢'in 1sinim veiglama dair deneysel sonugla-
ri dairesel piston cevirgec icin bulunan teorik hesaplamalar igulanmistirilk nesil elmas
tabanli Kapasitif Mikroislenmis Ultrasonik Cevirge¢’lerden elde edilemws;lar, membranlar

icin elmasi gelecek vaad eden bir materyal olardktgrmektedir.

Anahtar Kelimeler: Kapasitif Mikroislenmis Ultrasonik Cevirge¢, Ceeirg Elmas, Sonlu

Elemanlar Metodu, Ultrasonik
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CHAPTER 1

INTRODUCTION

1.1 Micro-Electro-Mechanical Systems

Micro-Electro-Mechanical Systems (MEMS) are used to define the systemposed of
electromechanical devices created in a miniaturized world. Physical siaege from mi-
crometers to millimeters. Simple devices with no moving parts to complex devices daa be
signed with microfabrication technology in clean rooms and cost reductivbeabtained.
One of the main criteria for a MEMS device is that there exist some elementsrghove-
chanical functionality whether or not they can move [1]. Figure 1.1 shtwedirst rotary

electrostatic side drive motors made with MEMS technology at UC Berkley i8.198

Figure 1.1: First Rotary Electrostatic Side Drive Motor [Richard Muller, B&keley]. [2]

MEMS devices find more appliance in industry day by day. Sensors dndtars, using the



techniques of microfabrication, are developed for sever@mdint applications in industry
(e.g. automotive, medicine, aerospace, meteorology etc.). Airbag systeajst printers,
and projection systems are some products where the benefits of MEMS®slevi intro-
duced. Figure 1.2 shows that the market for MEMS devices was projectedch $6.5 bil-
lion in July, 2010. The market is predicted to grow by $3 billion and reach B&8libn in
2014.

Global MEMS Revenue Forecast, 2006-2014

12

4
2
0 4 T T T T T T T T

2006 2007 2008 2009 2010 2011 2012 2013 2014

-
o

0o

Billions of U.S. Dollars

Figure 1.2: iSuppli's MEMS revenue forecast from 2006 to 2014 [3].

1.2 Transducers

A transducer converts one form of energy into another form (e.gusdicoto electrical, elec-
trical to light, etc.). There are several types of transducers. Peessnsors, mass flow sensor,
accelerometers, gyroscopes, antennas and infrared sensois listedas some of these. In
industry or in daily life, these are used occasionally. As an example, uttbgsaphy devices
are a kind of imaging system utilizing ultrasound and used in every hospitakelthevices
create images by converting acoustic pressure to electrical signals witlatiselticers built

into them. Short pulses of sound waves are sent to body and returnives \see sensed

2



for diagnostics purposes. While sending acoustic waves, the input edd&niergy of the

transducer is converted into mechanical energy and vice versa in gensde.

Efficiency is an important parameter for transducers. There exist some tofdoss during
the energy conversion. Théfieiency for a transducer can be defined as the ratio of output

energy to input energy.

Transducers can be developed by MEMS technology. This allows tapecsmall and cost-
effective devices for many purposes. Accelerometers are one of thieieh, ig/widely known
and used for airbag systems in automotive industry. Today, these MEBES babust acc-
celerometers save life of many people inffi@accidents. Figure 1.3 shows an accelerometer

designed using MEMS technology.

E Beam Spot Magn
500KV 80 500X

Figure 1.3: This micromechanical structure is the core of a 3-axis MEM&8ercmneter. Such
an open microstructure is very delicate, susceptible to degradation byadst, and almost
any physical contact. Special tooling must be used to dice and packagg@phand hermetic
packaging is required to ensure long-term reliability. [4]

1.3 Ultrasound

Acoustics was an art several years ago. Today, it is a field of scisheee complex be-
haviours of acoustic waves inftkrent domains are studied and applied in industry. Acoustic
waves are the result of oscillating pressure. When the frequencyitifitien is in the range
of human hearing capability, it is named as sound. For higher frequermees #she upper
limit of human hearing (greater than 20 KHz), it is defined as ultrasoundadditmd is used

in many applications like medical imaging, ranging, flow metering, cleaning destructive

3



evaluation, wafer temperature sensing [5]. To create ultrasonic waseséific frequencies,

transducers are utilized.
Piezoelectricity

Ieon (piesi) means pressure in Greek and "piezo” comes from this word. Piehbaty is
used to define the electricity caused by pressure. Jacques and Riged©thers were the
first people who discovered, in 1880, that piezoelectric materials crésatieieal discharge
when mechanical stress occurs on specific materials. Quartz, rocH&l@asa tourmaline
were elements on which piezoelectriteet was first observed. Alternately, the size of piezo-

electric material changes when an electrical current is passed through.

Piezoelectric materials can be used in MEMS devices as a sensor to measlidefisity,
fluid viscosity, impact force (e.g. airbag sensors) or to create acouatiesnin ultrasonic
applications. Piezoelectric materials can be grouped as crystals and cerardz is a well-

known piezoelectric material.

Piezoelectric materials are widely used to develop transducers in ultrasgptidations.
When solid medium is used for coupling of acoustic waves, piezoelectrisduaers have
good acoustic impedance match. However, when fluid (gaseous or liquitg isoupling
medium, piezoelectric transducers ladgkaency. The &iciency problem is caused by imped-
ance mismatch between the piezoelectric transducers and fluid medium. Acopsitance
of air is much lower than that of piezoelectric transducers. Acoustic impedahwater
also mismatches with that of piezoelectric transducers. Impedance mismate@ebegtiwzo-
electric transducers and air can be resolved to incredisgeacy by using matching layers.

However, this results with a lower bandwidth.

1.4 Capacitive Micromachined Ultrasonic Transducer

Capacitive Micromachined Ultrasonic Transducer (CMUT) is a devicedas a capacitive
structure which benefits from electrostatic forces created between tawoeles seperated
from each other by a very small gap and is used to emit and receivetigooases at ultra-

sonic frequencies. Figure 2 shows an illustration of typical CMUT.



Ultrasound Wave

Cavity

Bottom Electrode

Figure 1.4: A cross-section of the cMUT [6].

In 1994, the first CMUT was invented at Stanford University [7]. 1®689a new CMUT with
an operating frequency above 10 MHz was developed. Micromachinthgdéogy allowed
this to be a promising alternative to piezo-electric transducers [8]. It wd&J& with a

silicon-nitride membrane suspended above silicon.

The idea of electrostatic transducers was as old as the piezoelectriccarsff]. However,
the need for high electric field for arfieient operation prevented the CMUTSs to evolve as
piezoelectric transducers. Then, later developments in micromachiningtegkimllowed to
build CMUTs competing with piezoelectric transducers. Advanced prdeebksologies en-
abled to design CMUTSs with submicron level gaps which let reasonablatiqesl voltages

to achieve high electric fields [9].

CMUTs can work in air with great impedance match affidcency as well as in immer-
sion [10]. Ultrasonic waves are produced or sensed through a cgupkdium (i.e. gas,
liquid or solid). While the vibrating part of the element is in use, it is not directlgantact
with the subject. CMUTs have larger bandwidth in immersion, even at higrenatipnal

frequencies, when compared to piezo-based transducers [11].

1.5 Objectives and Organization of Thesis

Capacitive micromachined ultrasonic transducers (CMUTS) used in immexsagenerally
composed of vacuum-sealed cavities formed by membrane material [5].atham-sealed
cavities are conventionally realized by two techniques. First one is thifidatrelease pro-

cess where sacrificial material deposited before the membrane materidlad gicough the
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etch holes, and etch holes are filled by deposition under low pressuneridgle cavity [12].
The second one is direct wafer bonding method where two wafers @vrieghcavity pat-
terning and the other having the membrane material) are bonded under@kevaperatures

under vacuum [12].

Among these microfabrication methods, direct wafer bonding technology ris ecmnomi-

cal ofering better process control, higher yield, and more novelties in CMUT clesigan

the sacrificial release process [13]. Direct wafer bonding technatogypled development

of single crystal silicon membrane CMUTSs rather than silicon nitride membraes. of\s

the membrane and the substrate material are both silicon, direct wafer gatdiigh tem-
peratures (110) is achieved without introducing any residual stress in the membrane [13]
Well-mature single crystal silicon technologies enable the specifications GMET design

be comfortably satisfied facilitating the realization of industrial grade CMWipcts [12].

Energy conversionficiency of CMUTs has been of primary importance for ultrasound ap-
plications, and improvement of thigheiency has been extensively studied for ultrasound
transducers [14, 15]. Conventionally, the CMUT is biased at a voltagggvhiae collapse
voltage, and an AC signal is applied to generate ultrasound [5]. Twoéeacy of the trans-
ducer is drastically improved as the bias voltage approaches the close vidittigy collapse
voltage [15]. However, this highfigciency comes with a risk of membrane collapse onto the
substrate. Additionally, the AC amplitude is limited to a small excitation voltage around a
large bias voltage to prevent membrane collapse during operation. dresréfe maximum
output pressure of a CMUT is inherently limited by the requirements of theertional

operation.

For potential applications such as high intensity focused ultrasound (HifFtdedical ther-
apeutics, larger output pressures are essential.ff€o onprecedented acoustic output pres-
sure in transmit without the aforementioned limitations, novel CMUT operationesod
collapse [16] and collapse-snapback [17] are introduced. Bothatipermodes require the
membrane to contact the substrate surface, which poses a problem amrdbdity of the
membrane in terms of structural integrity and tribological property. Large mematdeflec-
tion at collapse increases the stress within the membrane, and changs®asuérasound
frequencies causes reduced lifetime and compromised reliability in theseutjglt pressure

operation modes.



Collapse-snapback mode requires the collision of the contacting suefeagscycle, and heat
released needs to be dissipated quickly to maintain stable operation. Batbedaniditional
requirements of these modes to reach high output transmit pressurestdiaaile transducer
operation, diamond is proposed as the ultimate solution to be used as the mematanal.
Mechanical (high Young’s modulus, extreme hardness), thermal (laegmal conductivity,
low thermal expansion cigcient), and electrical properties (insulator, large electrical break-
down field) of diamond [18] are all in favor of its use in the microfabricatiorCMUTSs.
Chemical inertness and biocompatibility are further benefits of diamond fad Mo be

utilized in corrosive environment and biological samples, respectiv8ly [1

Diamond is a perfect membrane material candidate based on its materialtipspétow-

ever, unmature single crystal diamond (SCD) deposition technologiesédanped diamond
membranes integration into CMUTs. Thin film SCD coated wafers are not cocrather
available for batch MEMS processes. Surface roughness of SCDoisigls to be utilized

for CMUT microfabrication based on direct wafer bonding technology.

Recently, with improvements in diamond material growth and technology, ulmangs:
talline diamond (UNCD) as a thin film were made commercially available. UNCD share
a large portion of the benefits of the SCD with compromised features suddased re-
sistivity due to graphitic forms enclosing polycrystalline diamond (SCD: insylatNCD:
highly resistive). A remarkable feature of UNCD as a membrane material ig[itgsition

as a thin film over a wafer surface with very low residual stress &0 MPa). UNCD,
featuring smaller grain size and surface roughness has been receitisee for microelec-
tromechanical systems (MEMS) applications such as RF MEMS resona@jrarjd hybrid
piezoelectrigJNCD cantilevers [20]. However, there are no studies of CMUTSs with draamo

membranes.

Microfabrication of CMUTs with diamond membranes (such as UNCD) - eafed based
on the plasma-activated wafer bonding technology [21] - enables the tibifizzf key mate-
rial properties of diamond such as high Young’s modulus, extreme hssdmel large thermal

conductivity [18] to improve performance, reliability, and application rang@MdUTs.

The objectives of this thesis are:

e To design the first diamond-based CMUTSs in literature using Finite Elementddsth
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e To characterize the first generation CMUTSs both in air and immersion expaaitye

e To identify the Fresnel and Fraunhofer regions of the single trans@xperimentally,

and verify with theoretical diraction calculations.

This thesis continues with Chapter 2 which gives an introduction to the CMUWth€hap-
ter 3 includes all the details of CMUT design with Finite Element Methods andigéen
of the mask used in manufacturing process. Chapter 4 shows the measuresods of the
first generation diamond-based CMUTSs both in air and immersion, and tifeaton of
these results with theoratical calculations. Finally, Chapter 5 presentsrbkision of this

dissertation.



CHAPTER 2

CMUT THEORY

2.1 Static Operation

Collapse and snapback voltages determine the operational charactefisti€MUT. Since
membrane is not a rigid structure, CMUT membrane bends as the electrostititreases.
However, to solve the collapse voltage equation, some approximations hasltmé. Thus,
pressure on the CMUT membrane caused by the electrostatic force aCaviyitage level is

assumed to be uniformly distributed [22].

Unbiased CMUT can be thought as a simple capacitor, where the stoneyy éne

E= %c:v2 (2.1)

When the energy equation isfidirentiated with respect to membrane displacement, the elec-

trostatic force on the membrane is [23]

1
d[=CcV?

(2 )_ €0AV?2
dx ~ 2(do - X)?

Fele= —

(2.2)

where V is the DC voltage applied to CMUT membrane, C is the capacitance betwlesrate
and the membrane ards the dielectric permittivity of vacuum, A is the area of the capacitor

plates, x is membrane displacement, d is initial gap height.
In a simple model as shown in Figure 2.1, forces on the membrane can beaefad as the
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equilibrium between spring forces and electrostatic forces. Since weabelge membrane

bending and assume it to behave like a piston, linear spring constant gives

Fmech= KX (2.3)

Fixed

h

Fixed

Figure 2.1: Simple lumped electro-mechanical model of CMUT.

In a first order model, total mechanical forces are equal to electrosbaties exerted on the

membrane. Thus,

d?x(t) e0AVA(t)

A2 2(do - x(©)2 + kx(©) (2.4)

Equation (2.4) is a nonlinearftierential equation of second order. However, in static opera-

tional mode of CMUT, steady-state solution can be found to be

eAV2

kx= <V
X= 2(do = 02

(2.5)

Equation (2.5) can be solved to find the relation between the membrane displacand

applied DC voltage [24].

2kx
V=, ,A_eo (do — %) (2.6)
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Equation (2.6) can also be written as a 3rd order polynomial where a solitioronly two

positive real roots means the membrane is in equilibrium [8]:

Az—z)(x3 —2dox? + d3x) — V2 =0 (2.7

As the voltage increases, membrane bends due to electrostatic forceshakaateristic level,
electrostatic force becomes larger than reverse mechanical forceeamethbrane collapses
on the substrate [25]. This voltage level is named as collapse voltage abé oatained by

differentiating the above equation with respect to displacement:

k 2kx
2Aon(do -X) - A_eo =0 (2.8)
Hence,
do
= — 2.
X= (2.9)

where the electrostatic force is greater and the collapse voltage is

8kef
Vt:ollapse= m (2-10)

Equation (2.10) is an approximation assuming that membrane is a conduatasdinsulat-

ing material is used as a membrane, dielectfiect can be included as

3 f 8k Om 3,2
Veollapse= 2760A(Er +d0) (2.11)

whereg is relative dielectric constant of the membrane drds the membrane thickness.

Although Equation (2.11) gives the collapse voltage, assuming piston belfi@avibe mem-

brane results in higher collapse voltage levels. A better result can beethibihe bending of
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membrane is considered. The membrane is assumed to be composed of infihaékEsimeats

which have diferent heights over the substrate as shown in Figure 2.2.

Figure 2.2: Total capacitance is the sum of capacitance values betwesmethierane and
substrate. Membrane is a conductor in this figure. Deflected profile of theora@e causes
varying capacitances.

Transducer is assumed to be circular. The varying distances cdigsermli capacitance values
composing the total capacitance of the transducer. Electrostatic forcesiogla element

is [14]

e V2A
Fi = 2.12
and
dm
d=—+do (2.13)

€r

whered; is the dfective distanced, is the membrane thicknesd is the air gap and: is the
relative dielectric constant of the membrane. For a uniformly distributee fonca circular

membrane, displacement of the circular element can be written as

r
+(bi2+r2)lnr—}r>bi

m

Fi [(&+B)0R-r?)
8D 2rZ,

wi(r) = (2.14)

Fo(02-D)02+1D) ol
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whereb; is radius of circular elemenE; is the force applied and D is flexural rigidity. Using

these equations and iterative numerical methods, collapse voltage caimbe fo

Snapback voltage is one of the CMUT characteristic parameter. When masibiollapsed
electrostatic force is greater than spring force. Membrane does niot toegstore its shape
abruptly when the applied voltage is decreased. There exists a hysatiesidbetween col-
lapse and snap-back voltages. Snap-back voltage for a non-d¢omgdutembrane can be

written as

2kdod?,
EmA

Vsnapback= (2.15)

2.2 Dynamic Operation

When CMUT is biased with DC voltage below collapse voltage, AC voltage is ababeve

it to create a vibrating CMUT. Electrostatic pressure can be written as [8];

€0ez(V3: + 2VpcVaccogwt) + V4 .cogwt)?)

Pe(r) = (2.16)

wherew is the operating frequency, is the membrane thickneds,is the air gap distance,
anden, is the relative permittivity of the membrane. Rdsc >> Vac, CMUT can be operated
in a linear region. The membrane deflection is caused by the superpositothastatic and
dynamic terms. The frequency of the applied AC signal should be same asstheance

frequency of the membrane [8].

2.3 Energy Conversion Hficiency

When a CMUT is excited with AC signal, acoustic waves are produced with tlobanée
cal response of the membrane. The transducer converts the eleatiecgy @t its input to
mechanical energy. Thefiency of this conversion is defined with the electromechanical
coupling codicient, which is the ratio of the produced mechanical energy to the totalyenerg

stored in the transducer. The equation is [14]:
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E h Emech
k2 = 5 = 2.17
T Etotal Emech+ Eelec ( )

Coupling codficient can be easily obtained if piston-shaped parallel plate capacitanappr
imation is used. Membrane bending is ignored and the capacitor top plate msegbtu be
supported by a spring while bottom plate is fixed. The electromechanicgliegodiicient

for this model is [14]:

. 2X
_do—X

k2 (2.18)
wheredp is the initial gap between the electrodes and x is the displacement of the top elec-
trode. However, membrane dielectriffext shall also be included for a CMUT with top
electrode positioned on the membrane top surface. Then couplifigct® can be written

as:

R S (2.19)

d
d0+—m—X
€r

whered, is the membrane thickness agds the relative dielectric cdicient of membrane.

Equation 2.19 gives the coupling dieient until displacement of top plate is one third of
initial effective gap. Equation 2.9 shows that membrane collapses when the disptaceme
is one third of éective distance. At this point, coupling déieient has its maximum value

which is 1.

Fraseret al. [26] calculatesk% for CMUT membrane using fixed capacitanCé and free
capacitanc€". CS is the total capacitance of the transducer at any DC voltage bia€and

is the slope of the charge-voltage curve [15]. Couplingficient is defined as [26]:

(2.20)

Ignoring the parasitic capacitances, fixed capacitance and freeiteeygacare written as:
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A
cs- 0
Oeff— X

(2.21)
€A

Cl=——_
et — 3X

2.4 Equivalent Circuit

CMUT is a system composed of electrical and mechanical parts, which isdnamelec-
tromechanical device. The problems for an electromechanical systebecsoived analyti-
cally using an equivalent electrical circuit. Voltage sources can betogegiresent mechan-
ical forces and current sources can replace velocities. The éepivarcuit of a CMUT can

be shown as in Figure 2.3 [24, 27].

Membrane
1 Fr oo e e e e =z
o Il i m I,
2Alic " PooL "
2 m
<, 3l|& R .
Electrical Port -4} 'h Acoustical Port
-4, 'h
-4} 'h
= ]
C  J

Figure 2.3: EquivalentCircuit.

Transformer is used to define the conversion between electrical induhachanical ouput.
The conversion ratio, n, gives the sensitivity of the transducer. Equat@?2 shows that
increasing the CMUT membrane size or decreasing the gap between thetsubad the

membrane improves the sensitivity.

€A

= G (2.22)
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2.5 Radiation

Ultrasonic transducers haveidirent radiation patterns which change according to their sizes
and operational frequencies. The radiation from a point source idintenl to start with.
This section gives a general guideline for the radiation of ultrasonic svaMeen, an outline

for the emission from a circular piston transducer is provided.

2.5.1 Point Source

Point sources radiate waves in spherical uniformity. Simple wave equaiobeused as a

starting point [28, 29].

16%p
Ap-=—L2=0 2.23
P- 25 (2.23)

where p is pressure and c is wave speed. This equation can be edpandartesian coordi-

nates as

S O A e (2.24)

and in spherical coordinates

2 2
1a(r2‘9—p)+1 1 6(sin€a—p)+ L op 1% _, (2.25)

r2ar\| ar) r2singae\” " a0)  r2sireoy? ¢ o2

Since the pressure is not dependent on angular variations, Equati@s) ¢€an be written in

one dimension as

2
19 (r2‘9—p) _1op (2.26)

or
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*(pr)  1&°p

—ZF_0
arz  c? ot
Acoustic impedance is written as
k2a?
Z=pNo——= + jpVo———
PO Fiea2 lp 071+ k2a2
and the particle velocity is
v = Bt
a

Assuming continuity of radiation and féa << 1

A = jpoVokalug

Thus, pressure equation for a point source is [28]

=—e
P=7 a

2.5.2 Circular Piston Transducer

A iwt-ka) _ jpoVokafo pilot-ka)

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)

A circular CMUT, as shown in Figure 2.4, can be approximated as a cirpigon in an

infinite bafle in ultrasonic radiation analysis [28]. Circular piston is rigid and all points

on the surface vibrate in phase. Acoustic waves are radiated in therébdiaction only.

Huygen principle can be used to solve the wave equation. Each point gistba surface

is treated to contribute as a single source element and wave propagati@eipagition of

waves radiated from these elements. Hence the pressure at a distance r is

_ jpoVoK

dp vd Ag(@t=kr)
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wherepg is the density of the mediumyg is the velocity of sound in the mediurk,is the
wave numbery is the amplitude of the surface velocity at an angular frequeney, ofis the

distance from the transducer center, ahi$ the distance from the transducer surface.

Figure 2.4: Source element vibrating on a circular piston with diamater d aatetbat a
distancer.

This expression can be integrated to find total pressure at a point ifoarddne regions are

splitted in two parts: Far Field (Fraunhofer) and Near Field (Fresnel).

Far Field

r' = \r2 +y2 — 2rysingcosp (2.33)

Forr >> d, the region is defined as Fraunhofer (Far Field) region. When Equaéni

expanded in Taylor’s series with approximation,

r' =r — sinfcosp (2.34)

Using Equation 2.34, total pressure at point A can be integrated as,

Vek d/2 o
p= 1920¢r0 erj(wt—kl’)f(; dej(; ejkx3|rﬂcoszsd¢ (2.35)

wherer’ = r for amplitude part.
Bessel functions of the first kind can be used to integrate Formula 2.35.
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2 )
f e ikySiCods) _ 3.y sirg) (2.36)
0

d/2
f Jo(kysirng)xdx= xJi(X) (2.37)
0
and
_ IpoVoke® | jiiin [ 2J1(kasire)
N kasirg (2.38)

wherepg is the density of the mediumyg is the velocity of sound in the mediurk,is the
wave numbera is the radius of the transducey; is the amplitude of the surface velocity at
an angular frequency ab, r is the distance from the transducer center, ainsl the angle
with the transducer normal. The term in brackets which contains Bessgidnris known as
directivity function and shown in Figure 2.5. The directivity specifies thesgure variation

with direction [28]

[ 201(x)/x

-15 -10

Figure 2.5: Directivity function for the circular piston transducer forsgrge.
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Directivity function helps us to characterize the radiation pattern of a teeesdThe output
pressure radiated from a transducer does not travel in one fodirsetion only. Although
maximum energy is obtained on the axis which is normal to and at the center@fahkar
transducer, some part of the energy radiates through the side pathsaiim beam contains
the maximum energy. Side lobes are the unwanted parts on a radiation pattesinsmitting
mode, circular transducer causes interference with its sidelobes in eatingeenvironment.
As a sensor, a circular transducer gets interference due to high selgéda. Figures 2.6,
2.7 and 2.8 show polar diagrams of radiation patterns for a circular treesdperating in

different frequencies in the same medium.

0°
1

ka=T1

Figure 2.6: Radiation pattern of circular piston transducer in linear scalaferr.

It is obvious that beamwidth of main lobe decreases as the ratio of tramsddaes and wave
length increases. Figures 2.9, 2.10 and 2.11 allow a better understahttiegimelobe fect.

It is shown that 3 dB beamwidth is narrower and gain levels of sidelobesiaca lower at
higher frequencies. Narrow beamwidth means better targeting capabilihoaridterference

operation.
Near Field

Fresnel region is the near field region. Fresnel distance can be igtintegrating the Equa-

tion 2.32 forr’ = Vr2 + 02 [28],
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ka =31

Figure 2.7: Radiation pattern of circular piston transducer in linear scalafer3r.

p = poVovgel) (e‘j" Vitto? _ e‘jkr) dA (2.39)

and getting the real part,

p = poVovod® \/ [2 — 2cosK V2 + 22 — 2)] (2.40)

In near field, there are several peaks of acoustic waves as shovuguie 2.12. The interfer-

ence caused by point sources on transducer surface is eliminatexssaeFdistance.
We can find the distances where the peaks occur such that
2 _ 232
4rd—n°a

_ Hom A 2.41
2= Tm (2.41)

where maximums occur if n is odd and minimums occur if n is even. Farthest maximum
occurs at e-1, which isz= = a2/A. Fraunhofer (Far Field) region startszat z-. The circular

transducer starts to behave like a point source in far field.
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ka=25m

Figure 2.8: Radiation pattern of circular piston transducer in linear scalafe 25r.

Figure 2.9: Radiation pattern of circular piston transducer in logarithmic swaka = .
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ka =31

Figure 2.10: Radiation pattern of circular piston transducer in logarithmie gmeka = 3.

ka = 25m

Figure 2.11: Radiation pattern of circular piston transducer in logarithmie gmeka = 25r.
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Figure 2.12: Normalized pressure intensity on the axis normal to and atritex oé circular
transducer surface. Transducer radius is 2.5 mm. Fresnel distanBmis vhere the last
peak occurs.
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CHAPTER 3

FINITE ELEMENT ANALYSIS AND DESIGN

3.1 Introduction

FEA (Finite Element Analysis) uses numerical methods to simulate behaviowoadigis in
several environments. Using this method and some approximations, solvirmgesononlin-
ear partial diferential equations is possible in a reasonable duration, based on PCéglhith h

processing power.

In industry, 2D modeling and 3D modeling are two types used for modeling tiaupt. If
the product has a symmetrical structure, 2D modeling can be used to simplifyadhkem
and simulate in less time while sacrificing some accuracy. 3D modeling gives cmreate
results but complexity of the problem increases. A 3D model needs more tichenare

computer processing power to simulate.

Basically, upon modelling the product, a complex mesh is created. Mesh isstiieatsub-
dividing the model into several elements and these elements are composedral saodes.
According to the type of the problem, suitable element types with require@eegf freedom
are chosen. Equations are solved iteratively using pre-defined bocwmfiitions and degrees
of freedom defined for the each element. Element types are choséullgaredecrease the

solution time. Mesh is created in a way to prevent non-converged results.

Today there are commercially available software packages to solve thesedims@ming and
complex problems. Each has some advantages and disadvantages wipametbto each
other. ANSYS (ANSYS Inc., PA, USA) is used as a software packagsifioulation in this
study.
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3.2 Modeling

CMUT cell is created with diamond membrane on a silicon substrate. Membramngoisreed
on silicon-dioxide creating a vacuum gap between the silicon substrateiandred mem-
brane. A layer of high temperature oxide is created on the diamond membrhaahie to
bond the wafers. Aluminim electrode is used on top of the membrane. Thmatibeross

section of the CMUT cell is shown in Figure 3.1.

Thermal Thermal
Oxide Oxide

Aoy

ts Silicon Substrate

Figure 3.1: Schematic cross section of the single CMUT cell

Material properties used in these simulations are given in 3.1

Table 3.1: Material properties used in ANSYS simulations.

. Poisson VEIIE S Density Relative
Materials | ~ patio | MoAUIUS | aim3) [Permittivit
(GPa) - 4
Diamond 0.07 850 3300 5.68
Si 0.29 169 2332 11.8
Aluminium 0.35 70 2700
Sio, 0.17 75 2200 3.78
Vacuum - - - 1

Finite Element Analysis is performed for CMUTs withfldirent sizes using commercially
available software, ANSYS (ANSYS Inc., PA, USA). Since single CMUT harotational

symmetry, a 2D model is created with axisymmetric elements for electrostatic analysis
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PLANE42, which is defined by four-nodes, with stresffetiing and large deflection capabil-
ities are used for structural meshing. Boundary conditions are sefinyndeDOF (degree of
freedom) values for structural elements. Atmospheric pressure is apglisdgrface load on
the element faces of membrane and the top electrode. A coupled electrestatiaral anal-
ysis is performed to get the simulation results. Vacuum area inside the segled under

membrane is defined to be morphed during analysis.

CONTA171 with TARGE169 are used as contact-target elements. Thesergkare located
on the surfaces of substrate and High Temperature Oxide (HTO) to tledemintact through
penetration when the membrane deflection occurs under atmospheric etndsédtic loads.

Target-contact elements have same material properties with surfacesithey.s

An 8-node charge-based electric element, PLANE121, with only onedejifreedom, volt-

age, is used to define physical properties for static analysis.

Mapped meshing is used for the components to get converged results Sorelbée time.
Smaller sizes are used for components where large deflection occushetMmodel of the

single cell is shown in Figure 3.2.

Figure 3.2: Axisymmetric mesh model of the single CMUT cell

The structure is supported at the bottom and clamped at the symmetry axisdatpreove-

ment in the horizontal direction since this is an axisymmetric structure [Figufe 3.3
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Figure 3.3: Structural boundry conditions applied to the axisymmetric modileoingle
CMUT cell

3.3 Static Analysis

Static analysis is performed to obtain the steady-state status of a structereapptied static
loads [30]. The fects of loads changing with the time are not included in this analysis unless
they are approximated as static equivalent loads. Inertia and damfi@uyseare ignored.
Stress values and distribution on the structure, nodal displacement evalhesstructure and
nodal forces are the results which can obtained by a structural stalysisn&xternal forces,
steady-state inertial forces, displacements and temperatures are somdoaiit which can

be applied.

ANSYS allows to perform a static analysis of structures with linear or norafineaterial
properties. All these are introduced in a command file which also includes tbelrde-
scription, analysis parameters, calculations and export functions +ppocessing. Static
analysis of the CMUTs with diamond membranes are performed to findine ef air pres-
sure on membrane deflection, calculate stress values and determine estlapback volt-
ages. The analyses are performed on 3 Dell T5400 workstations with2at@re Intel Xeon
E5420 (2500 MHz) CPU and 8 GB memory. CPU intensive and time consumatgsas are

performed in a distributed progress on 3 workstations at the same time.

3.3.1 Air Deflection

Although the CMUT is not biased with a DC voltage, membrane deflection odcgr$o air
pressure in the operational environment. The vacuum between the dian@nbdrane and
the silicon substrate causes this deflection under atmospheric pressumspheric pressure

creates uniformly distributed forces on the diamond membrane and aluminiumod&dt is
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applied as surface load on the selected lines (i.e. top line of membrane aindddeareas).
The forces caused by suraface loads are transferred to mesh eleimendgsthe simulation.
As the membrane deflection occurs at each iterative step during simulatiory, 2\dk&s mor-
phing. Movement of non-structural elements (i.e. vacuum between meenanahsubstrate)
are constrained by applying boundry conditions on displacement degféeedom. Mesh

displacements of non-structural elements are used to prevent mesh distortio

Diamond membrane has material properties such as high Young's Moddes&eme hard-
ness. However, since the thickness of the membrane is not very higlngateflections

based on membrane radii occur.

In a CMUT design, residual stress caused by manufacturing procassiigortant factor to
be avoided. Thermal expansion @dgent defines the volumetric change of material structure
under diferent thermal conditions. Since thermal expansiorfment of diamond is lower
than that of silicon, some amount of compressive stress may occur on theamemANSYS
lets us to define pre-stressed models in the static structural simulations. GsivprEress
causes the diamond membrane deflection profile to change. Results of statigratrsimu-
lation for different CMUT radii and compressive stress values on the diamond menareane

given in Table 3.2.

Table 3.2: Natural deflection values under atmospheric pressure fafTSMith different
radii and residual compressive stress.

Compressive Deflection (um)

Stress

(MPa) 60-pm 44-pm 36-pm 27-pm 22-pm

0 0.2615 0.0793 0.0364 0.0121 | 0.00554

100 0.3964 0.0996 0.0422 0.013 0.00579

200 0.6595 0.1337 0.0503 0.0142 | 0.00606

300 1.011 0.2005 | 0.06221 | 0.0155 | 0.00639

400 1.33 0.3599 0.0813 0.0173 | 0.00677

The values in Table 3.2 are deflection of collapsed nodes on the membrane nvaximum
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displacement occurs. Since this is a circular CMUT, these points are therceh mem-

branes.

As it can bee seen, membrane deflection increses as the radius of the mennmicraases.
Residual compressive stress also increases the displacement obnabdesnembrane. How-
ever, after a treshold value, membrane profiles show unexpecteditatzasMembrane de-
flection profiles for CMUTS with radii 6@m, 44 um, 36 um, 27 um and 22um are given in
Figures 3.4, 3.5, 3.6, 3.7 and 3.8 respectively.

The lines in the figures represent the cross-sections of circular meesbndren their shapes
are changed due to atmospheric pressure. Each line in a figure shdvehthéour of mem-
branes with diterent residual compressive stress values. Since the transducturgroas
an axisymmetric circular shape, only half of the membrane cross-sectioweis. gNega-
tive deflection values mean that the membrane is bending through the substigiesitive

deflection values mean that the membrane is bending up.
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Figure 3.4: Deflection profile for a CMUT with radius @t and the éect of compressive
stress.
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Figure 3.5: Deflection profile for a CMUT with radius 4# and the &ect of compressive
stress.
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Figure 3.6: Deflection profile for a CMUT with radius /a® and the éect of compressive
stress.

31



0.15

0.1F

0.05f

Deflection (um)
)
e

-0.2 0
350 MPa
-0.25 950 MPa |7
1150 MPa
-0.3 1250 MPa |
1450 MPa
_035 1 1 1 1 1
0 5 10 15 20 25

Radial Position (um)

Figure 3.7: Deflection profile for a CMUT with radius @n and the &ect of compressive
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As the radii of membranes decrease, tlfe@ of compressive stress decreases. Figure 3.9

shows the relation between compressive stress and membrane deflect@Mds with

five different sizes.
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Figure 3.9: Deflection versus Compressive Stress for CMUTs withrdnt radii

For small radii, compressive stress is nffeetive. However, compressive stress should be

avoided for circular CMUTs with high radii.

3.3.2 Stress Analysis

Stress is a measure of material response to external forces. This cand® by pressure
on the membrane due to environmental conditions, electrostatic forces dias tmhages or
manufacturing processes for a CMUT. It is an important factor whikgtes the behaviour of

a transducer. Therefore, in finite element analysis, an exact modid teeeonsider the stress

distribution on the structure.
Basic schematic of the CMUT was given in Figure 3.1. There exist a vacagion inside
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the CMUT sealed with diamond membrane bonded on the oxide layer througlytheem-
perature oxide grown on the diamond. Since membrane thickness is not ighcempared
to radius, deflection occurs under atmospheric pressure although dlamarspecial ma-
terial with high Young’s Modulus and extreme hardness. A steady-statetiatal analysis
is performed to obtain stress values and distribution on the nodes. Atm@spressure, as
the static load, is applied on the membrane and electrode surface. Air deflErtvarious
sized CMUTs were given in Table 3.2. Static structural stress analyseksrare given in
Figures 3.10, 3.11, 3.12, 3.13 and 3.14 for CMUTs with radiu6€ 44 um, 36 um, 27 um

and 22umrespectively.

—_—

DI T —— I
-225.365 -122.228 -19.092 84.045 187.181
-173.796 -70.66 32.476 135.613 238.749

Figure 3.10: Stress distribution on the CMUT membrane due to atmosphersugeStress
value unit is MPa. CMUT radius is §am and atmospheric pressure is 0.1 MPa.
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Figure 3.11: Stress distribution on the CMUT membrane due to atmospherstipgeStress
value unit is MPa. CMUT radius is 44m and atmospheric pressure is 0.1 MPa.

-81.505 -45.12 -8.734 27.651 64.036
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Figure 3.12: Stress distribution on the CMUT membrane due to atmosphersuieStress
value unit is MPa. CMUT radius is 3@n and atmospheric pressure is 0.1 MPa.
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Figure 3.13: Stress distribution on the CMUT membrane due to atmosphersumeStress
value unit is MPa. CMUT radius is 2#@m and atmospheric pressure is 0.1 MPa.
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Figure 3.14: Stress distribution on the CMUT membrane due to atmosphersugeStress
value unit is MPa. CMUT radius is 22m and atmospheric pressure is 0.1 MPa.

It is obvious that stress types are compressive at the central rediorebranes and tensile
at membrane edges which are clamped on oxide supports. Maximum COIVEI&Esess
values increase as the CMUT radii increase as expected. The sthess age proportional

with the deflection values of diamond membranes.

3.3.3 Electrostatic Analysis

An analysis to find the displacements caused by electrostatic forces, led@lgctrostatic-
structural analysis is performed. Electrostatic-structural coupling iegotiie coupling of
electrostatic forces with the mechanical response of the structure. Trifygmulation
is occasionally used for MEMS devices such as CMUTs, comb drivesotal mirrors and

accelerometers [30]. Collapse-snapback voltages are calculated utiligranpalysis.
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Insulating Membrane

Capacitive micromachined ultrasonic transducers (CMUTS) are used igitlhansmit mode
or in receive mode. In transmit mode, the movement of membrane createsniktramves
in air or in immersion. In receive mode, acoustic pressure applied on the meenburface

is converted to electrical signal with its capacitive structure.

In a typical application, CMUT is biased with DC voltage and an AC signal. &lsig-
nals are applied between the top electrode on the membrane and the highdysdbgérate
[Figure 3.15]. DC bias voltage creates an electrostatic force on the meentaasing it to
collapse towards the substrate surface. Increasing DC bias causesrtii@ane bending to
increase. At a specific DC voltage value, membrane is collapsed totally. dlais i named

as collapse voltage.

v

1005 _ 100 100

\%4
\%4

Figure 3.15: DC bias voltage is applied between the top electrode on the menancihe
highly doped substrate. The values in red color show voltage levels. l&)ip¥ars on the
bottom surface of the top electrode and ground connection is reprdssitte0 V which
appears on the top surface of the substrate.

Collapse voltage is dependent on CMUT structural dimensions as well asattegial prop-
erties. Since it is moreficient to operate a CMUT close to its collapse voltage [16], it is

crucial to find this value accurately.

When a DC voltage is applied, electrostatic force is created on the diamond areardur-
face. This force causes the membrane to bend through the substraefleegion of mem-
brane, then, causes the electrostatic force to change. This cycle esintil an equilibrium
is reached. Coupled electrostatic-structural analysis is performed iry SXGsolve collapse
voltage problem. ESSOLV macro of ANSYS solves this cycle iteratively amtiriges until

a defined convergence value is reached.
At total collapse, membrane touches the substrate. Decreasing the D®@leage\does not
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helps the membrane to snap back abruptly. There exist an hystdfests e

Several simulations have been performed fdiedent CMUT sizes and membrane-substrate
distances (i.e. net gap) to characterize the operational value of collajpage. Figures 3.16,
3.17, 3.18, 3.19 and 3.20 show the relationship between net gap and eedlzggsback volt-

ages for CMUTSs with radii 6@m, 44 um, 36 um, 27 umand 22umrespectively. Net gaps are

the minimum membrane-substrate distances, which occur at the center &roEMUT and
includes air deflectionfect caused by atmospheric pressure and compressive stress if exists.
In the mentioned figures, compressive stress values are zero and hémogpessure values

are 0.1 MPa.
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Figure 3.16: The relationship between net gap and collapse-snapbliagesunder atmo-
spheric pressure of 0.1 MPa. Residual compressive stress is ighteatbrane size is 60m.
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Figure 3.17: The relationship between net gap and collapse-snapblage/under atmo-
spheric pressure of 0.1 MPa. Residual compressive stress is igiteatbrane size is 44m.
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Figure 3.18: The relationship between net gap and collapse-snapbliagesunder atmo-
spheric pressure of 0.1 MPa. Residual compressive stress is ighteatbrane size is 36m.
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Figure 3.19: The relationship between net gap and collapse-snapbkage/under atmo-
spheric pressure of 0.1 MPa. Residual compressive stress is igiteatbrane size is 27m.
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Figure 3.20: The relationship between net gap and collapse-snapbliagesunder atmo-
spheric pressure of 0.1 MPa. Residual compressive stress is ighteatbrane size is 22m.
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Figure 3.21 shows the relationship between the maximum displacement andldppligas
voltage under atmospheric pressure of 0.1 MPa. Residual compressgs is ignored in
this simulation. While the voltage increases with a step size of %2, the slope alsasgs.
Decreasing distance between the membrane and the substrate causestitbstatie force
to increase in a non-linear behaviour [Equation (2.12)]. Although Equdf®) states a
higher distance where the collapse occurs for a piston shaped membeaéag &ect on

the membrane causes lower distances available.
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Figure 3.21: The relationship between the maximum displacement and applibch®@lt-
age under atmospheric pressure of 0.1 MPa. Residual compreses®istignored. Net gap
is 1.5umfor all CMUTs.

Figure 3.22 shows the relationship between the capacitance and applieth®@oliage.
It is obvious that capacitance change is minimum for the CMUT with the smalldststa
Each point on the membrane has a specific displacement value which calclblated with
Equation (2.14). As the membrane radius increases deviation of nodirdents increase,

which means that membrane curvature also increases.
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Figure 3.22: The relationship between the capacitance and applied DCditiagevunder
atmospheric pressure of 0.1 MPa. Residual compressive stress isdgiNet gap is 1.am
for all CMUTs.

The relationship between the DC bias voltage and electrical energy stotbd oapacitor is

given in Figure 3.23.
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Figure 3.23: The relationship between the electrical energy and applidid3@oltage under
atmospheric pressure of 0.1 MPa. Residual compressive stress isdgiet gap is 1.am
for all CMUTs.
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The relationship between the DC bias voltage and mechanical energy stotleel capacitor

is given in Figure 3.24.
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Figure 3.24: The relationship between the mechanical energy and applidaiad voltage
under atmospheric pressure of 0.1 MPa. Residual compressiveistigsered. Net gap is
1.5umfor all CMUTs.

Although diamond is a hard material and resistant in collapse-snapbatkiopethe voltage
levels to operate diamond-based CMUTSs in this mode are very high. Tabled®i8gs the

collapse-snapback voltages for an insulating diamond used as a membrane.
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Table 3.3: The relationship between Collgi®®pback voltages and net gap under atmo-
spheric pressure of 0.1 MPa foifidirent CMUT sizes. Residual compressive stress is ignored.

60 um 44 um 36 um 27 um 22 um
Net Gap
(um) Collapse Snapback | Collapse Snapback| Collapse Snapback| Collapse Snapback | Collapse Snapback
($2) ™) ($2) V) ™) ($2) V) ™) V) V)
0.2 54.91 52.76 88.31 86.93 126.1 125.1 219.6 216.2 326.3 318.7
0.3 73.9 70.43 121.2 115.6 173.2 166.4 301.5 285 439.2 422
0.4 95.59 88.12 156.8 143.4 224 206.5 390 356.5 568.1 523.7
0.5 118.9 106.8 195 173.7 278.5 248 484.9 428.1 720.5 630.4
0.6 144.9 125.6 237.7 204.3 339.5 294.4 591.1 503.3 861.1 740
0.7 169.8 147.2 278.5 237.2 405.7 342.3 692.5 584.3 1029 860.2
0.8 198.9 167.8 326.3 272.8 475.4 390 811.4 665.6 1206 979.6
0.9 233 191.2 382.3 307.7 546.1 443.7 950.7 757.6 1385 1114
1.0 267.7 215.4 439.2 350 627.2 499.8 1071 861.5 1591 1255
1.1 301.5 242.6 494.6 390.3 706.4 562.9 1230 960.8 1792 1414
1.2 339.5 273.2 557 439.5 795.5 627.7 1385 1071 2018 1576
1.3 3823 304.7 627.2 485.1 895.9 699.9 1529 1195 2272 1757
1.4 422.1 333.1 692.5 541 989.1 772.7 1722 1325 2509 1940
1.5 475.4 371.4 764.6 597.3 1114 852.8 1901 1456 2770 2131
1.6 524.8 410 844.2 652.9 1230 936.8 2099 1599 3058 2353
1.7 568.1 448.3 932.1 720.9 1331 1024 2272 1757 3310 2560
1.8 627.2 485.1 1029 787.9 1470 1120 2509 1911 3655 2798

Conducting Membrane

Although natural diamond is an insulating material, ULTRANANOCRY STALLIN&Emond
(UNCD) which is grown on silicon wafer can have lower resistivity valuader diferent
circumstances applied during the process. In this case, the voltage apiedtrode on the

membrane appear below the membrane [Figure 3.25].
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Figure 3.25: DC bias voltage is between the top electrode on the membranesamgkily
doped substrate. The values in red color show voltage levels. 100 \a@ppe the bottom
surface of the diamond membrane since it is conducting and ground ¢mmisaepresented
with O V which appears on the top surface of the substrate.

Since the &ective gap [Equation (2.13)] is decreased with a conducting membraner low
bias voltage causes the membrane to collapse. Figures 3.26, 3.27, 3.28n8.280 show
the relationship between net gap and collapse-snapback voltages 1o €Mith radiuses
60 um, 44 um, 36 um, 27 um and 22um respectively. It is obvious that collapse voltages of
CMUTs with conducting membranes are much lower than the collapse voltag&ddf's

with insulating diamond membranes.

500

450 1

400 1

Voltage (V)
= N N w w
[ o (62 o o
o o o o o
1 1 1 1 1

[

o

o
L

u
o
T

collapse [
shapback

o

0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2
Gap (um)

o©
~

Figure 3.26: The relationship between net gap and collapse-snapblage/under atmo-
spheric pressure of 0.1 MPa. Residual compressive stress is igndietbrane radius is
60 um.
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Figure 3.27: The relationship between net gap and collapse-snapbkage/under atmo-
spheric pressure of 0.1 MPa. Residual compressive stress is ignidiesdbrane radius is
44 ym.
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Figure 3.28: The relationship between net gap and collapse-snapblage/under atmo-
spheric pressure of 0.1 MPa. Residual compressive stress is igndietbrane radius is
36 um.
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Figure 3.29: The relationship between net gap and collapse-snapbkage/under atmo-
spheric pressure of 0.1 MPa. Residual compressive stress is ignidiesdbrane radius is
27 um.
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Figure 3.30: The relationship between net gap and collapse-snapbkage/under atmo-
spheric pressure of 0.1 MPa. Residual compressive stress is igndieabrane radius is
22 um.

The maximum displacement changes with the varying bias voltage [Figure Biglite 3.32

shows the relationship between capacitance and bias voltage. Electeogy emd mechan-
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ical energy changes with varying bias voltages as indicated in the insulatimipraee case

[Figures 3.33 and 3.34 respectively].
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Figure 3.31: The relationship between the maximum displacement and appliech®@lt-
age under atmospheric pressure of 0.1 MPa. Residual compresss®istignored. Net gap
is 1.5umfor all CMUTSs.
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Figure 3.32: The relationship between the capacitance and applied DCdiiiagevunder
atmospheric pressure of 0.1 MPa. Residual compressive stress isdgiet gap is 1.am
for all CMUTs.
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Figure 3.33: The relationship between the electrical energy and applidicd@oltage under
atmospheric pressure of 0.1 MPa. Residual compressive stress isdgiNet gap is 1.am
for all CMUTs.
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Figure 3.34: The relationship between the mechanical energy and aplidsad voltage
under atmospheric pressure of 0.1 MPa. Residual compressiveistigsered. Net gap is
1.5umfor all CMUTs.

Table 3.4 gives the collapse-snapback voltages for fiffergint CMUT sizes with varying net

gaps. All the values in this table are obtained for diamond-based CMUT wiéimyuresidual
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stress. When there exist a residual compressive stress in a diamond mendniepse-
snapback voltages decrease. This is due to increased bending of mernawsed by com-
pressive stress. Table 3.5 provides the obtained values with the an&IgaBJa with initial

stress.

Table 3.4: The relationship between CollgfS®pback voltages and net gap under atmo-
spheric pressure of 0.1 MPa fofiidirent CMUT sizes. Residual compressive stress is ignored.

60 um 44 nm 36 um 27 um 22 um
Net Gap
(um) Collapse Snapback | Collapse Snapback| Collapse Snapback| Collapse Snapback | Collapse Snapback
(%) ™) (%) V) ™) (%) V) ™) V) ™)
0.2 24.38 21.14 36.23 30.28 49.73 41.57 83.22 68.92 123.7 100.5
0.3 37.69 30.33 57.12 44.18 81.59 61.83 136.5 103.5 202.9 151.4
0.4 52.77 40.2 83.22 59.81 116.5 83.75 198.9 140.6 289.8 206
0.5 71.03 50.77 109.8 76.35 156.8 107.2 267.7 181.9 397.8 265.7
0.6 90.08 62.28 142 94.33 202.9 133.1 346.3 225.9 504.5 331.1
0.7 109.8 75.06 176.6 114.5 252.2 161.6 430.6 274.1 627.2 401.8
0.8 133.9 88.89 211.1 136.9 307.5 193.4 524.8 328 764.6 480.9
0.9 156.8 104.1 252.2 160.6 360.3 228 614.9 386.7 913.8 564
1.0 183.7 120.6 295.5 187 422.1 265.5 720.5 450.3 1050 660.1
1.1 211.1 138.5 339.5 214.8 484.9 306.8 827.6 517.3 1230 759
1.2 242.5 158.2 390 246.8 557 350.3 950.7 594.2 1385 865.6
1.3 278.5 179.5 439.2 279.6 639.8 397.4 1092 674 1591 988.1
14 307.5 201.8 494.6 316.8 720.5 450.3 1230 759 1792 1113
1.5 346.3 227.2 557 354.6 795.5 506.5 1358 853.9 1978 1252
1.6 390 252.9 627.2 396.9 895.9 566.9 1529 955.7 2228 1392
1.7 430.6 280.9 692.5 443.7 989.1 629.8 1688 1068 2460 1556
1.8 475.4 310.1 764.6 492.8 1092 699.6 1864 1180 2715 1718
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Table 3.5: The relationship between Collgf®®pback voltages and net gap under atmo-
spheric pressure of 0.1 MPa forfldirent CMUT sizes.

200 MPa is included.

Residual compressive stress of

60 um 44 pm 36 pm 27 um 22 pm
Net Gap
(um) Collapse Snapback| Collapse Snapback| Collapse Snapback| Collapse Snapback| Collapse Snapback
™) ™) ) ™) V) ™) V) V) ) ™)

0.2 <10 <10 22.08 19.84 40.00 34.06 76.88 63.07 116.50 95.59
0.3 <10 <10 38.44 30.93 66.93 51.50 126.10 94.60 191.20 142.60
0.4 <10 <10 57.12 43.29 97.50 70.08 183.70 129.20 | 278.50 194.70
0.5 11.95 9.90 78.42 56.67 131.20 90.73 247.30 167.10 | 374.80  251.80
0.6 28 22.53 103.50 71.14 169.80 113.40 31990  208.70 | 475.40  313.80
0.7 42.44 34.49 131.20 88.17 211.10 139.30 | 397.80  254.80 | 591.10  383.30
0.8 59.43 46.89 160.00 107.50 | 257.30 167.80 | 475.40  304.50 | 720.50  458.80
0.9 78.42 60.34 195.00 128.70 | 307.50 199.40 | 568.10  359.50 | 861.10  538.20
1.0 99.45 75.37 228.50 152.60 | 367.50  234.00 | 665.60  421.20 | 1009.00  626.60
1.1 123.7 91.29 267.70 178.80 | 422.10  270.40 | 779.90  487.40 | 1159.00  724.30
1.2 147.8 108.50 | 313.60  207.10 | 48490  312.50 | 89590  559.90 | 1331.00 832.00
1.3 176.6 128.30 | 360.30  239.20 | 557.00  359.00 | 1009.00  638.40 | 1499.00  948.70
1.4 206.9 149.50 | 405.70  272.60 | 627.20  406.70 | 1136.00  723.40 | 1688.00 1075.00
1.5 237.7 172.70 | 466.00  309.50 | 706.40  460.80 | 1280.00 814.70 | 1901.00 1203.00
1.6 273.0 196.20 | 524.80  348.50 | 795.50  518.90 | 1413.00 910.50 | 2141.00 1355.00
1.7 313.6 223.00 | 579.50  391.60 | 878.30  579.80 | 1591.00 1019.00 | 2364.00 1505.00
1.8 353.2 249.70 | 652.60 43590 | 989.10 64520 | 1756.00 1132.00 | 2610.00 1672.00

3.4 Frequency Analysis

Specifying the resonant frequencies for CMUTSs is very important toad@ehem with max-
imum dficiency. Harmonic simulations of diamond membrane based CMUTSs are pedorme
with Finite Element Analysis using ANSYS. Each analysis is defined as a systdnoan

be used to create integrated schemes. A pre-stress analysis is per&rchdte output of
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this analysis is used as input of modal analysis to find the resonancefags. Material

properties were given in Table 3.1.

3.4.1 Modal Analysis

In a CMUT design, determining the operational frequencies is crucialh EAMUT is de-
signed to generate highest acoustic energy with maxinfiimescy at the required operating
frequency. A CMUT creates maximum mechanical energy at its natuiglidrecies. The
basic approach to find the natural frequencies is to perform modalssiaModal analysis
is the starting point of dynamic analysis (e.g. dynamic transient analysmphar response
analysis or spectrum analysis) [30]. The result of this analysis shizedlze shape of the

structure at its natural frequencies.

When a dynamic load is applied on the membrane of CMUT, the response wijinaanikc.
Such an operational regime requires that CMUT will perform the des@splonse. ANSYS
allows a modal analysis to be run on the structure. The modal analysis of BNSlinear
which means that any nonlinear properties are ignored even they amedieflhere exists
several methods to extract mode frequencies. Block Lanczos, SueerB€G Lanczos,

reduced and unsymmetric methods are some of these [30].

If the modal analysis is performed in an undamped situation, ANSYS solvdsltbeing

equation in modal analysis [30]:

[Kligi} = w’[M]{gi} (3.1)

where [K] is stitness matrix,{¢;} is mode shape vector (eigenvector) of modé,is the

natural frequency of mode and [M] is the mass matrix.

When only few modes are required and 3D-solid elements are used in aradgd, PCG
Lanczos method solves the problem faster with Lanczos algorithm. This melioad to

find only the lowest eigenvalues. Although a frequency range in thdrsipecan be defined
to find the mode frequencies, it is not recommended when the lowest modefiey is much

greater than zero [30].
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While PCG Lanczos is useful to find few modes of very large models, Blagikckos method
allows to find many modes of a structure. Block Lanczos method also utilizezbsamlgo-
rithm. If it is required to find the eigenvalues in a given spectrum rangenteibod performs
best. The eigenvalues are extracted with the same speed either in the logeeofdhe spec-
trum or in the higher range of the spectrum. However Block Lanczos medtdres high

disk capacity.

Supernode and Reduced methods also give the modes with less disk spganeraory. In
modal analysis of CMUTs with diamond membranes, the model in Figure 3.2 iswitted
Block Lanczos method to obtain the first 6 mode frequencies. Young’s ldRoisson’s

ratio and density properties are introduced for the stuctural elements.

The first analysis was to find the relationship between the natural fremseand anchor
height (i.e. defined with the distance between the substrate and the membrabke) 3.6

gives the results of this analysis.

Table 3.6: Relationship between anchor rigidity and resonant frequeioci€MUT with
radius 6Qum.

Net Gap Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6
(um) (MHz) (MHz) (MHz) (MHz) (MHz) (MHz)
0.2 1.85 7.54 16.8 29.8 46.2 66.3
0.3 1.85 7.53 16.8 29.8 46.2 66.2
0.4 1.85 7.52 16.7 29.7 46.1 66.1
0.5 1.84 7.51 16.7 29.7 46.1 66.1
0.6 1.84 7.51 16.7 29.7 46.0 66.0
0.7 1.84 7.50 16.7 29.7 46.0 66.0
0.8 1.84 7.50 16.7 29.6 46.0 65.9
0.9 1.84 7.49 16.7 29.6 45.9 65.9
1.0 1.84 7.49 16.7 29.6 45.9 65.9
1.1 1.84 7.49 16.7 29.6 45.9 65.8
1.2 1.84 7.48 16.7 29.6 45.9 65.8
13 1.84 7.48 16.7 29.6 45.9 65.8
1.4 1.84 7.48 16.7 29.6 45.9 65.8
1.5 1.84 7.48 16.7 29.6 45.8 65.8
1.6 1.84 7.48 16.7 29.6 45.8 65.7
1.7 1.84 7.48 16.7 29.6 45.8 65.7
1.8 1.84 7.48 16.7 29.6 45.8 65.7
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The analysis is performed for a single CMUT with a radius of6® The values in the table
show that frequency change with the net gap is very low for the first métievever for
higher modes at higher frequencies afi@eted more. As the net gap increases, the natural

frequency tends to decrease.

The modal analysis is performed for CMUTs with radii g, 44 um, 36 um, 27 um and

22 um. The results for 3 dferent gap values are shown in Table 3.7.

Table 3.7: Relationship between gap and resonant frequenciestemedt CMUT sizes

Net Gap Frequency (MHz)
-um -um -um -um -um
(um) g0 44 36 27 22
0.5 1.84 3.38 4.99 8.69 12.84
1 1.83 3.37 4.97 8.64 12.75
15 1.83 3.36 4.96 8.61 12.70

The values in Table 3.7 indicate that natural frequencies are inverseponional with

CMUT radii. Only first mode frequencies are shown.

Figure 3.35 shows the mode shapes of the structure caused by dynansc Bede the
substrate thicknes is much greater than membrane thickness, degreedoitiren vertical
direction for the substrate is constrained to zero. Since a real circul&Tdscomposed of
several single cells [Figure 3.1], degree of freedom in the horizomatttbn is also set to
zero for the whole structure. Only the membrane moves due to applied loasgnlym total
displacement in one direction is obtained in the first mode. This means maximgsupre

can be obtained in the first mode only.
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(a) Deflected membrane shape when natural frequency is at Mode 1

(b) Deflected membrane shape when natural frequency is at Mode 2

(c) Deflected membrane shape when natural frequency is at Mode 3

(d) Deflected membrane shape when natural frequency is at Mode 4

(e) Deflected membrane shape when natural frequency is at Mode 5

(f) Deflected membrane shape when natural frequency is at Mode 6

Figure 3.35: Mode shapes for a capacitive micromachined
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A more realistic case is to perform the modal analysis for prestressed GMBihce the
atmospheric pressure causes deflection on the membrane shape,etategswith CMUT
radius occurs on the membrane. ANSYS allows a prestressed modalisualys performed
on a structure. The flerence between a regular modal analysis and prestressed modal analy-
sis in terms of procedure is the requirement of a static analysis just beéostattt of modal
analysis. The static analysis is performed with "PSTRES ON™ commandnedgatic load
and the stress values are calculated. Then, modal analysis as the solp&ds §et with
"ANTYPE,MODAL"” command and solution procedure is started. It is nboaed to per-
form any other analysis between prestress analysis and modal an#lytsis.performed, it

is required to repeat prestress analysis.

A challenge in modal analysis is to include the large deflectibeces in the analysis. If
the membrane deformation caused by a static load is significafiigrett from the original
profile, this is called large deflection. Not every analysis type can bempeed with this
effect in ON state. However Ansys allows to perform modal analysis with thigyd8ii-
GEOM,ON” command. "PSOLVE” command is required instead of classitaOLVE™

command to start solution when large deflection occurs after static analysis.

Table 3.8 shows the results of prestressed modal analysis for CMUTs avithus sizes and

net gaps.

Table 3.8: Relationship between gap and resonant frequenciesffieredi CMUT sizes.
Stress distribution due to atmospheric pressure is included.

Net Gap Frequency (MHz)
(um) 60-uym | 44-ym | 36-ym | 27-ym | 22-ym

1.5 1.98 3.67 5.34 9.34 13.6

According to the results, natural frequencies increase when the megribxposed to stress

caused by static loads (e.g. air pressure, electrostatic forces).
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3.4.2 Harmonic Analysis

When a cyclic load is applied on a transcuder, the response will be the hiarmasponse [30].
A CMUT is biased with DC voltage to set the membrane as near as possible tesediape
where dficiency of energy conversion is maximum. Then, AC signal is applied to ganer
a superimposed signal. The sinusoidal AC signal with high frequencsesamembrane to
vibrate and create ultrasonic waves. The operational frequency &NHET is chosen ac-
cording to the resonance frequency of the structure. At this frequeMUT surface velocity
is maximum and creates highest pressure levels. These frequencyhavelalready been

evaluated in modal analysis results.

While modal analysis finds eigenvalues of the system and gives modakfreigs of the
structure, harmonic analysis allows the steady-state response of thm sgdbe character-
ized. The response for a frequency range is obtained. Minimum and maxfrequencies
with step size are input of the analysis. Only forced vibrations for the Ch&af€ considered.
There exist a transient response caused by membrane vibration. éefaisvis ignored by

harmonic analysis.

ANSYS solves the harmonic analysis problem as a linear analysis. Nonliekaviour of a
structure is not considered although it is defined in the input file. It isiples® perform a

prestressed harmonic analysis but large deformati@tts cannot be included.

Harmonic response can be evaluated in thréedint methods. These are full, reduced and
mode supersposition method. The most time consuming and CPU intensive metieflis
method. All displacements and stress levels are calculated. The other twadshatiedaster
and less CPU intensive but have some constraints on defining degrfeesdm values and

applied loads.

In a harmonic analysis, all types of loads have to be sinusoidal in time doneiargbloads

can be applied on the structure but cannot bkedknt in terms of frequency.

Harmonic analysis for CMUTs with diamond membranes is performed using fulladeth
The model in Figure 3.2 is used. Boundry conditions are set for the stesctDisplacement
of the substrate in vertical dimension is constrained. Sinusoidally time-vapaulgs applied

as pressure on the membrane and top electrode surface. Frequémeyoafd is defined as a
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range using the outputs of modal analysis.

In harmonic analysis, steady-state response of a linear structure isl seitrethe equa-
tion [30]:

[M]{U} + [C]{U} + [KJu = F® (3.2)

where [M] is structural mass matrix, [C] is structural damping matrix, [K] isciral stifness
matrix, {U} is nodal acceleration vectdr} is nodal velocity vectorfu} is nodal displacement

vector andF?} is the applied load vector.

Stiffness, damping and masfexts are assumed to be constant at any frequency step. Al-
though applied loads have to be same in frequency, ph&&zatice is allowed. Anyhow,
harmonic analysis of CMUTs with diamond membranes are performed with oel\sion-
soidal load (i.e. pressure). Analysis results are exported as tablgdated in logarithmic
scale using Matlab. Figures 3.36, 3.37, 3.38, 3.39, 3.40 show the normalagaitudes for
CMUTs with radii 60um, 44 um, 36 um, 27 umand 22um respectively.

Normalized Magnitude (dB)

Il Il Il Il Il
2 4 6 8 10 12 14 16 18 20
Frequency (MHz)

-60 I I I I
0

Figure 3.36: Harmonic analysis result for CMUT with radiusi80. Stress caused by atmo-
spheric pressure is ignored.
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Figure 3.37: Harmonic analysis result for CMUT with radiusi4d Stress caused by atmo-
spheric pressure is ignored.

-10

|
nN
o

Normalized Magnitude (dB)
A &
o o

-50

-60 I I
0

Il Il Il
5 10 15 20 25 30
Frequency (MHz)

Figure 3.38: Harmonic analysis result for CMUT with radius@6 Stress caused by atmo-
spheric pressure is ignored.
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Figure 3.39: Harmonic analysis result for CMUT with radiusii. Stress caused by atmo-
spheric pressure is ignored.
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Figure 3.40: Harmonic analysis result for CMUT with radiusi22 Stress caused by atmo-
spheric pressure is ignored.

Analysis is performed in vacuum environment. The data is extracted usindhistogy post-
processor. Plots are the variation of displacement in vertical directiodalNtisplacement

is chosen on the membrane center of the axisymmetric model. The displacementis-th
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chanical response of CMUT membrane to excitation signal at a specgiceney. Maximum

displacement generates maximum pressure in the operational environment.

Harmonic analysis allows the bandwidth of transducers to be determineB. bawtwidth
around resonance frequency is obtained and shown for each Cltilisr The results around
the first mode of resonant frequencies indicates that simulations for harmoalysis and

modal analysis are consistent with each other.

3.5 Design

The CMUT masks are designed using a commercially available softwaregelckadit (Tan-

ner EDA Software Tools). A single CMUT with a circular shape which inckuskeveral cells
is chosen [Figure 3.41]. The cell sizes are decided to increase thessuaitmanufacturing
process and haveftierent resonance frequencies. While the cell size increases, timaneso
frequency decreases and gap height needs to be increased dueditapse. Circular cells
are preferred in the microfabrication of the first diamond-based CMUTiteature because
of fast 2-D axisymmetric finite element modelling of these cells with a tratflgréransducer

fill factor and electromechanical couplinfieiency [16].

The inner radius of circular CMUT is 2.6 mm. A 3@®n wide ground disk encircles the inner
structure. The transducer surface of the inner structure is compdésedny circular cells
[Figure 3.42]. The distance between cells havtedent values for each single CMUT. Either
6 um or 12um is used as the cell-to-cell seperation. Changing the cell-to-cell sepehatiios
to improve the fill factor of the transducer, which also improves the sensitivitiie output

pressure magnitude.

The sensitivity and high output pressure is essential in a transdudgn §48]. Many applica-
tions require the best performance. Penetration through a tissue argidrighto-noise ratio
can be obtained with optimum design parameters. High sensitivity and ougasiype relies
on the membrane displacement of a CMUT during the operation. As aveisgaagment is

increased, these values also increase.

The fill factor is defined as the ratio of total active area to the total CMU®@.af&tive area

is the region where membrane is free to move. It is obvious that increasirfdl faetor
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Figure 3.41: Diamond based single CMUT with 2708 cells.

increases the average displacement [40]. The calculated fill factoggvan in Table 3.9.

Since the transducers are designed to operate between 1 MHz and 1®Mia, 44um,
36um, 27um and 22um are chosen as CMUT cells radii in the design based on the simulation
results. Both um and 12um cell-to-cell seperation are used. Metal lines connect all cells to
each other in every 6 possible direction. Each cell has a circular topalectvith a radius
which is equal to the half of the membrane radius. Half-metallization providep@mum
gain-bandwidth product for a CMUT as a receiver [86]. The physio@ensions of the
CMUTs are given in Table 3.9.
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(b)

Figure 3.42: Diamond-based cells with radiusi4d and seperation distances of ()1@&
and (b) 12um placed inside single CMUTs.

Table 3.9: Physical dimensions of diamond-based single CMUTs

Cell Diameter Inner Center-to-
(um) radius Number Membrane| Electrode | _.
center cell| " . . Fill Factor
- of of spacin diameter | diameter (%)
Seperation CMUT cells p: 9 (um) (pum) o

(um) (um) (k)

120-12 2586 1372 132 120 60 74.95
120-6 2586 1500 126 120 60 82.26
88-12 2586 2398 100 88 44 70.23
88-6 2586 2708 94 88 44 79.48
72-12 2586 3404 84 72 36 66.63
72-6 2586 3930 78 72 36 77.27
54-12 2586 5538 66 54 27 60.71
54-6 2586 6698 60 54 27 73.46
44-12 2586 7682 56 44 22 55.99
44-6 2586 9656 50 44 22 70.23

Since all single CMUTSs have a radius of 2.6 mm, several cells need to balprestde with
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the best accuracy. In the first design of a single CMUT mask, a cellasaxten the hierarchy.
Then it was placed inside the CMUT ground circle one by one. Thedlity of this design
was to find the best location to start and create the layout without any misaligniie time
required to finalize a CMUT layout was too long to stay focused. Thezeforcode based
algorithm is developed thanks to custom macro support of L-Edit. C pmugiag language
is used as the basis of this macro. For each cell size, a custom functiomatedr This
function improved the design accuracy and allowed to obtain error-&sigjal It is possible
to create a CMUT layout with any cell size and cell-to-cell seperation in a mioyuteanging
required parameters. Although it is not used in the first production, mlesigexagonal cells
are also performed [Figure 3.43]. This shape allows to increase the nofrdels in a single
CMUT and is assumed to increase output pressure although simulatiors @erfiormed in

this dissertation.

Single CMUTs with circular cells are located on the wafer as shown in Figdee 2\ com-
bination of all diferent diameters and cell-to-cell seperation distances is created to obtain a

successful result in the design of the first diamond-based CMUT.

ULTRAMEMS

LA
(b)

@)

Figure 3.43: (a) Single CMUT with hexagonal cells. (b) Cells with hexabsina@pes placed
inside the single CMUT.
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(b) Wafer mask layout.

Figure 3.44: Design and layout of single CMUTs and 1-D CMUT arrays.
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CHAPTER 4

TEST AND VERIFICATION

4.1 Introduction

Ultrananocrystalline diamond (UNCD), featuring smaller grain size andisarfoughness
has been recently explored for microelectromechanical systems (MEpfpYaions such
as RF MEMS resonators [19], hybrid piezoelegtiiCD cantilevers [20], and capacitive
micromachined ultrasonic transducers. Microfabrication of CMUTs with diemmem-
branes [21] is based on the plasma-activated wafer bonding technalegdjyse of diamond
as a membrane material enables the utilization of key material properties of dizsuohn
as high Young’s Modulus, extreme hardness and large thermal coviufiB] to improve

performance and reliability of CMUTSs.

Diamond-based CMUT is operated in immersion for the first time. Experimerdecteriza-
tion of the first generation CMUT in immersion is performed using a broadhgdcbphone
in an ultrasound measurement system. Based on the 2-D pressure maCdiitie main

lobe and side lobes are experimentally identified and are verified with tHEoeyspectrum of

the diamond-based CMUT is measured fdfatient AC amplitudes with a frequency sweep.

4.2 Device Description

A single CMUT having a circular shape is designed with an inner radius ofm26[Fig-
ure 4.1(a)]. A 30Qum wide ground disk encircles the inner structure. The transducercsurfa
of the inner structure is composed of many circular cells [Figure 4.1(k8]f tdetallization

of the top electrode and cell-to-cell separation @ are used in the design. Circular cells
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are preferred in the microfabrication of the first diamond-based CMUTitenature because
of fast 2-D axisymmetric finite element modelling of these cells with a tratisreransducer

fill factor and electromechanical couplinffieiency [16].

LLTRAMEMS

(@) (b)

Figure 4.1: A single CMUT design having a circular shape. (a) Top viegirajle CMUT
drawing. (b) Magnified, top view of a CMUT cell and its neighboring cells.

The cross-sectional drawing of the diamond-based CMUT was showigure=3.1. The

physical dimensions of the CMUTSs tested are given in Table 4.1.

Table 4.1: Physical Parameters of the diamond-based CMUTSs.

Inner radius of the CMUT, um 2586 2586
Number of cells 1500 2708
Center-to-center cell spacing (ds), um 126 94
Membrane diameter (dpn), um 120 88
Electrode diameter (da), um 60 44
Electrode thickness (ta), um 0.4 04
Diamond membrane thickness (ty), um 1.0 10
High temperature oxide thickness (th), um 0.23 023
Oxide and gap thickness (t5), um 157 157
Silicon substrate thickness (ts), um 525 525
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4.3 Ultrasound Measurement Software

Getting results with minimal errors is subject to setup a healthy and stabilizedemeant
and acquire as much data as possible. Automated measurement beconrapegant at this
step. Using measurement devices manually causes waste of time and labdnereising
human factor in errors. Therefore, in order to control and monitor nmeasent devices and
acquire measurement results, it is decided to develop a software bgdeadtm. Among
others, Labview, as a widely used development environment in induspidications and

providing support for many devices, has been chosen to build this ajmtica

Labview is a product of National Instruments and includes an environwiesite a graphical
programming language is used. In Labview, it is possible to develop an appfiovith a
convenient user interface while communicating with the measurement devitest setup
in the background. It is possible to use Labview on Microsoft Windowsix dr Linux.
Applications developed in Labview environment can be built to create &dgles which will
run standalone. A standalone application will benefit more from the psomepower. In

addition, multithreaded structure will help to get a more responsive application

In a graphical programming environment, symbols representing measuregquepments
are used easily with drag-&-drop. However, as the application size amglegity of the
program increases, it becomes morgidult and takes more time to maintain stability and
efficiency when compared to traditional text based programming languages: déntrol
has to be carefully programmed and applications need to be tested intengheddyigging
with graphical programming is morefticult than debugging with textual programming and
switching between several windows (i.e. graphical code) has to be Wdmen multithreaded
structure of a program is used with graphical programming languagelotppbas to be

handled carefully.

Modularity lets the developer to reuse the graphical code in the applicatgyvafiable data
transfer between modular blocks and timing of multithreaded blocks presteeliticulty

in the planning of topology.

Labview contains many packages and it is possible to include these to prbatasduring
measurement in an application. On the fly processing of data helps to moritoesfy a

healthy test setup without having to wait till the end of measurement which nmigpiasfew
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days.

With all advantages and disadvantages, Labview has been chosenaresalt of long devel-
opment and test progress, the Ultrasound Measurement Softwar®ABTAN) is created.
Itis aimed to easily control and monitor all the test equipments during the measuiewith
a single user interface as shown in Figure 4.2. This user interface hedasily initialize
the equipments and reflect the status of parameters at each step. Simpliciyiretiface
helps the user to focus on test procedure while many and complex blecksraring in the

backgrund.
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Figure 4.2: Front Panel of ULTRASCAN.

ULTRASCAN is able to control AIMS (Acoustic Intensity Measurement Sygtea function
generator, a dc power supply and an oscilloscope. All these equipmerdsrdrolled with a
loop-in-loop principle. It is possible to run a test procedure with any coatizin and order
of these equipments. Any test equipment can be disabled with ONLINE butdtiough
ULTRASCAN benefits from the 3D positioning capability of AIMS, not only thibole sys-
tem but also any axis can be disabled. Therefore, 1D, 2D or 3D measnte are dierent

options which can be chosen in a test procedure.

68



Complex block diagram of the main front panel running in the backgroupldced in stacked
sequence structures which show only the chosen block in the sequamyetiane. While this
helps to decrease the complexity of view during development, real size gfdpaical code
is hidden. However there exists also a disadvantage which is the riskeofiag the hidden

code while modifying the visible one.

ULTRASCAN uses VISA (Virtual Instrument Software Architecture) taroaunicate with

the test equipments (i.e. equipments except AIMS). VISA is used in industaystandard
I/O language which provides the capability to communicate with the devices haviegedt

interface types (e.g. Serial, GPIB, VXI, USB etc.). Labview by Nationatiuments imple-
ments NI-VISA, a version of VISA. VISA hides the low-level driver cadlsd provides stan-
dard high-level APIs (Application Programming Interface) regardléskeinterface types.
Therefore, it is possible to change the interface type of equipment intine wé&hout chang-

ing the code. VISA is portable amondidirent platforms.

Notifier Operations as shown in Figure 4.3 are used to synchronize thgstains and transfer
status parameters between main block and sub blocks. Notifier function®rselppend the
execution of block diagrams for synchronization purposes. When a cothiseexecuted

on equipment, a message is sent to the main panel and waits until "continuegeieissa
received from the main panel. Main panel tells the block which is waiting in terdo
continue. Since the Notifier functions do notffar sent messages, unexpected behavior of

equipments are prevented during initialization or measurement.

dcsupply on/off

DC Power Supply Parameters
»

P Disabled

DC Supply Status |[DC Supply On/Off Switch
©-——-{¥Value Wl

P Value

@ DC Sup.On/Off mr ¥ ]

|

Figure 4.3: Notifiers used to send messages and transfer parametezsiribbtacks.

ULTRASCAN controls the step motors on the AIMS through its special harel\ead soft-

ware. AIMS software exports the required functions to control andiaeghe status through
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its DLLs. Labview environment supports calling these functions inside thicagions. The
block diagram of the separate VI which interfaces AIMS and controlsagigeis behind the
front panel shown in Figure 4.4. When ULTRASCAN is run, it checksAGMS software

and warns if it is not available in the environment. If it is available, it requiestthe status

of step motors and initializes status parameters and axis coordinates.

7 - v : .. — . . - —

Figure 4.4: Axis Control front panel.

Since hardware limits are not available for step motors, positional movemerttsambe han-
dled very carefully. However, thanks to functions implemented in ULTRASCpositional
limits can be defined through the user interface shown in Figure 4.5 and diagkam is
hidden behind it.

Figure 4.5: Front Panel used for AIMS position update

Step range for each axis is defined through application user interfaaach measurement
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step, positions of step motors for each axis are changed in a pre-defited To maintain
mechanical stability, pre-defined delay is applied between each positi@teud@veep type

can be defined either one way or bidirectional. Step size can be as smallasi

Communication with DC power supply is performed through VISA session. §eltange is
defined with Vmin and Vmax values before measurement is started. High Linaitneder
sets the limit on DC power supply to prevent unexpected voltage incressged&ay can be
defined for stabilization purposes. DC power supply is controlled threusgparate subVI.
When main application is run, all subVls are loaded into memory. The fromelmd subVI
which controls DC power supply is shown in Figure 4.6. When it is loaded aitsafor
continue message from main panel and executes one step at each nassagelnitial
parameters are carried through a cluster of wires. When the statuseshanain block is

informed through functions.

Figure 4.6: Block diagram used to control DC Power Supply

The front panel of subVI used to control function generator is shioviigure 4.7. Function
generator can be set to either continuous mode or burst mode. Seeesibmwn shapes are
supported by ULTRASCAN in case of the hardware support existaAtlehe parameters
required for a CMUT test can be set through ULTRASCAN functionghBeequency sweep

and amplitude sweep are available. Step delay can be set if it is requirst@dldization.
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Figure 4.7: Block diagram used to control Function Generator

Oscilloscope is controlled through the subVI where its front panel isgiv&igure 4.8. This
instrument is also controlled through a VISA session. However, ermotr@oand setting
the parameters need to be handled very careful with this equipment sinciét $sowest
in the test setup. Either auto setup or manual setup can be used for measisteAt each
measurement step graphical representation of the acquired data grat&myeters are shown
on the PC screen through application user interface. All these data arsaaisd to a pre-
defined path as a separate file for each measurement step in a specélidrich can be
handled by Matlab.
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Figure 4.8: Block diagram used to controlOscilloscope

4.4 Experimental Setup

The acoustic pressure produced by a diamond-based CMUT is measurgdhe experimen-
tal setup in Figure 4.9. The setup includes a DC supply (PS310, StanésehReh Systems,
CA, USA) and a function generator (33220A or 81150A, Agilent Tedbgies, CA, USA)
connected to an RF power amplifier (A-075, Electronics&lnnovation, NS¥AUfor biasing
and driving the transducer, respectively. The DC and AC voltagepraséded to a bias-T
circuit connected to the CMUT. A broadband hydrophone (HNA-04DAga Corporation,
CA, USA) connected to an immersible preamplifier (AH-2020-25, Onda @atwn, CA,
USA) is placed in a motion controlled stage in an ultrasound measurement Systdi3,
Onda Corporation, CA, USA). The output signal of the preamplifier isi;med by an oscillo-
scope (DSO6034A, Agilent Technologies, CA, US), which is triggesethb function gener-
ator. All these instruments are controlled and monitored by a PC runninguisetdeveloped
ULTRASCAN program based on a software package (LabView, Natimsé&ruments, TX,
USA). Communication with the instruments is handled by a commonly used objectamtie

I/O language, VISA (Virtual Instrument Software Architecture).
Ultrasound measurement system features special hardware andredfiwpositioning hy-
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Figure 4.9: Experimental setup used for acoustic field scan of a CMUT.

drophone in 3 axes (X,y,z) with 1lum resolution. ULTRASCAN communicates with AIMS
[Figure 4.10] through its software and functions exported through thelied DLLs. The

data acquired by the oscilloscope has 1000 points for waveform sotapsiveraging mode.
However, this software can acquire a data having higher number of fmirtisanging time

base and fbset parameters automatically to receive multiple waveforms, and merging them as

a single waveform.

4.5 Diffraction

Measurement results need to be carefully handled since accuracyial towerify with the
theoretical results. CMUTSs, which are used in the experiments, havéeciggometry where
several single cells reside inside. Hydrophone is also a circular treesdinich is operated

in receive mode. If the transmitter and receiver were ideally point seuroeasurement
results could be used as is. Howeveffrdiction of acoustical signals should be considered

when geometry makes it require.
Figure 4.11 shows that paths between two points on the surfaces ofucansdre not always
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Figure 4.10: Photo of AIMS

equal. Shortest path is between the centers and longest path is betweppdbkite edges.

N N Hydrophone
CMUT

Figure 4.11: CMUT as a transmitter with radius a and hydrophone as &eewéih radius b.

To minimize the measurement errorsfidiction correction factor (D) [31] can be calculated

for the axial pressure of a circular piston transducer using an exactdtical expression

by [32]:
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wherea is the radius of the transducdrjs the radius of the hydrophone,is the ratio ofb

overa, andzis the axial distance form the transducer center.

An approximate expression is also available [33]:

Dop_2VEHE( KaD ) cikvEE (4.2)
kab V2 + a2

where z is axial distance from transducer surface aisdwavelength. This equation is valid
2

b b z
ly for — 1, = 1 d — [31].
only ora<< <<lan b2[ ]

In the measurements, exact theoretical expression [Equation 4.1] isoussdulate and apply

diffraction correction factor.

4.6 Measurements

When the experimental test setup is built and the first diamond-based Clstied Teanufac-
tured, the CMUT with a membrane radius of @ is tested in air. The electrical impedance
value and resonance frequency are obtained. Then, the CMUT with anaeeniadius of
44 umis tested in air. Electrical impedance of it is also measured. The resonaqcefcy
in air is found. This CMUT is later immersed in sunflower oil and experimentallte are

obtained.
CMUT with a membrane radius of 60 um
The diamond-based CMUT with radius @fn is used to get the first measurement results.
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The first step was to use an impedance analyzer (4294A, Agilent Tieches, CA, USA))
to find the electrical impedance values. The CMUT is biased with a DC voltaé@ bf The

impedance is measured between 1 MHz and 3 MHz [Figure 4.12].
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Figure 4.12: Electrical impedance measurement (capacitance and resjisif@MUT with
radius 60um in air at a bias voltage of 40 V.

The resonance frequency is observed to be 1.79 MHz in air. Thedneguanalysis of the
CMUT using finite element method with ANSYS (ANSYS Inc., PA, USA) was dalimd

as 1.83 MHz which is very close to the measured value. The CMUT is then testhd
experimental setup [Figure 4.9]. Hydrophone is positioned at the origimgdlte normal of
the CMUT and which has a distance of 2.6 mm from the CMUT surface. A Dtag®e of
100 V and a sine signal of 3@, , is applied to the CMUT. The frequency of the sine signal
is swept from 1.7 MHz to 1.9 MHz. The mechanical resonance frequealgasobserved to

be 1.79 MHz [Figure 4.13].
CMUT with a membrane radius of 44 ym

Electrical impedance measurement of the CMUT is performed in air at a gtabien us-

ing an impedance analyzer (4294A, Agilent Technologies, CA, USAg.iiifpedance of the
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Figure 4.13: Spectrum of the diamond-based CMUT with radiugr6t air with a DC bias
voltage of 100 V and AC sine signal of 3§

CMUT biased at 40 V is measured between 2 MHz and 4 MHz [Figure 4.14].

Resonance frequency of 2.8 MHz is observed in the experiment. Basédite element
modelling (FEM) using a commercially available software package (ANSYSS¥SIInc.,
PA, USA), resonance frequency of 3.36 MHz is calculated for the CMAdollapse voltage
of 557 V is calculated using finite element analysis (FEA). The experimentatalculated
collapse voltages are expected to be close although a maximum DC voltag® &f 55
applied for this CMUT during the experiments. This is to protect theffigantly thick and

wide metallization of the top electrode over the diamond membrane from electiicaief

The CMUT is tested in air with a DC bias voltage of 19Gnd an AC signal of 3& ,. A
spectrum measurement is performed between the frequencies 2.6 MBA#rz. The peak

magnitude of the measured signal is observed as expected at 2.8 MH=[Ei§6].

The ultrasonic field generated by the diamond-based CMUT is measuredfioveer oil
using a broadband hydrophone calibrated between 1 MHz and 20 Midzhyidrophone and
the CMUT are aligned by making several initial hydrophone measuremegts¢.16].
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Figure 4.14: Electrical impedance measurement (capacitance and resjisthE@MUT in air
at a bias voltage of 40 V.

A minimum separation distance of 4.1 mm is selected to protect the hydrophedie fieom
mechanical damage. The CMUT, biased at 100 V, is excited with a 10-cydedf 36 V,_p
sine signal at 3.5 MHz. The hydrophone scanned the 2-D area with aigiepf 0.25 mm
and 0.2 mm in x and y coordinates, respectively. The peak-to-pealoplydne voltage is
calculated using MATLAB (The MathWorks Inc., MA, USA) for the centmine of the
received signal in order to remove the transidfd@s occurring in the initial and final parts
of the 10-cycle burst [31]. The ULTRASCAN program adjusts the timeslzasd dfset of
the oscilloscope to capture the received hydrophone signal automatieakyl lon the time
of flight calculations for the coordinates of the current scan location6 498rages are taken
during the measurement. Measurement results of the peak-to-pealphgdeovoltage are

shown for 2-D scan area in Figure 4.17.

Theoretical lines separating the main lobe and the side lobes are calculaigdegsa-
tion (2.38) for an ideal circular piston transducer [28], and are alawlras straight lines
on top of the measurement data. An excellent agreement for positioning ofdim lobe and

side lobes is observed between the measurement results and the theoattidations.
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Figure 4.15: Spectrum of the diamond-based CMUT with radiugmM4h air with a DC bias
voltage of 100 V and AC sine signal of 3§

The peak-to-peak hydrophone signal at the center line of the CMBU (mm) is extracted

from the 2-D scan data, and presented in Figure 4.18.

A theoretical calculation of the pressure at the center line for a circularmtsansducer is
also presented using equation (4.2) for comparison [31]. Hydroprazthies of 20Qum [31]
and attenuation (0.657 d@&n at 3.5 MHz) of sunflower oil [34] are taken into account in the
calculations. In the Fraunhofer region (-45 ray-15 mm), an excellent match is observed
between the measurement and the theory. In the Fresnel region, rapidretiee maxima
and minima is expected from the theory [28]. Because of the minimum sepadidiance

of hydrophone and the CMUT, the measurement data is limited in the Freg@h.relrhe
experimental and theoretical minima coincide at&mm, although the normalized measured

pressure (-6.3 dB) is not as low as that of the theoretical one (-23.4 dB)

Using the 2-D scan data, and the calibration values of the hydrophorihampdeamplifier,
the acoustic output pressure is presented in Figure 4.19 along the xasilejto the CMUT
surface at ¥15 mm (Fresnel distance €£3)), y=30 mm (&2), and ¥8.2 mm (S0.5). A
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Figure 4.16: Photo of aligned diamond-based CMUT and needle hydneghdmmersion.
2-D scan area in x and y coordinates are shown visually.

maximum pressure of 8.2 kPa is measured at the Fresnel distane®.afxsymmetrically
spaced double peak a£8.5 and a single peak with a reduced pressure magnitude2aai®

measured as expected by the theory [28].

The hydrophone is positioned atyp4.1 mm along the normal of the CMUT. The CMUT,
biased at 100V, is excited with a 30-cycle burst of @, 36 V,,_, and 54 \{,_p, sine signal
while the frequency of the signal is swept from 1 MHz to 8 MHz with a stepGfi kHz
[Figure 4.20]. A peak response at 5.6 MHz is measured for all AC amp$tuéiédroadband
response of the CMUT is observed except the dip observed at 4.2 MiHmough a higher
acoustic output response is observed at 5.6 MHz, 3.5 MHz is used inlthgcan measure-
ment to observe the pressure in the Fresnel and the Fraunhofergégioar limited scan
area. As the AC amplitude is increased, almost a linear increase in préssinserved in

agreement with the operation of the CMUT.
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Figure 4.17: Measurement results of the normalized peak-to-peakipgdes 2-D scan area.
Theoretically calculated lines separating the main lobe and the side lobesashalgn on
top of the measurement data.

4.7 Discussion

The total capacitance of the diamond-based CMUT is calculated via FEM t6.8eB for
membranes, assuming the voltage of the top electrode extending over therildrame. High
resistive UNCD causes the actual half metallization to extend over a larggresctrically
similar to other high resistive membrane materials [14]. Because the peak nmenadefiec-
tion is %8 of the gap height under only atmospheric pressure, and mentdapaeitance is
measured at approximately %10 of the collapse voltage, theoretical caygactalculation
should be a good estimation of the membrane capacitance. Comparison with geedea
total capacitance [Figure 4.14] reveals a parasitic capacitance as fatige membrane ca-
pacitance. Even more interesting is the increase of the capacitance ftopi18 2 MHz to
225 pF at 4 MHz whereas the series resistance increases from 50t @hHz to 150 ohm
at 4 MHz. The silicon substrate and the undoped diamond are resistiugletmcause com-
parable series resistance to the capacitance of the CMUT. Although halfira¢itan is used

to reduce parasitics assuming the undoped diamond to act like an insulatdty grgphitic
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Figure 4.18: Experimental and theoretical results of the normalized peadatopressure on
the normal of the CMUT surface.

nature of the UNCD makes it electrically resistive rather than an insulatdrthenelectrical
behavior of the membrane becomes quite complex at the frequency of infénés electri-
cal problem causes the electrical mismatch of the transducer in transniingdhbe signal

coupling to the capacitance of the CMUT at 4.2 MHz.

When the CMUT is biased at 100 V, a leakage current of 0.08 mA is suppjiedeoDC
supply. High leakage current is an indication of the high parasitic capaeifanmed by the
silicon dioxide support regions of the circular membranes. However, tbknéss and the
width of the metal lines are initially selected for half metallization over an insulatingaiia
membrane. With the conductive nature of UNCD, the capacitance is largecdmsidered.
Higher bias voltages are avoided to protect the metallization of the top eledtoodeslec-
tromigration under high current densities particularly over the thin metal linaexting the

pad electrode to the metal on circular cells.

The experimental setup in [Figure 4.9] is a strong platform for performiagige and reliable
acoustic scanning measurements. The most sensitive and vulneraldétparsystem is the
hydrophone. The hydrophone is broadband to be able to receivsigom all angles, and
calibrated from 1 MHz up to 20 MHz. The hydrophone is of needle typesiog very low

83



Pressure (kPa)

X (mm)

Figure 4.19: Experimental acoustic output pressure along the x-axafighdo the CMUT
surface at ¥15 mm (Fresnel distance £3)), y=30 mm (S2), and ¥8.2 mm (50.5).

field disturbance. It is a commercially available hydrophone developedidtr intensity
ultrasound field measurements. The 2-D scan data presented in Figurgaé.tollected in

22 hours because of averaging of 4096 waveforms for each scatimloc

In all hydrophone measurementsfiitient delay of the received signal is provided for pres-
sure mapping in the Fresnel region so that the actual acoustic signal wilereffected by

the electromagnetic interference picked up by the hydrophone for high dounts.

A broadband response of the CMUT is observed except the dip @usatrd.2 MHz. Reduced
pressure output at 4.2 MHz is an indication of the electrical impedance mismaizhined
earlier. Because of the comparable values of real and imaginary impedaraund 4 MHz,

electrical impedance mismatch causes a 5 dB loss in the transmit pressure.
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Figure 4.20: Spectrum of the diamond-based CMUT.
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CHAPTER 5

CONCLUSION AND FUTURE WORK

This dissertation introduced the design and analyses results of diamaoedidiagle CMUTSs
with cell-membrane radii of 60m, 44 um, 36 um, 27 umand 22um. A commercially avail-
able software package, ANSYS, is used to develop the finite element médleteflection
values are obtained for diamond membranes with a thicknessuof 1Stress analyses are
performed and the results are provided for all membrane radii subjedstthsis. The re-
lationship between the collapse-snapback voltages and CMUT gap heigintsided with
tables. Capacitance, electrical energy, mechanical energy and fegrges are presented.
Resonance frequencies are obtained with modal analyses. Harmohjisesnaround first
mode frequencies are done. Single CMUT masks are prepared with a coialipevailable

software package, L-Edit (Tanner Tools) and introduced in this thesis.

A special and custom in-house software is developed for experimestaltip with a com-
mercially available package, Labview (National Instruments) and presehités software is
designed to command and control all equipments (i.e. dc power supplyidumenerator,
AIMS and oscilloscope) of the test setup. It is capable of gathering fegblution data from
oscilloscope with a special algorithm although the oscilloscope capabilitidsrated. The

in-house ultrasound measurement software allowed us to perform rapasus for several

hours, even days, without any interaction.

The first diamond-based CMUTs in the literature are tested in air and measureesults
are provided in this thesis. The single CMUTSs with cell-membrane radii giné@nd 44um

are used in the tests. The test results are verified with the finite elementemniadgsits.

The diamond-based CMUT with cell-membrane radius ofid¥s operated in immersion for
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the first time. Fresnel and Fraunhofer regions of the CMUT are cteized in sunflower
oil using a combination of advanced hardware and software. The img@al results of
radiation and dtraction for the diamond-based circular CMUT are verified by the theotetica

calculations for a circular piston transducetr.

The conclusion of this thesis can be summarized as follows:

e The novel design of diamond-based CMUTs in literature are succesgkifgrmed
using ANSYS. A model to be used for FEM simulations of future work is dexexdio

and optimized.

e The first generation diamond-based CMUTs in literature are succes&sigd both in
air and immersion. The measurement results are verified with simulations amdttheo

ical calculations.

e Fresnel and Fraunhofer regions of the diamond-based CMUT araatbdzed in sun-

flower oil experimentally and verified by the theoretical calculations.

e The key challenges for improving these devices are identified.

Improvement in the design of diamond-based CMUTSs to operate at higlutmoahechanical
coupling dficiency in order to increase the acoustic output pressure may be theofdotisre

work.
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