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ABSTRACT

Ultrasound has broad range of applications fromenndter examination, nondestructive
testing of materials and medical diagnosis andrreat. The ultrasonic transducer plays an vital
role in determining the resolution, sensitivity, asll as other diagnostic capabilities of an
ultrasonic imaging system. Current piezoelectram$ducer which dominates the medical field
has limited applications compared to the capacitiveasonic transducer. The capacitive
transducer is easy to fabricate compared to theoplectric transducer.

In this work, the fabrication of a foldable substréor a capacitive ultrasonic transducer has
been discussed. The foldable substrate was fabdaeting an ultrathin silicon wafer which is 50
pm thick by using the principle of polymer shrinkadt is believed that the foldable substrate
can be used in intravascular ultrasound (IVUS) aendoscopic ultrasound (EUS) applications

for next generation biomedical imaging.
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1. INTRODUCTION

Ultrasound refers to cyclic sound pressure withegidency greater than 20 kHz. It has
wide variety of application starting from industriasting, therapeutic healthcare, etc. The use of
ultrasound for biomedical imaging is very safe &ad no adverse health effects as it does not

use any ionizing radiation.

1.1 Ultrasonography.

The diagnostic imaging method in which ultrasowal/es are used to visualize a deep
internal body structure which includes musclesatpior organs is called as ultrasonography.
This is also called as sonography or echographig. iShalso known as echocardiography when
used in imaging and treatment of heart diseases.

Medical ultrasonography was invented by cardiologigie Edler and Hellmuth Hertz
[1]. A regular ultrasonography uses sound wavewadst 1 MHz and 20 MHz [2]. The history
of ultrasonography dates back to 1880 with the alisty of piezoelectric effect by Pierre
Curie. Later during the World War I, the SONAR (SfduNavigation And Ranging) was
developed as a detection system for underwatergatwn. The high frequency ultrasonic
submarine detector was invented by P. Langeviményear 1917. Since then the ultrasound
had been largely used in industries and defengmopar|[3]. The first application of ultrasound
in medical field was for the imaging of brain tunjdi. Earlier ultrasound was mainly used in
pregnancies but lately, they are being used in matier parts of the body as well.
Ultrasonography is not only used for diagnosticsdiso for treatment and prevention of many
severe medical conditions. Since late 1970s theasdund has been regularly used in the

medical industry. The standard ultrasound is the which has 2-D imaging and it is widely
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used. Sometimes due to medical complications, thases a situation where 2-D image does
not provide enough information and also it is diff to visualize and transform a series of 2-D
images into a 3-D one. In such cases, 3-D imagdtaisound can be used. There has been
much research going on in 3-D ultrasonography frorddle 1990’s [5]. The more recent
advancement in the ultrasonography is the 4-D intagvhich is similar to 3-D imaging but

with moving pictures [6].

1.2 Typical Ultrasonic Imaging System

The basic block diagram of the system is showiigare 1.1. An ultrasonic system
usually has 3 main parts. They are:
1. Transducer arrays
2. Processing unit and

3. Image reconstruction unit.

The processing unit contains transmitter pulsaw lwise amplifier (LNA), time gain
controlled (TGC) amplifier, a low pass filter andadog to digital converter (ADC). The image

reconstruction unit contains image processing elaats and displays. [8]

Under normal operating conditions the transducés as both transmitter and receiver. The
signals that are reflected are detected by thewarcand processed as electrical signals and the
image is reconstructed. The main performance daterghfactor in an ultrasound system is the
guality of echoed and reflected signals from thsues, thus making transducer a really essential

part of an ultrasonography.
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Figure 1.1: Block diagram of an ultrasonography.

DISPLAY




1.3 Ultrasonic Wave Propagation in Media

The basic idea of an ultrasonography is to serrdsdtind waves into the body or object
and the waves are reflected back at the interfatdetissue or any surface. The depth of the
flaw (defects) or theeflecting tissue is determined by the return tiofethe ultrasound
waves. The image quality depends upon the qualidyctarity of the reflected wave. Thus it
has become essential to study the propagatiortraSohic waves.

In general, sound waves can travel in four differandes. They are
1. Longitudinal waves,

2. Shear (transverse) waves,

3. Surface waves and

4. Plate waves.

Longitudinal and transverse waves are the two m@stimon modes of wave propagation
used in ultrasound. In longitudinal waves, the sbyparticles move in parallel to the
direction of propagation of the waves. The soundigas in the longitudinal waves oscillate
back and forth in their medium. The longitudinalwes are also called as the compressional
or pressure waves. In transverse waves, the scanidles move perpendicular to the wave
propagation direction. In medical applications,dbadinal waves are most commonly used
as it can be more easily penetrated. Transversesyaropagate only in solid bodies.

Once the ultrasonic waves are transmitted, theythittarget and reflect back. These
reflected echoes determine the quality of the imalgimained and are mostly of two types.
They are
1. Specular Echoes These are echoes that originate from a flat eegshaped object.

These are generally angle dependent and intense.
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2. Scattered EchoesThese echoes originate from small irregular shajigelcts. These are

less intense and are not angle dependent.

1.3.1 Ultrasound Wave Propagation

The basic propagation of an ultrasound wavesléngimedium is shown in figure 1.2.
We can see that the beam patterns have two redibey.are Fresnel and Fraunhofer regions.
The beam pattern changes as one move from FresRedtinhofer zone. The beam pattern in
Fresnel and Fraunhofer region is shown in fugude Arom the figure 1.3, we can see that the
wave propagation depends mainly on the source déraad also the wavelength of the wave.

More details about this will be in chapter 2.

1.3.2 Resolution and Depth of Penetration

The wavelength and frequency in an ultrasonic wsgiaven by the relation [9].

V=nA\
Where, V= propagation velocity of sound.
n= frequency
A= wavelength

Deciding the frequency in which the transducer &hoperate is the key. From the above
equation, we can see that for a constant soundcitigldby changing the frequency, the
wavelength also changes. The wavelength deterntiveesesolution of the image and depth of

penetration. The general rule of thumb is as Vadlo

Whenfrequency increases, the wavelength decreasedutiesancreases and the depth
of penetration of ultrasound decreases and viceavélsq as the frequency increases the beam

divergence decreases, i.e. for high frequenciag ieenarrow beam width.
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Generally for medical applications the desired tiemtry is between 1 and 20 MHz. A
recent study of nearly 35 patients who were suftefrom melano cytama, the frequencies of the
ultrasound used was 20 MHz. This study was donéetaonstrate the use and advantages of
high resolution ultrasound. The final results shibvat the high resolution ultrasound enabled
enhanced accuracy for the detection of the lesiomeision and the growth and malignant
transformation was documented more accurately [Although there are many studies which
show the advantages of high frequency ultrasounel, ttadeoff between the resolution and
penetration depth limits its usage [11]. For amach as eyes where the depth is very low, high
frequency ultrasound is used where as in parts eviiee depth of penetration is more, low
frequencies are used. Table 1.1 show the humars pad the corresponding frequency of
ultrasound (c= 1500m/s). For high resolution imggdh inner bodies, advanced methods such as

endoscopic ultrasonography (EUS) and intravaseuteasonography (IVUS) were developed.

Table 1.1: Commonly used frequencies and its cparding wavelength in different areas

Application Frequency Wavelength

Fetus in pregnant women 1 MHz 1.5 mm
Eye 10 MHz 0.15 mm

Skin 20 MHz 0.075 mm




1.3.3 Acoustic Impedance and Impedance Mismatch

Acoustic impedance, also known as the sound impedena parameter which depends

on frequency. It is the ratio between the acoystessure to acoustic volume flow. It is given

by,
Acoustic impedance (Z) = p/U

Where, p= sound pressure
U= volume flow

Characteristic acoustic impedance sometimes refetbeas characteristic impedance of an

medium is the product of the density of that medamd the velocity of sound in that medium.

Characteristic acoustic impedance)(Zp V
Where,p = density of the medium
V = velocity of sound in the medium.

The characteristic impedance is a very importaatuie to be kept in mind while designing an

transducer. The characteristic impedance is essemti

i. Determination of degree of reflection and refract@t the boundary of two material
where there is impedance mismatch.

ii. Absorption of sound in medium. [12]

For most of the biological materials in tissue, Yadue of characteristic acoustic impedance
(Zo) is 1.6x10g/ (Cnt.S) approximately. Whenever an ultrasonic wave coawzoss the change

in layer or the interface of two layers then théseboth reflection and refraction of the
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ultrasound. Greater the impedance mismatch betWagpers, greater the reflection of the

ultrasound waves. Table 1.2 shows the charactenspedance for some materials.

Table 1.2: Characteristic impedance of selectectrizds

Material Characteristic impedance [g/ (Cnf.S)] * 10°
Air 0.0004
Water 15
Aluminum 17
Blood, kidney, liver, etc. 15-17
oll 14

The amount of wave reflected is given by the equaZi.

[(Z1- Z2)/(Z1 + Z2)]°
Where Z = impedance of the layer 1
4 = impedance of the layer 2

The most common impedance mismatch issue in thdcaledltrasonography is that
between the air and the human tissue. The chaistctesicoustic impedance of air is 42.8 g/
(cn.s) and that of the tissue is 1.6%1 (cnf.s). The mismatch is so large that almost 99% of
the ultrasound is reflected back. In order to pn¢vhkis from happening an impedance matching
layer is usually used. The common matching layseslun medical ultrasonogrphy are olive oil
or jelly. Figure 1.4 shows the use of matching tage that the air is eliminated between the

transducer and tissue. Herg, i& the impedance of the matching layer.



/N

» Impedance matching layer

z2

71 Zm Tissue

\/ » Transducer

Figure 1.4: Impedance matching layer to minimiZteotion.

By using this method, almost 70-80% of the wavest@nsmitted and the rest is reflected back.

1.4 Endoscopic Ultrasonography (EUS) and Intravasdar Ultrasonography (IVUS)

Endoscopic Ultrasonography (EUS)

This is an imaging technique which combines the ceph of endoscopy and
ultrasonography. In general endoscopy refers tertia of a long flexible tube like structure
to diagnose gastrointestinal and lung disease tdies are generally inserted either through
mouth or rectum. The main advantage of a EUS isitlas high quality image compared to
the traditional ultrasound due to the proximitytloé transducer to the target organs. EUS can
also be used in the study of blood flow insidevssels using dopler ultrasound [13]. Since
EUS is done from inside the body, touching thedtegea it takes a longer time compared to
the traditional transducer but it gives a lot ofaills about the disease. Although there are
many advantages of using EUS, it also has a feaddantages. There is a possibility that the
patient might develop hives, skin rash, etc. Tlygést disadvantage of using the EUS is that

there is a possibility of perforation, i.e. makiadhole in the wall of the intestine. Although
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these are serious issues, the chance of happesingss than 1%. There are enough
precautions that can prevent it.

IVUS

IVUS is also an ultrasonic imaging technique whighvery unique and allows in-vivo
imaging of individual vessels. It is used in imagiof the cross section view of the blood
vessels from inside out [14]. This gives a veryguei point-of-view picture that is generated
in real time. IVUS uses a specially designed cath@ tube that can be inserted inside the
body) and has a transducer at the tip of the cathiet IVUS, the image shows the distinctive

circular layers of coronary arteries.

The main advantage of IVUS compared to angiogramX(®ay test) is that it uses cross
section view of the human body instead of the side. Also angiography has the limitation
to access coronary disease. In an angiogram, amysection of lumen can be scanned,
whereas in IVUS the vessel wall and lumen visuibmacan be seen. Figure 1.5 shows the
main imaging differences between angiogram and IVU& arrows suggest the imaging
direction.

1.4.1 Modes of Operation

As mentioned in the previous section the IVUSiz#¢8 a long flexible tube called
catheter and this supports the imaging probe atiphélhis probe has the transducer elements
mounted on it. This imaging probe receives andstrats ultrasound signal. The transducer is

placed on the tip of the probe and determines thées of operation.
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Figure 1.5: (a) Angiogram versus (b) IVUS




There are three main modes of operation. They are
* Forward Looking

* Side Looking

» Combination

Based on the locations of the transducers, thasdtrography can be either forward or side
looking. The forward looking ultrasound system vpag into practice by using annular arrays
mounted on the front end of the catheter [15-16}. tBese transducers have limited side viewing
angle. There are also side looking transducersiwini@ge the side tissue. There can be either
single transducer which is rotated mechanicallglee there can be array of transducers. There
also exists multi-looking IVUS [17-18] in which treducer is divided into two sections. Longer
section is mounted on the sidewall to be side lngkind the shorter end is bent to be in the front
end as a forward looking. By this method of mougptithe real time 3-D imaging is possible.
Figure 1.6 shows the model of the transducer mauatethe probe which is forward and side

looking.

1.4.2 Need of Foldable Substrate

For some applications, a flexible or foldable stdist is necessary. There are situations
where the capacitive transducers need to be placalde non flat surfaces and in such case it is
necessary to have a foldable substrate. Earlighenpiezoelectric transducers, the individual
elements were cut and placed on a foldable substnahually. The main drawback here is that
individual elements are not fabricated in the swlbstitself. Fabricating the device on the
foldable substrate is the advantage of using ctpacmicromachined ultrasonic transducer
(CMUT). This will be mainly used in medical applicams. For example in EUS and IVUS, a

small transducer element is placed on the tipaztheter and inserted into the human body.
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Catheter

Forward Looking

Transducer elements

Side Looking

Figure 1.6: Multi-looking ultrasonic probe.

For such applications, it is necessary to haweiriglmechanism. Although there have been few
transducers whose substrates are folded but, tha msue is their substrates cannot be
controlled or changed once it has been folded. fléhable substrates have the advantage of
light weight, robust and absorb stress better thanconventional one. More details about the

foldable substrate will be provided in chapter 3.

1.5 Micro-ultrasonic Transducers

In general, a transducer is a device that convemts type of energy into another.
Traditionally, piezoelectric material was used déirasonic transducer. Piezoelectric material
can efficiently convert the electrical pulse intechanical vibration and vice versa. The
basic concept of piezoelectricity is that it progsi@n electrical field when the mechanical

stress is applied and a mechanical vibration i¢lactrical field is applied.The piezoelectric
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effect was first discovered by the Curie brotherd 880. The two materials that were very
helpful for the ultrasound production are piezoglegolymers and Ceramics. The details
about the polymers and the ceramics can be foundi9j The most important type of the

piezoelectric ceramic is the lead zirconate-titarelso known as PZT. The main advantage
of this PZT is that it has high piezoelectric camént [20]. The acoustic impedance of a
piezoelectric material is almost same as the swmietal which leads in the impedance
mismatch of the transducer with tissue, which iseaous drawback of the piezoelectric
ultrasonic transducer. This has led to the new wypé&ansducer called as the capacitive
micromachined ultrasonic transducer (CMUT). Theibasinciple and the introduction of

the CMUT will be detailed in chapter 2.

1.6 Organization of Thesis

Chapter 2 starts with the introduction about thpacitive type transducer, operation
principle, design parameters of the transducerthedANSYS simulation for the resonant
frequency study.

Chapter 3 will focus on the foldable substrate tef transducer. Design details for the
silicon foldable substrate will be presented alaiiity the process flow and the results.

Chapter 4 will focus on conclusions and the futuozk.
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2. DESIGN OF CAPACITIVE MICRO-ULTRASONIC
TRANSDUCERS

2.1 Preamble

In this chapter the main emphasis will be on cdjac micromachined-ultrasonic
transducer (CMUT). These are very tiny transdudkets will be replacing the conventional
piezoelectric transducers for imaging and bloodvflmonitoring applications in near future.
Recent improvement in the microfabrication techgae has led to the design of CMUTs that
are more efficient than the piezoelectric transdu@i]. Though there have been many
demonstrations of the ultrasonic transducers fraanyel950’s, Haller and Khuri-Yakub
presented a landmark work in 1993 which was useda® flow measurement and acoustic
microscopy [22]. Since then, there has been extensisearch in the design and fabrication of
CMUTs [23-25]. There have also been a lot of syskevel advancements. Even though there
are many advancements and innovation in fabricaifdhese CMUTSs, still most of the medical
imaging and the non destructive testing groupstheepiezoelectric transducers instead of the
CMUTs. There is still a long way to go before &iétindustries and hospitals use the capacitive

ultrasonic transducers.
The cross sectional view of a CMUT is shown in Eig.

The main essential parts of CMUT are

1. Vacuum (cavity)
2. Membrane and
3. Electrodes.

-16 -
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Figure 2.1: Cross section of a CM

1. The vacuum gap is very critical in determining tlperformanceof a CMUT. It
determines the dynamic range, sensitivity and dongpefficiency. The smaller the
vacuum gap is, thhigher the sensitivity and coupling efficiel are Generally a gooc
high electricdly resistive insulation mater is needed to avoid destrion by short
circuit.

2. In general, membras are mostly silicon nitride olysilicon or metals. If the membra
is an insulating material, there will be a 1layer of metal deposited in the mid of the
membrane. fie property of the material used Imembranesuch as density, stiffnes
etc. is essential for the impedance matching betweenmtambrane and the coufg
medium. The cupling medium he generally low impedance. In order to achieve g
impedance matching, the stiffness and density ohbmare has to be selected careft

3. The bottom electrode in most of the case is silicubstrat since it is easy t

micromachine with high accure. In general, the thickness of thécen can be reduced
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and it varies from 200-300 um to reduce the acousBs. But in order to make the

substrate foldable, it is essential to have thetsate less than 50 pum thick.

2.2 Principle of Operation

In a CMUT, the fundamental mechanism of the tranedis the vibration of a thin plate.
It is very similar to the microphone operation [2B]uses the deformation of a thin suspended
membrane for transmitting and receiving ultrasomaves. A CMUT performs chain of energy
transformation in order to operate as a transduterAC signal is applied which causes the
membrane to vibrate at the desired frequency dueldotrostatic attraction force [27]. DC
voltage is applied between the substrate and thelimed membrane, causing the membrane to
be attracted towards the bulk silicon. Both AC &t bias are required for smooth operation of
a CMUT. Just like piezoelectric transducers, CMWiIso have reverse operation. If a CMUT
receives ultrasound waves, the membrane deformshasdhe capacitance changes. Due to this

capacitance change, there is current producect afuitput.

In summary, there are two modes of operation odmstiucer. They are

1. Receiving modeIn this mode of operation, the acoustic energycasiverted into
mechanical energy and then into electric energy.
2. Transmitting mode In this mode of operation, electric energy is cotee into

mechanical energy and then into acoustic energy.

Figure 2.2 shows the operation of a transducertemamitter and a receiver.

The performance of the CMUT depends mainly on thelied DC bias. This DC bias
should be close to collapse voltage of the CMUT faximum transduction [28]. At the DC

bias near the collapse voltage, very high electatraeical coupling can be achieved [29-30].
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Figure 2.2Two modes of CMUT operatiol (a) Transmitter mode (b) Receiver m

2.3 Advantages of CMUT<=ver Fiezoelectric Transducers

Traditionally pezoelectric transducers have been mainly usedlfoasound applicatio
which is mainly used for minimal invasive or nowvasive imaging applicatics. Compared to
the traditional pezoelectric transducs, @pacitive micromechanical ultrasonic transds are to
replace piezoelectric transducénghe near future becausktbe number of advantages t they
have. The main advantagetbE CMUT over thepiezoelectric transducer is that impedance

mismatchis very minimal i.e. the CMUs have better impedance matching.

Ultrasound is reflected at the boundary where impedsaades. It apiezoelectric (bulk
transducer, the reflection of the ultrasound is enas there is large imgance mismatch

between the leadrzonate titanate crystal and the surrounding nred

Since the capacitive transducer has the membrhaesttucture resists less motion

thus the ultrasound produced is m
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Also capacitive transducer can operate at widep&rature range compared to the bulk
piezoelectric transducer [31]. Capacitive transdsi@an be fabricated using IC technology i.e.
these can be integrated with the external signatgssing and control circuits [32]. Another
advantage a CMUT has is that it has less crosbttlkeen the nearing elements and also it can
be operated at a wide range of frequency compardtiet bulk piezoelectric transducers for

which the operating frequency is fixed [33].

2.4 Design Parameters of an Ultrasonic Transducer

In designing an ultrasonic transducer, there ameat specifications which need to be

taken care of [34].

They are

i. Probe dimension

il. Resonant frequency of the suspended membrane
iii. Maximum membrane displacement

iv. Pull down voltage and

V. Maximum pressure of the acoustic wave.

Other parameters like the membrane thickness,ittmeder of the membrane and the gap height

are mainly determined by these specifications.

2.4.1 Probe Diameter

The main parameter above all is the probe or thigeter dimension. The probe can be
flexible or rigid and is inserted into the humanamimal body. The dimension of this probe

generally varies with the application. In genethése probes are made up of polymers, mainly
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silicone, this is because silicone is insensitovéhe human body fluids. In general, the probe has
to be small enough to slip into the sheath. Thécksteeath size for an IVUS is approximately 8
Fr (2.7 mm) [35]. The IVUS probe is inserted inthe tsheath through the guide wire and then it

is later directed into the human body.

2.4.2. Membrane Displacement and Sound Pressure

As mentioned in the previous chapter, the voliagglied between the membrane results
in bending of the membrane and produces a presgwe. Similarly, when a pressure wave is
induced, the membrane deforms and results in @resdiucer being used as a receiver. The
membrane displacements are also related to teroperathanges. The membrane mean
displacement (1) can be calculated by the volume displacemegt \{thich is related to the

membrane deformation u. The equation below shoesnisan membrane deformation. [36]

Where, S= surface area of the membrane.

The mean membrane displacement is also dependehe@ound pressure and its relation is as

given.

3"0
th

=

Where,

Pm= pressure

K,= membrane stiffness
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2.4.3. Resonant Frequency

As mentioned in the previous section, when an Aghaiis applied to an ultrasonic

transducer, the membrane vibrates and producessaitic waves. The frequency at which the

membrane vibrates vigorously and converts the mettenergy into mechanical energy

efficiently is called as the resonant frequencye Vitbration is maximum when the characteristic

impedance is minimum. The resonant frequency matldpends upon membrane radius,

elasticity, thickness and loading.

The resonant frequency for a simple circular membravhich has its sides clamped is

determined by the following equation. [37]

Where,

R= radius of the membrane of uniform thickness.

A= numerical value of circular membrane (a structlependent value)

H=pt= mass of the plate per unit area

where,

p= plate material density

t= thickness of the plate

Et3  _ . .
k = 20 bending stiffness
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Where,

E= Young's modulus of the membrane

v= Poisson’s ratio

2.4.4 Pull-in Voltage

The DC bias voltage above which the membrane fallhe substrate is called as the
collapse voltage or pull-in voltage. This phenomersalso called as pull-in phenomenon. The
value of the collapse voltage can be calculatethbyFEM analysis [38]. After the membrane is
collapsed, it is not released until the voltageethuced back to snap-back voltage. The voltage at
which the membrane goes back is called as the Isaelp-voltage. There has also been lot of
research on operating the CMUT near the collapsege, near the snap-back voltage or in-

between the collapse and the snap-back voltage47B9

Fig 2.3 shows the operation of a CMUT in collaps#age i.e. the membrane has deformed and
will not go back to its original position until theltage is reduced to snap-back voltage or the

voltages are completely removed.

» Membrane

Figure2.3: Membrane pulled in.
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The load deflection model for a circular membrdoe to the uniform pressure (P) [44] is
given as

64k 128 ak_
- F] ZRE 1Wo

Where,
W= deflection
do= gap height
t= thickness of the membrane
a= Poisson ratio dependent empirical parameter

In order to effectively model the pull-in voltageth electrostatic and restoring pressure should
be taken into account.

The expressions for electrostatic and restoringgune at pull-in are given by the following
equations.

2 5 4 1.918
Perectrostatic = €o Vo 6d2 + 37Rd + P
0 0

64k 128 ak
Pelasticz[R4]< ) [t2R4 ](
By combining the above two equations, and solvarg;, we get

%) -2

RYI\'3 t2R* 1\27
Ver = \/{E 5 N 4 N 1.918
0 6d(2) 37TRd0 T[Rz
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From the above equation, we can find the relatietwben the pull in voltage and the membrane
dimension. The figure 2.4 shows the pull-in voltage

Young’s modulus: 210 X FN/m?
Poisson’s ratio: 0.27

Membrane radius= 200 um

350 -
£ 300 -
(@)
> 750 -
£
‘% 200 - =¢—1t=2um do=2um
% 150 - =fl=t= 4pm, do=2um
z t=2um, do=4pum
- 100 - _ _
— =>é=t=4um, do=4um
& 50 -

O T T T T 1
100 200 300 400 500 600
Membrane Radius in pm

Figure 2.4: Membrane radius vs Pull-in voltage

2.5 ANSYS Simulation

In this chapter, the simulation for the calculatmf resonant frequency is presented. The
simulation was performed using finite element md&&M) analysis. ANSYS was the software
used for this analysis. The resonant frequencyfipasticular interest in designing CMUT
because it indicates when the system will have mami response. [45] Figure 2.4 shows the top
membrane of a capacitive transducer which is cyibadlin shape. The material chosen for this

simulation is silicon nitride. The properties dican nitride are as follows.
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1
ELEMENT &

Figure 2.5: Meshed and modeled membrane for thly sttiresonant frequency with ANSYS

Young’s modulus: 210 X FaN/m?
Poisson’s ratio: 0.27
Numerical value: 0.86695

From the previous section, we can see that thenaetdrequency of a material mainly
depends on its thickness and radius. Thereforggthph showing the resonant frequency for

different thickness and radius is shown in figu@ &nd 2.7.

For a fixed radius of 100 um, by varying the thieks the resonant frequency is shown in figure

2.5. Figure 2.6 shows the frequency for fixedkhess (20 um) and varying the radius.
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Figure 2.6: resonant frequency vs membthickness

Resonant Frequency in MHz

25

20

15

10

Membrane Radius in pm

120

Figure 2.7: resonant frequency esniorane radius
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3. FABRICATION OF FOLDABLE SUBSTRATES

3.1 Preamble

In this chapter, the main principle and mechanishimd the folding of substrate is
discussed. Next the design along with dimensionts raaterials are discussed in detail along

with the process flow of the folding mechanism.

3.2 Folding Mechanism

As mentioned in Chapter 1, there are some appisitivhere the flexible substrate is
needed. In some areas where the substrate is neethedconformed to an uneven surface, the
flexible substrates are much needed. Also in solameep where there is very little space for the
transducers operation, flexible substrates are usejul. The flexible substrate will be possible
by allowing radical configuration of micro-structugeometry. This can be realized by controlled
out of plane rotation of substrate sections. Tharpanciple behind rotation is the reflow of the
material. This reflow is caused due to the surfegesion. The very first realization of 3-D

structure using the surface tension was by P.WrGGr&s].

Previously the out-of-plane rotation was mainlytbg mechanical hinges and manual assembly

[47-49]. The power rotation can be done in manysvayey are [50]

=

Electromagnetic force

2. Polyimide shrinkage

3. Electrochemical swelling of polymers

4. Surface micro-machined vibro-motors and

5. Micro engines.
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Here the polymer shrinkage is parallel and one tivhiée the motors and engine are adjustable.

In this thesis we will be focusing on the polymérriskage in which the joints filled with
polyimide is thermally rotated. The main advantaf@sing this process is that it is simple and
easy to be combined with other process. The basiciple of polyimide shrinkage is shown in
the figure 3.1. The polyimide shrinks when it isemli The shrinkage is more at the top than the
bottom which causes the polyimide to bend. Thecéffe shrinkage can be found by the relation

[51]. The effective shrinkage is an important paetanin polyimide selection.

1uncured _'lcured

E =
luncured

Where,

Luncured Length of polyimide before curing.

Lcurea= length of the polyimide after curing.

Bending angle & = 2{ 90° — 54.74 — sin* (cos (54.74) (&)}

By connecting several V grooves in parallel, labgnding angles can be obtained. Also the
polyimide shrinkage is dependent on the curing emaores and thus the angle can be
somewhat controlled. The other way of having aifilexsubstrate is by using the polyimide as
the substrate. The details about using the polynamlthe substrate will be give in the appendix

A. Figure 3.2 shows the schematic diagram of alsidiing transducer on a foldable substrate.
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(a)

—— > Silicon

» Polyimide

(b)

» Polyimide (after curing)

(c)

Polyimide Joints

Figure 3.1: (a) Silicon substrate before curing of polyimide (b) Silicon substrate after curing of polyimide and (c)
Simplified drawing of a folded substrate
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Figure 3.2: Schematic diagram of a side lookinggsdaicer array on a folded substri
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3.3 Design

The design parameter of the foldable substrate Ignatarts with the design of the mask
for the lithography process. As mentioned befohe, transducer is placed on the tip of the
catheter which in turn is inserted into the humaalyb The diameter of the folded substrate
should be almost 2 mm. Therefore the length ofsdm@mple should be approximately 6.2 mm.
The main intention is to fabricate 64 elements Wrace about 90 um wide for each element and
10 um gap between each element. Now the next stép find the suitable thickness of the
substrate for opening V groove from back side KQtehig. The general thickness for the
foldable substrate is around 30 um to 50 um. Thés&er was initially selected which has

device layer of 30 um and 50 pm.

The KOH forms an angle of 54 %Between the (100) and the (111) plane. By usieg th
basic trigonometric formula the mask opening carcddeulated. The calculated mask openings

and the polyimide pattern dimensions are as follows

1. For30 pm
Opening for KOH=47.5 pm
Gap between openings= 54 um
Pl pattern opening= 74 um

2. For 50 pm
Opening for KOH= 64.5 um

Gap between opening= 36.5 um
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Pl patterning= 56.5 u

Figure 3.3show the mask opening with the dirsions illustrated and figure { shows the mask

layout for 50 pum thick substrater both KOH and polyimide patterning.

The next step was to select a suitable polyimidefdtding the substrate into a circular shape.
shrinkage property of the polyimide plays a hude tere. The polyimide was selected such thatst
good shmkage property and also considerably good mechlastiength. The mechanical properties

the polyimide are as given below.

Tensile strength: 260 MPa

Stress: 18 Mpa

Thermal expansion coefficient (1 um thick film): ppm
Thermal expansion coefficient (10n thick film): 2( ppm
Total shrinkage (liquid - cured) 83%

Total shrinkage (soft bake to cured) =1

KOH etch window

ER

Gap between
etching window

Polyimide filling

Figure 33: Mask opening dimensions for KOH etch
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3.4 SOl Substrate

The main objective of this thesis is to developlddble substrate for IVUS transducers.
Although there have been many theories about tldenfpmechanism to form a 3D structure, the
foldable silicon substrate is new of its kind. Irder to make the substrate foldable, the silicon
wafer used should be as thin as possible. Thali@kiperiment for making the substrate foldable

was conducted using silicon on insulator (SOI) wafe

An SOI wafer consists of a base/handle siliconday&50 um thickness, buried oxide of
1.5um thickness and device silicon layer of 50 pnmknesses. First the handle silicon layer
should be removed. The handle layer can be rembyedet etching, i.e. by using potassium
hydroxide (KOH) solution. There are quite a fewldreges faced in KOH etching where a thick
550 um layer has to be etched through. In ordgsratect the front side of the SOI wafer, a
mechanical glass slide and silicone was used. Tlicere used in this application is poly-di-
methyl siloxane also known as PDMS. PDMS was sealednd the silicon such that the KOH

does not penetrate to the front side.

Figure 3.4 shows the cross section of PDMS seam&OIl wafer. Although the KOH
etching using this method was successful, theree wesues in subsequent steps. Even though
most of the handle silicon was removed by KOH, ¢hstill remained the walls made by the
KOH etching (550 pum thick) which became hindrantéhe subsequent contact lithography, i.e.
it resulted in poor resolution. In order to avdge issues, ultrathin wafer of 50 um thickness
was used as the substrate. The basic design detadlsthe fabrication flow of a foldable

substrate using a ultrathin wafer are explainesertion 3.5.
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Figure 3.4: Mask layout for 50 um thick substratep: KOH mask.Bottom: Polyimide mask
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L_» Glass substrate

Device Si layer
Oxide

Base Si layer

PDMS

Glass substrate

Device Si layer
Oxide

Base Si layer

PDMS

Figure 3.5: PDMS seal for KOH etching of an SOl evaf

3.5 Process Flow

The ultrathin silicon wafer which was bought frohe tUniversity Wafers is used as the

substrate. The basic fabrication process is shoemtsy step in figure 3.6.

Figure 3.6 Fabrication process flow of the foldatuéstrate

-36 -



(Figure 3.6 continued)

—— 1 Silicon dioxide
B
—» Glass Slide
I NN B > Photoresist
C
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(Figure 3.6 continued)

KOH etch

» Polyimide
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A. Sample Preparation
First the ultrathin wafers (diameter: 4”, thickneS8 um) is cleaved approximately into
0.75"x0.75". After cleaving, the samples are clehme Piranha (mixture of concentrated
sulphuric acid and hydrogen peroxide in the ratiy 2olution in order to get rid of organic
impurities. Then they are dipped into acetone, amahand DI water for further cleaning.
Once the sample is cleaned, the next step is tdizexithe sample for an etch mask in

subsequent wet etching process.

B. Thermal Oxidation
The cleaned samples are then loaded into the exmdahamber. Axcess Integrator
Loader of MRL Industries is the oxidation furnacged. The oxidation parameters are as

follows.

1. Temperature =106aC
2. Time =24 Hrs

3. Oxygen flow rate=2.5 sccm

By these parameters, 400 nm of silicon diexichs grown. Even though silicon nitride is
much more reliable etch mask against KOH compauesilicon dioxide [52], silicon dioxide
was still used considering the ease of fabricasind also relatively short duration required for

KOH etching.

C. Photolithography
Once the samples are oxidized they are then atlatth@ mechanical substrates, i.e.
microscope slides by using Protek B3. Protek B3 wlagsen because it can withstand high

temperature and also can be easily removed bymdjppin acetone. The Protek B3 applied on
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the microscope slide is then allowed to set at roemperature for 4 hours. Once the sample is
attached to the microscope slide it is then patdrithe photolithography process consists of the

following steps

1. Spin coating of AZ9260 photo resist (recipe giveppendix-B).

2. Soft baking for 20 min at 9& in furnace.

3. Allowing rehydration time for 20 min. This helps iavoiding bubbles during
exposure.

4. Exposure using Karl-Suss with an UV intensity & W/cnf for 1.7 min.

5. Developmentin 3:1 diluted AZ400K developer for eppmately 4 to 5 min.

6. RIE oxygen plasma for 10 min in order to removetplesist residue.

By the above procedure etching patterns are forrmed the Fig 3.7 shows the

microscope picture of the patterns.

——— > Silicon dioxide

Photoresist

30 um

Figure 3.7: After first lithography (top view)
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D. Dry Etching of Silicon Dioxide:

The next step in order to do wet etching of silitorform V groove is to exposelicon
underneath the siliconakide layersTherefore, the Si@ayer should first be removed. Tt
is done through dryeactiveion etching (RIE). The equipmeused was plasma system !

from Oxford Instruments at Center for Advanced Mianastures and Devices (CAMI
The RIE parmeters are as described bel

1. Atmosphere: Clrgas plasm
2. Flow rate : 20 sccm
3. Time : 8 minutes (eh rate: approximately ! nm/min)

4. Power: 200 watts.

Figure 3.8hows the patterns after dry etchi

:: l . ——T—» Photoresist

'I —» Silicon

Figure 3.8 Silicon exposeiafter dry etching of silicon dioxide
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E. Protection of Front Side and Wet KOH Etching

After RIE, samples are now ready for wet KOH etghfar the V grooves. In order to
protect the front side, it is sealed with PDMS atidwed to cure at 8C for 2 hours. After
curing, the PDMS is allowed to set at room tempeeator 15 hours in order to attain its full
chemical properties. Now the photoresist at the&khaaemoved by acetone and then it is
dipped in the KOH bath. The KOH bath consists of

1. 70 g of KOH pellets.

2. 190 ml of DI water.

3. 40 ml of isopropyl alcohol.

Isopropyl alcohol is used in order for smooth atghof silicon. The KOH etching is done at
70° C for 110 min with a etch rate of 0.4 um/min. Fig8.9 shows the V-groove formed

after KOH etching

V groove

ooooo

—Z!—b Silicon dioxide

etching mask

L

Figure 3.9: V grooves formed by the KOH etching
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F. Polyimide Patterning

After the V grooves are formed the remaining oXiden the backside is removed in HF.
The sample is now ready for polyimide patterninge Bteps involved in polyimide patterning
are as follows.

1. Spin coat VM 651 an adhesion promoter.

2. Soft bake at 12 for 1 min.

3. Spin coat P1 5878G polyimide (recipe in Appendix-B)

4. Soft back at 13% for 5mins.

5. Spin coat AZ 9260 Photoresist.

6. Polyimide mask alignment with V groove of the silicusing OAI Hybalign Series

200.
7. Develop in AZ 400K developer for 4-5 min.

8. RIE etching in oxygen plasma for 75 min to remdwe polyimide.

Figure 3.10 shows the polyimide patterned substragged with oxygen plasma

» Vgrooves filled with

polyimide

Figure 3.10: After polyimide patterning
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G. Curing and Folding of Substrate

Once the polyimide is patterned, final step isitedhe sample and cure the polyimide at
either air or nitrogen ambient at 3&0for 1 hour. The curing conditions are as follows.

1. Ramp temperature to 20Q at £C/min.

2. Hold at 206C for 30 min.

3. Ramp from 208C to 350C at 2-3C/min.

4. Cure at 358C for 1 hour.

The final output would be a folded silicon subsrat

3.6 Result and Future Work

The final result of the current work is the foldeubstrate for capacitive transducers for IVUS
and EUS applications. The result obtained is showthe figure 3.11. The sample was just
partly folded because of the breakage of sample.i3$ue arrived when the sample was tried to
detach from the mechanical glass substrate. Thialitdea was to detach the sample through
acetone from protek B3. The polyimide arrived at ithterface of the acetone and protek B3 thus

making it tough to remove from the glass.

The future work in this work would be to fold thebstrate to form a circle by carefully
detaching it from glass. Also the next step woulel to design and fabricate ultrasonic

transducers such that they are on the foldablesibs
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Figure 3.11: Folded substrate
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4. CONCLUSION

The CMUT and its advantages compared to the pieztred transducers were discussed. The
ANSYS simulation was performed in order to find tlesonant frequencies of the membrane of
CMUTs at different conditions. The focus was maioitya foldable substrate and the fabrication

of the same. The foldable substrate was achieveiialba and several issues related to the

flexible substrates were discussed.
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APPENDIX A

A BRIEF SUMMARY OF POLYIMIDE FOLDABLE
SUBSTRATE

In this section the details about the polyimide stdie is explained. There has been
number of research in the polyimide substrate aher last decade. Polyimides are bio-
compatible materials which has no harm when indart®® human body. The steps involved in

polyimide substrate are as follows.

1. Formation of PDMS Cake

In order to have a polyimide substrate, it shduddspin coated on a substrate which is
hydrophobic in nature so that it can be peeledyasce the curing process is done. PDMS was
chosen as the base substrate for polyimide coalihg. PDMS is first mixed with the curing
agent in the ratio 10:1 and kept in the vacuumlferminutes in order to remove the bubbles
formed while mixing. Once the bubbles are removed,PDMS is then poured into a dish and
cured at 6%C for 4 hours. Once the PDMS is cured, it is cubitt"™*1” pieces for further

processing.

2. Treating with Oxygen Plasma

Since the PDMS is hydrophobic, the top surface aslenhydrophilic by treating it with
oxygen plasma for 10 minutes. The hydrophilic rairPDMS lasts for only few hours and it is
always better to start the subsequent spin cogiiogess immediately following the oxygen

plasma. Figure A.1 shows the cross section vieth@PDMS cake.
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——» PDMS

Figure A.1: PDMS cake
3. Spin Coating Polyimide:

The next step is to spin coat polyimide, LTP 1@&X8m the Fuijifilm. The final spin
speed is 2000 rpm and the thickness is approxignétglm. The soft bake temperature is 30
for 3 minutes. The total thickness required for haetcally stable substrate is about 20 um and
therefore multiple spin coating and baking was atpe After the final spin coating, the

polyimide can be peeled off from the PDMS cakelgasi

———>» Polyimide

——» PDMS

Figure A.2: Polyimide substrate on top of a PDM&eca

The initial idea was that the polyimide would ciiself while curing. The curing condition is at
200°C for 1 hour. The cured polyimide was too strongugh to curl itself up. Figure A.3 shows
the polyimide which has curled in random directitinvas difficult to control the curvature of
the polyimide and figure A.4 shows the cured polgienwhich is foldable and mechanically
strong. The idea of sandwiching the polyimide arbarthin layer of chromium and aluminum
was tried in a hope that it can curl itself becao$ethe difference in thermal expansion

coefficient. The issue over here was that the matars were not deposited properly on top of
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the polyimide due to the melting point of the paolyle in the deposition chamber. These issues

have made us to discontinue the polyimide substmadediverted towards silicon substrates.

Polyimide

PDMS cake

Figure A.3: PDMS cake and polyimide before curing

Polyimide

Figure A.4: Polyimide substrate after curing
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APPENDIX B
SPIN COAT RECIPE FOR PHOTORESIST AND POLYIMIDE

1. AZ 9260 Photoresist

AZ 9260 is a positive photoresist from Microchensclnc. This is a thick photoresist
and the final thickness of 15 pm can be easilyea@d. Here in this thesis, the final thickness of

8 um is used. The general recipe for obtaining 8lpiokness is as follows.

Initial speed: 400 rpm for 5 seconds

Ramp: 800 rpm/sec

Intermediate speed: 1500 rpm for 20 seconds

Final speed: 2500 rpm for 50 seconds

Ramp: 1000 rpm/sec

2. Polyimide PI 5878G

Pl 5878G is a thick non-photodefiniable polide from HD Microsystems. This
polyimide requires the use of an adhesion promuater to spin coating. The adhesion promoter
used is VM 651 from the same company. The spin i@ape in order to obtain 3 um thickness

is as follows.

Initial speed: 500 rpm for 15 seconds
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Ramp: 300 rpm/sec

Final speed: 5000 rpm for 60 seconds (intermedigite speed is optional)

Ramp: 1200 rpm/sec

Dry spin: 400 rpm for 15 seconds
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