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SUMMARY

Capacitive Micromachined Iltvasonic Transducers (CMUTs) have demonstrated
significant potential to advance the state of medical ultrasound imaging beyond the
capabilities of the currently employed piezoelectric technology. Because they rely on
well-established micréabrication tehniques, they can achieve complex geometries,
densely populated arrays, and tight integration with electronics, all of which are required
for advancedintravascular ultrasound\(US) applications such as highequency or
forwardlooking catheters. Moreeer, they also offerhigher bandwidththan their
piezoelectric counterpartsBefore CMUTs can beffectively usedthey must be fully
characterized and optimizeithrough experimentation and modelingUnfortunately,
immersedtransducer arrays afneherenly difficult to simulate due to a phenomenon
known as acoustic crosstalk, which refers to the fact that every membrane in an array
affects the dynamic behavior of every other membrane in an array as their respective
pressure fields interact with one anathdn essence, it implies that modeling a single
CMUT membrane is not sufficient; the entire array must be modeled for complete
accuray.

Finite element models (FEMs) are the most accurate technique for simulating
CMUT behavior, but they can become erisdy large considering that most CMUT
arrays contain hundreds of membranéebhis thesis focuses on the development and
applicationof a moreefficient model for transducer arrafysst introduced by Meynier et
al. [1], which provides accuracy comparable F&M, but with greatly decreased
computation time. It modelsthe stiffness of each membrane using a finiference
approximation othin plate equationsThis stiffness is incorporadeinto a force balance
which accounts for effects from the electrostatic actuation, pressure forces from the fluid
environment, mass and damping from the membrane Feicfluid coupling effects, a

Boundary Element Matrix (BEM) is employed thatisbhasedl t he Gr eenbés f
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baffled point source in a sesmfinite fluid. The BEM utilizes the nodal mesh created for

the finite difference method, and relates the dynamic displacement of each node to the
pressure at every node in the arréjse of tke thin plate equations and the BEM implies

that the entire CMUT array can be reduced to andDal mesh, allowing for a drastic
improvement in computation time compared with FEM.

After the model was developed, it was then validated through comparison with
FEM. From these tests, it demonstrated a capability to accurately predict collapse
voltage, center frequency, bandwidth, and pressure magnitudes to S%thdifference
of FEM simulations. Further validation with experimental results revealed a close
carelation with predicted impedance/admittance plots, radiation patterns, frequency
responses, and noise current spectrums. More specifically, it accurately predicted how
acoustic crosstalk would create sharp peaks and notches in the frequency respdnses, a
enhance side lobes and nulls in the angular radiation pattern.

Preliminary design studies with the model were also performed. They revealed
that membranes with larger lateral dimensions effectively inatletise bandwidth of
isolated membranes. Theyso demonstrated potential for variotr@sstalk reduction
techniques in array design such as disrupting array periodicity, optimizing inter
membrane pitch, and adjusting the number of membranes per eldiisrgxpected that
the model developed in iththesis will serve as a useful tool for future iterations of

CMUT array optimizations.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

The research described in this paper revolves around the development of a new
model for simulating the behavior of CMUT arrays fbwe tparticular application of
intravascular ultrasound. However, before describing this new model, it is important to
provide some background detailing the state of intravasalttasound technology, and
its associated limitations. This will be the Isasf Chapter 1, followed by a thorough
explanation of CMUTs in Chapter 2, highlighting their potential for advancing IVUS
technology beyond what is currently available commercialljnese first two chapters
will serve to provide a foundation emphasizihg heed for CMUT developmenthich
can only be attained with the aid of accurate, reliable models. These models, including
the one developed for this paper, will allow for a greater understanding of the physical

principles at play, as well as providing mvaluable tool for optimization and design.

1.1. Ultrasonic I maging

Ultrasonic imaging is a technique used to map out a surrounding environment by
transmitting sound waves and recording the signals that are reflected from various
interfaces in the vicinity.These reflected signals contain all the necessary information to
construct a map of nearby entities, along with specific details regarding their relative
mechanical impedancproperties. The time delay between transmitted and reflected
signals, assuminghe speed of sound in the environment is known, can be utilized to
estimate distances. Furthermore, strong reflecis lfone) will exhibit much larger
receive amplitudes than weak reflectoesg(tissue). An additional, important property

of ultra®ound is that it has the capability to penetrate the surface of weak reflectors. This



allows ultrasound to extract information about -sulbface featuresyhich are detected

from reflections occurring at interfaces within a material.

1.2.Intracardiac and Intra vascular Ultrasound (IVUS)

Ultrasonic imaging is useth everything fromfluid sensing tonondestructive
testing (NDT)for defects in materials However, this paper will focus on its particular
application in the medical field. More specifically, thecde will be constrained to
modeling and designing devices ideal for intracardiac echocardiography (ICE) and
intravascular ultrasound (IVUS)oronary heart disea$€HT) was the leading cause of
mortality in the United States in 2009, resulting in thetlieaf nearly 600,000 people
[2]. To diagnose and treat patients suffering from this diséd8& and ICEbothutilize
minimally-invasive catheters with buikin imaging arrayghat canimage the inside of
blood vessels andearttissues. Differences in sound reflection coefficients between
vessel walls, blood, lipids (vessel occlusions), and artificial structures such as stints or
balloons albw for detailed and useful images to be creatéithese catheters allow
physicians to look for evidence of plaque btuldor vessel wall weakening (aneurysm)
in coronary arteries. If an artery is fully occluded, they also can also be used to
revascularie theblocked vessel by poking through it withguide wire that runs through
the center of the catheter. Stents and balloons can also be positioned and imaged using
ultrasoniccatheters.

Figure 1 displays an image taken from theenor of ablood vesselusing an
ultrasonic catheter. This particular vessel is healthy, with minimal lipid Hopildn the
inner lining (intimal) of the vessel.The red circle in the photo on the righgnotes the
location of the catheterFigure 2 shows an image of a partially occluded blood vessel.
From this ultrasound image, the shrinkage of the lumen due to intimal plaque
accumulation is clearly visible. Even more noteworthy, the ultrasonic catheter even

allows for calciumdeposits to be distinctly identified within the plaque layer due to the



reflection coefficient differences between the two materials. Since calcium is a strong
reflector, it prevents further penetration of the sound waves and is thus responsible for the
acoustic shadowing.lIt is clear from both of these images that ultrasound allows for
detailed imagethat can provide crucial information to pigians regarding the status of

a patient suffering from CHT.
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Figurel. Image of a halthy blood vessel, taken with an Eagle Eye® ultrasonic catheter
from Volcano Corporatiof3]
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Figure2. Image of a partially occluded blood vessel, taken with an Eagle Eye®
ultrasonc catheter from Volcano Corporatips)

Resolution of ultrasound images is dependent on the operating frequency.
Smaller wavelengths allow for better lateral resolution.  Unfortunately, higher
frequencies exerience much more acoustic attenuation, which in turn limits axial
penetration depth. Thus, a 10 MHz catheter may have a penetration depth of 1 cm or
higher, with a lateral resolution of approximately 150 um. On the other hand, laboratory
tests at fregencies up to 100 MHz have demonstrated that although resolution improves

to nearly 15um, penetration depths are limited to only a few millimpters

1.3. Commercially Available Technology for CatheterBasedlVUS Imaging

Currently, all commercially available IVUS and ICE catheters are based
piezoelectricdransducer arrays These imaging arraemploy specialized materials that
have the unique characteristic of experiencir@inin response t@an applied electric
potential andvice versa Thus, an applied strain (e.g. incoming pressure wave) can be
detected by the material as an oscillation in the potential across it. Alternatiyely, b

applying a sinusoidal voltage, these materials can be forced to oscillate at ultrasonic



frequencies, generating large pressure amplitudes into the surrounding envirotment.
this manner, piezoelectric array elements can act as both transmitters and receivers in
IVUS catheters.

There are essentially two types of piezoelectric imaging cathetdrs first type
relies on array phasing techniquég(re3). The device typically consists of many side
looking elements which are actuated one at a.tilier each firing of a single transmit
element, all remaining elemenact as receivers and record the signal resporiBeis
process continues until all elements have been operated as transniikttens.since the
relative locations of every element are known, phased array imaging algorithms can be
used to determine lotans of objects in the environment based on the time delay
between transmitted and received signalsthe elements are placed along the entire
circumference of the catheter, a 360 degree view can be obtained. Otherwise, the view
will be limited and tle catheter will have to be rotated manually to see all sides of the
vessel. Phased array catheters have the advantage of requiring no moving parts for
imaging (an advantage over rotating array catheters, described next). Hqhaseng
array elementsequires that the array be a certain distance away from the region to be
i maged. The array mu s trossséctonof ittezestinw foeus.r e d 0

This can be difficult as isometimesequires precise positioning of the cathetgr [5].

Integrated Piezoelectric
circuit chip transducer array

=

Figure3. lllustrationof a phased arrayltrasonicimagingcathetef 6]

The second typef piezoeleatic catheter utilizes a single, large element (as

opposed to an array) which acts as both a transmitter and receiverel@ment is either



used directly as a sidacing imagelFigure4), or is pointed forward at an angled roir

which then directs the acoustic wave radially outward. At locations very near the face of

an element, thereisa-soal | ed fAdead zoneodo which corres
received signals are corrupted by the large transmit signal that satheatesplifier[6].

The mirror design reduces the size of the dead zone adjacent to the ¢atheteeasing

the path | ength of the acoustic wave befor
a 360 degree image of the vessel, this sideing element or mirrons rotated
mechanically at sufficiently highspeed. This type of catheter in general has a smaller

dead zone than phased arrays since, as illustratéigumne 3, the phased array elements

are placed at the outer circumference of the catl@terRotating element catheters thus

are slightly easier to position because they do not need to be placed as far away from the
region being imaged. However, rotating catheters often suffer fromUxddorm

Rotation Distortion (NURD) which, as the namepires, occurs from irregular rotation

of the catheter and causes image distortids.shown inFigure5, this candegradehe
accuracy of the image and severely | imit the userdos
conclusive diagnoses. This type of distortion does not occur with phased attrays.

should also be noted that rotating arrays must be located egrtex axis of the catheter

to avoid image distortion. Thus, incorporation of guide wires requires special
consideration anthey are ofterfed through the outer section of the catheteeatinga

small blind spot in théeld of view. Once again, phad arrays would not have this blind

spot as the array elements are all located along the outer circumference of the catheter,

allowing the guide wire to be positioned along the center axis.
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Figure4. Boston Scientific rotating &y ultrasonic imaging cathetr ICE [5]

Figure5. An example of NURD image distortion from a rotating element IVUS catheter

[7]

Piezoelectric catheteege in widespread use in the medical field. However, they
possess several inherent limitations. Primarily, piezoelectric materials have a high
impedancg~30 MRaylg relative to wate(~1.5 MRayls) and thusnatching layers are
required to achieve better bandwidth, at the expense of efficj@n8ly These matching
layerstypically utilize quarterwavelength thicknesses, making layers for high frequency
devices much more difficult téabricate Finding materials with ideal mechanical and
acoustic properties is also a common problem, and research is still ongoing in this area.
Furthermore, piezoelectric ceramics amest commonly diced out of bulk material to

minimize defects. However, these materials brittle and difficult to dice, especially



when small pitches or complex geometries are desir@icing blade limitations
constrain array geometries to mostly straigie cuts and features on the order of 100

um or largef10], hindering the devepment othigh frequency IVUS.

1.4.Forward-Looking IVUS and ICE

Due to the inherent challenges associated with piezoelectric transducer design, all
ultrasound catheters currently on the market arelemang. That is, no IVUS or ICE
catheter exists commeadly with the ability to see in the forward direction. It is easy to
imagine how much difficulty this adds to a procedure such as revascularization of an
occluded artery, when thaperatormustmaneuver a guide wire througjine blockage. In
most cases,he only view that a surgeon has of the blockage is feomexternal
angiograni11].

The main difficulties associated with forwabking intravascular ultrasound
(FL-IVUS) catheters stem from dimensional constraints. Specifically, catheters need to
be assmall as 1 mm in diameter in order to navigate the narrowest of blood vessels. An
ultrasound transducer would need to fit on the very tip of this catheter in order to see in
the forward direction, and thus could be no larger than the catheter diametkrther
complicatethe matter a hole in the center of the cathestouldideally be left open to
allow for a guide wire to pass through. In other words, ar\RIS transducer is
constrained t@ donutshaped ring with a diameter on the order of a fellimeters or
less. Finally, the mospreferableFL-IVUS catheter would utilize a 2D array to allow for
a volumetric image reconstruction of the occlusion in front of the arfye limited
available area implies that tleeray element size must be wesmall in order to fit a
sufficient number of elements for image reconstruction. These small, densely populated
arrays are very difficult and tedious to fabricate with modern piezoelectric fabrication
techniques. Also, small elements imply a high sensty to parasitic capacitances.

Thus, the receive elements should be located very close to the amplifier electronics for



optimal Signaito-Noise Ratio (SNR); ideally they would be fabricated directly on the
amplifier circuitry chip to minimize connectiorlines. Piezoelectric transducer
fabrication prevents such atip fabrication, so SNR capabilities are limited.

Research for using piezoelectric transducerg-forlVUS is ongoing, but results
thus far have bedimited. Wang et al. createalforwardlooking array with 64 elements
and a diameter of 1.2 miji2]. However, due to fabrication complexity, the desice
were not fully functionaland were illsuited for batch fabrication Light et al. also
fabricated piezoelectric, FIVUS arrays with improved reliabilitfl3]. However, they
have only demonstrated functionality on devices no smaller than 11 French (3.7 mm) and
operating frequencies no higher th& MHz. Thee large dimensions and low
frequencies are not suitable for many IVUS applications.

An alternative FEIVUS approach has been propodsag Volcano Corporation
that would utilize gpiezoelectricrotating elementangled at 45 degreespdwould give
the user a conical field of view in front of the cathdted], as shown inFigure 6.
However, this catheter is still in the development phase and has yet to be implemented
commercially. Furthermore, this device will still possess the previously mentioned,
inherent drawback®f piezoelectric technology (e.g. fabrication complexity, limited
bandwidth, etc.) andbtating element catheters (e.g. NURD)his is not to mention the
fact that in bypassing the 2D array approach, the catheter will not provide a volumetric

image but ratér a conical shaped cressction.
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CHAPTER 2

CMUT TECHNOLOGY

As discussed in the previous chapter, piezoelectric IVUS catheters have a number
of limitations. Capacitive Micromachined Ultrasonic Transducers (CMUTS) have
potential to greatly improve upon these designs. The following chapter will describe the
general operating principlesfor CMUTSs, emphasizingtheir significant potential for
advancingcurrent IVUS technology. It will also detail different CMUT modeling
techniques and conclude lyghlighting the needor anefficient model of CMUT array

operation.

2.1.CMUT Basics

CMUTs are flexible membranes that are capacitively actuated at ultrasonic
frequencies. Each membrane, as showfigare7, contains an embedded electrpded
eachmembrane is suspended over a second, fixed electrode. The two electrodes are
separated from each other by a vacuum gap and two layers of dielectric isdtationg
a capacitar When a potential is placed ass the terminals of the capacitor, the
membrane will deflect downward. When a sinusoidal voltage is applied, the membrane
will oscillate. Alternatively, if an electrical bias is applied to the electrodes, an incoming
pressure wave would cause the membre oscillate and could be detected as a current.
Thus, similarly to piezoelectric transducers, CMUTs can be used for both transmit and
receive functions in ultrasonic applicationsviore specific details regarding CMUT

operating principles will be givein Chapter 4
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Figure?. lllustration of a CMUT (dimensions are not to scale for better visualization)

2.2.CMUT Arrays in Intravascular and Intracardiac imaging applications

2.2.1. CMUTs vs. Piezoelectric Techroaly

CMUTs have a few distinct advantages over piezoelectric ceramics. Primarily,
the CMUT membranes have much lower impedaasesompared tthat of water. This
eliminates the need for quareavelength matching layers, simplifying fabrication and
improving bandwidth. Furthermore, CMUTSs utilize weBtablished microfabrication
processes which have been developed by the microprocessor industry. These
manufacturing techniques can create extremely small vacuum gaps between the CMUT
electrodes, allowindor low voltage operation. Micromachining also allows for batch
fabrication of many devices at once, decreasing production costs. Furthermore,
micromachining can create extremely small and complex geometries with minimal
difficulty, a stark contrast frm piezoelectric arrays which must be manually diced out.
This particular characteristic makes CMUTs an ideal choice faMELS applications, in
which small, dense arrays are needed. Additionally, since these fabrication techniques

are derived directlyrobm the microprocessor industry, tight integration of CMUTs and
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control circuitry is possible. Once again, for-RIUS, this is a significant advantage
because the required small element sizes demand minimal parasitic capacitances.

It should be noted thalthoughCMUTSs exhibit superior performance in terms of
bandwidth and fabrication capabilitiethe SNR of a standard CMUT arralas been
shown to be worse than their piezoelectric counterparts by up to Humify in vivo
comparison testfl5]. However, in recent yegra number ofalternative designs and
operating modalitiehave been proposed and validated that carglmiassure outputs of

CMUTSs to more competitive leve]46, 17].

2.2.2. Forward Looking Intravascular and Intracardizgal Ring Arrays

For forwardlooking ultrasoundapplications, most CMUT designs involve a
single annulus of many elements at the outer diameter of the cathst@n[18]. The
annulus design leaves room in the center of the catheter for a guideBaich. element
in the arrayacts as both a transmitt@rx) and recever (Rx). Oneelements pulsedat a
time, and then the echoes are recorded by all elements. This process is repeated until all
elements have acted as a transmiti2elay and sum algorithms are then used to process
these signals into a 3D volumetrinage of the surrounding environment.

The Degertekirgroup at Georgia Institute of Technololggs a patentedual ring
design which employs separate rings for transmit and receive, as shBigan@8. This
allows for separateptimization of Tx/Rx biases. This also eliminates the need for diode
protection circuitry needed to prevent saturation of the Rx amplifiers after the large
transmit pulse. Each element consists of 4 equally sized membranes that are actuated
simultaneougl. These devices have been successfully fabricatesizes ranging from
0.8 mm to 2.0 mmin diametey containing 48 64 elements in each ringimaging is
carried out in the same way as described above, except the inner ring elements only act as

receives, and the outer ring elements only act as transmitléris particular design also

13



minimizes parasitic capacitancdsy employing a CMUT on CMOS fabrication

technique, described more thoroughly in Sectich
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Figure8. Model of FL-IVUS catheter utilizing a CMUT Du&Ring Array

2.3.CMUT Operating Principles

2.3.1. Static Operation

In order to better understand CMUT operation, it is useful to implement
simplified analytical models. The most basic repnéationof the system is that of a
springmassdashpot parallel plate actuator, as illustrateéigure9. In this analysis,
the deformed shape of the membrane as it deflects is neglected, and instead the plates are
assumed toemain perfectly parallel to each other with increased biae parallel plate
model also neglects fringing effects in the electric field. These assumpfiibressult in
some inaccuracies, btitey are acceptabfer the purposes of understanding gig/sical

behavior of a CMUT.
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Figure9. lllustration of a springnassdashpoparallel plate actuator modil7]

Considenng only the static case, we can neglect the dashpot and mass terms as
they will only affect dynamic operation. Thus, the system can be reduced to a simple
force balance equation containitvgp terms

0 O (1)
Fesis the electrostatic force given by

0 @
¢ Q a

Wh e roés th8 permittivity of free space, A is the electrode areais\the DCbias
applied to the electrodesgahis the initial height of the vacuum gamnd z is the
displacement of the membrane from its initial positidihe negative sign indicates that
an applied bias generates a downward fofidee mechanicapringforceis upwards and
positive, andcan be approximatddy Hookeb6s Law,

0 Qa ©)
Where k is the effective spring constant of the membrane.

It is evident that as bias increases, the electrostatic force increases exponentially

while the mechanical restoring force increases lineaAyrthermaoe, for relatively low
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voltages, the system will have two equilibrium points at which the electrostatic force
equals the mechanical force, as shawrFigure 10 as point A and B. This figure
displays the two force curves on agiplot as a function of the normalized gap between
the electrodes (a normalized gap of 1 implies that the electrodes are in contact with each
other). Although there are 2 equilibrium points, only A is inherently stable. At B any
small displacement initber direction would cause one force to become dominant and the
membrane would be shifted away from equilibrium. At A, however, any displacement in
either direction would result in a restoring force pushing the system back towards
equilibrium. Thus, alow voltages, there is only one displacement which \egiuit in a

stable equilibrium.
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Figurel0.Plot of forces acting on a parallel plate capacitor as a function of normalized
membrane displacemefutr a relatively low operatig voltage

As voltage is increased, the electrostatic curve will be shifted upward while the
mechanical force will remain unchanged. Tinmplies that above a certain voltage, there
will be no point at which mechanical stiffnesgigater than or equ#d theelectrostatic
force. This cubff is referred to as the collapse voltage of a CMUThe left plot of

Figure 11 demonstrates how the number of equilibrium points at collapse is reduced to
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one, and the right plot shows thbsence of any equilibrium point beyond collapSete
that the displacement at collapse for parallel plates is exactly 1/3 of the original gap:

Q
a — (4)
o

As the name implies, when this threkhovoltage is exceeded, the CMUT will
Acol |l apsed and the two el ectr oComEning(2) | | con

and(4) yields an approximation for the collapse voltage of a parallel platatac:

YaQ

- )
CXO

The collapse voltage is a wddhown characteristic of CMUTSs, and effectively limits the
displacementangeof the membrane. This implies thar standard CMUT operation

the maximumtransmitted pressure output is limited by the gap sizéhe receive
capabilities are also limited because the sensitivity of the transducer is directly
proportional to the gap between the electrodéearly this introduces a design traofé

a larger initial gap would allow for higher pressure output, but would decrease sensitivity

in receive.
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As mentioned earlier, CMUTSs typically are not just separated by a vacuum gap,
but also contain some dielectric isolation layers as well. These are necessary to prevent
the electrodes from shorting out if collapsewrs, and are also needed for proper release
of the membrane during fabrication, which will be detailed later. Thus, to be more
accurate, the electrostatic force can be updated to include these layers by regairing h
@Qwit h an fAeffective gap: O

Q 0 9 — (6)

Where i s t he tot al thickness of dielgsctric
the relative permittivity of the dielectric materialThe efective gap is derived by
evaluating the gap and isolation layers as series capacitadogsthat as the membrane
deflects under loading, the isolation layer thicknesses will remain unchanged, while the
vacuum gap will shrink proportionally to the diapément.

The static capacitance for the parallel plate CMUT can be defined as:
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0 = (7)

2.3.2. Dynamic Operation

In dynamic operation, thdisplacemenand voltage terms in the above equations
must now be updated to include both static DC terms and AC terms. Furthermore, we
mustnow account for inertial and damping effe@tsass and dashpot). The new force
balance equation (in vacuum) becomes:

0 0 O O )
Where the electrostatic force is now:

) “d 0w 6
@ )
¢ Q a W

The spring force is given by:
0 ¢ @ (10

The inertial and damping forces are, respectively:

0 o 8 (19
To
o 1% 12
T o

Wherel andi are the densityand viscous damping coefficiemff the membrane

material andhmemis the thickness of the membrandhe A in(11) would normally refer
to the membrane surface area, which may differ from the electrode area. However, for
the parallel plate model this difference does not eXigite thata tilde is being used to
differentiatecomplexvalued dynamic terms fronheir static counterparts.

For transmitoperation a sinusoidal signal is applied to the electrodes. However,

if we expand the electrostatic force(d) to yield:
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. -0w cwb 6
O N . (13
¢ Q a

Or alternatively rewriting this equation by replacing the dynamic terms with

6 O Al100 (14)
w a Ai100 (15
We get:
. -0 . O Do m o ae a m a
@) - ’ — W T cwO AlI7100 O Al @ o (16)
¢ Q a

It becomes apparent that withoustatic bias, the membrane will oscillate with twice the
frequency of the driving voltageThis is essentially due to the fact that electrostatic force
is unipolar (always attractive).Thus, for transmit, a bias is typically applied to the
electrodes firs and then a small AC signéielative to DC)is superimposed on it such
that the harmonic term becomes negligibl€his DC bias also helps to pull the two
electrodes closer together so that the AC voltage exerts a larger force than it would have
withoutthe DC biasallowing for lower voltage operation

For receive operation, a bias is also required but for different reasons. Primarily,
the electrodes must have charge on them for an incoming pressure wave to cause any sort
of detectable current. Fugimore, the bias brings the electrodes closer together and
effectively increases the sensitivity of the CMUT. Typically, CMUTSs in receive are

biased very close to collapse to maximize sensitivity.

2.3.3. Coupling coefficient

The coupling coefficient is an impgant measure of the efficiency of CMUT
transducers, and is defined as the-lgss ratio of the mechanical energy delivered to the

load (i.e. radiation impedance) over the total energy stored by the transducer:
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0 O— (17)
O @]
The coupling coefficient is a very useful parameter to characterize because piezoelectric
transducers also use this value as a measure of efficjf®hcyThis allows for direct
comparison in terms of performance between the two different technologies.

For a parallel plate actuator, the coupling coefficient can be derived through

analysis of the equivalent ciiitdescribed later), and is given 9] as:

. 0
Q — 1
- 0 (XQ o (18
And since charge can be defined by:
5 osa 00 19
0 9 4 (19
We can now rewrité24) as:
- - 0w
Q Y/ (20
QQ a
Now, if we rearrangél), we can obtain:
o ¢ Q“ a (21)
-0

Finally, after combining20) with (23), we can obtain a very useful expression for the
coupling coefficient:

a qu -
q G (22)

If we plot the coupling coefficient as a function of applied bias normalized to collapse, as
shown inFigure 12, a few key trends emerge. Primarily, the coupling coefficient will
always be zero when no bias is applied, and will approach unity as the voltage is
increased to collapse. Furthermore, the highly-lmar behavior of tb coupling
coefficient implies that for biases up to 90% of the collapse voltage, the coupling

coefficient never goes beyond 0.45. However, as biases are applied above 90% towards
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collapse, the coefficient can more than double as it approaches 1.0.orERisagain
illustrates the importance of operating CMUTSs as close to collapse as possible to achieve

maximum efficiency.
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Figurel2. Coupling coefficient of a parallel plate actuator as a function of applied bias

Since expamentally measuring energy or displacement is rather difficult, a more
practical definition can be given in terms of capacitance v§a®21]:

. 0

C®is the static capacitance and is equivalentgdegined in(7):

O-

. 0
0 ﬁ o o (24)

Where Q is the total charge stored in the capacitor, which is a function of applied bias
and membrane displacement. CT is the free capacitance afthiexddas the slope of the

chargevoltage curve:

o (29
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This can be measured by increasing the bias on the membrane slightly from VO and

determining the rate of change of the charge.

2.4.Common Modeling Techniques

2.4.1. Equivalent ElectreAcoustic Circuit

The springmassdamper system is sufficient for a very rudimentary
understandinggf CMUT operation. However, a more accurate representation can be
found in Ma s o eqg@iwlent electr@acoustic circuit[22] for a CMUT in immersion
shown inFigurel3. This model assumes a linear, srgdinal analysisind paralleplate
actuation. Thus, the deformed shape of the membrane under loading is neglected as wi
the springmassdamper case. The smalgnal analysis assumes that the dynamic
displacemenand voltage terms are much smaller than their statiotegparts In other

words, \b >> Vac such tha(16) becomes:

-0 i
0 4

This is a relatively accurate approximation for receive operation, because the incoming
pressure waves typically generate very smefledions and charge variations relative to
the static biased stateThe approximation is slightly less accurate for transmit, as the

driving signals can be relatively high to generate the required pressure amplitudes.
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The circuit on the left side dfigure13is the electrical mesh, and contains all of
the electrical properties of the CMUT repented as lumped circuit elements. T@g
term is included to account for a phenomenon known as spring softening. Spring
softening occurs as a result of the electromechanical interaction and is seen as a softening
in the smalsignal spring constant die membrane, and is proportional to the negative
of the static capacitan¢23]. In other words, as the CMUT is pulled closer to collapse, a
given applied electrostatic force will result in a largespthcement, which can be
interpreted mathematically as a softening in the mechanical stiffngggc@unts for any
parasitic capacitances in the system that originate from connection lines or otherwise.
The circuit on the right side represents the neatal mesh, and accounts for all of the
mechanical properties of the membrane. Note that in the mechanical mesh, the voltage
and current analogs are force and velocityserZencompasses the magwingdamper
system described earlier. However, in diréarm, it is represented as a series inductor
capacitofresistor system. ggq is for the radiation impedance of the membrane, and is a
measure of how much pressure is generated in the surrounding fluid for a given average
velocity across the membrane:

. 00

W O (27)
Where P is the pressure generated in the fluid by an av@@gkthe membrane velocity
distribution. This parameter will be discussed at the end of this chapter.

To be clear, the are actually two separate equivalent circuits: One for transmit
and one for receive. The circuit shownHRigure 13 is for a transmit circuit, because it
contains a driving AC voltage in the electrical mesh, and no forcesbyme loading
across the germ. A receiver circuit would contain amplifier circuitry in place of the AC
driving signal in the electrical mesh, and would have a pressure force acting on the

radiation impedance in the mechanical mesh.
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2.4.2. Transformer Ratio

The parameter fAno is the transfor mer
the electrical mesh over to the mechanical mesh, and vice Meisalefined as the ratio
of the force across the mechanical mesh to the voltage across the electrical mesh
Rearrangind26):
O, -0

¢ w
’ 28
® Q & o (28)

From this expression, it is clear that in order to maximize the transformer ratio, and hence
the efficiency of the CMUT, the applied bias slibbe maximized which wilin turn
maximize displacement, further increasing the transformer ratio. It should also be
pointed out that CMUT displacement is inherently limited by the collapse phenomenon.
Thus,the maximum transformer ratio will occur whtre initial gap is minimized, which

will enable the smallest, pmollapse gap height. Thisreatesthe design tradeoff
mentioned earlier; a minimized gap will create a more efficient transducer, but high

pressure outputs can only be achieved by larg@atiements.

2.4.3. Radiation impedance

The radiation impedance of a CMUT fiuhes how the membrane vibration
couples to the surrounding fluid, and vice versa. In vacuum, this parameter will be zero,
as there will be no fluid through which a pressure wave capagate. In air, this
parameter will exist, but will be very small because ultrasonic pressure waves do not
propagateefficiently in such low density mediumsin water and similar fluids (e.g.
blood), the radiation impedance has a significant effecthenfrequency responsand
must be considered carefully.

The simplestapproximationfor radiation impedance of a CMUT is given by the

analytical model for a baffled piston radiator. This model assumes that the entire

25

r

a



membrane surface vibrates with a unifiovelocity, as with a parallel plate actuat@s
given in[24], for a circular pton of radius a:

O " wdY QO @ cCQOw (29)
Wherel 4 and g are the density and speed of sound of the fluid medium, pisitke

wave number of the fluid, defined as:

o 1 ¢ eg
Q (30)
w w

Where f is the frequency of vibration of the membraawed E is the corresponding

wavelengthin the fluid medium R; and X aregiven in terms of first order Beds@;)

and StruvéH,) functions, respectively:
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Plotting the real and imaginary components qfas functions of frequencies
yields the plot shown ifrigure14. The impedance magnitudes have been normalized to
the area of the arbitrarily sized piston, as well as to the quaniit. This quantity is
well-known as the radiation impedance of a plane wave propagating in free space. We
can observe that as frequency increases, both terms increase up to a certain threshold.
The real part of the normalized radiation impedathes begins toapproachl and the
imaginary partdecays td). Thisimplies that for high frequencigsmall wavelengths)

relative to the piston diameter, the radiation impedance will be mostly real, and will be

equal to A fcq.
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Figureld. Radiation impedance of a baffled circular piston

For low frequencies, whemak; << 1, this expression can be simplified by only keeping
the first terms of the power series expansions:

¥ w7 o 5, LIJ
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O Y Qb OO0 (33

If we imagine Z as an equivalent circuit component, it could be incorporated as a series
RL impedancat low frequencies The resistance term,,Representpermanenenagy
loss as it is transferred from the CMUT system to the fluid environment. The inductor
term X, essentially adds an extra mass term to the mechanical mesh of the CMUT in
immersion, and is referred to as méssding.

In reality, considering only th&rst mode of vibration, the membrane will flex
and have maximum deflection at the center of the membrane, and zero deflection at its
clamped edgesThis discrepancy is even more pronounced at higher frequencies when
higher order mode shapes become sigaiiit. Thus, for reasonable accuracy, the piston
model is not sufficient for modeling CMUT radiatipt]. Furthermore, it has been

shown that the standard equivalent circuit model isvabtl for immersion applications

27



[25]. This is due to the fact that this simplified model assumes that the total membrane
impedance in immersion can be computed by sumntiegniembrane impedance in
vacuum, %, with the radiation impedaec Z;, of the CMUT. However, these two
parameters are not mutually independeift each other and must be computed
simultaneously to obtain the correct frequency respons&his can be done

straightforwardly using Finite Element Modeling (FEM) software.

2.4.4. Finite Element Modeling (FEM)

Finite Element Modeling (FEM) is a commonly used technique for simulating
CMUT behavior. Of all previously mentioned modeling methods, FEM is the most
accurate for a number of reasons. It has the ability to incorporagedheshape and size
of the membrane and its electrodes. It can account for the flexural behavior of the
membrane as it oscillates, which eliminates the paipliéeé simplification used up to
this point in the discussion. It can also be used for ctingpd,, and Z simultaneously
[25] which, as mentioned earlier, is the only correct way for computing the total

mechanical impedance in immersion

2.4.4.1. Single CMUT Membrane in Immersion

The simplest FE model for a CMUT is that of a single,fledf membrane
vibrating in a seminfinite fluid. In place of electrostatic forcing, genericpressure
force is applied to the membrane. For low biases far from collapse, this is a relatively
accurate simplification because spring softening will noehawnoticeable effect on the
frequency response. Electrostatic forces can be added fairly straightforwardly, but this
can often complicate the model and increase computation time.

2D planestrain structural elements are very accurate for modeling thie sta
deflection of long, rectangular CMUTs under electrostatic loading. However, for

frequency response analyses, the 2D models are insufficient because they completely
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neglectany mode shapes that occur in the long dimension of the membrane. These mode
shapes will have an observable effect on the overall behavior of the CMUT, and should
be accounted for.Furthermore, 2D models are even less accurate for membranes with
low lengthto-width aspect ratios, because the 2D model will neglect the added stiffnes
effects of the ¥ dimension. Thus, for frequency response analyses of square and
rectangular membranes, 3D models are the destable

Unfortunately, 3D models are also the most computationally expensive
simulations This is especially true congidng the fluid space must be large enough to
allow sufficient propagation of the lower frequency waves, and the mesh size of the fluid
elements must be small enough to resolve the higher frequency wavelevigtiaated
with convergence testing, the commrule of thumb is to ensure theghest frequency
contairs at least 1012 nodesper wavelengthand that the fluid radius is at least"16e
size of the largest wavelength in a given frequency sweep simulation. caheisnust be
taken to minimize th complexity of the model without sacrificing accuracy.

A sample FE model of a single CMUT in immersiaras constructed using
Comsol 3.5a FEM software, amshown inFigure15. Note that quarter symmetry was
utilized. The outr radiusof the fluid space contains an absorbing boundary condition to
prevent pressure waves from reflecting off its surface, which would otherwise cause
unrealistic standing waves in the fluid.
fluid space to be modeled using a finite number of elements. The other 3 edges of the
fluid space, excluding the portion in contact with the membrane, are set as hard wall
boundaries. On the bottom surface of the fluid, this creates the baffle conditione On th
two vertical faces of the fluid, this creates a symmetry boundary condit@m.the
surfaces in which the membrane and fluid are in contact, a-dtuidture interface
boundary condition is applied. This effectively couples the structural elemetitg of

membrane to the fluid elementdlowing for 2way transference of energy between the
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two domains A harmonic pressure loading is applied to the electrode, and the membrane

is fixed at the appropriate locations.

Figurel5. FEM model geometry for a single, baffled CMUT membrane in a-semi
infinite fluid

A sample frequency response for a 35um x 35ubnm membrane vibrating in
water is shown ifrigure16. For comparison purposes, a plot for theyérency response
of a membrane vibrating in vacuum (no fluid loading) was included by simply removing
the fluid space from the FE model and resolving model To create the graphs, the
surface velocity over the membrane was averaged at eachrfoggaedconverted to

decibels.
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Figure16.Frequency response from a finite element model of a 35x35x1um single
CMUT membrane vibrating in vacuum and water.

As expected, due to the absence of damping from the fluid or membrane, the main
resonance in vacuau at peak lhas a very high Q. The immersed membrane case
experiences théuid-loading effect of water, causimgshift to the lower frequencyat
peak 2 The energy transferred to the fluid also has a damping effect on the membrane
vibration, creating a much lower Q, lower amplitude peak. To be clear, the actual
magnitude of the resonancevacuumis meaningless. This is because without any sort
of damping at true resonancthe membrane oscillations will continue increasing to
infinite magnitude. The finite magnitude observed in the graph is only due to the fact
that the frequency sweep has a finite number of steps, and tends to only find points near
resonance.For it to be more realistic, viscoelastic damping could easily bedamdine
structural elements.In water, however, the magnitudé the resonances meaningful
even without adding viscoelastic damping. Thibécausethe dampingeffect from
water is so large that losses in the membrane material can essentiallydmededhe

final characteristic to notm Figure 16 is the dip that occurs at location 3 for the water
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curve. This minimum occurs at thé' inechanical antiesonance of the membrane,
during which the mechanical impedance tetwigards infinity. The antiresonance will

also occur in vacuum, but does not occur within the given frequency range. The fluid
loading effect of the water was enough to shift the-mastbnance to a sufficiently low
frequency.

Two important parametersf a CMUT are its center frequency and bandwidth
and so they will be explicitly defined here for clarity purpose8oth of these
significantly affect the imaging capabilities of the transducer, and these effects will be
discussed in more detail at thedeaf this chapter. The center frequency is usually
defined as being halfway between tmndinglower and upper frequencies that ocatir
3dB below thespectral maximum:

Q T (34
Note that the center frequency will not always equal the true maximum of the spectral
graph. 6dB bandwidth values are also commonly used for-pals® measurements in
which the same transducertbdransmitted and received the same signal, to account for
the signal being filtered by the CMUT frequency response two times. Different
applications may call for other dB limits as well. The bandwidth of a CMUT is typically
defined as the fraction ohé distance between the upper and lower frequencies defined
earlier, divided by the center frequency:

A O N 0
b ® 5 zpmmb (39

2.4.4.2. CMUT Array Behavior in Immersion

CMUTs are never operated as single membréresitrasound imaging. Instead,
they are typically configured int@rgearrays containing many CMUT membras. For

immersion applications, such as-FYUS, the presence of neighboring membranes must
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be accounted for when modeling CMUTShis is due to an effect known as acoustic
crosstalk. In essence, when multiple membranes are positioned close to ea@ndth
actuated within a fluid environment, the resulting pressure waves that propagate from
each membrane have a significant forcing effect on the neighboring membranes. This
forcing effect changes the behavior of every CMUT membrane in the array,umnidaih
a substantial impact on the overall frequency response of the transducer.

To observe this effect2 separate finite element models were created: One
containing 2 membranes, ande ofa 2x2 array of 4nembranesvith 5 um spacing in
each direction Similar to the single membrane caskee membranes ateaffled and
actuated in a lossless, semiinite fluid medium. Quarter symmetry boundary
conditions werautilized once agairio decrease computation timéll membranes were
actuated in phase witkach other using equal amplitude pressurés.plot of their
corresponding frequency responses along with the single membrane case can be found in
Figure 17. The curves in the mulinembrane simulation were calculated using the

average velocity over all active membranes.
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Figurel7.Frequency response of FEM simulation for single membrane, 2x1 array of
membranes, and 2x2 array of membranes using 5um spacing

Figure 17 clearly denonstrates the dramatic effect that acoustic crosstalk has on
CMUT behavior. The main peak at location 1 shifts downward in frequency as more
membranes are added. Depending on the array parameters, this peak could have also
shifted to higher frequenciesPeak 1 also becomes higher in bandwidth and lower in
overall magnitude with the addition of membranes. It should be noted that although
averagevelocity decreases, thmtal pressure output in array operation will be much
larger. The dip at location lemains unchanged for all 3 simulations because it is a
solely a function of théluid-loadedmechanical properties of the membranet the array
geometry At peak 2 and 4, a different phenomenon is occurring. These two sharp
features exist because astio crosstalk is creating a periodic forcing on neighboring
membranes in such a way thhe radiation of one membrane is being amplified by the
pressure waves being radiated by neighboring membran&ébey are extremely

narrowband because they corresptmgrecise frequencies at which tipeometry of the
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array (e.g.pitch between membraness equal to some significant multiple of the
wavelengthof the propagating frequencyFor other array configurations, the opposite
will occur, and a sharp dip willxést due to a cancelling effect between CMUThese
crosstalk effects can be attributed to multiple types of phenomena such as Stoneley
Scholte interface waves, leaky Rayleigh surface wahasib waves, and fluidoupled
excitation of antsymmetric memtane mode$26], some of which were not accounted

for in the FEM used to generate the above plots.

2.5. Effects of Acoustic Crosstalkin CMUTs on Imaging

The frequency responsé a CMUT arrayis an important parameter to consider
when evaluatings effectivenessasan imagingransducer In general, a highandwidth
transducer is preferredThis is because, according to Fourier Transform theorigheeih
bandwidth transduceequates to a shorter temporal resppnskich is necessary to
achievemaximum axial resolution during imaginf27]. Furthermore, the operatidna
bandwidth and its band edges should be free of sharp transitions or corners. These
features would translate to an increased
can cause a single target to be artificially elongated or even to appearias afdargets
in a reconstructed image8]. Ringing will also increase the size of the dead zone
directly in front of the transducer arr§39]. Clearly, this implies that the sharp feature
due to acoustic crosstalk in the figures above need to be carefully consfdaced
minimized) during the CMUT design processA high bandwidthis also desirable
because it extends the useable frequency range of the transducer, allowing for a range of
applications that could benefit from a single transducer capable of imaging at multiple
frequencies (e.g. low frequency for deep penetration depths, high frequency for good
lateral resolution).

The center frequency is another important characteristicedféiquency response

which significantly affects transducer performanceSpecifically, center frequency
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directly relates to the lateral resolution of a CMUT imaging array. cofnmon
approximatiorfor lateral resolutiortan be estimated frofi30]:

0 OOQY@iat a o oa®eOi AAO (36)
Where the Fhumber is defined as the ratio of the focal distance to the diameter of the

transducer array, arffl is the wavelength of the corresponding center frequency. Thus, a

designer needs to be able to predict the center frequency of a tranaducerito ensure
that it provides sufficient resolution. Once again, this implies that any model used to
design a CMUT transducer must account for acoustic crosstalk because it significantly
affects the center frequency.

One other consideration of créelk is its effect on theadiation patterrof an
array. At certain frguencies, fluid coupling disrupts the uniform displacement of the
membranes, causing different membranes to be vibrating with different amplitudes and
phases depending on their location the array. Some frequencies also cause mode
shapes other than the preferréimode to occur. This neideal behavior can alter the
radi ation pattern of the individual el emer
ability to accurately reseé features in the surrounding environment. For instance,
consider an example in which flumbupling causemembranes in the center of the array
to actuate with larger magnitudes than membranes on the outside of the array given the
same input signal. Tewould cause all signals sent and received from the center of the
array to be artificially weighted higher than the otheznednts in the array during
imaging For anot her exampl e, consi der t hat cr
(elements that haveot been actuated with an AC signal) to vibrate. However, image
reconstruction algorithms assume that only the active element is contributing to the
transmitted pressure wave. This false assumption can lead to inaccuracies.

It is clear that crosstalk kaa significant impact on the frequency response of an

array. It is also clear that this frequen
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imaging capabilities. Thus, in order to accurately design and optimize CMUT arrays for

imaging applicatins, fluidcrosstalkmust beconsidered
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CHAPTER 3

MODELING CMUT ARRAY S IN IMMERSION

The previous chapter demonstrated h@MUTs show great promise for
advancing the state of current IVUS technology. In order to optimize these transducers
for particular applicabns, comprehensive models need to be created that can accurately
predict their behavior in a variety of environments. It is essential that these models
account for acoustic crosstalk if the CMUTs are being operated in immersion, such as in
FL-IVUS appliations. The following will discuss the drawbaak common CMUT
simulation techniques, and will then presemd thoroughly describan alternative

modeling strategyjor efficient, accurate prediction of CMUT array behavior.

3.1. Drawbacks of Common Modeling Techniques

3.1.1. Equivalent ElectreAcoustic Circuit

The equivalent circuit is a very usefahd efficientmodel for understanding the
dynamics of a single CMUT membrane. However, as discussed earlier, the standard
approach of independently calculating mechalnand radiation impedance terms is not
accurate. This implies that an alternative method must be used to solve for both
parameters simultaneously, such as FEM. This total impedance could then be substituted
into the equivalent circuit as a lumpettmen. Unfortunately, this implies a lack of
adaptability of the equivalent circuit model as it would require a new(dfEan
alternative) modelWwhenever the properties of the membrane or its environment are
changed.

Regardless of itsusefulnessconcerning asingle membrane, thetandard
equivalent circuit is iHsuited for calculation of true array behaviolt is possible to

duplicate the components of the electrical and mechanical mesh and include these copies

38



in a larger systerscale equivalent circuitHowever, although this modification could

account for increases in sensitivity or overall pressure output due to the extra membranes,

it completely neglects the mutual flumbupling effects that each membrane has on its
neighbor. Different membranes miagve different impedances based on their location in

the array, the number of membranes present, and the array configurabosimply

copying the same impedance multiple times is not sufficient. Once again, some other
method ofsimultaneouslysolving for the unique impedance terms of each membrane

must beutilized. These new values could then be incorporated as lumped elements into
the circuit, but once again this demonstra

changes in the transduceyerating conditions.

3.1.2. Finite Element Model

3.1.2.1. Modeling Full CMUT Array

Finite Element Modeling is essentially the gold standard for accuracy in modeling
CMUTs. It is theoretically capable of accounting &df physical phenomena that occur
within a given CMJT system including the true deformed shape of the membrane and
electrodes (i.e. no parallel plate assumption),-lnear electrostatic effects, and even
acoustic crosstalk. Furthermore, any membrane shape or array geometry could
potentially be modeledtcanplete precision.

Unfortunately, with this flexibility and comprehensiveness comes increased
computation time. As discussed in Chapter 2, dynarticmodels must be 3D to
incorporate the stiffness and mode shape contributions of both lateral dinseokibe
membrane.Mesh elements of the membrane must be small enough to accurately predict
mechanical performanceln order to resolve the finer features in the geometry such as
the very thin electrodes or gap, the mesh elements must be even smdhesen

locations. 3D structural meshes in FEM typically contain 3 degrees of fre(iufs)
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corresponding to displacements along the 3 coordinate axes. Thusdel only
characterizing the structural mechanics of the membrane can easily become relatively
large in size. Often, the membrane shape is simplified to neglect the small effects that
fine geometry features will have on the overall behavior.

For the model to be useful, however, structural mechanics alone is not sufficient.
The springsoftening &ects of the static bias must be incorporated, which means the
nodesbetween the electrodes will now have additional voltage degrees of freedom.
Additionally, including the mesh for the semiinite fluid space adds significantly to the
size of the totiastiffness matrix. This is because the fluid space radius must be large
enough to allow propagation of at least™¢5 the largest wavelength, and its elemental
mesh should be small enough to include at least2l@odes per wavelength of the
highest fequency, as determined through convergence tests.

Considering all of this information, it is easy to see how a finite element model
can quickly become unfeasibly large when extended to account for array effects. Each
extra membrane means an additionttuctural mesh of 3 DoFs per node plus an
extended fluid space. Of course, symmetry in an array can be exploited, but in most
cases the array is large enough that even this simplification is not sufficient. Consider
for examplethe FL-IVUS Dual Ring Aray which contains as many as 480 membranes.

A frequency sweep could also be split into smaller intervals, so that the fluid mesh would
not need to simultaneously have a large diameter and finely meshed elements, but for
arrays involving hundreds of menalores this strategy will likely see only limited
improvements. Clearly, even with symmetrycareful meshing, and optimized solver
parametersan FE model of full CMUT arraywould take an unreasonable amount of
time to solve. Of course, a partial modelld be constructed that only includes a single
membrane and a few of its neighbors, but this simplification could disregard some

important effects from membranes located further away. Furthermore, even a partial
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model such as this coulpotentially be too large to solve with a typical laboratory

computer.

3.1.2.2. Waveguide Approach

A clever trick that can be applied to finite elemsimulationsof CMUT arrays is
thesocal | ed Awav e ¢3d]i This techriqueassuraes that the array can be
modeledusing a single membranei br ating into a | ong wave:
located on each side of the membrankhe end of the waveguide should include an
absorbing boundary condition to prevent unrealistic standing waves from occurring.
Considering the Method of Imagg24], the rigid walls act as symmetry boundary
conditions. In essence, it is aseichmembrane is located in the center of a sea of
infinite membranes all vibrating in the fluid thiidentical phase and magnitudé&his
approach accounts for some of the crosstalk effects that neighboring elements will have
on a given membrane. However, it is not completely realistic because all elements of an
array do not vibrate in phase with etfjuaagnitude. Crosstalk can cause some
membranes to be out of phase with each other. It can exciteyamtietric modes in
membranes. It can also result in locatd@pendent velocity magnitudes among elements
in an array. This is not to mention theeeff that dead elements will have on array
behavior, even though they are not being electrostatically actuated. The waveguide

approach, although somewhat accurate, does not account for any of these effects.

3.2. A Finite Difference, Boundary-Element Approach toModeling CMUT Arrays

As an alternative solution to simulating CMUT arrayigynier et al[1] proposed
a compromise between the accuracydtill electromechanicddEM andthe simplicity
and efficiency of an equivalent circuit. Their approach was based on the woektoh
et al.[32], in which the true dediction profile of a CMUTin air was modeled using a

finite difference(FD) approximation of the 2 order thin plate equatioras given by
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Timoshenko[33]. Starting with this finite difference approach, they then extended the
calculation to account for fluid coupling by utilizing a Boundary Element Matrix (BEM)
based on the Greenods f un cemiinéinite fliich rThese baf f |
analytical techniques effectively reduced the entire CMMdiray simulation to a 2D

mesh, as both the BEM and thin plate equations only required a mesh on the surface of

the membranes in the arrayThe rest of this chapter willoEus on describing the
development of this method in detail, and will conclude with a summary of its
capabilities and limitations. The remaining chaptei #ocus on evaluating the

accuracy of the simulation arichplementing itfor CMUT array desigroptimization

For referenceregarding the upcoming sectiona figure denoting the geometrical

parameters of a modeled CMUT membrane is shovrigiare 18.
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Figurel8 Geometry oa CMUT membrane

3.3.Force Balance Equation

The key characteristic of the technique proposed by Meynier Et]&ak that it

meshes the surface of each CMUT membrane in an array, and thea aadystem of
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force balance equations at each naméng simple matrix operations. Forgaven
location on theinmeshedanembranethe force balance can be written as

0 ofufo 0 ofufo O fd 0 ol 0 ofufd 0 o (37)
Where P is the dynamic electrostatic pressure exerted by the electrédes, the
mechanical return stresses egdriby the membrane,,Fand R account for mass and
damping in the membrane, B the static atmospheric pressure acting on the membrane,
andP; is the local pressure in the fluid acting on the membraiwe that all of théerms

in equation(37) are normalized by thiecal areaand given in units of Force/Ared&ach

term is described in detail in the following sections.

3.3.1. Mechanical Stiffness

3.3.1.1. Thin Plate Equations

Assuming the lateral dimensions of the CMUT membrane are muar kan its
thickness, the stiffness, K, of the membrane can be accurately approximated by the thin
plate equationdeveloped by TimoshenK83]. It is givenas the flexural plate operator

S R T o
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Where u is the time and location @gplent displacement of the membrane in the z
direction. Note thatthe operatorK multiplied with displacement will yield the return
stresses in an elemental volume of the plate, given in units of Force/Mrgavl,, and
M,y are the bending moments onelamental volume of the plate, idastratedin Figure

19. They are defined as:

43



(@)
o
(@)
o

’O —~ ’ —r
v Qo Qo
Q6 06
o 2 22 39
b 0% (39
. o Q6
v P Qoo

Wh e rigthePoisson coefficient of the platend D is the flexural rigidytgiven as:
oQ
pcp
E i s the Youngds modul u smensfthe total ghickmessrobthea n e

(40)

membrane.Note that if the membrane material is layered as it is with the deposition o
par yl en ecan b®approxidhated by homogenized equivalent values, assuming the
membrane deflection is small relative to the membrane thiclaresshat the additional

layer covers the entire surface of the membi@2e34]. For layers that only partially
cover tle membrane, a more complex analysis using stepwise laminated plate theory may

be necessard4].
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Figurel9.lllustration of the bending moments (M) and shear forces (Q) acting on an
elemental volume of a thin plate given an applied stress, q

Clearly, obtaininga directanalytical stution of the 4" order plate equation is not
feasible. Instead, the equation candoéved numericallyby samplingthe membrane
with a nodal 2D mesh, and utilizing finite difference approximations to estimate the

higher order derivatives.

3.3.1.2. Finite Differerce Method Overview

The finite difference methodFDM) estimates derivatives of a function at a
specific node by utilizing known values of the function nearby abrtbde. It derives its
formulas using Taylor series expansiorSor examplethe value ofa function of one

variable f(x) at@arbitrarylocation(xo + ypoan be approximated withTaylor series as

o S0 MQw . Qw . & "Qw . (41)
W 3 W oA 3w A 3w A 3w
If we rearrange this equation to solve for the first derivafiyg), we get:
Qw 300 Qw Yo
Q w (42)

30 30
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If the remainder term is sufficiently small the derivative can be atelyrapproximated
as:

QO 3 QO
"Q 0 - (43
3W

This is known as a forward difference approximation for the first derivative of f, because
it approximates the derivative using the value of atpslightly forward of itself. A
more accurate approximation is obtained using a central difference approximation, which
uses information from 2 extra points, one forward and backward from the location of
interest. Not e that Il alwaysiresdtrin ammeore laccufatemal | e
approximationbecause it minimizes the size of the higher order remainder t&tare
accuracy (and higher order derivatives) canob&inedby keeping more terms of the
Taylor series expansiorsnd by incorporating Waes of more surrounding nodes.

Central difference approximations fdf drder derivatives require at least 2 points
in front and behind the node of interest. Higher order derivatives of two variable
functions (e.g. u(x,y)) are even more complex as teeyire values of nodes in two
dimensions. A list of finite difference approximations up to the second order can be
found in[35. A list of all higher order finite difference approximations used for this
model can be found in the Appendicddote how some of the higher order derivatives

require as many as 15 different pisi surrounding the node of interest.

3.3.1.3. Finite Difference Approximation d¢ifie Thin Plate Equations

Usingthe abovanformationfor the problem at handve cancreate a nodal mesh
over the surface of the membraras shown irFigure 20. Then, after expanding the
expression for the flexural plate operator in Equat(88), each of its individual
derivative components can be replaced with the assodi@egpproximations listed in

the Appendix. The expandectrsion of(38) can be found in the Appendix as well
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Thus, @ch node will have a unique expressiontfa flexural plate operator, Kyhich is
simply a linear function of the nodal displacement values at nearby nodes and the
distance between those nodes (mesh siZéjs implies that theres now a system dfl
unique force balance equations, where N is the number of nodes in the Westan

therefore rewrite the mechanical stiffness term of the force balance equation i matr

form as:

0 0 E 0

o 1]
. 1h 0 E o 0 (44)
v [, . . Y
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Where[K"] is an NxNstiffnessmatrix containingthe coefficients of each nodal flexural
plate operatoexpression Note that [K] will be extremely sparse since each equation is
only dependent on the displacement of a node and no more than 15 of its neighboring

nodes.{u'} is acolumnvector containig thestatic{é } and dynamicé displacement

of each nodén the zdirectionatagiven time

0

. . . o}

o] o] 0 Q " (45)
é
o]
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Figure20.lllustration of the membrane nodal mesh

3.3.1.4. Boundary Conditions of the Flexural Plate Operator

For themechanical stiffness matrix to be fully defined, boundary conditions must
be applied to the edges of the membrane. In this model, only tfeceswf the
membrane has been meshed, but diseretizedform of the flexural plate operator
requires nodal values outside of this mesh. For example, consider the bottom left node of
the mesh irfFigure20as x5, whier @n@ ar e i ndi c éposdammot i ng
relation to its neighbors, as demonstrated Figure 21. The finite difference
approximations eed information regarding the nodal displacements at indkcesO i , j 0
2, buttheve¢ or [ u] d o e s fobanhy nodes) ¢« Ga This iswhele bba@isdary

conditions become important. If we assume that the outer edges of the membrane are

clamped, then the boundary conditions at the edges of the membrane will be:
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Thus, from these boundary conditions, the displacement values outside of the mesh that
are required by the finite difference formutatican be set to OBecause of this, the
redundant rows and columns in the stiffness matrix must be removed to account for the

reduced displacement vector size, such that:
0O ahito 0 Oh "GQ pkRBG” (47)
Where N denotes the total number of nodes being solved for, which has removed the

clamped nodes on the edge of the membrane.

7 ui-2,j +2 ui+2,j+2

Ui2j-2 U-1j-2 Uij2  Uj+1j2  Uji+2j-2

Figure21.Index notation for finite differencapproximations arouha specific node
where u is the vertical displacement of a node, and i and | déreotelativdocationof
neighboring nodes
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The analysis can be simplified further if quarter symmetry of the membrane is
utilized. This would imply thata nodal displaementrequired by thd-D approximations
thatis across the symmetry boundaries and outside the meshed region, can be assumed to
beequalta t s fimirror i mageo node, correspondin
to be reflected across the symmetry kaany. It would also imply the system of
equations to solve would be reduced by"Ltecreasing computation time. Howevex, a
will be discussed lateisymmetry boundary conditions can only be utilifed single
membrane simulations, because array ¢atmns cannot assunsymmetrical loading on

each membrane. Thus, the usefulness of this simplification is limited.

3.3.2. Mass

The mass term in the original force balance equation can be written in terms of
Newt onds second | aw as:

., _Q 0, (,d’nh) (49)

0 oo 7w 2
(@)
Wherel is the local surface density (mass/area) of the membrane. Howiewer tise

membrane surface has now been discretimeciccommodatethe finite difference
approachit is necessanhat all remaining terms in the original force balance equation be
converted to matrix form. Thustilizing (45), the mass term will now become:

0 ohom 1 0 60 (49)
Note how the static portion §ti} has been eliminated since its time derivative is zero.
[M] is a diagonal NxN matrix consisting of the local surface density at each rfadea

uniform membrane consisting of a single homogeneous nlateria
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Wherel memis the density of the membrane material fihgis an identity matrix of size

NxN. [M] is diagonal because, unlike the mechanical stiffnegsatRa specific node is
only dependent on the mass at that node, and is not dependent on neighboring nodes.
For a nonuniform membrane, the matrix would simply need to be updated to account for

certain nodes having a different local density.

3.3.3. Damping

The damping term can be given by:

S oo

5ot _T = (51
Where C is a dampingcoefficient forthe membrane. This can beawritten in matrix

form as:
0 whol @ ©:6Q Q- 6Q hQ pit8o”
= Tt E T P
' - E T ﬁ o ., (52
e e & e
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Once againthe staticportion of thedisplacement has disappeardde to the time
derivative Note that this expression assumes a single layer membrane, and defines

damping using a diagonal matrix in which all rrero entries are identical in magnitude.
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3.3.4. Atmospheric Pressure

P, is a static pressure applied on the membraudace by the environment

(atmospheric + hydrostatic pressurépr most purposes, it can be defined as:

ca
Q
©)
ca

O OO ©

(53
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Ca
cc
C-
Q
®)
C

Where R, is the atmospheric pressure, g is tueeleration due to gravity ¢ is the

density of the environmental fluid (if in immersiom@nd H is the height of fluid above
the membrane. In general, its effect on the membrane is minimal and it can usually be

neglected without sacrificing accuracy.

3.3.5. Electrostatic Pressure

The electrostatic pressuoa the electrodesasdefined in chapter:2

L. -wo ay .
0 o U @i
¢ Q o ofuio
Do B GO (54)
o ® w ® G Q v w 0
wau P C C C

mQai Q
G is the permittivity of free space angklis the effective distance between the electrodes
due to the series captances from the vacuum gap and the isolation layers:

. . Q
Q 0 — (55)

andU is the relative permittivity of the isolation layerBlot e t hat an extr a

was included to ensure th#te electrostatic force only acts on the electrode area.
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Assuming that the static portion of the displacement and voltage is much larger than the
dynamic portion, the electrostatic pressure can be decomposed Ifitorder Taylor

series expansion:

5 Y 5 y il CG é Fr'b 1. TG 7 e
v oo O O hw —wQ — 0Q
w T o R
if 0| s (50)
wl

3.3.5.1. Static Electrostatic Pressure

The 3 terms of the Taylor series expansion each have a special meaning. The first
term is the most obvious, as it corresponds to the static electrostatic pressure being

applied by the DC bias.

-6 wyau

0 - 5
¢ Q 0 ow ®7

3.3.5.2. Transformer Ratio

The second term represents the electromechanical transformenratidatiplied

with the AC voltage component

(58)

In other words, it is th mechanical pressure exerted by AC electrical signal.

3.3.5.3. Spring Softening

The final term represents the wkhown spring softening effect. As the CMUT
moves closer to collapse, the displacement derivative of the pressure will increase.
Consequently, i term will continue to increase and effectively soften iexhanical

stiffness of the membrane:
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Once again, these pressures must be put in matrix form to be compatible with the

finite difference approach:
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Note that{n} is a column vector but [K{ is a diagonal matrix in whiclkeachof the
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diagonal elements contain thespectivespring softening valuest each node.

3.3.6. Radiated Acoustic Pressure

(60)

The pressure that a single membrane exerts on the surrounding fluid, and vice

versa,

i mu truaad i

wi ||

ation

be

0

pr es s ursection, avieich originates tom iflud

coupling with other membranes in the arrayhe total dynamic fluid pressure on the

acting on the membrane will be the sum of these two pressures:

0

0k

0k

(61)
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For calculating both pressures, a very efficient solution was proposed by Meynier et al.

[1], which relies on a BoundaElement Matrix (BEM)oased ont h e

a baffled radiator in a semnfinite fluid. According to Piercg36], the Rayleigh integral

derived

from

t
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i W W W a a
Where R is the pressure at a point in space located ay,(X), generated by a baffled
point source located at{¥s, z;). 0 is thedynamicvelocity of the point sourceibrating
at f r eqgue n cgyatevover an dleimentary surfacd Sein the fluid surrounding the
source node, and make this surface sufficiently small such that the velocity can be
assumed uniform within it, the integral is reduced to:

i N1
CH

Because a Greenods function already accec

C

— 0 6 hod (63

within a given environment, there is no need to mesh the entire fluid space. If the
velocity of one node on the CMUdrray is known, then the pressure due to that node at
any other point in space can aecuratelycalculated, given the operating frequency ¥ ,
and the distance, to the point of interest.Consequently, only the moving surfaces of
the CMUT array need tdoe meshed. This allows for a significant reduction in
computation time compared to that of a 3D FE modidbte that if determining the
dynamic behavior of the CMUT in vacuum, $leesel- and mutual radiation terms will

all be zero.

3.3.6.1. SelfRadiation

With this information, it becomes possible to obtaingbkradiationpressure
generated in the fluid by a CMUT membrane. Utilizing the mesh that was created for the
finite difference approximation, we can assume that each node on the CMUT membrane
is now &ting as a harmonically oscillating point source. For a sufficiently fine mesh, this

is a valid assumption as the variation in velocity surrounding a single node should be
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negligible. If we consider the pressuoen o dieduditon o dje 0 ias dedimonstr at

Figure22, we can rewrit€63) as:

¢ (64)

e ||
‘Node 1.

Figure22. lllustration of nodal indies forself-radiation pressure calculations. Ngdg
the source and nodés a receiver.

Note that a single node will affect, and will be affected by, every other node in the
membrane.The total pressure generated at a particular node will be thefsine
pressures generated by itself and all other nodes in the riretlis manner, a system of
equations can be constructed that define the pressure at each node. Each equation will be
a linear sum of the pressure contributions from every node iméié, including itself.

This system can be written in matrix form as:
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Where @ is theBoundary Element Matrix (BEM) describing tkelfradiation
impedance of the membraateach nodeUnlike the mechanical stiffness matrix,
W is fully populated due to the fact that every node affectsyestber node.For

the effect that a node has on itself, the distapeedr This would result in an unrealistic
infinite impedance. Thus, the node can instead be assumed to act as an infinitesimally

small piston, with effective radiusg@asuch that

” w 7 P~ 'rLlJ Ty
0 © @ - W (66)

At this point, all parameters affect the dynamic behavior of a single CMUT
membrane have been identified and accounted for. ihaérhatrix form of the force
balance equation for a single CMUT membrane

0 f € wQ
(67)
"Q phktB §*
Note how the mechanical stiffness has been split into its static and dynamic components.

It is also interesting to observe that the spring softening matrix now clearly decreases the

mechanichstiffness matrix with increased bias.
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3.3.6.2. Mutual Radiation

The pressure due to mutual radiation effects is calculated in a manner identical to

the selfradiation pressureOnly now, we are interested in the pressure on madea

membranep, due to the ghamic displacement of nogeon membrang (as shown in

Figure23). In this case, we will need to generatenpedance matresfor every source

receiver membrane paip-Q:

go0s ef fTaeptressoregemerated by membrane g on pis:
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Where M is the total number of membesnin the array. RAe BEM for mutual

impedancédetween two membranes p andam be written as:
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Figure23.lllustration of nodal indices for mutual radiation pressure calculations. Node
j is the sourc®@n membrane gnd node i is a receiven membrane.p
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Calculation of the mutual impedance terms requin@s we mesh all membranesthe
array. Thus, if we are given an array bf identicalmembranesneshed with N nodes
(0 after removing clamped node#en we will need to generate:
Y 7N ey, w v T e v~ T o~ 7 DA
M WanNn Q@O QwQd — (70
UV CA
different mutual impedance matrices, all of which htheedimension®l'’xN". However,
the problem size can be reduced significantlydmslizing the law of reciprocity between

sourcereceiver pairs. That is:
W @ (71
Where [A] is the array transpose of JA Thus, only one impedance matrix needs to be
calculated for every membrane pair.
At this point, a change in the scale of the force balameg#rix equation is
necessary. Now that more membranes are involvesl,can no longer use the
displacement vectodefined in (45) which only accounted for nodes in a single

membrane We must redefine the displacement vector to contain all nodes in the entire

meshed array:

, 0
IP’ 1y
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0 0 o Q e o 72
h e éry (72)
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With the expanded displacement vector, we also need to reconstruct all ofxtiie N
matrices defined earlier The new system stiféss matrices should increase in size to

MN'xMN’. Each new matrix will take thgenericform:
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Where each inner matrix, [ of the large system matrixd , will contain
information specific to the interactions between a single pair of membrané,, far
example, will represent the effects that the nodesembmane 1 have on membrane 2,
regarding mechanical stiffness, radiation impedance, ett];1[fefers to the effects that
nodes internal to membrane 1 have on each otiNate that the only matrices that
involve intermembrane effects come from the maltimpedance terms. All other
matrices (mechanical stiffness, selfliation impedance, electrostatic, etc.) have no
relationship to nodes in neighboring membrand&sus, it becomes clear that in the

generic equation above:
0 D h "QQ (74)
Similarly, since we know thab represents the internal effects between nodes of the

same membrane, that all other matrices excluding mutual impedancaecely these
positions in the generic equation. In fact, if we assume that every membthpeaimay
is identical in size,shape and bias(valid for most CMUT arrays)and meshed
identically, then:

0 0 0 (75
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Where 0 is equal to the previously defined matrices for the single membrane case.
From this new information, we can now reconstruct the final force balance equation for

an array of identical membranes as:

0 ff € wWQ

(76)
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Where the generic forms of saffects and mutual effects system matrices are,

respectively:
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Notice how the definition of the mutual impedance system matrix takes advantage of the
reciprocity relationship defined in equatitft).

It should be mentioned that when performing array calculations, the simplified
version of the mechanical stiffness matrix that utilizes quarter symmetry is no longer
valid. This is because that simplification assumes symmetric loadingssadhe

membrane. However, depending on the location of the memlimaae array, the
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loading on that membrane will likely not be symmetric. This renders the ¥4 symmetry
stiffness matrices invalid.

On a similar notethough symmetry inan array can beutilized to significantly
decrease the problem sizH an array has % 6f2 symmetry, then there is redundancy in
the displacement vectors being solved for. As a resaly; the displacements of the
partial array need to be solved for. This implieg the stiffness matrices will be of size
M/2xM/2 or M/4xM/4. However, it does not imply that the mutual impedances from
membranes not in the section of interest can be neglected. The final mutual impedance
for the partial array must account for the effeof all membranes in the array.
Fortunately, the effects that the membranes in the partial array have on the other
membranes outside of the partial array do not need to be calculated. This is because
those exterior membranes are forced to have the galoety as the interiomembranes
by reducing the displacement vector size, making it unnecessary to calculate their

corresponding stiffness matrices.

3.4. Solving the Static Analysis

Now that the force balance equation for a CMUT array has been fully define
becomes possible to solve for the system behavior. The first step is to solve for the static,
biased solution of the CMUTWe only need to consider a single membrane, since the
presence of neighboring membranes will have a negligible effect onsttte
displacement. If we remove all time dependent parameters from the force balance
eqguation in(76), then we are left with:

0 h 0 0 v
-6 W , . (79
¢ Q o}

This is a norinear, implicit equation, and thus cannot be solved directly.

Instead, the problem can be solved using an iterative approach, as demonstra#d in
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In this approach, a guess solutiag. null vector)for the static displacement of the
membrane is substituted intbe electrostatic pressure equation. The corresponding
electrostatic pressure is then used to estimate a new displacement vector by substituting it
into equation79). This new displacement vector is then substituted into the electrostatic
force equation, and this process is continued until the displacement of the membrane
between iterations converges to a chosen tolerafidtee displacement from thinal

solution becomes the accepted static displacemeént, used for future calculations.

The procss is as follows:
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This method can be used to determine the collapsagelf the CMUT as the solution
will fail to converge if the bias is above the collapse voltage.
Once the static solution has been obtained, a number of parameters for the CMUT

can be calculatedThe static capacitance of a single membrane can be ai@ids:

63



o -y
0 » , (81)
¢ Q o]

Recal |l t hatve@tiosr soifmplléys aand 00s denoting
electrode areaThe clamped capacitance can also be calculated to include the effects
parasitic capacitances:

0 0 O (82
The parasitic capacitance is usually estimated &&perimental resultsThe K coupling

coefficient can also be determined from the capacitance method descritieapter 2:

?’Q —
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. (83
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This requires that a very small voltagpV/ be added to the bias voltage, and the static
solution resolved. This new static displacemeng;, can be used to calculate the

free capacitance,Cas:

0 36 #wW
o) (84)
36

3.5. Solving the Dynamic Analysis

Once the static solution has been obtained, the linear, dynamic response of the CMUT
array can b determined. Considering now only the dynamic terms in the force balance
equation, we have:

) (85)

oy 5 O
Note that0 and € can now be fully defined using the static solution. can be
estimated by displacing the static solution slightly, and determining the rataruge of

electrostatic force with displacement:
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This spring softening vector is then transformed into a diagonal matrix, as discussed
earlier. The dynamic problem is linear and explicitly defined, so simple matrix
operations can be used to solve for the displacement directly:
0 0 0f 1 0 Q- Qo

) (87
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With this single equation, the dynamic behavior of the entire CMUT array, with fluid
coupling effects can be calculated! Note that this equation must be soheathat
frequency -dependerice Ftomm ¢his solution, the average velocity of the
membrane array can be calculated to generate a frequency response graph for center

frequency and bandwidth estimations.

3.6. Optional Additions to the Model

With the conpletion of the basic model described above, it becomes possible to
add many other features to maleselysimulate experimental result.he following is

just a sample of ways in which tR®/BEM model can be expanded.

3.6.1. Impedance and Admittance

Electricd impedance is a common metric used in characterization and testing of
CMUT elements. The mechanical impedance of a CMUT is defined as the ratio of the

force applied to its membrane, divided by the corresponding average velocity:

0

& —
(9]0}

(83)

However, the electrical impedance measured across the terminals of the electrical mesh
(see equivalent circuit model in Chapter 2) not only includes this mechanical impedance,

but also thestatic capacitance and the parasitic capacitance. Thus, to model the true
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electrical impedance of the CMUT, the mechanical impedance should be converted to the
electrical mesh using the transformer ratio, and then added in parallel with the parasitic

andstatic capacitance:

P P P €
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To predict this parameter using the model, the frequency response in the chosen
environment must first be simulated. From this, the average velocity over the relevant
membranes should be calculated and utilizedalculate mechanical impedance. Then,
an average transformer ratio needs to be calculated over the membranes, and then the
equation above can be used to determine impedance. Note that all of these impedances
and the transformer ratio should only coesithe total electrode area of the membranes
that were part of the element being electrically measured, and not the area that includes
surrounding membranes. The impedances for the static capacitance can be calculated for
a single membrane, and then npllied by the number of membranes in the measured
element to obtain the total capacitanc® & The parasitic capacitance is difficult to
measure directly, so it is often determined by matching a simulation to experimental
results. The mechanical impatte should be calculated directly, however, since velocity
will vary between membranes.

Electrical admittance is very closely related to impedance and can also be
calculated with the model using:

o o ) 00O (90)
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3.6.2. Attenuation in Fluid Media

To include effects oétteruationin the fluid, the simplest solution is to add an

exponential to the expressions for salid mutualimpedance:
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f is the frequency of operation, and; And iy are parameters regarding the viscous
damping properties of thaarticular fluid, and can be found in literature. Note that this

frequency dependent model for viscous damping may not be valid for all media.

3.6.3. Calculation of Pressure Distributi@h a Specified Distance from the Array

Perhaps one of the most importadtitions to the model is the ability to calculate
the pressure at a plane in space using only the velocity distribution of the membranes. As
would be expected, the average velocity or pressure at the surface of the membranes will
often times not correspd to what is measured experiméhtawith a hydrophone or
pulseecho. Interference effects will shape the beamwidth of the array at each frequency.
Thus, at each frequencydifferent amounts of energy will actually reach the receiver
element @dpending a its size, and its angle andeparation distanceelative to the
transmitter. Furthermore, absorption effects within the fluid can filter certain frequencies
more than others, and typically will degrade the signal more significantly at higher
frequencies Additionally, it is possible that cross talk effects can cause certain
frequencies to have large average surface velocities, but the velocity distribution is such
that it will create an evanescent wave which will die off rapidly with distance from the

array.
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The above mentioned filtering effeaf sound wave propagation in a fluid can be
accounted for by once again using the Rayleigh integral derived from a badiled
source Only now, instead of using it indirectly to calculate impedance, weusl it
directly to determine the pressure at a specific location using the known velocity
distribution on the array surface. This implies one additional step to the typical model.
First the dynamic response of the array should be calculated. Thenaa qlaiace at
anylocationin space can be meshetth N; total nodesandthe pressure at each node in
that mesh will be calculated in a similar manner to the radiation impedance térms.
retain the same notation as before, we can write nodal pesssalues due to the effects

from each membrane as:
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This will generate a set ®fl matrices, where each row corresponds to the pressure at a
single noden the farfield planar mesh due to each node in membran8qeFigure24

for an illustration 6the notation regarding this féield calculation.
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Planar Qurface

Figure24.lllustration of the notation regarding thefaeld pressure calculation

The actual pressure at each node in the planar mesh canuddetedl®y summing

all of the matrices together, and then summing all elements in each rinat ofatrix.

This will create a vector that iszlements long, representing the total pressure at each

nodein the farfield plane:
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3.6.4. Accounting forFinite Bandwidth of Experimental Input Sials

In reality, the signal sent to the CMUT does not contain infinite bandwidth.
However, the linear dynamic analysis used for this model calculates the frequency
response by taking a constant AC voltage amplitude, and assuming that this same
amplitude gnal is transferred to the CMUT at all frequencies. In essence, it assumes
that the signal sent to the CMUT has perfect bandwidth. Thus, the resultant frequency
response only reflects the frequency response of the CMUT array. While this result is an
important parameter to characterize, the actual signal transmitted and received by the
CMUT should be modeled as well for accurate comparison with experiments.

Fortunately, the linear nature of the model makes this a very easy task to
accomplish. For a gen linear system, A(x), with a singieput, B(x), there will be a
corresponding outpuE(x). If we take the same linear system and input a different signal
D(x), we will get a different output E(x). The relationship between this input/output and
the previous input/output will be directly related to each other as:
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Thus, we can take the output frequency response from the simulation (which assumed
perfect bandwdth) and simply multiply it by the ratio between the frequency response of
the actual input to the CMUT and the modeled input. This implies that any experimental
input signal (e.g. pulse, toneburst, etc.) can be accounted for in the model by simply
determning the frequency response of its temporal plot using a Fourier transform. The

frequency response should then be divided by the constant magnitude frequency response

of the model, and multiplied with the mode
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3.6.5. Inactive Membraneand Multiple Biases

In most CMUT arrays, all membranes are not actuated simultaneously. Rather,
the arrays are typically divided into elementgch containing a set number of
membranes, and then fired in sequence one at a time. As each one is wdngmitt
surrounding elements will typically act as receivers for the reflected echo sigidse
received signals can then be processed and constructed to form an intagecufate
model shoulasimulatethis exactscenario. The model, as defined earigfully capable
of performing such a task hyodifying theelectrostatic pressure term containing the
transformer ratio. This term describes the mechanical pressure exerted by the AC signal.
It is a vector containing the dynamic pressure for each membrahusthe AC signal
sent to each membrane can be turned on or off using a Boolean variable:
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In this manner, the AC signal sent to each membrane cadjb&ed.

This same logic can be applied to the model to allow for using different biases for
different elements in the array. For instance, the dual ringvVELS array has two
separate rings that allow for separate Tx and Rx biases. This can be nigydeieding
the static simulation multiple times to solve for each biased state. This will allow the
calculation of multiple transformer ratio vectors and spring softening matrices
corresponding teeachbias These must then be placed in the appropmpatstions

within the large system matrix.
3.7.Model Limitations

For clarity, the assumptions in the model will be summarized here. The thin plate

equations require that the total displacement of the membrane be small compared to its
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thickness. It also regres that the lateral dimensions be large relative to the thickness of
the membrane.For most CMUT membranes, these assumptions are valid. For lower
aspect ratio membranes, a comparison with a 3D FEM would be recommended to verify
accuracy. The stiffngsequations used here assume nespess exists in the membrane
before biasing. The CMUTSs used in the Degertekin research group have been optimized
to have extremely low stress membrane material, so this assumption should be valid for
our devices.Also, in order for the finite difference approach to be valid, the mesh must
be relatively fine for accurate derivative approximations. This is a similar requirement
for FE models.

It should also be noted that in using the thin plate approach, the modeleassu
that the membrane is rigidly clamped at the edge of its gap. However, actual CMUTs are
clamped by the narrow regions of nitride in between membranes. This nitride is clamped
to the substrate, but will allow some horizontal yielding. Thus, the tate pssumption
may add a slight amount of artificial stiffness to the membrane. This stiffening effect
will be investigated in Chapter 5.

The electrostatic force, in assuming that it acts vertically on each node, neglects
the effects of fringing fieldsConsidering the large surface area of the electrodes relative
to the length of their perimeter, fringing effects are typically negligible for CMUT
simulations Nearly all of the electrostatic force is provided by the main surface of the
electrodes.

Also , the Greends function deristha&tthe on of
nodes act as baffled point source radiators. However, in reality, the surface surrounding
each node is not tuly infinite, rigid, flat baffle. The moving membranes introduce a
small topography surface, decreasing its flatness. Furthermore, the surfaceais not
perfectly rigid reflector because the membranes and even the clamped nitride itself will
absorb some energy from the fluid as they deflect under loading. Finallyrtheesis

not truly infinite either. In reality, the devices are cut from their silicon wafers and

72



contain edges that could create reflections at their edges that are not accounted for by the
Greenb6s function. This i s neh4&/bS duadrmg of a
arrays, because their silicon edges will exist directly next to the CMUTs when they are in
their final Adonut 0 shape. I n spite of t
approach has been validated elsewléte Aside from contributions from the donut
shape, the approach wile furthervalidatedin a subsequerhapter.

Of course, one of the modimiting assumptions comes from the linearized,
dynamic analysis In utilizing the Taylor series expansion of the electrostatic force, it
was assumed that the dynamic displacements and voltages were much smaller in
magnitude than their static counterparts. For receive operation, this is definitely a valid
assumptionas typically a large DC bias is used, and incoming pressure waves only
generate very small signals. In transmit, depending on the mode of operation, this may
not be a valid assumption because large voltages are sometimes needed to provide
sufficient pressre output. Thus, this model will not account for amonlinearitythat
would arise from dynamic operationThe first order approximation utilized in this

model, however, should be sufficient for most design purposes.

73



CHAPTER 4

FABRICATION OF CMUT ARRAYS

In order to validate the model, experimental testing of actual CMUT arrays was
necessary for direct comparison with simulation results. The following chapter describes
the typical process steps involved with fabricating these arrays. It concludes by detailing
the characteristics of the specific arrays that were used for model validation in the next

chapter.

4.1.Standard CMUT Fabrication

CMUTs utilize microfabrication techniques that have been developed by the
microprocessor industry. These processes allow foptex, densely populated arrays to
be manufactured in batch quantities with high yield. Such capabilities allow CMUTs to
easily adapt to the rigorous requirements ofl¥US applications described earlier. In
recent years, there has been a significabtidation effort to tightly integrate CMUTs
with their receive circuitry to minimize parasitic capacitances and cable d@r4<)].
CMUTs are ideally suited fahis type of integration since they are constructed with the
same processes as their electronics. The following is a description of the fabrication
process developed bthe Degertekin research group at the Georgia Institute of
Technology[43]. The tools used for this process are limited to what is available on
campusin the Microelectronics Research Center (MIRC). This process is CMOS
compatible, with no process step requiring an operational temperature above 250°C.

A diagram showing each fabrication step is showtrigure 25. Each step is
described in detail in the following section, and numbered according to the figure shown.

For more details regarding this procqadsaseconsult the cited reference.
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Figure25.Diagram of the fabriation process flow used for letemperature, CMOS
compatible CMUTSs (not to scale)

4.1.1. Oxide Passivation (1)

The process begins by depositing a 3um thick layer of Silicon Dioxide onto a
500um thick Silicon substrate, using a Unaxis 250°C PECVD recipe. Tyés la
electrically passivates the bottom electrode of the CMUT from the-camiiuctive

surface of the substrate. It must be thick enough to prevent any significant parasitic
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capacitances from occurring between the bottom electrode of the CMUT and the bulk

wafer.

4.1.2. Bottom Electrode (2)

An aluminum bottom electrode is deposited using a Unifilm DC sputtering tool
and patterned. Its thickness is typically 0.12 um. This layer is then patterned using
Shipley 1813 positive photoresist, and etched using TrandengrAim Etchant Type A.

This bottom electrode serves as the common electrode between all elements in a
particular array. The silicon wafer could also be used as the common bias, but parasitic
capacitances arising from overlapping connection lines degradermance. With a
patterned bottom electrode, the connection lines will not overlap with the biased top

electrode.

4.1.3. Bottom Electrode Isolation (3)

A conformal Silicon Nitride layer is deposited over the bottom electrode using a
250°C Unaxis PECVD recg This layer separates the bottom electrode from the
sacrificial layer to prevent it from being etched away during the release step (step (9)).
Its thickness should be minimized as it contributes to the overall capacitance between the
electrodes of th€MUT. This layer is approximately 0.2 um thick. PECVD nitride is
typically not as dense as alternative deposition methods, so it can often suffer from
pinholes. These pinholes must be alleviated to prevent chrome etchant from leaking
through the isolatin layer and etching away the bottom electrode during the sacrificial
release step. This is done by interrupting the deposition twice to rotate the wafers,

disrupting the pinhole formation process.
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4.1.4. Sacrificial Layer (4)

A chrome sacrificial layer is depibed using a Unifilm DC sputtering tool and
patterned. This layer defines the gap of the CMUT, and is typically 0.12 um thick. This
layer is then patterned using Shipley 1813 positive photoresist, and etched using Cyantek
Cr-7s chrome etchant. The letedimensions of this layer play a significant role in the
overall stiffness of the finished CMUT. It is designed to be slightly smaller than the
bottom electrode so that small misalignment errors will not change the dimensions of the
layer.

To ensure aeliable, uniform release in step (9), the sacrificial layer for a single
element in an array is often divided into multiple membranes. This implies the need for a
thinner membrane than the larger single membrane element would have required to

achieve ajiven center frequency.

4.1.5. Top Electrode Isolation (5)

A conformal Silicon Nitride layer is deposited over the sacrificial layer using a
250°C Unaxis PECVD recipe. This layer separates the top electrode from the sacrificial
layer to prevent it from beingahed away during the release step (step (#)thickness
should be minimized as it contributes to the overall capacitance between the electrodes of
the CMUT. This layer is approximately 0.2 um thick. Once again the wafers are rotated

twice during tke deposition to prevent the formation of pinholes.

4.1.6. Top Electrode (6)

An aluminum top electrode is deposited using a Unifilm DC sputtering tool. Its
thickness is typically 0.12 um. It is patterned using Shipley 1813 positive photoresist,

and etched usingransene Aluminum Etchant Type A. The top electrode layer provides
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individual biases to each element in an array, so every element has its own electrically
isolated electrode.

As mentioned in step (4), individual elements are often divided up intopheulti
membranes to ensure reliable release. Thus, these membranes are connected together
electrically using the top electrode layer to allow simultaneous actuation with a single
voltage input. To minimize parasitic capacitances, the top electrodes oiheadbrane
in an element are patterned separately with small connection lines in between, rather than

using one large top electrode.

4.1.7. Membrane Formation (7)

A 1 um thick Silicon Nitride layer is deposited using the sametéwmperature
Unaxis PECVD recipe.This layer builds up the structure of the membrane so that it is
stiff enough to prevent collapsing during the subsequent release step. It should be noted
that this Unaxis recipe has been optimized to yield very low stress nitride so that the

membrane dtiness is not affected significanti¢3].

4.1.8. Sacrificial Etch Hole$8)

Small holes are etched through the nitride down to the sacrificial layer using a
Vision RIE plasma. These holes are patterned using Shipley 1813 photoresist. This etch
recipe utilizes Argon sputtering to ensure an anisotropic etch with vertiealald. The
sacrificial layer acts as an etch stop, preventing accidental etching of the bottom electrode
isolation layer. The sacrificial layer has locations patterned into it that specifically
provide space for these etch holes off to the side of eattbrned sacrificial area rather
than directly over the sacrificial layer. This prevents the membrane from being pinned

down after the sealing step (step 10).
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4.1.9. Sacrificial Release (9)

The entire wafer is submerged in a bath of room temperatur&sCétrome
etchant for at least 4 hours. The chrome etchant will gradually seep through the
previously defined etch holes and etch away the sacrificial layer. The wafers are rinsed
off periodically to check the progress of the etch step7also etches ahinum, so the
bottom and top electrode isolation layers provide protection during this step to prevent
them from being etched away. When the entire sacrificial layer has been removed, the
wafer is removed from the etchant bath, and rinsed thoroughly wmaieing DI water.

The wafer is then placed in a bath of DI water for 5 minutes, followed by another 5
minute soak in a second bath of fresh DI water. These steps effectively rinse away the
chrome etchant from the gap, and replace it with water. Tistl2 process is
immediately followed by a secondliath process using isopropyl alcohol in place of DI
water. The alcohol replaces the water in the membrane gap, and due to its high volatility
will evaporate very quickly, evacuating all fluid from the gapo speed the process up,

the wafer is placed in an oven at 85°C. The temperature must not be set too high or the
solvent will not be able to escape through the etch holes quickly enough, causing a

pressure buildup within the gap and subsequent bustitng membranes.

4.1.10.Membrane Sealing and Final Thickness Definition (10)

The newly released membranes are placed in the Unaxis PECVD for one last
nitride deposition that will define the final thickness of the membrane. The final
membrane thickness typitalranges from 2 3.5 um. The nitride will fill and seal off

the sacrificial etch holes, effectively creating a vacuum gap in the CMUT.
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4.1.11.0pen Bond Pads (11)

All of the nitride deposition steps covered the entire wafer, including the bond
pads which are sed to access the electrodes of the CMUTs. The final step in the
fabrication process (not shown kigure 25) involves one last etching step in the Vision
RIE to drill through these nitride layers down to the bottom and topretecbond pads.

The plasma etch with Argon is used once again to ensure vertical sidewalls. This step
utilizes a slightly thicker Shipley 1827 photoresist because Shipley 1813 may not provide
sufficient protection for this longer etch. Since the togtebele is higher than the

bottom electrode, it will be slightly over etched during this step.

4.2.Postprocessing of Fabricated CMUTs

After completion of cleanroom fabrication, the individual devices are diced out of
the wafer using a dicing saw. The dicerhgs are then fixed to a ceramic chip carrier or
PCB using UV epoxy. A wirebonder is used to form electrical connection lines between
the chip carrier and the device. For devices that will be tested in water, the associated
wirebonded assemblies are tgxh in 3 um of Paryler€ using an SCS Parylene
Labcoater to prevent shorting between electrical lines. It should be noted that parylene

will slightly affect the membrane dynamics and should be accounted for in simulations.

4.3.CMUT on CMOS Fabrication

As mentioned earlier, CMUTs are ideally suited for tight integration with their
control circuitry. The fabrication process described above was designed with this in
mind, and is completely CMOS compatible due to the low processing temperatures. For
devices mtended for applications such as-RUS, the CMUTs can be built directly on
top of the CMOS chips to minimize parasitic capacitances. The circuitry includes trans

impedance amplifiers for the receive CMUT elements, figtage pulsers for the
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transmittes, and multiplexers for switching between elements. These multiplexers allow
for a significant reduction in the overall cable count. A CMP polishing and one
additional patterning step are all that is required to electrically connect the CMUTSs to the
relevant CMOS connection pads. The following sections describe these extra required

steps in more detail.

4.3.1. CMP Polishing of the Passivation Oxide

The control circuitry for the CMUTSs is fabricated onto 200 mm Si wafers using a
0.35um CMOS TSMC process. Sianilto the standard CMUT fabrication process, the
CMOS wafers must have a PECVD oxide layer deposited over them. However, this layer
serves a very important purpose in addition to providing passivation between the CMUT
electrodes and the CMOS substratdhe TMOS wafers are designed and fabricated at a
TSMC facility. When they are shipped back, they contain significant topography with
features as large as 1 um in height that originate from underlying metal layers that were
never polished. Fabricating CMWTirectly over the top of this sort of topography could
at the very least result in significant noniformity between membranes in an array. Itis
more likely, however, that nefunctioning membranes would result considering the fact
that the 1 um surte topography is over five times as tall as the membrane gaps.
Furthermore, electrical lines may suffer from open circuits if the conformal metal layers
are not conformal enough to coat the highly sloped sidewalls of the topography features.
Thus, to elninate these effects, the oxide layer is polished using a commercial CMP
process. To ensure that at least 3um of oxide remain on the surface after polishing, 4.5

um of oxide are deposited over the CMOS from the beginning.

4.3.2. CMOS Wafer Dicing and Backside iBding

The CMOS wafers contain 48 repeated die, with each die containing the

electronics for many different device designs. The cleanroom facilities at Georgia Tech
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do not possess sufficient capabilities to process 200 mm samples. Thus, the wafers are
diced by an outside vendor into 4 cm by 7 cm blocks containing 2x3 die each, as shown
in Figure26. Unfortunately, these rectangular blocks are not ideal for microfabrication
because photoresist tends to pool at two opposing ol it is spun on. These
locations are denoted Figure26. This results in some ndanctional devices in those

areas as they are not fully defined in the subsequent lithography.

~ |
Particular regions of concern

Figure26.Photogaph of the 8 inch CMOS wafer containing 48 repeated die (left) and the
subsequently diced block containing 2x3 die (right).

Before being diced, the CMOS wafers go through a ds#dk grinding process
that reduces their thickness from 550 um to 300 um.rinQUCMUT operation, an
undesired Lamb wave propagates through the bulk of the Silicon wafer and causes a
sharp dip in the frequency response of the CMUTSs at approximately 7.5 MHz for 550 um
Silicon substrate$26]. The frequency at which this standing wave occurs is directly
proportional to the thickness of the bulk substrate, and thus thinning the wafer pushes it

to a higher frequency out of thend of interest.

4.3.3. Connection Etch Holes

After being polished, grinded, and diced, the CMOS wafers are ready for CMUT
processing. The first and only patterning step required in addition to the standard CMUT

fabrication steps involves etching small holésotigh the polished oxide to the
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connection pads of the CMOS electronics. These holes are defined using Shipley 1827
photoresist. They are etched using an isotropic Vision RIE plasma recipe which has been
optimized to provide highly sloped sidewall?], as shown irFigure27. This allows

the conformal metal layer of the subsequently deposited bottom electrode of the CMUT
to fully coat the sidewalls of these vias, creating a reliable connection from the CMUT to
the CMOS below. These connections must be placed off to the side of each element so

that the CMUTs are not patterned over such large dips in the topography of the wafer

Sloped sidewalls

X\

Figure27.SEM pictures of the sloped sidewalls obtained from using the modified RIE
etch recipe

After creating the connection vias, the standard CMUT fabrication process
described earlier is carried out. The completed @svigill contain CMUTs that are
tightly integrated with their CMOS electronics. A cragstion of such a device is
shown inFigure 28, demonstrating how the sloped vias are used to connect the bottom
electrode of a CMUT elemenb tthe CMOS receive circuitry, and how wirebonds are

used to connect to the few remaining externally accessible pads.
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Figure28.Crosssection of a CMUT element connected to receive circuitry using the
CMUT on CMOS fabrication process

4.4. Fabricated CMUT Arrays Used For Model Testing

4.4.1. CMUT on CMOS FLIVUS Dual Ring Array

An example of a completed HVUS Dual Ring Array with fully integrated
CMOS Tx and Rx electronics is shownRigure29. The array shown has a diameter of
2 mm, and contains 64 Tx elements and 54 Rx elements for a total of 480 individual
membranes. Each membrane is a 35 um x 35 um square, with a 25 um x 25 um
electrode. Note that due to the CMOS integration, nbt will parasitics be minimized,
but the number of required external connections has been reduced to thirteen. Also note
that this is a device specifically designed for lab testing so it has not been fabricated into
a true Adonut 0 s Haueeporiong dithet rimge removed e Rutura n
iterations of this device will include a final anisotropic throwgdfer etching step that
will completely remove the unwanted portions, as shown in the recently fabricated proof

of concept device ifrigure30.
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Figure29.Fully fabricated FEIVUS Dual Ring Array with CMUT on CMOS integration

Figure30.Proof of concept FLIVUS CMOS chip with true annular shape (does not
contain CMUT array)
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4.4.2. IsolatedSingleElemens

Other test arrag, as shown inFigure 31, consist of a singlesquareelement
containingeither4 or 16individual membranesThesetest arrag can be used tealidate
the FD/BEM mo@ | 6 s abi | i tdynanicdbehpvioreofla single, isotated DRA

element in immersian

Figure3Ll1 lllustration ofsingle4-membraneslement arrajNote that only the outlines of
the features are shown. Yellowop electode, blug sacrificial layer, orangé bottom
electrode, pink holes sacrificial etch holes.

4.4.3. Largelinear Arraywith Isolated Center Element

A large linear arrayf 12x12 membranes wadso fabricated. This array has
single,16-membrane elemerit its center whichhas a separate signal line. This type of
array will allow activation of a single element surrounded by many inactive ¢hiage
unactuated) membranes, and vice ver3dis design is illustrated ifigure 32. The
FD/BEM model should be able to accurately predict the differences in the frequency

responses betweehe isolated16 membranelement described in the previous section,
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and theunrisolated element in this arrayDf coursethis array camalsobe usedn such a
way that all membranes apmlsed simultaneouslyproviding an additional actuation

scenario which can be used to validate the FD/BEM model.

ﬂl:i'h:Lf
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Figure32.lllustration of linear array with isolatezknterelement Note thaonly the
outlines of the features are shown. Yellbvop electrode, blué sacrificial layer, orange
I bottom electrode, pink holéssacrificial etch holes.
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CHAPTER 5

MODEL VALIDATION

In order to fully characterize the analytical model described in ©hap,
comparison with bothinite elementmodels and experimental results is necessary. The
comparisons with FEM will yield valuable information regarding how much accuracy is
lost in using the thin plate and BEM simplificationk this manner, the soce of any
discrepancies between experiment and the analytical model can be more specifically

identified.

5.1. Comparison with FEM

A design space dfO different membrane geometries was utilized for assessment
of the model s c ap ab ielandtractangular membnaaeas,ewithaar e b
range of aspect ratid® gain insight regarding the limits of the thin plate assumption.
The geometry of th&0 membrane designs used for comparison betwleeRE and the
FD/BEM modelcan be found imablel. Many of the chosegeometries are commonly
used for most of the FIVUS devices manufactured by the Degertekin groughe

material properties used for these simulations can be fourabie 2.
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Tablel. Geometry of designs used for FEM &/BEM model comparisons

h h Electrode| Post Lateral Dim Membrane| Aspect Ratio
Design (ugr;p) (u'?;') CoverageWidth* (umXum). Thickness| (Length/
(%) (um) (um) Thick)
A |012] O 100 5 35x35 1.0 35.0
B |012| O 100 5 25x25 1.0 25.0
C |012| O 100 5 35x35 2.0 17.5
D [012| 0 100 5 25x25 2.0 12.5
E [012] O 100 5 35x70 1.0 35.0
F 0.12| 0.3 75 5 50x50 3.4 14.7
G |0.12] 0.3 75 5 50x50 2.5 20.0
H [0.12| 0.3 75 5 18x18 2.0 6.0
I 0.12] 0.3 75 5 13x13 1.5 8.7
J 10.12] 0.3 75 5 70x70 2.5 70.0

*only applies to FEM model

Table2. Material properties used f&iE and analytical models

Material Property Value Units
Young's Modulus 110| GPa
Silicon Density 2040 | kg/m®
Nitride Poisson's Ratio 022 ~
Viscous Damping Coefficient 0| N-s/m
Speed of sound 1500| m/s
Water Density 1000| kg/m®
Damping Ratio 0 | dB/MHz/m

For these validation tests, parametaievant to CMUT desigsuch as collapse
voltage and bandwidttwere chosen as the comparnsariteria. The results are
summarized in the following sectiandote that all finite element models were created

using Comsol 3.5a software.
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5.1.1.1. Collapse Voltage

A comparison ofcollapse voltage calculatisnbetween the FE and FD/BEM
approach will indica the accuracy of the thin plastiffnessequations and the finite
difference approachThe finite element modébr determining collapsevas modeledn
3D with the geometrghown inFigure 33. It utilized quarter symmetry, arapplied a
fixed boundary condition to the clamped bottom surfaces of the support posts. The
vertical faces of the support posts were also given symmetry boundary conditions to
model the effect of surrounding membranes. For all simulations, the biagpyied
over the entire surface of the membrane (not including support posts). The electrostatic
force iscalculatedn a manner very similar to the FD/BEM model.afiplies a pressure
to the bottom surface of the membrane which is a function of thiealedtsplacement.

In essence, it neglects fringing fields and assumes that the electrostatic force acts only in
the vertical direction. Previous testing has shown this to be an acceptable simplification.
The model also neglects the mechanical propertie the embedded top electrode,
assuming that the entire membrane thickness consist of silicon nitride. Since the
electrode is typically 1/f0to 1/20" the thickness of the membrane, this is typically a
very accurate simplification. This significaniiecreases the required number of nodes

in the finite element model by eliminatinbe fine geometrical features. An iterative
solver was used to calculate the static displacement of the membrane. When the solver

failed to converge, the collapse voltdgel been exceeded.
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Light Blue 1 Electrode

Green T Fixed to Substrate
Purple T Symmetry*
Transparent T Free movement
*Note that all outer vertical surfaces
have symmetry B.C.s

Figure33.Geometry and boundary conditionsed to calculate collapseth FEM

A summary of theesults for all10 designs can be found ifable 3. It is clear
that the FD/BEM model is very accurate tl@terminingthe collapse voltage of CMUTs
relative to the standard FEM methtmt a wide range of geometries=or most of the
higher aspect ratio membranes, the two methods calculated identical estiGalgfor
aspect ratios below 12.5uas the difference significant enough to be noteworthlyis
implies that, as expectedery low aspect ratio membranes wilée inaccurately stiffened

using the thirplate model.
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Table3. Results for collapse voltage calculated using FEM and FD/BEM approach

Collapse Voltage (V)

Design FEM FD %Diff
A 20 20 0.00
B 39 39 0.00
C 54 55 1.85
D 101 108 6.93
E 13 13 0.00
F 97 100 3.09
G 63 63 0.00
H 305 349 14.43
I 378 434 14.81
J 33 33 0.00

5.1.1.2. Center Frequencin Vacuum

The center frequency of a single membrane in vacuum will yield more
information regarding the accuracy of the thin plate assumption with respect to aspect
ratio. Furthermore, the whamped center frequency of a memmaras a very higlQ
feature and thus gives a very precisely defined parameter for comparison between
models. For the FE modehkll of the same boundary conditions from the collapse voltage
model were used.A linear frequency response was solwesing a ¥ AC signal (no
static bias) The average velocity over the surface of the membrane was plotted at each
frequency. The location of thé'tesonanpeak in the graph was used as the metric for
comparison between FE and the FD/BEM results. These rasaltsimmarized imable

4.
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Table4. Results of FE and FD/BEM center frequencies for a single membrane in vacuum

Center Freq
(MH2z)

Design FEM FD %Diff
A 9.8 9.4 3.67
B 18.8 18.3 2.66
C 18.5 18.8 1.57
D 34.5 36.8 6.67
E 6.7 6.6 0.90
F 15.0 15.6 4.07
G 11.4 11.5 0.88
H 61.5 71.0 15.45
I 87.5 102.2 | 16.80
J 6.0 5.9 2.17

Once again, the FD/BEM modeiasvery accurate relative to FE calculations for
most of the modeled geometriefs before,only the very low aspect ratio membranes
had a noteworthy amount of erroEven fortheselower aspect ratio membranes, the
error in the center frequency estimatevithin 10%, which is acceptable for many design

applications.

5.1.1.3. Frequency Response in Wa{8ingle Membrane)

For the remaining comparisons, the CMUT membrane behavior in immersion will
be analyzed. Adding the fluienvironmentto the 3D FE model significantly increases
the calculation timeparticularly for higher frequency range€onsequdty, the design
spacewill be limited toonly a portion of the geometries showriliable 1.

For the FE model, a fluid space was added to the geometry used for calculating
frequency response in vacupras shown inFigure 34. All of the same boundary
conditions fromthe previousnodel were used, with one exception. With the addition of
the fluid space, the fluidtructure interface needed to be defined on the top surface of the

membrane. This was done bpplying a pressure force on the structural elements equal
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to the pressure in the fluid. Likewise, the accelerations of the fluid element nodes in
contact with the membrane were set equal to the normal acceleration of the membrane.
This created a-vay coupling between the fluid and structural elemems. absorbing
boundary condition was applied to the outer surface of the fluid space to model the semi
infinite nature of the fluid and to prevent reflections from creating undesired standing
waves. Thevertical faces of the fluid space utilized rigid wall boundary conditions to
account for the quarter symmetryhe horizontal surface surrounding the CMUT also
utilized a rigid wall to simulate a baffleThe fluid space was meshed with elements such
thatthe highest frequency was resolved with at least 12 nodes per waveléngtira
harmonic pressure was applied to the entire surface of the membdinear frequency

response was solvedthout electrostatically biasing the membrane.

Light Blue T Rigid Wall

Gray T Absorbing Boundary
Top of membranei Fluid-Structure Interface
Rest I Same as Collapse Model

Figure34.Geometry and boundary conditions used to calculate frequency response of
single membrane in immersion with FEM
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So that magnitudes could be compared between the two modeling methods, the
dynamic electrostat force vector of the pressure balance equation in the previous
chapter was replaced by a uniform pressure vector of magnityge Phe pressure

balance from Chapter 3 (Equati(8v)) becomes:

0 0 0 1 0 Q- Qwy
Yoy 0
Q plefB o (96)
n p

p
~ p ~
U R éU

p

The velocity over the membrane surface was averagéedconverted to dB for
the frequency respongdots The center frequency and bandwidth of the first resonance,
as well as the location of thé anti-resonance were used as riwst for comparisonThe
results from both simulation methods can be foun@able5. As beforemost modeled
geometries showed close agreement between the FE and the FD/BEM model for all
comparison metrics. Most importantlyye center frequency and bandwidth was very
accurately predicted for all geometries except for Design D, which possessed the lowest
aspect ratio. Even the results for this geometry would be sufficiently accurate for many

design purposes.
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Table5. Results of FE and FD/BEM frequency sweeps for a single membrane in water

Center Freq Bandwidth 1st Antires.
(MHz) (%) (MHz)

. FO/ | oo FD/ | o FD/ | o/
Design| FEM | gy | %Diff | FEM | oo | %Diff | FEM | ey, | %Diff

A 36 | 36 | 0.00 | 116 | 11.2 | 3.45 | 16.9| 16.8 | 059
80 | 81 | 125|150 | 16.1| 7.33 | 348 | 354 | 1.72
91 | 95 | 440 | 23.2| 240 | 345 | 348 | 374 | 7.47
194| 214} 1031 | 194 | 214 | 1031 - - -

22 | 22 | 000 | 97 | 92 | 515 | 55 | 52 | 4.04

moO| w

A sample plot of the frequency responses calculated for Design A canrekifdtigure
35. Note the close agreement between the 2 modeling methods across the entire

frequency spectrum. As well, the magnitudes are essentially identical at all frequencies.

-100 A — FD/BEM
/ \ —— FEM
-110 / \\
-120
\
-130 / \

N/
\l
] |

5 10 15 20
Frequency (MHz)

Average velocity (dB)

Figure35.Frequencyesponses from FEM and FD/BEM model for a single membrane in
water (Design A)
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It should be pointed out that for lower aspect ratio membranes, it may sometimes
be possible to artificially softethem by thinning the membrane thickness used for the
FD/BEM model. This approach could effectively shift the center frequency closer to the
actual center frequency predicted finite element analysis. An example of this can be
found inFigure36. In this figure, the results for Desidghfrom both FE and FD/BEM
modeling techniques are shown. An additional plot is included that corresponds to the
frequency response of the same Design D geometry, but with the membrane thickness
thinned down by 0.14 um. As can be observed, this shiftsghter frequency to the
exact position predicted by finite element. Furthermore, this thinetcigtque results in
a nearly identical bandwidth to the FEM as well. Such a process could be used for
guestionable aspect ratio geometries, before attemfitendull array calculation. This
would ensure that the individual membranes of the array would exidoéappropriate

dynamic behavior in immersion.
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Figure36.Frequency responses from FEM and FD/BEM model for a single mambra
water (Design D).

5.1.1.4. Frequency Response in Water (Multiple Membranes)

Because the array calculation essentially employs all of the same techniques used
for the single membrane case, an additional compamstin FEM results for arrayed
membranes in wat will yield little additional information. However, f@ompleteness
a simulation of 2 membraneBdsign A spaced 10 um apart was simulated in F&eM
demonstrate the functionality of the full analytical calculatiofhe corresponding
frequency respae is shown irFigure 37. As expected, the two modeling techniques
yield very similar results. They both clearly show a small peak at 9.5 MHz
corresponding to a frequency in which mutual crosstalk effemtsse a higher mode
shge to occur in the membranes, as showRigure38. Note that the green surface in

this figure denotes a plane of symmetiiyhe small discrepancy between th&etjuency
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responsesnay be improved further with finer meshiagdbr a larger fluid radiug the
finite element model. However, due to processing limitations of the computer used for

these simulations, it was difficult to implement a sufficiently fine mesh.

/\ —— FD/BEM
—— FEM
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Figure37.Frequency responses frdfEM and FD/BEM model for 2 membranes in water
with 10 um spacing (Design A)
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Figure38.Displacement of 2 membrane array in water at 9.5 MHz. Green surface
denotes plane of symmetry.

Regarding tk artificial thinning techniquenentioned in the previous sectjon
Design D was again used for a 2 membrane array simulation. It was then thinned down
by 0.14 um, and simulated again. The resultant plots from FEM and the FD/BEM model
are shown irFigure 39. With respect to bandwidth and center frequency, the thinned
down membrane has a much closer correlation with the FEM frequency response than
when the actual membrane thickness was used. There is a small discrepancy in
magnitudes, but it is minimal and mag improved with better meshing and a larger fluid
radius in the FE model. This figure demonstrates the potential for utilizing the FD/BEM
model even for low aspect ratio membranes. It does require an additional FE model to be
solved, but the added timreecessary for this step would be insignificant relative to the

time saved using the FD/BEM model for the full array simulation. Obviously, this
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technique must be used on a chgease basis, and may not be valid for certain

geometries.
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Figure39.Frequency responses from FEM and FD/BEM model for 2 membranes in water
(Design D)

5.2. Comparison with Experiment

5.2.1. Network AnalyzeMeasurements

To measure the impedancadmittance and collapse voltagef the CMUT
devices, the setup shownFigure40was used. Each array was epoxied and wirebonded
to a PCB. Ground and bias lines were soldered from the PCB to an SMA adapter. This
adapter was attached to an Agilent 8753 ES Network Analyzer (NA) through a custom
bias box. The bias box sums the input voltage from the NA with a static bias provided by

a high voltage power supply. The NA applies a sisighal sinusoidal voltage over a
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specified frequency range. It measures the electrical reflection coefficierit wdm then

be converted to a complesalued impedance or admittance.

Air
ACIN
AC +DC
ouT A A A A
DCIN ‘o~ o~ ‘o~ ‘o~
HV Power Supply CMUT Array

Figure40.lllustration of experimental setup used to measure impedance and admittance

For air measurements, acoustic crosstalkegligible, so testing multiple array
designs that contain the same membrane geometry is not nece3sary, onlytwo air

measurements were takeorresponding tahe two membrane geometries shown in
Table6.

Table6. Membrane Geometries for Fabricated CMUT Arrays Used in all Experiments

Electrode . Membrane
Geometry (Tjgr;p) (Eirsg') Dimensions V(\ﬂﬂi? L(eunrg;h Thickness
(um x um) (um)
A 0.12 | 0.56 25 x 25 35 35 1.9
B 0.12 | 0.56 20 x 20 25 25 1.9

5.2.1.1. Estimating Damping and Parasitic Capacitance

In air, the real magnitudes of impedance and admittance are both affected by
membrane damping, which is a parameter that is difficult to predict and can vary widely
between devices. Thus, it is typicallytiesated by comparing experimental results with

analytical calculations. An arbitrary damping factor is then added to the analytical model
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such that its predicted impedance and admittance magnitudes match what is observed
experimentally.

Furthermore, theeal part of impedance (both center frequency and magnitude) is
also a function of parasitic capacitances and the static capacitance. Static capacitance can
be predicted accurately with the FD/BEM model, but parasitics will be unique to each
device and a dependent on wirebonds, soldered connections, etc. Thus, for these
experiments, the damping factor was estimated by matching experimental admittance
magnitudes, and the parasitic capacitances were determined by comparing simulations
with impedance cunge

The estimated parasitic capacitances for Designs A and B were 2 pF and 3 pF,
respectively.  These estimates agree closely with actual parasitic capacitance
measurementsf wirebonded devicesonducted previously. The damping for Designs A

and B were stimated to be 2800 P#m and 6000 Rs/m, respectively.

5.2.1.2. Collapse Voltage

The collapse voltage of the two membrane geometries was also determined using
the impedance measurements in air. As the bias on the membrane is increased, the center
frequency othe impedance plot will shift lower due to spring softening, while the overall
shape of the curve will remairelatively constant. However, when the membranes
collapse, a large shift in the center frequency and a significant change in the shape of the
frequency response will be observed. The amplitude of the center frequency will also
typically decrease dramatically, because sisigthal operation beyond the collapse
voltage is not efficient.Experimental testing indicated a collapse voltage of 109 V for
Design A and 212 V for Design B. The FD/BEM simulatiaocuratelypredicted
corresponding collapse voltages of 118V and 22IMhe small discrepancy between
simulation and experiment can be attributed to the fact that theoretical calculations

assume thathe membrane will reach a stable equilibrium with the application of any
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applied voltage below collapse. However, experimentally increasing the bias on a
membrane introduces transients as the voltage is stepped up incrementally. Near
collapse, these tngients are enough to cause the membrane to swing so far beyond its
stable equilibrium that it will prematurely collapse. Thus, analytical calculations tend to

always predict higher collapse voltages than what is experimentally observed.

5.2.1.3. Impedance/Adnti&nce in Air

Experimental impedance and admittance plots of the two membrane geometries
can be found in the top graphskifjure41l - Figure43. Corresponding simulated plots
are located in the bottonraphs of these figuresA summary of the numerical values
from these plots can be found Trable 7 and Table 8. The measurements taken for
Design A were conducted on an array of 4x4 membranes, andeghsuraments for
Design B were done on a 2x2 membrane array.

Measuring the impedance and admittance of rmétmbrane elements tends to
result in lowerQ center frequencies than would be predicted analytically. This is
because fabricated devices will caint small noruniformities in material thickness that
will cause each membrane to have unique behavior. These effects are typically very
small, but in air the higiQ of CMUT membranes enables these -naiformities to be
observed as slight differencesdenter frequencies at various biases. This in turn causes
the center frequency of the whole element to be l&vand less defined. This effect is
apparent when comparing the simulation predictions (which assume all membranes are
identical) to the expemental results. For the element containing 16 membranes of
Design A, there is a large discrepancy between actual and predicted bandwidths. For the
4 membrane element of Design B, this effect can still be observed, but is less
emphasized. Clearly, the momembranes in an element, the larger the difference.

Note that for Design B, the actual membrane thickness was not used in

simulations because, as expected, its small aspect ratio led to inaccuracies in the thin
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plate approximation. From FEM companms, it was expected that the thin plate
approximation would artificially stiffen the membrane, predicting an inaccurately high
collapse voltage and a center frequency increaseddIRiz for low biases. This was
confirmed through experiments. Thus, g8imulatedme mbr ane was fit hi nne
um for a closer match to experiments.

For both designs, there is a clear correlation between simulation and experiment.
At nearly all bias voltages, the center frequencies are predicted to within 1% error from
experimental measurements. Beyond approximately 90% collapse, the membrane
behaviors become highly nonlinear and simulation predictions are less accurate. In
Figure 43, for example, the predicted center frequency is nearly 1.5 Isluer than
expected for 200 V bias, but at nearly 95% of collapse, this inaccuracy is expected.
Other discrepancies between predictions and experiment can also be attributed to the

estimations for parasitic capacitance and damping.
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Table7. Summay of impedance/admittance results for Design A

Real Impedance Real Admittance
Magnitude @ Magnitude @
Center Frequency Peak Frequency Center Frequency Peak Frequency
(MHz) (MHz)
(a) (a)

Bias | Exp.* | FD/BEM | Exp. | FD/BEM | Exp.* | FD/BEM | Exp. | FD/BEM
16.2 16.2

40 16.6 16.6 665 1131 16.5 16.5 103 83
15.8 15.7

60 16.2 16.2 1500 2897 16.2 16.1 222 203
15.3 15.0

80 156 15.5 3809 6332 155 15.4 332 405
14.9 14.3

90 150 14.9 6235 9414 14.9 14.8 478 558
14.2 13.3

100 14.4 14.0 14300 14700 14.0 13.8 624 772

*Reported as a range encompassing all magnitudes that are greater than 50% of the peak ve

Table8. Summary of impedance/admittance results for Design A

Real Impedance

Real Admittance

Center Frequency Pl\él;?rlli:ggﬁe?cy Center Frequency P?:Er;i:ggﬁe?cy
(MH2z) ( q) (MH2z) ( q)

Bias | Exp.* | FD/BEM* | Exp. | FD/BEM* | Exp.* | FD/BEM* | Exp. | FD/BEM**
00 | 20| 207 | 137 92 28 207 | 40 31
120 | 29| 200 | 235 181 |20 | 289 | 78 58
140 222_% 282 | 370| 284 222'_”{ 282 | 101 83
160 | 255 | 270 |ses| 434 |22 270 |145| 120
180 22%% 252 | 781| 728 2255}3 251 | 188| 175
200 22%75 213 | 1441 1517 22%?6 212 | 262| 261

*Reported as a range encompassing all magnitudes that are greater than 50% of the peak valu
**Values correspond to the thinned down membrane simulation
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5.2.2. Hydrophone Measurements

For hydrophone measurements, the setlipwn inFigure 45 was used. The
CMUT arrays were epoxied and wirebonded to a PCB, and subsequently cozitah in
of Parylene. Th PCBs wereconnected to the output of the same bias box used for the
Network Analyzer experimest and as before, the DC bias was provided by a high
voltage power supply. The dynamic transmit signal was provided by an Agilent 3325a
arbitrary waveform generator, which was amplified by an ENI-B1BF Power
Amplifier. The CMUT arrays were immersed \ater, and their transmitted pressure
waves were detected by an ONDA Corporation HIBIB5 Hydrophone which utilized an
AH-2010 preamplifier. The output of the pr@amplifier was then sent to an oscilloscope
and recorded by a PC using a GPIB connectidriNewport ESP300 Universal Motion
Controller was used to control an¥Kstageand/or a rotation stagevhich enabled the
CMUT arrayto be moved in small, controlled incremenigh respect to the stationary
hydrophone The X-Y stage allowed for planar staof the radiated pressure fields, and

the rotation stage allowed for angular measurements.
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Figure45. lllustration of experimental setup usedmeasure transmit signal of a CMUT
with a hydrophone

To determine the frequency response of the CMUT arrays, the recorded temporal
response of the hydrophone was converted to the spectral domain using an FFT. Its
magni tude was adjusted by the hydrophoneo:

FD/BEM resuts.

5.2.2.1. Simulation Methodology

To predict the hydrophone measurement results using the FD/BEM model, the

Rayleigh integral addition to the model, as described in se8t®d is needed. This
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allows the velocity distribution ofhe array to be transformed to a pressure field at a
certain distance away from the array. For accurate results, it is important that the nodal
mesh created at the specified distance accounts for the active area of the hydrophone
receiver. Depending orme type of experiment setup being simulated, there are a few
different ways to account for this.

If a frequency response experiment is being conducted in which the FFT of a
single pulse is calculated, then the most accurate method would be to meshra plana
surface in space that has the dimensions of the hydrophone. The average pressure over
this plane should then be averaged at each frequency for comparison with the FFT of the
hydrophone output.

If planar or angular scan results from a hydrophone argloeimpared, then it is
most convenient to create a plane or curve in space that utilizes the same spacing and
number of locationgnodes)as the actual hydrophone scan. Then, when performing the
Rayleigh integral, the elemental area surrounding each oweele which the Rayleigh
integral is performed should be set equal to the area of the hydrophone transducer. In this
way, for either a planar or angular scan, the total pressure calculated at each node will be
eqgual to what the hydrophone would measiNete that this is only a valid approach due
to the relatively small size of the hydrophomg@groximately80um x 80um). Thus, in
the farfield, there should not be a significant pressure gradient across its surface. For
larger receivers, a pressuregmdit woul d occur across the tr
the active area of the receiver would need to be meshed and averaged at each location in
space.

The modeled arrayshown in Figure 46 were used to predict the results of
experimental hydrophone tests on fabricated devices with identical geometries. They
include a 12x12 membrane array with an active 4x4 membrane center element, and an
isolated 4x4 membrane elemerthe models did not account for the 3um of parylene, so

sone discrepancies were expected.
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Figure46.Model geometriefor (a) a 12x12 membrane array with an active 4x4 center
elementand(b) an isolated 4x4 membrane array. These correspond to fabricated devices
with idential geometriesisedin theexperimental hydrophortests Note the use of
quarter symmetry.

5.2.2.2. Frequency Response

The hydrophone was used to first measure a single pulse response from the
different array designs. A single cycle, bipolar pulse centeredpatamately 8 MHz
was used to excite the arrays with a broadband signal. The FFT of each signal was then
calculated and compared with the simulated results. The simulated plots were adjusted
by the FFTs of the input voltage signals.

The pulse responsd the 12x12 membrane array with active center element is
displayed inFigure47. The corresponding simulation prediction is showFigure 48.
As can be observed, the key features of the experimefiabFe accurately predicted by
the FD/BEM model. The large notch at 8 MHz and the small peaks on either side of it
are clearly visible irFigure48. The small discrepancy in the center frequencipsuidy
attributable to thedct that the FD/BEM model did not account for the Jfrparylene.
From previous FEM analyses, it was determined that a parylene layer can slightly lower
or raise the center frequency of a membrane &% MHz, depending on its exact

thickness. The paryhe layer will also add 280V to the collapse voltageThe other
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notches in thexperimental FFT that are not visible in the simulated plot could be caused
by reflections from the diced edges of the silicon wafer, or lamb waves propagating

through the thikness of the substrate. Neither of these is accounted for by the model.
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Figure47. Temporal hydrophone response (left) for a 12x12 membrane array with active
center element and its associated FFT (right).
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Figure48.Simulated frequency response for a 12x12 membrane array with active 4x4
membrane center element. Plot has been adjusted by the experimental input signal.

The pulse response of the isolated 4x4 membrane array with active center element
is displayed inFigure49. The corresponding simulation prediction is showrrigure
50. Once again, the overall shape of the experimental FFT is accurately predicted by the

FD/BEM mode] including thedrop-off below 8 MHz, and the increased bandwidth and
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lack of sharp crosstalk features as compared with thisal@ted 4x4 membrane case
There are still some small discrepancies between the two plots, but, as before, they likely
exist because theD/BEM did not account for the 3um of parylene, nor did it consider

the effects of lamb waves or reflections off the diced silicon edges.
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Figure49. Temporal hydrophone response (left) for an isolated 4x4 membrane array and
its assciated FFT (right).
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Figure50. Simulated frequency response for an isolated 4x4 membrane array. Plot has
been adjusted by the experimental input signal.
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5.2.2.3. Radiation Pattern

The radiation pattesof the three array geometries i@ealso characterized using
a rotation stage. A single cycle, bipolar pulse centered at approximately 8 MHz was used
to excite the arrays with a broadband signallarge piezoelectric receiver was used to
detect the pressure wa/gansmitted by th&€ MUT array as it was rotated betweén
and 180 degrees, with 2 degree increments. Due to limited space in the experimental
setup, a full 180 degree sweep was not possible, so most scans only covered
approximately 140 degrees. The FFT of the received sigrtakach angle were then
calculated, and radiation plots were generated by using the magnitudes at particular
frequencies from these FFTs.

Radiation plots were generated with the FD/BEM model assuming that the
piezoelectric element was small enough tgleet pressure gradients across its surface.
Since the measurements were performed in théidiak, this should be an acceptable
approximation. Finally, as a comparison, radiation plots were also generated for the ideal
case in which crosstalk does retist, and all active membranes vibrateplrase with
equal amplitude (inactive membranes do not move). Essentially, this serves as a metric
for determining how significantly crosstalk alters the radiation pattern of a CMUT array.

The radiation plots fothe isolated 4x4 membrane array can be fourkedgaore51
- Figure53, for frequencies of 6.3 MHz, 8 MHz, and 9.1 MHz, respectively. Within each
figure, designations of (a), (b), and (c) are given retspEly to the experimental,
FD/BEM, and ideal piston plots.

At 6.3 MHz, crosstalk effects are negligible as evidenced by the identical
predictions between both the FD/BEM model and the ideal piston case. Both methods
accurately predicted a relatively itorm radiation pattern with a slightly higher
magnitude pressure wave being s#r0 degrees At 8 MHz, crosstalk is significant,

and thus there is a notable difference between the ideal piston and the FD/BEM plot. The



experimental results reflect lzeam pattern much closer to the FD/BEM prediction in
terms of the beamwidth of the main lobe, the null at 145 degrees, and the existence of a
side lobe (which the ideal piston case does not predicgimilar result can be observed

at 9.1 MHz. It is interesting to observe that even for this isolated element, without any
surrounding inactive membranes, crosstalk still affects the radiation pattern at certain
frequencies.

In spite of the fact that the FD/BEM model more accurately depicted the radiation
plots than the ideal piston case, there were still notable differences between experiment
and simulation, especially in higlrosstalk regions. Thesésdrepancies were likely due
in part to noruniformities in the fabricated array, and the lack of a pagy/layer in the
simulation. Furthermore, if the array was slightly tilted during the angular scan, this

could have skewed all of the features of the beam pattern.
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Pressure at 6.3 MHz (dB)

(@)

Pressure at 6.3737 MHz (dB) Pressure at 6.3737 MHz (dB)

(b) (c)

Figure51. Angular radiation patterns for th&olated 4x4 membrane array at
approximately 6.3 MHz for (a) the fabricated device, (b) the FD/BEM model, aad (c)
idealcase considering all active membranes as pistons vibratpigaise with equal
amplitudes.



Pressure at 8.1 MHz (dB)

(@)

Pressure at 7.9091 MHz (dB) Pressure at 7.9091 MHz (dB)

(b) (c)

Figure52 Angular radiation patterns for the isolated 4x4 membrane array at
approximately 8 MHz for (a) the fabricated device, (b) the FD/BEM model, araah (C)
idealcase considering all active membranes as pistons vibratigase with equal
amplituces.
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Pressure at 9.05 MHz (dB)

(@)

Pressure at 9.0606 MHz (dB) Pressure at 9.0606 MHz (dB)

(b) ()

Figure53.Angular radiation patterns for the isolated 4x4 membrane array at
approximately 9.1 MHz for (a) the fabricated device, (b) the FD/BEM model, aad (c)
idealcase considering all active membranepiatns vibrating irphase with equal
amplitudes.

The radiation plots for thd2x12 membrane arraith active 4x4 membrane
center elementan be found irFigure 54 - Figure 56, for frequencies o8 MHz, 8.6
MHz, and12.2 MHz, respectively. Within each figure, designations of (a), (b), and (c)
are given respectively to the experimental, FD/BEM, and ideal piston plots.

Once again, the FD/BEM model more accurately depicts the behavior of the
CMUT array,particularly in regions of high crosstallhis becomes most obvious when
comparing the locations and magnitudes of nulls and side lobes. However, there are still

some significant discrepancies between the model and experiment, even more so than
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what wasobserved for the isolated 4x4 membrane element. These differences can once
again be attributed to membrane ngmformities, the lack of a parylene layer in the
model, and possibly a tilted array during the angular scan. Since this array contains many
more membranes than the isolated 4x4 element-undformities in the array can
potentially cause more drastic inconsistencies than in the previous case.

It should also be noted that in the region of high crosstalk, the beam pattern
changes significantly ith small changes in frequency. Furthermore, since the modeled
membranes do not precisely match the fabricated ones (because wiifoomities, no
parylene layer, etc)a particular beam pattern may occur at a different frequency
experimentally than ithe model. Thus, the radiation patterns may gfreedue to the
difficulty involved with precisely matching the correct frequenciés.general, though,
the FD/BEM model seems to give a more accurate depiction of the radiation patterns for
CMUT arrays n terms of the main beamwidth, and the depth and locations of nulls and

sidelobes.
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Pressure at 7.935 MHz (dB)

(@)

Pressure at 8.2563 MHz (dB) Pressure at 8.2563 MHz (dB)

(b) (c)

Figure54. Angular radiation patterns for the 12x12 membrane array with active 4x4
membrane center element at approxima8alyHz for (a) the fabricated device, (b) the
FD/BEM model, and (c)raidealcase considering all active membranes as pistons
vibrating inphase with equal amplitudes.
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Pressure at 8.7 MHz (dB)

(@)

Pressure at 8.5427 MHz (dB) Pressure at 8.5427 MHz (dB)

(b) ()

Figure55. Angular radiation patterns for the 12xdf&mbrane array with active 4x4
membrane center element at approximately 8.6 MHz for (a) the fabricated device, (b) the
FD/BEM model, and (c) an ideal case considering all active membranes as pistons

vibrating inphase with equal amplitudes
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Pressure at 12.2 MHz (dB)

(@)

Pressure at 12.2663 MHz (dB) Pressure at 12.2663 MHz (dB)

(b) (c)

Figure56. Angular radiation patterns for the 12x12 membrane array with active 4x4
membrane center element at approximately 12.2 MHz for (a) the fabricated device, (b)
the FD/BEM model, and (c) an ideal case considering alleaostembranes as pistons

vibrating inphase with equal amplitudes

5.2.3. Noise Measurements

5.2.3.1. Background

For CMUT arrays containing a large number of elements, a simple method for
characterizing the uniformity and functionality of all elements in an array is deddee
simplest method for this is to individually test the impedance of each element using a

network analyzer. Unfortunately, this type of measurement requires access to both
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electrodes, which is not possible once CMUTs have been integrated with CMOS
anplifiers. Thus, anew method for characterizing CMUT arrays was recently proposed
by Gurun et al. which uses the thermachanical noise spectrum of the output from the
receive amplifiers[44]. This method applies a siatbias to the CMUTs, and then
measures the noise spectrum from the receive element amplifiers with a spectrum
analyzer. This noise spectruas will be explained next in this sectiamdirectly related
to thetotal impedance of th€EMUT. Consequentlythe mechanical behavior of the
receive elements of a CMUT array can be characterized through noise measurements
without applying a dynamic signal to the elements, as would be required for Network
Analyzer measurements. Furthermore, the correlation betwedse and CMUT
impedance implies that noise measurements can also be used as a passive sensing
mechanism for detecting environmental fluid properties.

The equivalent circuit for a CMUT receiver elemenshown inFigure57. This
circuit is similar to the transmit circuit shown in Chapter 2, but replaces the AC transmit
signal with a trangmpedance amplifier (TIA). It also includes a dynamic applied force

which accounts for the thermalechanical noise generateelverywhere in the

surrounding environment . The magnitude of
O TQYY Q i h
. 0Q 9
Q pdPEpmT — &7
i 0
Whereksi s Bol t zmanndés constant and T is the a

If we then then translate the velocity due to the noise in the mechanical mesh over to the
electrical domain using the transformer ratio, the equivalent circuit (after some

manipulation) becomes that shownFigure58. In this circuit:
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Thus, the thermainechanical current noise originating from the CMUT will beitspl
between themplifier internal impedance, the static and parasitic capacitances, and the
CMUT impedance. The design of the TIA is such that its impedance will always be
much lower than the static capacitance impedance up to around 20 MHz. Furthermore,
since we are considering CMUT on CMOS devices, the parasitic capacitance will be very
small relative to the static capacitancdéhus, most of the noise current will flow through

the CMUT impedance and the amplifier. For water operation, the radiatpedance

will be very large relative to the amplifier, and thus most of the noise current will flow
directly through the amplifier, implying that noise measurements at the output of the TIA
will be directly proportional to the CMUT impedance. For air measents, the TIA
impedance will typically still be smaller than the CMUT impedance, but will be close
enough such that some noise current will be lost through the CMUT impedance.
Consequentlythe SNR of the TIA output will suffer proportiotig.

Looking more closely at the current noise, we see that:

0 QY'Y Q o
O £ —— £

W S Y 'Q dadx 04 O (99)
Cc©o ¢ TQYYQ o

Where & is the admittance of the CMUT with spring softeninghus, the noise
spectrum measured at the output of the receive amplifier is directly proportional to the
square oot of thereal CMUT admittanceassuming the CMUT impedance is sufficiently

high. With this knowledge, it becomes possible to predict the noise output using the



FD/BEM model developed in this thesiFhese calculated values can be compared with
experimetal results as another means of validating the accuracy of the model. In the
next chapter, the model will be used to evaluate the potential of using CMUT noise

measurements as a fluid sensing mechanism.
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Figure57.Equivalent electracoustic circuit for a CMUT receiver element (includes
thermatmechanical noise)
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Figure58.Equivalent electrical circuit for a CMUT receiver element with thermal
mechaical noise

5.2.3.2. Experimental Setup

To measure the noise output of the CMUte setup shown ikigure 59 was
used. The top electrode of the CMUT element was connected to the CMOS
amplifier/MUX/buffer circuitry using the CMUT on CMO#abrication technique. The
fabricated device was epoxied to a ceramic chip carrier and coated in parylene. The

bottom electrode bond pad was connected directly to a high voltage power supply. The
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output of the TIA was connected to #@wmilent 4395A Spetum Analyzer Other
voltages were applied to the device to control the CMOS circuitry, but those are not
relevant to the scope of this experiment.

The device used for these experiments was afrithglarray consisting of two
rings of 4membrane elementsAs shown irFigure60, each element contained two pairs

of trapezoidal membranes with slightly different sizes.

Thermal-mechanical noise sources
originate randomly from everywhere
within the fluid environment

Q\ 7 ~
)
K Fluid Enviroﬁr-nent k‘
“\ (Water or Air)
Connects to

> 2

i i

) 5 . Connects
' C ERECRY 16x1 MULTIPLEXER

\;- = | BUFFER mA | o top
\ g% < 4- electrode

Spectrum Analyzer
CMUT on CMOS Array

Figure59. lllustration of experimental setup used to measnput current noise of a
CMUT receiver element



Figure60. Fabricated device geometry dsier noise measaments demonstrating the
presence of two membrane sizes in each element.

5.2.3.3. SimulationMethodlogy

As mentioned earlier, the device used for these experiments utilized elements that
contained 4 trapezoidal membranes of 2 different sizes. Theoretically, the trapezoidal
shape could have been incorporated into the FD/BEM model, but for simpbificati
purposes, this characteristic was not considered. Instead, the model utilized the average
dimensions of each membrane and assumed that they were rectangular,iaskhpan
in Figure61. Other simplifications include negigng the curvature of the array. The
main inaccuracy that this introduces is that the actual curved array has different inter
membrane spacing within each ring (smaller spacing on the inner ring and larger spacing
on the outer ring). The simulated linearray utilizes identical spacing in between
membranes, other than slight difference that originates from the different membrane
spacing. The membrane spacing affects the periodicity of the array and thus this
simplification may slightly shift the locats in the frequency response at which

crosstalk notches/peaks occur.

13C



All membranes were given the same bias, and the membranes illustrated in red
were actuated with a uniform, harmonic pressure wave across their entire surface. After
solving, the total drce on the active element was calculated and divided by the average
velocity over that same element. This produced a lumped element value for the total
mechanical impedance of the element including both mechanical and radiation effects. A
lumped elementvalue for the transformer ratio was also calculated using the total
electrode area and average gap under those electrodes. With these two values, Equation
(202 could then be solved for the estimated input current noise measdutexloutput of

the TIA.
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Figure61. Model geometry used for simulating noise of a dual ring array element in
water. All elements are biased. Red membranes have uniform, harmonic pressure wave
applied to their surface. Dashite denotes symmetry axis.

5.2.3.4. NoiseSpectrumn Water

The noisespectrumsacquired from a single CMUT on CMOS receiver element in
immersion at 0 V, 70 V, and 95V bias are showrFigure 62. The predicted noise

spectrums calculateusing the FD/BEM model are shownpfots (a) and (b) oFigure
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63. Note thatall plots are of the square of the noise curreAtzoomed in version of
these plots which utilizes the same axes as the experimental data isisi{oyand (d)
of Figure63.

There are extremely higQ, large magnitude peaks in the predicted frequency
response that are not visible in the experimental results. It is expected that these peaks
most likely do not show up iexperiments because noise measurements require a high
number of averages to eliminate extraneous noise from the data. During this process,
very highQ features tend to geliminated This is because even the slightest shifts in
their frequency over tim will result in their large magnitudé&ing damped out as they
areaveraged with many losmagnitude data points.

Other than the higlQ features, the relative shape and magnitudes of the graphs
match well with experimental results in spite of the sifigaitions made to the
simulation. Specifically, they both contain three distinct regions. The first one occurs
between 5 and 10 MHz (at 95V bias) and corresponds to a region of large amplitude,
high-Q peaks. The second region is located between 10 @ridHz and is a much
broader band, smoothed peak. The final region occurs beyond 20 MHz and displays a
series of notches in the frequency response. All three regions were accurately predicted
by the model. Discrepancies between the results are likelyodug@ of the
simplifications made to the model geometry. However, these discrepancies are small,
and thus the noise measurement comparisons further validate the accuracy and usefulness
of the FD/BEM model.

Because of the close correlation between sitiariaand experiment, it becomes
possible to utilize the model for a more thorough examination of the features in the graph
and their causes. For examglar, 95V biasat 2.6 MHz, away from any notable features
in the graph, the membranes in the arrayalbehas expected. As shownFigure64 (a),

only the element that was actuated exhibits any significant displacement.
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However, as shown ifrigure 64 (b)-(d), in the first region of interest a high
degee of crosstalk is occurring and all membranes in the array are being excited with
different phases and amplitudes. This explains the presence of large peaks and notches in
the frequency spectrum. Depending on the frequency, crosstalk will either droost
decrease the noise current seen by the TWany of the features in this region are very
high-Q because the array displacement distribution is constantly shifting between
completely different resonance modes. This in turn causes the admittancees(efat¢h
noise spectrum) of the actuated element to dramatically change with different
frequencies. Note thatthe two main peaksiear 6 MHz and 9.5 MHz ifigure 63 (d)
correspond precisely with the center frequencies that wauddrof the two membranes
geometries were isolated in immersion, as showkignre65. This implies that much of
the crosstalk in this region has higher magnitude than anywhere else in the spectral plot
because the membranes aear their resonance in this locatiorkinally, it is also
notable that in this region, the two largest magnitude,-Qigleatures occur because a
periodic wave is being set up in a direction that is specific to a particulametabrane
spacing. At 6l MHz for example, as shown Figure 64 (b), the largest peak in the
noise spectrum is created because a crosstalk wave is occurring along the second row of
membranes. This row corresponds to a unique membrane pitch. Simil&ly MHz,
as shown irFigure 64 (d), a crosstalk wave is propagating through the inner ring of the
array.

The next region, as demonstratedrigure64 (e), represents the main band of the
transducerarray. It still exhibits crosstalk effects, but in general the effects are not as
dramatic as in the previous regjdikely because the frequencies have moved past the
main resonances of the membrane geometries

The final region, which occurs at appnarately 20 MHz and beyond, displays a
series of notches. Upon examining the array behavior at these notches, their source

becomes clearOnce againa periodic wave ibeingset up in a direction that is specific
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to a particular intemembrane spacing.oFexample, at 20 MHz, the first notch is caused

by a crosstalk wave that is occurring along the second row of membrané&sg(ses4

(). In this case, howeverhé¢ wave is creating an antisymmetric mode shape in the
associadd membranes which results in a n(@kther than a peak, as befoia) the
frequency response. Similarly, the next notch that occurs at a slightly higher frequency is

due to a wave propagating along the inner most ring of the array.
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Figure62 Experimentally measured noise spectrums of a single CMUT on CMOS
receiver element in immersion at 3 different bias levels.
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Figure63. Simulated noise spectrums of a single CMUITGMOS receiver element in
immersion a{a) 70V and (b) 9V. (c) and (d) are the same respective plots at these 2
bias levels but with zoomed axes for better comparison with experimental data.
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CHAPTER 6

APPLICATION OF THE MODEL

6.1. Optimization of Membrane Aspect Ratio in Lateral Dimensions

Although the FD/BEM model isntended for simulation of large arrays, its
efficient operation makes it ideal for optimizing single membrane performance by
assessing many geometries in a very short amount of time. With this in mind, the model
was utilized to determine the best rectalag membrane geometry to achieve the highest
bandwidth. This was done by searching a design space of many different membrane
lateral dimensions, while adjusting the membrane thickness accordingly to ensure that
every design had the same center frequencynmersion All membranes had 100%
electrode coverageThe bandwidth of each geometmasthen calculated using pkof
average surface velocity. The results are summarizefiable 9 for an operating
frequency of 9.4 MHz.

From this optimizati on study, it was
dimensions are directly proportional to its bandwidth. In other words, increasing a
membrané size in one or both of its lateral dimensions will effectively increase its
correspondig bandwidth. Another study considering 3 MHz operating frequency
yielded identical results.

Figure66 demonstrates the effects of increasing only one dimension (left) or both
dimensions proportionally (right)As can be seen,ven increasing only one dimension
of the membrane, the bandwidth improvedin spite of the fact that antesonance
notches are created closer to the center frequeandgact, the bandwidth nearly triples in
changing the dimensions from 18um x 18uni&wm x 100um. Theotchesn the plot
originate from higher order mode shapes in the longer dimenshs.discussed in

Chapter 2, notches surrounding the main band of a transducer create ringdown effects in
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the corresponding temporal response which aetgraimaging performance.

rectangular shaped membranes may not be optimal in spite of their bandwidth
improvements. In contrast, increasing both dimensions proportionally resaltsmmlar
improvement irbandwidth without adding any notches te tinain frequency bandl'he
only difficulty introduced with large, square membranes is that they become increasingly

difficult to reliably release during fabrication. Thus, there is likely an optimal size which

maximizes bandwidth and can be easily fadted.

With regards to how increasing the lateral dimensions of CMUT membranes will

improve array performance, a separate study will be detailed in S6Qi&n

Table9. Fractional Bandwidths (FBWs) f@ifferent Membrane Geometries

Aspect Max
.| Width | Length Mem brane Ratio in Aspgct Center FBW
Design wm) | (um) Thickness Lateral Ratio Freq (%)

(um) Dimensions (Lat.eraI/ (MHz)

Thick)
1 18 100 1.05 5.6 95.2 9.45 | 36.8
2 18 70 1.00 3.9 70.0 9.38 | 31.6
3 18 50 0.96 2.8 52.1 9.44 | 25.3
4 18 30 0.85 1.7 35.3 9.40 | 17.8
5 18 18 0.63 1.0 28.6 9.25 | 133
6 35 35 1.97 1.0 17.8 9.30 | 23.3
7 45 45 3.05 1.0 14.8 9.40 | 28.7
8 55 55 4.30 1.0 12.8 9.41 | 33.9
9 35 70 2.75 2.0 25.5 9.30 | 34.3
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Figure66. Effect of increasing one lateral dimension (left) or both lateral dimensions
(right) on the frequency response of an isolated CMUT membrane in immersion

6.2. Design Study: Optimizing a DualRing Array Element for Minimal Crosstalk

In order to hidplight the capabilities of the FD/BEM model for CMUT array
design applications, a study was conducted to optimize aritigahrray element with the
specific goal of minimizing unwanted acoustic crosstalk effettse following sections
will utiizethenmro del 6 s ¢ o mp ut toitarae thraugh aentiniber ofi défarenty
design scenarios that hold potential for reducing crosstalks study is not intended to
exhaustively search the design space, but is rather a preliminary investigation into
potental techniques for optimizing array design.

For reference, the performance of the resultant arrays were compared with a
standard DRA design which consists of 2 rings of equally spaced elements, where each
element contains 4 membranes that have the saomeeg)gy of 35um x 35um x 2unAll
membranes are assumed to be spaced 10um dpertmodel predicts a collapse voltage
of 102V and a center frequency (isolated, in immersion) of approximately 8.5 MHz for

this particular geometry when biased at 75% ofcthiapse voltage.
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6.2.1. Effects of Inactive Membranes

For efficient modeling, it is necessary to determine how miagighboring,
inactive membraneare needed for accurate prediction of dynamic behafiar single
CMUT DRA element Thus, a preliminary anadys was conducted that calculated the
dynamic response of a single element with only a few neighbors, and then gradually
increased the model size by increasing the number of neighboring membranes. The
frequency responses of all models were then compared.

The initial modelemployed the geometry shownkigure67 (a). Note the use of
half symmetry. It consisted of a singlemembrane element, with only one other
neighboring 4membrane element positioned above it in the outgrafrthe array. Both
elements were given the same bias of 75% of the collapse voltage, but only the lower
element was actuated with an AC voltage. With every new iteration of the model
geometry, an additional column of membranes was added to the lefigahaf this

original array of 2x4 membranes, as showFRigure67 (b) and(c).
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Figure67.Model geometries consisting of @)b) 1 and (c)2 inactive, neighboring
membrane column®ashed line implies symmetry planéhese models weresed for
determining how many inactive columns should be included in the FD/BEM model for
sufficient accuracyAll membranes are biased but only red elements are actuated with

AC signal.
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In this mamer, models of arrays containing 2x4, 4x4, 6x4,,8x4, and 12x4
membranes were simulatedPlots of the admittancand average velocity of the active
element are shown iRigure 68 (left) and ¢ight), respectively. From theggaphs, it is
clear thataccurate predictions for a DRA elemeain be achieved over nearly the entire
frequency spectrum as long as at least 2 neighboring columns are included on both sides
the element. This observation also lsoldie when consideringhe inactive element
directly above the active element. As long as these 2 neighboring columns are included,
the smooth region surrounding the main band of intesestthe higher frequency
notches due to crosstalikduced antsymmetric mode shapes aretln resolved with

sufficient accuracy.
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Figure68. Simulated admittance (left) and average velocity (right) of an active DRA
element with differing numbers of inactive neighboring columns.

The frequency response plots also réveat even the largest model consisting of
5 neighboring membrane columns was insufficient to achieve a converged solution for
the small region containing significant crosstalk effects near 8.5Msldemonstrated in
Figure 69. Within this frequency range, the high notches and peaks shift in both
location and magnitude with every additional column. There are a number of reasons
which likely contribute to this result. Primarily, this is the portion of the considered

frequencyrange in which crosstalk effects are extreme enough to affect even the
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outermost membranes of the modeled array, as showigume 70 (b) and (c) In most

other regions, the crosstalk effects are either negligislshown irrigure70 (a), or very
localized as shown irFigure70 (d). Thus, in these regions, the inclusion of only a few
inactive membrane columns should be sufficient to accurately depictlythamic
behavior ofthe array. However, in the crosstaleminated region near 8.5MHz, all
membranes in the array affect (and are affected by) the dynamic response of the active
element. Thus, adding more columns adds new information to the system and can
potentially chang the entire behavior of the array in this frequency rarge.example,
additional columns introduce new interembrane diagonal pitches which create new

potential directions for periodic crosstalk waves to occur.
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Figure69.Zoomin of the crosstalk dominated region of graulated admittancéor an
active DRA element with differing numbers of inactive neighboring columns.
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Figure70.Simulated displacement of membranes @ual ring array in immersion at (a)
4.8 MHz, (b) 8.1 MHz, (c) 8.8 MHz, and (d) 12 MHz for single element actuation (76 V
bias). Green plane denotes symmetry.
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It should be noted that the membranes on the outer columns are the least
accurately modeled mémanes in the array. This is because their boundary conditions
do not reflect the fact that they should be surrounded on both sides with membranes. In
the model, they only contain membranes on one side. This introduces-aynamigtric
loading that wold not occur in reality. In most regions where crosstalk effects are

relatively localized, these inaccuracies likely have minimal effect. However, in the
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