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Preface

This PhD thesis has been submitted to the Technical University of Denmark,
in partial fulfillment of the requirements for the degree of Doctor of Philos-
ophy. The work has been supervised by Professor Erik Vilain Thomsen and
Professor Jorgen Arendt Jensen. This thesis consists of a recapitulation of
the research work carried out from September 2016 to September 2019 at
DTU Health Tech, Technical University of Denmark.

The MEMS group has conducted research within the field of Capacitive
Micromachined Ultrasonic Transducer (CMUT) for several years, and pro-
found knowledge of the CMUT technology was therefore already established
before my project.
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Summary

Conventional ultrasound imaging produces 2D images of the human body,
and these images are today routinely used for diagnostics purposes. The two-
dimensi images can efficiently be displayed on a computer screen and are easy
to interpret, whereas 3D images are more difficult to interpret but provide
additional information about the imaged objects. The added dimension in a
3D image can provide vital information and can be used for new innovative
imaging techniques. However, the complexity of the underlying transducer
technology increases enormously when the imaging capabilities go from 2D
to 3D. New advances in the transducer technology , such as row-column
addressed arrays, drastically reduce the complexity of ultrasound systems
capable of 3D imaging. The row-column technology reduces the required
number of electrical interconnection from N2 to 2N, where N is the number of
channels in the ultrasound system. The main goal of this thesis is to develop
the row-column addressed transducer array. The technology of capacitive
Micromachined Ultrasound Transducers (CMUT) is used for the development
platform for the row-column arrays due to the high flexibility and desired
imaging properties offered by this technology.

Theoretical analysis of a CMUT is presented in the first part of thesis, in-
cluding investigation of the static and dynamic properties. Multiple CMUT
fabrication methods are developed, demonstrated, and used to fabricate var-
ious row-column arrays of different sizes. The area of row-column addressed
arrays can be larger than conventional ultrasound transducers which intro-
duces new challenges that has to be addressed. These challenges included
increased resistance in the electrodes, and a design criterion for sufficient
resistance of long row-column elements is derived and experimentally docu-
mented.

Two 92492 4.5 MHz row-column addressed CMUT arrays are assembled
into ultrasound probes. The CMUT probes are electrically characterized,
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long term stability test during 16h showed no sign of dielectric charging
and the electromechanical coupling coefficient is estimated to be 18.3%. The
acoustical performance of the probes are characterized and 3D imaging ca-
pabilities are demonstrated at a depth of 7cm in a cyst phantom.



Resume

Ultralydsbilleddannelse bliver rutinemaessigt brugt til diagnosticering i medicinsk
sammenhaeng. Konventionelt er ultralydsbilleder i 2D, hvilket bade ggr det
nemt at fortolke og afbillede pa en computerskeerm, hvorimod 3D-billeder er
svaerere at fortolke men indeholder mere information om det afbillede objekt.
Den ekstra dimension i 3D- billede kan give livsvigtig information og bane
vejen for nye billedeteknikker. Men kompleksiteten af den bagvedliggende
transducerteknologi stiger voldsomt nar man gar fra 2D til 3D. Den nyeste
udvikling af transducerkoncepter, sasom raekke-sgjle adressering, reducerer
denne kompleksitet drastisk. Reekke-sgjle-adressering reducerer antallet in-
dividuelle elektriske forbindelse fra N2 til 2N, hvor N er antallet af kanaler i
ultralydssystemet. Hovedfokuset i denne athandling er at udvikle transduc-
ere baseret pa teknologien bag raekkesgjle-adressering. Til at facilitere denne
udvikling er teknologien baseret pa kapacitive mikrofremstillet ultalydstrans-
ducer (CMUT) valgt som platform. Dette valg er grundet fleksibilitet og den
oget billedkvalitet som CMUT teknologien tilbyder.

Den forste del af athandlingen indeholder en teoretisk analyse af en CMU'T,
som inkluderer en gennemgang af de statiske og dynamiske egenskaber. Deru-
dover bliver flere forskellige CMUT fabrikationsmetoder gennemgaet, demon-
streret, og brugt til at fabrikere raekke-sgjle adresseret CMUT transducere i
forskellige stgrrelser. Arealet af en rackke-sgjle adresset CMUT kan blive be-
tydlig sterre end konventionelle ultralyds transducere hvilket medfgrer nogle
problemstilling, der skal handteres i CMUT design processen. Et af disse
problemer er gget elektrisk modstand, og et kriterium for den hgjeste tilladte
modstand i elektroderne er udledt og eksperimentelt demonstreret i denne
afhandling. To 92492 4.5 MHz MHz raekke-sgjle adresseret CMUT trans-
ducere er blevet samlet til en ultralydsprobe, og disse prober er akustisk
karakteriseret og har demonstreret 3D ultralydsbilleddannelse ned til 7 cm
dybde pa et cystefantom.
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LPCVD Low Pressure Chemical Vapour Deposition

MMS Method of Multiple Scales

MR Magnetic Resonance

PCB Printed Circuit Board

PDMS polydimethylsiloxane

PECVD Plasma Enhanced Chemical Vapour Deposition
PMUT Piezoelectric Micromachined Ultrasonic Transducers
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Nomenclature

CMUT array

Atrans Area of transducer surface
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Area of a single CMUT cell

Radius of a single CMUT cell

Force (frequency domain)

Force from the radiation impedance (time domain)
Gap height in CMUT cavity

Thickness of the CMUT plate

Linear spring constant of CMUT

Mass of a single CMUT cell

Applied DC bias
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xiv
Upi  Pull-in voltage
\ Velocity of the CMUT plate (frequency domain)
v Velocity of the CMUT plate (time domain)
X Displacement of the CMUT plate
z Radiation impedance (frequency domain)
z Radiation impedance (time domain)
Material properties

m  Density of medium

b Density of plate
% Resistivity

Cm Speed of sound

Other

Wavelength
! Angular frequency
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A Cross-sectional area
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Fe Electrostatic force
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k Wave number
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CHAPTER 1

Introduction

Medical applications of ultrasound dates back to 1950 [1], and have since
grown to be a conventional tool for diagnostic purposes. Ultrasound is ad-
ditionally routinely used in multiple other applications ranging from park
assist, non destructive testing, fingerprint sensing, gas sensing among other.
Ultrasound imaging is like X-ray, Computed Tomography (CT), and Mag-
netic Resonance (MR) used to examine the internal part of the human body,
and ultrasound imaging has the advantages of offering real time imaging op-
posite to the other modalities and additionally at a low cost. However, the
resolution of ultrasound imaging is in general inferior compared to the three
other imaging modalities, and ultrasound is limited to predominantly visu-
alization of tissue. Imaging of bone structures is challenging for ultrasound,
the reason being bone structures reflect the majority of generated pressure
from an ultrasound transducer while tissue allows penetration of the ultra-
sound waves. This is in technical terms explained by acoustic impedance
mismatch between two mediums. The interface between two adjacent medi-
ums acts as a reflector if the acoustic impedance mismatch is large, which
prohibits imaging beyond the interface. Medical imaging of bone structures
is therefore commonly acquired using imaging modalities such as X-ray, CT,
and MR.

Today, nearly all commercial ultrasound transducers for medical imag-
ing are made by a ceramic material with piezoelectric properties (PZT).
Pb[ZryxTi; x]Og3 is the chemical composition of these types of ceramics, and
the abbreviation PZT is used as a generic term for the entire class of piezo-
electric ceramics. Other chemical compositions can also be used, but the
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Figure 1.1: Cross-section sketch of a single CMUT. i) Geometrical CMUT pa-
rameters are indicated as well as definitions of the different layers. a is the CMUT
radius and g is the gap height. ii) The working principle of a CMUT. An elec-
trical field is created by applying a voltage between the plate and the substrate
that forces the plate towards to substrate. The deflection of the CMUT plate can
thereby be controlled by applying a voltage, and ultrasonic pressure waves can be
generated by applying a time varying pulse.

i) kLﬂ +~ Plate if)

~ Insulator —

J

Substrate -

terminology PZT will be used throughout this thesis for all piezoelectric ce-
ramics. Modern ultrasound transducers are fabricated by dicing pieces of
PZT into small adjacent elements next to each other. The geometry of the
diced PZT elements as well as the quality of the PZT crystallinity deter-
mine the performance of the transducer, and notably advances in the PZT
crystallinity have significantly increased the performance of the transducers
used for medical imaging over the years [2]. But, new semiconductor based
technologies have begun to compete with the conventional PZT technology.
These new promising technologies are the Piezoelectric Micromachined Ultra-
sonic Transducers (PMUT) and Capacitive Micromachined Ultrasonic Trans-
ducer (CMUT) technology that both have been used to demonstrate medical
ultrasound images, and the CMUT technology is already being sold commer-
cially for medical imaging applications.

The PZT and PMUT are both interesting technologies, however, the focus
of this thesis is exclusively development of the CMUT technology, and in
particular for 3D ultrasound imaging.

1.1 CMUT

A CMUT is a micro sized device that consists of a substrate and a vibrat-
ing plate (or membrane) separated by an electrically insulating material. A
cross sectional sketch of a single CMUT is shown on Fig 1.1 i). The hori-
zontal dimension of a typical CMUT ranges between 5 and 100 m whereas
the common vertical dimension is in the sub micron regime. The high aspect
ratio geometry of a single CMUT makes it impractical to draw sketches to
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scale, and all sketches of CMUTs are therefore not drawn to scale for visual
purposes. The semiconductor technology is the obvious choice for fabricating
devices on this length scale. Conventional semiconductor fabrication tech-
niques provide a large degree of freedom in design process of CMUTSs, which
is one of the main selling points for the CMUT technology.

The geometry of a CMUT is defined by conventional UV lithography
and the most common shapes for the individual CMUTs are either circles
or squares in which case the parameter a becomes either the radius or half
side length and g is in both cases the gap height. CMUTs are operated by
applying a voltage between a top and a bottom electrode that are designed
into the CMUT structure, see Fig. 1.1 ii). The applied voltage creates an
electric field that forces the plate towards to substrate due to the electrostatic
force. The CMUT is a high field device, meaning the applied voltage does
not necessarily has to be high, but the electric field between top and bottom
electrode is in many applications required to be on the order of 0.5V /nm,
which is high compared to other MEMS devices. The electromechanical
coupling between the electrostatic and mechanical domain makes a CMUT
inherently non-linear. It should, however, be emphasized that the structural
deformation of the plate caused by an applied bias can in most cases be
described by a linear deformation theory. The DC bias is required for CMUT
applications within the field of medical imaging, since the generated pressure
and the receive sensitivity both increases as function of the applied bias.
Acoustic signals are generated by imposing a voltage pulse on top of the DC
bias which effectively forces the plate to oscillate. In transmit situation, the
kinetic energy of the plate couples into the medium as propagating pressure
waves. The mechanism is opposite in receive, where an external pressure
wave couples into kinetic energy of the plate, that can be measured and
converted into an ultrasound image.

The non-linearity of the CMUT is in many cases used advantageously,
since, the Signal to Noise Ratio (SNR) has a non-linear increase with the
applied bias. The plate is forced towards the substrate due to the electrostatic
force as the DC bias is increased. The mechanical stiffness of plate gets
reduced as the applied DC-bias increases, a phenomenon called the spring
softening effect. The non-linear effects become more and more dominant as
the bias voltage is increased until a point where the spring force from the
plate no longer can counter the electrostatic force. It results in an unstable
state where the plate is forced to the bottom of the cavity. This is a non-
linear phenomenon that occurs at a specific voltage known as pull-in voltage
or collapse voltage. The gap height, the plate thickness, and the radius or
side length of a CMUT determine the pull-in voltage, and other parameters
such as resonance frequency, bandwidth, and output pressure.
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The top plate and the substrate of a CMUT are separated by an electrical
insulator in the CMUT literature commonly denoted the post region, or in
short just post. Excellent insulating properties are essential for functional
CMUTs, since the insulator has to be able to withstand the high electrical
field. The purity of the insulator also of crucial importance, even a tiny
amount of mobile impurities in the insulator can give rise to dielectric charg-
ing during operation, which greatly reduces the functionality of the CMUT.

To achieve high quality insulation properties layers of silicon oxide or
silicon nitride are commonly used for CMUT fabrication. An insulating layer
in the bottom of the cavity is often used to prevent the CMUT from short
circuiting if the pull-in voltage is applied. The same effect can be obtained
by having an insulating layer on the plate (on the side towards the cavity),
both cases require high quality dielectric properties for a satisfying CMUT
performance.

The CMUT technology was first proposed in the early 1990’s by Khuri-
Yakub from Stanford University. Two papers from 1994 and 1996 by the same
name A Surface Micromachined Electrostatic Ultrasonic Air Transducer and
both by Haller and Khuri-Yakub are the first and most influential CMUT
papers [3,4]. The interest for the CMUT technology has after these papers
grown steadily ever since and is still an expanding technological field, which
can be seen in Fig. 1.2 where the number of publications is shown as function
of time. The publication count from 2019 is prior the to large International
Ultrasound Symposium (IUS) where a substantial amount of CMUT papers
are published. Two of the many reasons behind the success of the CMUT
technology are the design flexibility and the possibility of parallelism. The
sketched CMUT in Fig. 1.1 ii) constitutes a single CMUT, which henceforth
is called a CMUT cell, that by itself produces a small signal regardless of it
being acoustically or electrically. But, by grouping hundreds or even thou-
sands of individual CMUT cell together and operating all of them in parallel
enhance the SNR to a level capable of competing at a commercially level
within various applications.
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Figure 1.2: Number of CMUT publications versus time. The data has been ac-
quired from the Web of Science database using the keywords: CMUT or Capacita-
tive Micromachined Ultrasound Transducer or Surface micromachined transducer.

1.1.1 CMUT outlook

The first commercialization of a CMUT probe for medical imaging was back
in 2009 where Hitachi released the Mappie probe. In the following years
KOLO and Butterfly Network have released their respective CMUT probes,
where especially the latter has gotten a lot of positive attention. The CMUT
probe from Butterfly Network is portable and uses a smartphone or a tablet
to display the acquired ultrasound image. Furthermore, the Butterfly iQQ —
Ultrasound app, used for visualization on the smart devices, was announced
as one of the winners of the Apple design Awards in 2019.

The publicity, especially associated with the Butterfly Network, has boosted
the confidence in the CMUT technology, that is predicted to have a signifi-
cant increase during the next couple of years. The market share of CMUT
transducers within the field of medical imaging was less than 1% back in
2017, but is according to a report from Yole Développement [5] predicted to
occupy 30 % of the market in 2023 as illustrated in Fig. 1.3.

1.2 2D ultrasound imaging

Conventional ultrasound transducers produce two-dimensional images of the
internal body and such transducers will henceforth be referred to as a linear
arrays or 1D arrays. A Linear array can be further decomposed into N
elements. Each of the N individual elements has to be electrically connected
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Figure 1.3: Prediction of the medical ultrasound market distribution in 2023
compared with the numbers from 2017 [5].
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Figure 1.4: Sketch of all the components in a 1D CMUT array. The 1D array
consists of N individual elements. The end of the 1D array is magnified and the
zoom-in shows the three last elements. The plate is partially removed from the
last element to illustrate the positions of the CMUT cells. The red dashed line
indicates the in-plane cross section in which CMUTs commonly are drawn.

while being insulated from all the other elements. Each element in a linear
CMUT array consists of numerous CMUT cells, typically several hundreds
of CMUT cells per element. All the components that make up a linear
CMUT array are sketched together in Fig. 1.4. The number of elements
should preferably be as high as possible, since the image quality improves
with the number of elements. The surface area and the complexity of the
probe assembly do also increase with number of element, hence, application
specific trade-offs have to be considered for all ultrasound transducers. To
put things in perspective, modern ultrasound images are typically acquired
by transducers with more than 100 individual elements.

Multiple ultrasound images have been documented by CMUTs probes
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Figure 1.5: Sketch of all the components in a 2D CMUT array. The 2D array
consists of N individual rows and N individual columns, highlighted in red and
blue, respectively. The area where rows and columns overlap defines a sub-element.
The zoom-in shows nine sub-elements where the plate is partially removed from
three of them to illustrate the positions of the CMUT cells.

since the discovery back in the 1990s [6-8]. Notably, the presented probe in
[8] was fully capable of producing commercially comparable B-modes images
and doppler blood flow estimation of the carotid artery.

1.3 3D ultrasound imaging

All objects inside the human body are three dimensional and information is
inevitably lost by evaluating 2D images of the body. It is therefore naturally
to think in terms of three dimensional imaging. The terminology for 2D
transducers is not as well defined as the 1D counterpart, but the terminology
used throughout this thesis is the following. 2D arrays can, equivalent to
the 1D arrays, be divided into elements. A 2D transducer consists of 2N
elements, N rows and N columns as sketched in Fig. 1.5. The overlapping
region of a row and a column is called a sub-element.

Fully Populated Matrix (FPM) arrays are the direct extension from 1D ar-
rays to 2D arrays. These arrays require electrical interconnections to all
the individual sub-elements and therefore defined by N N channels. This
configuration is problematic due to a quadratic scaling law of electrical in-
terconnections. Thus, more than 10000 electrical interconnections are re-
quired for a FPM transducer to obtain the same 3D image quality as a linear
transducer with plus 100 elements. Multiple transducer architectures have
been proposed in the literature to overcome the challenge with the enormous
amount of electrical interconnections [9] associated with 3D imaging. One
way of achieving 3D images is to use a conventional 1D transducer with an
integrated accelerometer, capable of monitoring the relative position of the
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transducer. Three dimensional ultrasound images are reconstructed by com-
bining the knowledge of the transducer position with multiple 2D images.
This 3D transducer architecture does not provide real time 3D images and
is also sensitive to movement of the imaged object between the first and last
acquired image. A rather similar architecture, that also stitch multiple im-
ages together, is a motorized 1D transducer, where the transducer surface
is steered periodically back and forth by a motor inside the probe handle.
It has the advantage of being less operator dependent, and also provide a
higher frame rate for the reconstructed 3D images. These two technologies
can provide 3D images, but will inherently have difficulties with estimating
blood flow in 3D, due to the time shift between images used for the re-
construction. The transducer design should be structured as a 2D array to
efficiently perform 3D blood flow estimations. Either by the FPM configura-
tion, at the expense of a high amount of interconnections, or by a sparse array
configuration where a smaller percentage of the sub-elements are electrically
connected. A third option is a Row-Column-Addressed (RCA) array, this
configuration utilizes the fact that the rows and columns make up two or-
thogonal linear arrays on top of each other. The channel count is significantly
reduced to 2N compared to the N? dependency for the FPM array, and the
RCA array configuration provides the opportunity of real time 3D images
and flow estimation [10].

Development of RCA CMUT arrays with large surface area and a high chan-
nel count is the focus of this thesis. The different 2D transducer technologies
are discussed in more detail in chapter 3, where a more technical and in depth
analysis between the different 2D transducer technologies are given.

1.4 Thesis outline

The thesis is divided into six chapters. Theoretical modelling of a CMUT is
discussed in chapter 2 where design parameters and scaling laws are derived
and discussed. The chapter is divided into two parts. The first part addresses
the static behaviour of a single CMUT cell, and the dynamics of a single
CMUT cell is examined in the second part.

The row-column technology is discussed in chapter 3. After a brief litera-
ture review are relevant scaling laws for 2D arrays considered. The geometri-
cal structure of a RCA CMUT array will be provided followed by an analysis
of challenging phenomenons associated with the row-column geometry. It
includes the issue of edge waves and problems with capacitive substrate cou-
pling, the later is CMUT specific.

CMUT fabrication and process development are examined in chapter 4.
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Three different fabrications methods are discussed with a special focus on
RCA arrays. The first method utilizes fusion bonding, the second method is a
polymer based CMUT fabrication, and an anodic bonded CMUT is the third
and last process. An additional forth fabrication process is also presented, it
combines the beneficial properties of the fusion bonding method and the
anodic bonding method. Finally, a novel fabrication technique of Poly-
Silicon-On-Insulator (PSOI) wafer is presented. PSOI wafers can be used
for CMUT fabrication as a substitution of conventional Silicon-On-Insulator
(SOI) wafers. A characterization of PSOI wafer are given and thePSOI tech-
nology is demonstrated for both fusion bonded and anodic bonded CMUTs.

An acoustic characterization of the developed CMUTSs are presented in
chapter 5. This chapter is divided in two parts. A developed single channel
acoustic set-up is considered in the first part. The frequency response from
the instruments and electronics are optimized to provide optimal conditions
for acoustic CMUT characterization. Acoustic measurements of a fabricated
linear CMUT array is demonstrated with two different configurations in the
electronics.
In the second part of the chapter is a fabricated 92492 RCA CMUT probe
acoustically characterized, where an attenuated pressure field was observed
for the columns. A delay line model is derived and used to describe the
observed attenuation for the columns. At the end of the chapter is 3D ultra-
sound row-column images presented.

The thesis is concluded in chapter 6.

1.5 Publications

The results from this thesis has been published in six IUS conference pro-
ceedings and one journal article.
Articles included in the thesis:

Paper A A. S. Havreland, M. L. Ommen, C. Silvestre, M. Engholm,J.
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CHAPTER 2

Theory

In this chapter both the static and dynamic behavior of a CMUT is described
through mathematical models. The CMUT is an inherently non-linear device
and is therefore complicated to model, however, dimensionless parameters
will be derived as they provide valuable insight in the scaling of different
relevant CMUT parameters.

Multiple mathematical models for the static and dynamic behaviour of
CMUTs can be found in the literature. The models include finite difference
models [11], time domain FEM analysis [12], large lumped element models
[13], simulink/BEM models [14] and harmonic oscillator models [15] among
others. The dynamics of a single CMUT cell will in this chapter be modeled
as a harmonic oscillator with a non-linear electrostatic force term. All the
developed models in this theory chapter evaluates the behaviour of a single
isolated CMUT cell, thus, effects from electronics, backing, array couplings
are not included.

A hat notation will be used throughout the chapter and will be assigned
to all non-dimensional variables. The same letter will be used for both phys-
ical and non-dimensional variables. For instance, the plate displacement is
denoted X and has a length unit, whereas the X is the normalized distance
with respect to the gab height and is dimensionless.

The assumptions in for the modeling is as follows: A circular cell geom-
etry is assumed for all models in this chapter, and a vertical electric field is
assumed between the top and bottom electrode, hence, effects from fringing
fields are not included. The dynamic CMUT models are applicable for both
a transmit and a receive situation. However, displacement of the plate is

11
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small enough to justify linearization of the electrostatic force in a receive
analysis. But, a transmit analysis has to include the non-linearity due to
a large displacement of the plate. Finally, the models used for dynamical
modeling do not include a time dependent driving term, but, focus solely on
the dynamical properties of the CMUT itself.

2.1 Static model

Two static models are presented in this section. The first model is a lumped
element model that is used to find a characteristic voltage for a CMUT
system. The second model is perturbative solution used to estimate the de-
flection profile of a clamped CMUT plate applied to an electrostatic pressure.

2.1.1 Lumped model

The most simple approach to model the static behavior of a CMUT is to
consider a parallel plate capacitor, where one plate is fixed and the other
plate is attached to a linear spring. When a DC bias is applied the system
consists of two opposite forces i.e. a spring force Fg and an electrostatic force
Fe

M: m; (2.1)

where X is the displacement of the plate, Ks is the spring constant, " is
the permittivity, U is the applied DC bias, g is the gab height, and A is the
surface area of the CMUT cell. The solution to Eqn. 2.1 yields the stationary
point of the displacement for a given applied voltage. The electrostatic force
is non-linear and introduces an unstable regime where the spring force no
longer can balance the electrostatic force. It leads to an unstable state where
the plate gets pulled into the bottom of the cavity. The critical voltage at
which this phenomenon occurs for a CMUT is denoted the pull-in voltage
or the collapse voltage, which the parallel plate capacitor CMUT model is
given by [16]
|
8 ksg®
Upi = oon
27 "A
This closed form solution can be difficult to directly apply to a real system,
since precise estimates of the spring constant can be difficult to obtain. How-
ever, the scaling laws of the different parameters are very valuable in a design
and fabrication process of CMUTs.

(2.2)
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A pull-in condition is a sign of non-linearity in any given system, since such
instabilities never occurs in linear systems. Analysis of non-linear instabil-
ities are widely documented in the literature of non-linear dynamics where
the terminology for this kind of pull-in condition is called a saddle node
bifurcation [17].

2.1.2 Clamped plate

The lumped model assumes a uniform displacement of the plate, and this
assumption will in many CMUT designs not be a realistic scenario. A more
accurate description of a CMUT plate under an applied DC potential is
mathematically formulated by the plate equation, given here in a coordinate
free form

P.
D 1
where W is the deflection profile of the plate, p is the electrostatic pressure
and D is the flexural rigidity given by

ririw = (2.3)

IIU2
P= 50w (24)
Yhd o
oo ) (25)

where Y is Young’s modulus, h is the plate thickness, and is the Poisson’s
ratio. A polar coordinate system is introduced due to the assumed circular
geometry. An axis symmetric argument can be used to conclude that the
deflection profile, w, must to rotational symmetric and therefore depend
entirely on the radial component, r. The radius of the CMUT cell will be
denoted, a, and is used to define the horizontal non-dimensional parameter
f = r=a. The vertical displacement is normalized to the gab height, W = w=g,
and the non-dimensional version of Eqn. 2.3 can then be expressed as

1d.d 1d dw _ VLU VEA (26)
fde df. fFdf df. 2Dg3(1 w)2 (1 W)2’ ‘

r2 raw

where Uy is a voltage ratio between between the applied voltage and a char-
acteristic voltage, U, defined as
v 3
. U 2Dg
U =— here U, = :
S wher c ol

(2.7)
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To find a unique solution to Eqn. 2.6 four imposed boundary conditions are
required, and the used boundary conditions in this analysis are

w(0) = finite W'(0)=0 w(1)=0 W(1)=0: (2.8)

Equation 2.6 is a non-linear boundary value problem without any known
closed form solution for the four imposed boundary conditions. However,
the dimensionless form allows extraction of valuable information. The de-
rived parameter, U;, contains the scaling properties of the pull-in voltage
and differs only by a numerical constant. The numerical constant has been
determined by a FEM analysis in [18], and the relationship between U, and
Upi is calculated to be

Upi = 14:23U: (2.9)

2.1.3 Approximate solutions

Equation 2.6 cannot be solved analytically, but, approximate solution can be
found for small deflections. To do so the differential equation is linearized by
taylor expanding the electrostatic pressure to first order

riw = —— UZ(1 + 2w): (2.10)

Under the assumption of an infinite sum representation a pertubative solution
can be defined as

W= U™A, Wo+U2y+ UM, for U2 1 (2.11)

Here Urz is used as the perturbation parameter, and the infinite sum is trun-
cated and substituted into equation 2.10 to obtain a sequence of linear dif-
ferential equations

order U?  r2raw, =0 (2.12)
order U2 r2raw, = 1+ 2w, (2.13)
order U*  r2raw, = 2w, (2.14)

Wp is the solution to the plate equation when electrostatic pressure is zero and
deflection is therefore completely flat or expressed mathematically wg = O.
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W, corresponds to a plate with a uniform applied pressure and has the forth
order polynomial solution

(1 )

Wi =
! 64

(2.15)
When the plate is forced downwards due to the electrostatic force the center of
the plate will experience a larger force than the circumference of the CMUT.
W, is the first correction term that incorporates the distance dependency in
the applied electrostatic pressure and has the solution

23 6F2 4 4
W, =W ——— 2.16
27 52 (2.16)
The largest deflection and numerical difference between w; and w, occur at
the center, where f = (0. The presented perturbative analysis predicts a
slight overall increase of the deflection, with a maximum displacement at the
center. The approximate solution to the problem is given by

23 6F2+14 .,

W(F) Wy (PUZ 1+ 5 :

(2.17)
The correction term is positive for all values of f and depends on the mag-
nitude of the bias ratio. The derived approximate solution to Eqn. 2.10 is
shown in Fig. 2.1 plotted together with the constant pressure solution Ufwl
Additional displacement is observed for the higher order model, although the
overall shape of the deflection is preserved. The model predicts a maximum
discrepancy of approximately 0.15% when the CMUT is biased with 10% of
the pull-in voltage.
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o
1

Vertical positionw=g [%]

T T
0.0 0:2 0:4 0.6 0:8 1.0
Radial positiorr=a

Figure 2.1: The deflection of a clamped plate with an electrostatic applied pres-
sure. WlUrZ corresponds to the deflection under a constant pressure assumption.
The solution VV/lljrz—i-VYIZU,f1 accounts for the distance dependency of the electrostatic
pressure, and the larger displacement is therefore expected and observed.

2.2 Dynamic model

Dynamic modeling of CMUTSs in immersed applications becomes rapidly
complicated due to the intrinsic non-linear behavior of the CMU'T itself and
the fluid structure interaction between the vibrating plate and the surround-
ing medium. The equations of the CMUT dynamics will be governed by four
force contributions in the following section. The contributions include an in-
ertia term, a linear spring term, an electrostatic term, and a force term that
describes the interacting between the plate and the surrounding medium.
The four forces are assumed to be the dominant forces in this system, and
are used to define the non-linear harmonic oscillator given by

d?x "AU?
m—— +fri + [ = ———; (2.18)
VTR 2 AT
Inertia Electrostatic
where the assumed initial conditions are
x(0)=0 and X(0)=0: (2.19)

Two additional terms have been added when compared to the static model in
section 2.1, the force from the radiation impedance, fg, and the inertia term.
The radiation impedance is used to model an interaction between the plate
and the surrounding medium. The interacting mechanism of fgr; depends
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on frequency and the size of the CMUT geometry, it will be introduced in
different configurations depending regime of operation.

Radiation impedance is conventionally defined in the frequency domain,
however, medical ultrasound is a time domain system. Thus, an inverse
Fourier transform is required to proceed with a time domain analysis. The
equations used to model the radiation impedance assumes a harmonically
driven system, and is naturally still assumed in the time domain. But, this
assumption will not be met in medical imaging applications, since pulses are
used instead of continuous signals, though the scaling laws are assumed to be
similar. Radiation impedance is defined as complex quantity in the frequency
domain, where the real part is called radiation resistance and is measure of
how much acoustic energy that radiates from the transducer surface. The
imaginary part is called radiation reactance and can be interpreted as a
mass loading of the medium in front of the transducer. The force acting on
a transducer surface can, in the frequency domain, be expressed as

F(1)=Z(1)V (1) (2.20)

where Z is the radiation impedance, V is the velocity of the transducer
surface, and ! is the angular frequency. The radiation impedance for a
circular piston in rigid baffle is given by [19]

J1(2ka) . H1(2ka)

Z(2ka) = mcmA 1 2 Ka i Ka

(2.21)

where |, is the density of the medium, cn, is the speed of sound in the
medium, A is the transducer area, K is the wave number, and J; is the Bessel
function of first kind and order one, H; is the Struve function of order one.
The two special functions, J; and Hj;, complicate analytical modeling, but
simple approximations can be used in the two limiting cases where ka 1 or
ka 1. The real and the imaginary part of radiation impedance are plotted
in Fig. 2.2 in both the low and high ka limits. The solid lines represent the
exact expressions and dashed lines represent approximations.

In the following two sections 2.2.1 and 2.2.2 CMUT dynamics will be
studied for small and large ka values, respectively. No damping mechanisms
are initial included in Eqn. 2.18, thus, the radiation impedance is the only
term that can introduce damping properties. However, CMUTs will experi-
ence multiple other damping mechanisms during operation. These damping
mechanisms counts clamping losses, material damping, squeeze film damp-
ing, thermoelastic damping among other. The damping is heavily dependent
on the medium in which the CMUT is operated. For instance is squeeze film
damping more dominant for CMUT in airborne applications, whereas the
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Figure 2.2: The radiation impedance normalized to mCmA for both low and high
ka values. First order Taylor expansions of the radiation impedance are plotted as
dashed lines in the small ka limit a). The limiting value of the radiation impedance
is plotted as dashed lines in the large ka limit b).

damping from the medium becomes more dominant for immersed applica-
tions, such as medical imaging.

2.2.1 Small ka limit

A pitch of =2 between two neighbouring elements is beneficial in medical
imaging applications, since it minimizes the effect from grating lobes [20].
is here the wavelength of the transmitted ultrasound. This design criterion
constrains the possible values of 2ka between 0 and =2, where the latter case
corresponds to CMUT cell diameter equal to the width of the element. The
small ka regime is modelled by a taylor expansion of Eqn. 2.21 and yields

Z mCmA8;—|<a for ka 1: (2.22)

This approximation will be used throughout the entire analysis for small ka
values. Notice, the approximation is purely imaginary, and both real part
(zero) and the imaginary part of the approximation are indicated in Fig. 2.2
a). The transformation of Eqn. 2.22 back to the time domain is done by
first employing the substitution ka = Ya=c., followed by an inverse Fourier
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transform
Z
8 mAa~ 1. ,
fri 6’“2 i1V (1e''td! (2.23)
1
8 mad dx
= —; 2.24
3 de?’ (2.24)
where the following Fourier transform rule has been used
Z
dg 1~ 1 . .
3 1(|!)”G(!)e"td!: (2.25)

This results implies that the system will experience an additional mass, and
the equation of motion becomes
8 ma® d?x "AU?

The non-dimensional version of this equation is obtained by defining the
displacement relative to the gap height X = X=¢g. The time is scaled with
the unperturbed natural frequency t = It where 12 = k=m and the final
non-dimensional equation can then be expressed as

d2x U2
i 2xg—12__-r 2.27

This equation shows the dynamics of a single CMUT cell, in the small ka
regime, is fully described by two parameters, U, and 1,,. The bias ratio, U,
and a reduced resonance frequency parameter, ¥, defined as

. 4 U2
Uuz=_—— 2.98
=7z (2:28)
8 a8 * 8 na !
12— m = 1+ —-"= : 2.2
m + 3m + 3 ,h ' (2.29)

where | is the density of the plate, and h is the thickness of the plate.
The constant 4=27 is merged into the bias voltage ratio, Uy, to reduced
numerical constants in the following expressions and Up; is defined in Eqn. 2.2.
The reduced resonance frequency parameter predicts a significant frequency
change between applications in air and water, simply caused by the ratio
of the densities. This effect is validated experimentally where the center
frequency of the same CMUT typically differs a factor of 2 between air
and immersed applications. For a silicon plate the density ratio is on the
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order of 5 10 # when operated in air, whereas the ratio is 0.43 between
when operated in water. Additionally, the reduced frequency also depends
on the plate aspect ratio, a=h, according to the model.

Eqn. 2.27 is a non-linear differential equation where the energy is con-
served for all applied voltages smaller than the pull-in voltage. Physically
it implies the CMUT does not radiate sound into the medium, which is
a completely non-satisfying performance from a transducers point of view.
However, to avoid or reduce low acoustic radiation, the CMUT plate should
have a large radius, which is obtained by packing an the elements with few
but large CMUT cells instead of many smaller CMUT cells.

A close form solution to Eqn. 2.27 is not known, but approximate solu-
tions can be found by expanding the non-linear electrostatic term. The linear
response is modeled by a first order expansion and non-linear corrections can
be captured in higher order expansions. Equation 2.27 simplifies to

2 : 3
dZX . - 7 Noh#remlg
= ' 128 =122 4}_4{223} +3%°5; (2.30)

linear

after a taylor expanding. The linear and non-linear system are indicated in
the equation. The exact solution to the linear problem is given by
U2 99—

. cos Tt 1 202 (2.31)

Xiin 1 2[]?
The linear solution predicts an increased amplitude and further reduction of
the resonance frequency as the bias ratio increases. This additional reduction
of the resonance frequency is the well known spring softening effect. A closed
form solution does not exists for the non-linear approximation. Hence, at
this point the original hard non-linear differential equation is converted into
another hard non-linear differential equation. Fortunately, an approximate
solution can be found to the non-linear problem on the form in Eqn. 2.30.
The Method of Multiple Scales (MMS) is an efficient perturbative method
suited for approximate solutions to non-linear problems such as this one.
MMS has the advantage over regular perturbation methods that it is capa-
ble of canceling out secular terms in the expansion, that otherwise leads to
unbounded solutions. The idea of MMS is to find an approximate solutions
on the form

X =Xo(To; T1;:0) + Xo(To; Ty;i) + 0 where Tp= "t (2.32)

where is the perturbation parameter, T, represents different time scales,
T is the fastest time scales and the times scales become progressively slower
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as N increases. The solution of interest is an extended version of the general
linear solution, Xjjn, where the amplitude and frequency varies on higher
order time scales

Xo = A(Ty)e H(MTo L A (T))e! Ty (2.33)
The solution provided by the MMS analysis yields
2 @) 2 313
12 q 14
XMMs = Lgl Cosg!mt 1 U2§1 Lﬁzgz (234)
293 |—{z—} (L_gu%3
—{Z—r} Linear — Z—}
amplitude Non-linear

The same amplitude as the linear approximation is found by the MMS anal-
ysis, but the resonance frequency has a correction term.

U, is a positive parameter ranging from zero to 4=27, consequently a
subtraction of the positive non-linear correction term will always lead to
a further reduction in frequency or from a physical point of view a larger
degree of spring softening. Notice, the higher order frequency correction term
equals to three times the amplitude squared. It indicates a direct coupling
between the amplitude and the frequency, which is not predicted by the linear
model. Equation 2.30 is a variation of the well known duffing equation, and
MMS step by step derivations of similar problems can be found in [21]. The
linear model and the MMS model have both been used to approximate the
dynamics of Eqn. 2.27, and the two models are compared to numerical results
in Fig. 2.3. The solution to Eqn. 2.27 is shown in a) for I, and U=Up; equal
to 0.9 and 0.6, respectively. The higher precision of the phase is clearly
visible for the MMS model. It is the general case for all bias values as seen
in b), where the resonance frequency is plotted as function of bias ratio. The
displacement amplitude is plotted in ¢) where a good agreement between the
models and the numerical solution is observed up to approximately 70 %
of the pull-in voltage, above this point even higher order corrections will be
required. Finally, the errors of the modelled parameters are compared to the
numerical solution in d). The same color coding has been used, blue and red
are used for the resonance frequency and green is used for the amplitude.
The numerical resonance frequency is determined by Fourier transforming
the displacement solution and then locating the position of the main peak.
The plateau observed for the frequency estimates (blue and red) is due the
precision of the numerical determination of the frequency.

The energy is conserved for the small ka models due to the absence of damp-
ing. Higher order expansions of the radiation impedance would be very inter-
esting, since such models include a non-zero real part and allow the system
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Figure 2.3: The linear and non-linear models are compared to a numerical so-
lution to Eqn. 2.27 for various parameters. The solution to Eqn. 2.27 is plotted
in figure a) for 'm and U=Up; equal to 0.9 and 0.6, respectively. The resonance
frequency versus applied DC bias is plotted in b), with 1y, = 0:9. Figure c) shows
amplitude versus applied DC bias. The amplitude is identical for both models
and independent of 'y,. Figure d) shows the error between the models and the
numerical solution. The green dashed line is the amplitude error, and the error of
the resonance frequency is shown by the blue and red dashed lines for the linear
and the MMS model, respectively.
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to radiate energy into the medium. A higher order expansion of the radiation
impedance is an effortless procedure which gives

ka)? 8ika
(ka)? | sika

Z mCmA 5 5 X

(2.35)

but problems occur when this expression is transformed back to the time
domain. By using Eqn. 2.25 to transform the second order approximation
back to the time domain one gets

matd3x 8 nmaddix

8 :
2_C”{2E |2z AL

Jerk Inertia

fRI =

(2.36)

Multiple challenges arise from this expression. First and most important
is the minus in front of the jerk term. A non-positive constant in front
of a derivative in a linear n™-order differential equation will have a positive
eigenvalue that guarantees an unstable system. Though the CMUT equation
is non-linear this unstably criterion still applies. A second challenge is the
additional initial conditions. The order of the differential equation increases
with the expansion order of the radiation impedance. The original equation
is a second order differential equation, but, by introducing Eqn. 2.36 the
approximate differential equation becomes of third order. The problem here
is how to address the additional initial condition in a physical meaningful way.
These challenges are not easy to overcome and illustrate the complexity of
modelling the CMUT dynamics, which suggests advanced numerical methods
to model the interaction with the CMUT and the medium.

2.2.2 Large ka limit

All CMUT design in this thesis are designed by the =2 pitch constraint, whih
only allows 2ka values between 0 and =2. Nevertheless, the large ka regime
is still interesting as damping appears in this limit. An asymptotic expansion
efficiently approximates the radiation impedance in the limit where ka ¥ 1L

Z mtmA as ka @ 1: (2.37)

A constant radiation impedance transforms into a damping term, and now
all the stored energy in the system will be converted into acoustic radiation.
The rate at which the energy is converted is determined by a damping term,
which is given by

dx ,dX

fR| = mCmAE = mCm QA E (238)
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and the equation of motion in the large ka regimes can then be expressed as

d?x dx "AU?
— A— +kxX= ———: 2.
rndt2 + mCm dt + KX 2(9 X)2 ( 39)

After nondimensionalization using the same dimensionless parameters as in
section 2.2.1 the equation simplifies to

d2x  1dx U2 m1
— + > +%X=—"— where "= —02: (2.40)
dt2 dt (1 X) mCm @

The dynamics in both the small ka regime and the large ka regime is fully
determined by two parameters, and both regimes share the electrostatic volt-
age ratio Ur. The small ka regime has an added mass, whereas the large ka
regime has a damping term with a characteristic decay time ~. The char-
acteristic decay time determines the bandwidth of the CMUT, large band-
width corresponds to a small ~ and narrow bandwidth corresponds to a large
". Hence, from a medical imaging perspective a small "~ is desired, since it
improves the axial resolution in an ultrasound image. Equation 2.40 does,
equivalent to the small ka model, not have any exact analytical solution due
to the non-linear electrostatic term, and the options are therefore once again
either approximate or numerical solutions. One approach is to use a phase-
space analysis, it allows multiple solutions to be visualized at the same time
and provides a quick overview of the dynamics. The phase phase is eas-
ily obtained by expressing Eqn. 2.40 as two coupled first order differential
equations given by

x_y (2.41)
iT:

dv 1 U2

Ly gy Y 2.42
dt 1 X2 (242)

The phase-space analysis describes the dynamics of a CMUT with a fixed DC
bias subject to multiple initial conditions. For each set of initial conditions
an ODE solver has been used to determine whether the CMUT spirals into
a stable stationary point or if it collapses into the pull-in configuration. The
stationary point (also called the operation point) can be found analytically
for the non-linear CMUT parallel plate model as a solution to Eqn. 2.1. The
phase-portrait analysis can be used to examine the concept of a dynamic pull-
in voltage. When inertia and damping are included in CMUT modeling the
pull-in condition becomes more involved than the static case and cannot no
longer be expressed in simple terms. If the kinetic energy stored in the CMUT
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Figure 2.4: The phase portrait of a CMUT modeled as a nonlinear harmonic
oscillator. The stationary point is marked with a red dot and the saddle point is
marked with the blue dot. The green region indicates a stable state and the red
region indicates an unstable state (dynamic pull-in).

plate is high enough, then ending up in the pull-in condition is inevitable even
tough the applied bias is below the static pull-in voltage. The dynamic pull-
in condition depends on both the damping and the applied bias, and is not
a one dimensional parameter as the static case, but should in the simplest
possible way, be perceived as a two dimensional parameter space. A single
point on the rim of the dynamic pull-in region can be found analytically by
examining the additional two solutions of Eqn. 2.1, here denoted X, and Xs.
The second solution X, is physical in the sense that X, < 1, meaning that it
represents a point inside the CMUT cavity. One can show this solution is
semi stable and therefore defines a saddle point in the phase portrait. This
saddle point must lie on the rim of the dynamic pull-in region. The last
solution X3 possesses no physical meaning since the X; > 1 for all applied
biases, and corresponds to a displacement below the CMUT. Four different
CMUT phase portraits are shown in Fig. 2.4 for multiple values of U=Uy; and

The direction of each arrow in the phase portrait is evaluated by inserting
values of X and Vv into Eqn. 2.41 and 2.42. On top of the phase portraits are
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a green and red color coding added to indicate stable and unstable states,
respectively. The code used to determine the final state of the CMUT is
verified by the analytic saddle point that lies on the rim of the stable region
in all cases, as predicted. The stable dynamic region is reduced as the applied
bias approaches the static pull-in condition. Likewise a reduction of the
dynamic region is observed when the characteristic decay time is increased.
The large ka model radiates 100% of the stored energy into the medium,
which is highly desired from a transducer point of view. Unfortunately, 2ka
has an upper bound of =2 due to the =2 pitch constraint used in medical
imaging applications. The small ka models radiation 0% and the large ka
model radiates 100% and the true radiation is somewhere in between.

2.2.3 Full description

In the previous sections the case of small and large ka values were exam-
ined. In this section the radiation impedance is transformed back to the
time domain without any approximations. It leads to a complicated differ-
ential equation, and the aim is not to solve this equation but to determine
dimensionless parameters. When the radiation impedance is known in the
time domain, the force acting on the transducer surface can be found by
applying a convolution integral

fO= z(t v()d : (2.43)

The exact radiation impedance in the time domain of a piston in a rigid
baffle is derived in [19] and is given by
2 n 2#1=23
Cmt 4 Cmt
z(t) = mCm a4 - 1 -m=- 5

2.44
2a 2a (2.44)

with  being a delta function. The convolution of a delta yields a damping
term, whereas the convolution of square root has to be expressed in terms
of an integral. The physical interpretation of this integral is a memory term
that depends on the dynamics from the past. The equation of motion after
non-dimensionalization can be expressed as

d2x  1dx z fdxr 422 U2
4= 2 -1 f )24 4x=—"__ (245

I {z }
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where

) ml, . mcrzna
= o @ = iz (2.46)
mbm =0

An analysis of the non-dimensional parameters can provide some quantitative
information and scaling laws. The product of "~ is a measure of the ratio
between the damping and memory force. The square product is present inside
the convolution integral, and will therefore directly influence the dynamics
of the system.

_1Cm (2.47)

The product between the damping and the memory term contains three pa-
rameters, Cm;@; and 1. From a medical imaging perspective the sound of
speed is fixed and approximately 1540 m/s. The frequency and the radius are
two coupled parameters, which can be chosen independently of each other by
adjusting the plate thickness accordingly. As an example a 10 MHz CMUT
transducer with a 25 m cell radius would have a ~“-product of 0.31 in im-
mersion, whereas the ratio would be 0.07 for applications in air, assuming a
sound of speed of 340m/s. These simple calculations predict an increased
influence of the memory term for immersed applications, which is one of the
reasons why modeling of CMUT's in immersion rapidly becomes complicated
and not suited for analytic modeling. From this point advanced numerical
methods such as FEM will be necessary in order to move forward, and these
methods can include effects that has been neglected in this theory chapter,
such as substrate/backing effects, array configuration, lens materials, elec-
tronics among other.

2.3 Chapter summery

A theoretical analysis of the a single CMUT cell was given in this chapter.
A perturbative solution to the deflection of the clamped plate subject to
an electrostatic pressure was derived. The dynamics of a single CMUT cell
was analyzed using a non-linear model in the regime of small and large ka
values. The small ka analysis demonstrated a reduction of the resonance
frequency due to an additional mass loading and a damping mechanisum
was inctroduced in the large ka regime. A phase portrait analysis was used
to visualize the dynamics of the large ka regime. The dynamical parameter
space was observed to depend on the applied bias and the damping of the
CMUT plate.
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CHAPTER 3

Row-Column-Addressed Arrays

A generic examination of a Row-Column-Addressed (RCA) array will be
presented in this chapter, the geometry, the advantageous properties, and
challenges associated with such arrays are the main focus. A short litera-
ture review of the row-column technology will initially be given. Relevant
scaling laws of RCA arrays are presented after the literature review, and
then theoretical considerations regarding edge waves, and finally, a discus-
sion of a substrate coupling phenomenon that can occur for specific CMUT
row-column fabrication techniques.

The row-column addressing scheme was first theoretically proposed in 2003
by Morton and Lockwood [22] and the development of the row-column tech-
nology has since then been carried out by multiple groups. The first exper-
imentally row-column results were demonstrated in 2006 by Seo [23] based
on a PZT transducer with a channel count of 64464. Rasmussen presented
in 2013 a combined simulation and measurement study of the row-column
imaging performance, where the row-column performance was compared the
results of a Fully Populated Matrix (FPM) array with an identical channel
count [24,25]. The Canadian group from the University of Alberta demon-
strated in 2014 a CMUT RCA array [26] and did at the same time intro-
duce a different name for the row-column technology. The Canadian group
uses the name Top-Orthogonal-to-Bottom-Electrode (TOBE) instead of the
row-column terminology. The acronym TOBE is still being used by the
Alberta group, but all other groups seem to have adapted the row-column
terminology. A line element beamformer and concept of integrated apodiza-
tion were introduced in 2015 [27,28] Rasmussen and Christiansen, both con-
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cepts provide improved image quality for row-column imaging. The Alberta
group published in 2017 a paper regarding a novel imaging sequence abbre-
viated Fast Orthogonal Row—Column Electronic Scanning (FORCES) [29],
an imaging sequence capable of employing two way focusing for row-column
addressed arrays. The architecture of the row-column design prohibits con-
ventional two-way focusing, which is the most common criticism of the row-
column technology. The FORCES scheme solves this problem, at the cost
of a more complex electronics and a reduced frame rate. Other row-column
imaging sequences are limited to one way focusing, which significantly de-
grade the quality of B-mode images. Additionally, the FORCES scheme is
interesting from a CMU'T perspective since it depends on the biasing prop-
erties of a CMUT, thus, not directly applicable for conventional PZT RCA
arrays. However, the FORCES scheme has a reduced frame rate compared to
other image sequences and requires substantial changes in the CMUT elec-
tronics. In general CMUT row-column probes are therefore not applicable
unless the electronics is specifically designed for this scheme. The focusing
issue has been addressed differently by the Italian group from the Roma Tre
University, where a static fresnel lens biasing scheme has been suggested [30].
The focusing properties of such fresnel lens are not as good as the FORCES
scheme, but, the required electronics is much closer to conventional CMUT
electronics. Finally, a detailed analysis of row-column probe development
has been published in 2018, where a thorough comparison between a RCA
PZT probe and a RCA CMUT probe [31] is given.

The interest for the row-column technology has significantly increased
during the last couple of years, which is illustrated in Fig. 3.1 where the
number of row-column publications and citations are plotted versus time.
A clear increase is observed for both the publications and citations during
the past five years. The data is collected prior to the TUS, where several
conference proceedings regarding row-column technology are published. This
is presumably the explanation to the drop in 2019, and with that in mind
the activity seems to continue. Though, the publication counts fall into
category of low number statistic and the trend is therefore associated with
high uncertainty.

3.1 Scaling laws

The channel count scales linearly with number electrical interconnections for
conventional 1D arrays and a linear scaling law is preserved for RCA arrays,
which is the main selling point for the row-column technology. The required
interconnections for the RCA scheme scales as 2N, where N is the number
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Figure 3.1: The number of row-column publications and citations plotted with
a double y-axis versus time. The data has been acquired from the Web of Science
database using the keywords: Ultrasound or CMUT and Row-Column or Top
orthogonal to bottom electrode.

of channels. Another 2D transducer architecture is the FPM array, which is
direct 2D to 3D extension with individual electrical connection to each sub-
element. This technology has the advantage of being able to focus in both
transmit and receive, which is possible due to the individual control of each
sub-element. However, the required interconnections scale as N? for FPM
arrays, which is highly impractical for the packaging process of an ultrasound
transducer.

The image quality of volumetric imaging (3D) has to compete with the
modern standard of 2D ultrasound images where more than 100 channels
are used. Hence, to achieve the same image quality in both elevation and
azimuth as conventional 2D ultrasound images, 2D arrays should have a
channel count of more than 100 in both directions. For a FPM array it
leads to more than 10000 interconnections, where only plus 200 is required
for a RCA array. A high amount of interconnections make the transducer
cable rigid, costly, difficult to maneuver, and will for all practical purposes be
the limiting factor in the transducer design. The row-column technology is
one way to overcome the issue related to a massive amount of interconnects
required for volumetric imaging. Another approach is Application Specific
Integrated Circuit (ASIC) based solutions, and the commercially available
CMUT probes from Butterfly Network utilize an ASIC platform. Though,
ASIC solutions enable the possibility of dealing with high channel count
at the expense of highly specialized/customized electronics, reduced design
flexibility, and high economical costs, but it is definitely possible for both
CMUT [32] and PZT [33]. A third way of achieving 3D images is by utilizing
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Figure 3.2: An illustration of the transmitting area for three different 64 channel
2D transducers. Red indicates pressure generation areas and gray indicates passive
areas. a) A 32+32 RCA array. b) A8 8 FPM array. c¢) A 64 channel SPM array,
where a stochastic pattern strategy has been used.

Sparsely Populated Matrix (SPM) arrays. SPM arrays are basically a N N
FPM array, where N selectively chosen sub-elements are connected. Differ-
ent patterns in which the sub-element are chosen have been proposed in the

literature ranging from stochastic patterns [34], to periodic pattern [35], to a

Fermat’s spiral [36] among other. Equivalent to the row-column technology
does the number of interconnections scale linearly for a SPM array. However,
the pressure generating area will be significantly lower which translates into
a lowered output pressure. This effect is visually illustrated in Fig. 3.2 where
the three 2D transducer technologies are sketched. Notice all three technolo-

gies have exactly 64 channels, but the pressure generating areas (active area)

are vastly different.

A larger transducer surface produces pressure which translates into larger
penetration depth and a higher SNR in receive. The active area of the RCA
array is much larger than two other technologies, which enables ultrasound
imaging deeper into the body. Quantitative scaling laws for 2D transducers
can be derived by simple calculations, and when the =2 pitch constraint is
applied, it becomes possible to express the scaling laws solely in terms of
the wavelength. Hence, these normalized scaling laws become applicable to
all transducer designs. A square footprint will be assumed in the following
section, but, the scaling properties are equivalent for a rectangular geometry
as well. The size of a row-column array can be expressed in terms of channel

count and wave length, since the area of a sub-element is ( =2)? and the

length of an element is N =2. The surface area, Agans, of a RCA array can
then be expressed as

Atrans = N_{Z:_Qi iN_{Z:_Z}' =N? =4 (3.1)
L L
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Figure 3.3: A comparison of scaling properties between RCA, FPM, and SPM
arrays, notice the plots are on a double log scale. The plotted scaling laws are
subject to a =2 pitch constrain and is therefore expressed in terms of wavelength.
The surface area scaling is plotted in a) expressed in units of 2. A rough esti-
mation of the FWHM for the main lope expressed in units of is plotted in b).
The calculation is for a focal point 100 below the transducer surface. The black
dashed line indicates the diffraction limit.

This expression allows a comparison between the transmitting area. The area
scaling for all three transducer technologies are shown in Fig. 3.3 a). The
incitement of increasing the channel count is explicit, since the RCA area
progressively exceeds the other technologies as the channel count increases.
Other parameters are also advantageous for the RCA array, such as the Full
Width Half Max (FWHM) of the point spread function, which can estimated
roughly by
d

FWHM = — (3.2)

where d is the distance to the focal point, and L is the element length or the
width of the 2D transducer. The FWHM calculations performed by Eqn. 3.2
do only consider the width of the main lobe, and cannot be used as a measure
for the side lobe level. Furthermore, Eqn. 3.2 assumes focusing properties in
both transmit and receive and is therefore not directly applicable for RCA
arrays, but the FWHM has been estimated 35 % wider than prediction of
Eqn. 3.2 [24]. The FWHM has been plotted against number of channels in
Fig. 3.3 b) at a distance of 100 from the transducer surface, corresponding
to a depth of 3 cm for a 5 MHz transducer. This plot illustrates the 35% bias
become insignificant as the channel count goes up. The diffraction limit of
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Table 3.1: Summery of relevant parameters for 2D array.

Type ‘ Connections Focusing Atrans FWHM
RCA 2N One way / N? /N1
FPM N2 Two way /N /N %2
SPM N Two way /N -

the systems is indicated with the black dashed line, and any resolution model
should approach the diffraction limit asymptotically. However, Eqn. 3.2 is
an idealized model and not applicable in regime below the diffraction limit.
The FWHM can also be expressed in terms of wavelength when the =2 pitch
constraint is applied, which reduces Eqn. 3.2 to

d 2do

FWHM = —

d
3 N where do = — (3.3)

where is dg the numerical factor used to express the distance to the focal in
terms of wavelength (dg = 100 in Fig. 3.3 b)).

The difference between the technologies become once again larger as func-
tion of channel count which translates into an increased image quality for the
row-column technology. This simple equation for cannot be used to calculate
the FWHM for SPM array, since, the length of an element cannot be lumped
into a single parameter. Hence, FWHM calculations for SPM arrays require
more advanced simulation tools such as FIELD II [37,38].

In short, row-column arrays have a large transmitting surface and the res-
olution scales favourably compared to conventional FPM arrays, and these
properties make the row-column technology particularly interesting volumet-
ric ultrasound imaging. The discussed parameters are summarized in Ta-
ble. 3.1 and images of RCA and FPM probes are shown in Fig. 3.4. The pre-
sented scaling laws are clearly demonstrated in these images. The two RCA
probes have been developed in this work and both probes have a channel
count of 92492, corresponding to a FPM probe with 8464 active channels.
The FPM probe imaged in Fig. 3.4 is a probe from Vermon with a total
channel count of 1024 (32  32).
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Figure 3.4: Realization of 2D ultrasound transducers. Two 92+92 RCA trans-
ducers (left) and a single 32 32 FPM transducer (right).

3.2 Geometry

The natural way of comprehending the row-column geometry is to think of
two orthogonal linear arrays that shares sub-elements between them. One of
the linear arrays consists of the rows and the other consists of the columns.
A 3D sketch of the of the row-column geometry can be found in Fig. 3.5.
The three dimensional structure shows the corner of a generic silicon based
row-column array, where the indexing of the individual rows and columns are
included. The row and the column configuration have to be considered by
two different cross sectional planes. The two planes are indicated by the red
and blue dashed lines that runs along rows and columns, respectively. Cross
sectional views of these planes are shown in Fig. 3.6.

The insulating layers are used to electrically decoupling all rows and columns
from each other, whereas the semiconductor and metalization have conduc-
tive properties, and used to electrically control the CMUTs. Notice the top
electrodes are electrically separated in Fig. 3.6 a) and electrically connected
trough a wire bond in Fig. 3.6 b) and visa versa for the bottom electrodes.
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Figure 3.5: A sketch of geometry of a RCA array. The rows and columns form
two orthogonal linear arrays on top of each other. The numbering scheme of the
row and columns are illustrated in the figure. A blue and red dashed line are
plotted along a row and a column, respectively. The cross section of these planes
can be viewed in Fig. 3.6.

B Semiconductor ] Insulator [ ] Metalization

Figure 3.6: Sketch of the geometry of a row-column array seen from the row a)
and columns b). Notice, the shown cross sections are for a CMUT row-column and
not PZT or PMUT. The contact pads are indicated with wirebonds (not depicted
in Fig. 3.5).



3.3. EDGE WAVES 37

3.3 Edge waves

High aspect ratio row-column elements are inevitable for row-column arrays
if the channel count is similar to conventional linear arrays. An elongated
geometry of the elements amplifies the impact from edge waves. These edge
waves occur for all transducers, but are especially pronounced for RCA ar-
rays. The reason being the length of the elements, which is significantly
larger than a conventional elements in a linear array and much larger than
the individual sub-elements in a FPM array. The length of the elements in-
creases with the number of channels as well as many of the desired imaging
properties as explained in section 3.1.

The edge wave phenomenon can be described by a piston in a rigid baffle,
such model can be interpreted as a single CMUT cell or a single sub-element.
A sketch of a circular piston in a rigid baffle is shown in Fig. 3.7. Under
the assumption of harmonic motion, can the on-axis (z-axis) pressure, p, be
expressed analytically for this system, and is given by [39]

(@) 1
p=poOfLKy A 3.4

Center Edge

where po is the surface pressure amplitude, K is the wave number, 1 the
angular frequency. r and r; are the distance from the observable point,
P, to the center and a the edge of the piston, respectively, as depicted in
Fig. 3.7. Equation 3.4 is derived under a harmonic assumption. The on
axis pressure field from Eqn. 3.7 is fully described by two plane waves, one
originating from the center of the circular CMUT cell (or rigid baffle) and
one from the edge. The same behaviour is observed in transient systems,
such as an ultrasound transducer, where short pulses are used instead of a
harmonic signal. The edge wave travels a longer distance than the wave
from the center, and will therefore be observed later in the RF data. The
delay between the center wave and the edge wave introduces a ghost echo of
the imaged object that creates unwanted artifacts in the ultrasound image.
The distance to the point, P, in Fig. 3.7 is on the order of cm for imaging
applications, whereas the CMUT diameter is in on the order of m. Hence,
r and ry, are for all practical purposes identical and cancel out in the far
field when a single cells or a sub-elements are considered. Edges waves are
therefore not an issue for FPM arrays. But, the edge wave problem occurs
also when numerous CMUTSs are combined into a long element that radi-
ates as one large rectangular radiator, and row-column elements can be on
the order of cm. Thus, the added distance becomes substantial when an
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Ridig ba e

Figure 3.7: A sketch of the system used to calculated the on axis pressure for a
circular piston in a rigid baffle.

entire row-column element is considered and the impact becomes progres-
sively pronounced as the channel count increases. Suppression of the edge
waves can be achieved in several ways. One option is to introduce a roll-off
apodization region where the transmitted pressure gradually reduces near
the edges of an element [27,28]. This solution is schematically shown for
an element in Fig. 3.8. The roll-off apodization has the main advantage of
being entirely hardware based, and this solution will therefore not require
any specialized imaging sequences. The ability to suppress the edge waves
becomes progressively better as the length of the apodization region increases
[27], however, the receive sensitivity gets reduced as the apodization region
increases due to an added parasitic capacitance. Finally, the footprint of the
RCA becomes larger when integrated roll-off apodization is included, and
larger footprints increase the requirements for cleanliness during the fabrica-
tion of the CMUTSs. Hence, the size of the apodization region is a trade of
between image artifacts, sensitivity, and fabrication complexity.

Other alternatives for suppression of the edge waves have also been pub-
lished. The group from the University of Waterloo has published several
papers with an algorithmic approach to suppression of edge waves and gen-
eral image improvement of RCA arrays [40-43].



3.4. SILICON SUBSTRATES FOR ROW-COLUMN CMUT FABRICATION39

c
2 1 1
=) 1 1
=3 I |
o Q 1 1
Q. 1 1
< | !
1 ) 1
Apodization! Bulk region 'Apodization
| |
L

Figure 3.8: Sketch of the implementation of roll-off apodization for CMUT RCA
element as suggested in [27,28]. The light gray squares are CMUT cells and the
dark gray represents the insulating bonding area. The gradual suppression of the
edge wave are obtained by reducing the density of CMUT cells towards to edges.

3.4 Silicon substrates for row-column CMUT
fabrication

Several papers regarding RCA arrays and probes have been published us-
ing multiple row-column platforms, that includes RCA PMUT [44], PZT
[23], and CMUT [31,45,46]. Although many techniques are available and
interesting for row-column development the CMUT technology will be the
focus in this section. The various well documented semiconductor fabrication
techniques have facilitated the birth of the CMUT technology where silicon
is the cornerstone. There are multiple reasons why for silicon is specifically
interesting, and three of the many reasons are given here.

High control of contamination: It is possible to achieve crystal lattices
of a extremely high quality, thus, almost all of the atoms in the silicon
crystal is determined by the purchase specification. It ensures large
reproducibility for many semiconductor processes.

Doping: The electrical properties of silicon can be controlled by doping of
foreign atoms (commonly phosphorous or boron atoms). The resistivity
of silicon can vary eight orders of magnitude depending on the doping
concentration.

Clean room compatibility: Silicon has the advantage of having a negli-
gible effect on the condition and the performance of used equipment,
and is therefore allowed in more equipment than other materials.

These are some of the reasons why the majority of the published CMUT pa-
pers use silicon technology. However, a challenge occurs for RCA arrays when
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N V't

Figure 3.9: Sketch of the different circuit configurations for rows and columns
imposed on top of cross sectional views of the geometry. The different circuit
configurations of the top and bottom electrodes are probed differently. All bottom
electrodes shorted when the top electrodes are probed in V¢ in a) and visa versa
in b). Blue and red dashed lines have been added to help the understanding of
the three dimensional structure, and these lines are in accordance with the color
coding from Fig. 3.5.

silicon is used as a substrate. An insulating layer has to be introduced, as
seen in Fig. 3.9 a) and b), to obtain individually insulated bottom electrodes.

An electrical circuit is imposed on top of the two cross sectional planes.
and the circuit for the rows (top electrodes, Fig. 3.9 a)) consists only of
the variable CMUT capacitance Ccpmyut. This configuration is the desirable
since contributions from parasitic capacitance are minimized, which ensures
the best possible receive sensitivity. Unfortunately, this circuit configuration
does not apply to the columns (bottom electrodes, Fig. 3.9 b)) where an
additional parasitic capacitance is introduced due to the insulating layer in
the substrate, which thereby reduces the receive sensitivity. The different
receive sensitivities between rows and columns cause a non symmetric point
spread function, that degrades the quality of an ultrasound image.

The capacitance of the insulating layer, Cjns, couples through the sub-
strate and make up a large distributed network that contributes to an ad-
ditional parasitic capacitance. This effect has been experimentally demon-
strated for a 624+62 CMUT RCA probe [31], and the capacitance of this
probes is plotted as function of element number in Fig. 3.10. The measured
capacitance is observed to differ with a factor 2.5 between rows and columns,
which henceforth will be defined as the substrate coupling factor. Different
solutions and an extended description regarding the subject of substrate cou-
pling can be found in [47], but only one of the solutions will be considered
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Figure 3.10: Element capacitance of all rows and columns for the 62+62 CMUT
RCA probe presented in [31]. The capacitance differs with a factor of 2.5 between
rows and columns due to substrate coupling.

in this work. The particular solution where the silicon substrate is substi-
tuted with an insulating substrate, such as glass. Two different glass based
fabrication methods will be examined in the next chapter, and capacitance
measurements of rows and columns will be used as a reference measurement
for the receive sensitivity. Measurements throughout the thesis will further-
more be compared to the result capacitance shown in Fig. 3.10, where the
aim will be to achieve a the substrate coupling factor of 1.0.

3.5 Chapter summery

Different concepts of the row-column addressing scheme were described in
this chapter. A brief literature review was given and relevant scaling laws
were provided. Edges waves and capacitive substrate coupling effects of row-
column arrays were explained and solutions to over these challenges were
given. The capacitive substrate introduce an increased parasitic capacitance
for the columns and measurements from a 62462 CMUT row-column probe
will be used as a reference in this thesis. The capacitance of the columns
was observed to be 2.5 times higher than the rows for this probe, and this
substrate coupling factor of 2.5 will be used as a benchmark throughout the
thesis.
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CHAPTER 4

CMUT fabrication

Fabrication of RCA CMUT arrays is the main focus of this chapter, and
three different CMUT fabrication techniques will be presented. The used
techniques are distinguished by the applied bonding method and comprise
of adhesive, anodic, and fusion bonding. Conventional semiconductor fab-
rication techniques are used to fabricate CMUTSs, and CMUT fabrication
can be divided into two categories: Sacrificial release processes and wafer
bonding techniques. The fundamental difference between the two categories
is how the CMUT cavity is defined. Multiple papers have demonstrated
CMUTS based on the sacrificial release process [16,48-52] and linear CMUT
probes [6, 8] have as well as RCA arrays [26] been demonstrated. All these
papers demonstrate the feasibility of the sacrificial release processes, but,
the conducted work of this thesis has been focused solely on wafer bonding
techniques.

This chapter is divided into six sections. Different fabrication methods are
examined in the first four sections, and these sections are structured such that
a brief introduction of the bonding mechanism is given initially, followed by
a detailed examination of a CMUT fabrication process. A characterization
of relevant CMUT and row-column parameters will be given at the end of
each section.

The first section examines a fabrication method based on the semicon-
ductor technique known as Local oxidation of silicon (LOCOS). This method
has been used for fabrication of two 4.5 MHz 92492 RCA CMUT probes with
integrated apodization. A polymer based fabrication process is investigated
in the subsequent section, where a fabricated 62462 RCA CMUT array is
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Figure 4.1: The four developed fabrication processes for RCA arrays. a) LOCOS
process. b) Polymer bonding process. ¢) Anodic bonding process. d) Combined
LOCOS and anodic bonding process.

demonstrated and characterized. An anodic bonded CMUT fabrication is
demonstrated in the third section, and multiple row-columns of different
sizes have been fabricated using this method. The fabrication of two large
190+190 RCA arrays have been successfully demonstrated together with mul-
tiple smaller 16+16 row-column arrays. A preliminary electrical characteri-
zation of the 16+16 row-columns arrays will be presented.

The best properties of the LOCOS and the anodic bonding process are com-
bined into a new fabrication method explained in section four. Design con-
siderations of a new 8 MHz 1884188 RCA CMUT probe with integrated
apodization will be given. A novel CMUT cell layout will be elaborated
followed by a discussion of the fabrication issues associated with this fabri-
cation process. Cross sectional sketches of all four CMUT designs are shown
in Fig. 4.1. The different developed processes are discussed and compared
in the firth section. Finally, a novel fabrication method of a Poly-Silicon-
On-Insulator (PSOI) wafer is demonstrated in the final section, which is an
alternative to SOI wafers.

4.1 Fusion bonding

A fusion bonding process (also called direct bonding) consists of three steps:
surface preparation, contacting, and annealing. The wafer surface is initially
prepared by a chemical cleaning process to remove particles from the sur-
face. The surfaces of two cleaned wafers are subsequently brought together
in a clean environment, and by doing so the atomically flat surfaces of mod-
ern silicon wafers will start to pre-bond. This process can be enhanced by
applying pressure on the wafer stack. The pre-bond process is commonly
performed by commercial machines to ensure an evenly distributed pressure
across the wafer stack. An annealing step at an elevated temperature, on
the order of 1000 C, finishes the bonding process. The two first steps are
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required to facilitate a good bonding conditions, but, the bonding itself oc-
curs during the last annealing step, where strong irreversible covalent bonds
are established between the two surfaces. The bonding strength is strongly
correlated to the annealing temperature [53], and successful fusion bonds
require two extremely flat surfaces and a wafer bow less than 5 m. The
surface roughness should be lower than 1 nm and preferably even lower [54].
The bulk parts of the fusion bonded wafers should preferably be the same
material, since the high annealing temperature introduces thermal strain in
the bonded structure. Finally, thin film stresses are also influential of the
success rate for fusion bonded structures, and will inevitably be introduced
in a fusion bonded CMUT fabrication. A successful fusion bond is an ir-
reversible process and well suited for CMUT fabrication due to the strong
bonding strength. The fusion bonding technique was first demonstrated for
CMUT fabrication back in 2003 [55]. The fusion bond is used to seal the
cavity in CMUT applications which is demonstrated in multiple papers [56—
59]. Fusion bonded linear [7] and RCA [31] CMUT probes have also been
demonstrated.

The fusion bonded CMUTs in this work are all fabricated using the semi-
conductor technique called Local oxidation of silicon (LOCOS). Topological
patterns on the surface of a silicon wafer, such as a CMUT cavity, can be
fabricated precisely using the LOCOS process. The principle of LOCOS is
simply to pattern a silicon nitride film (other material can also be used) on
top of a silicon (or silicon dioxide) surface and afterwards carry out a thermal
oxidation process. The silicon nitride acts as a diffusion barrier during the
thermal oxidation, and spatially different oxidation rates create in the topol-
ogy changes that is used to construct CMUT cavities. The LOCOS process
has been thoroughly demonstrated for CMUT applications in [60]. This LO-
COS design has the advantage of reducing the parasitic capacitance from the
post region, while the CMUT capacitance is preserved. The cavity height is
furthermore controlled with nanometer precision, which translates into high
control of the pull-in voltage. Additional details about the design space of
CMUTs fabricated using a LOCOS process is comprehensively discussed in
[61].

Prior work in our group at DTU has shown reliable results for wafer
bonded CMUTs and the LOCOS process has in particular showed promising
results. Multiple linear CMUT arrays and a single LOCOS based 62+62
RCA array have been successfully developed [31]. However, the array yield
of the row-column process has been observed much lower than the linear
counterpart, presumably due to the SOI substrate wafer used in the row-
column process. An additional undesired consequence of using a SOI wafer
as substrate is the added parasitic capacitance from the substrate coupling.
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Figure 4.2: Process flow of LOCOS process. Step 1: Thermal oxidation and
LPCVD deposition of nitride and poly-silicon. Step 2: Lithography process fol-
lowed by a dry etch process to remove poly-silicon. Step 3: Wet etching of nitride
using poly-silicon as mask, which afterwards is removed in a dry etch process.
Step 4: Lithography process followed by a dry etch process to electrically insu-
late the bottom electrodes. Step 5: Thermal oxidation process used to create the
cavities utilizing the LOCOS principle. Step 6: Fusion bonding between the pro-
cessed wafer and a SOI wafer. Step 7: Removal the handle in a dry etch process
followed by a wet Buffed HydroFluoric acid (BHF) etch to remove the Burried
OXide (BOX) layer. Step 8: Aluminum deposition process. Step 9: Lithography
process followed by dry etching of aluminum and silicon, which end up defining
the top electrodes. Figure is adapted from [62] and is not to scale.

Despite these associated challenges have two additional LOCOS based 92+92
RCA CMUT probes been successfully fabricated during this work.

The process flow for the fabricated fusion bonded RCA CMUT arrays
is shown in Fig. 4.2, notice a SOI wafer is used as the starting point. The
vertical dashed lines are included to illustrate both cross sections of the rows
and the columns. The rows are sketched in the left region and the columns
are sketched in the right region.

Multiple thin-films are grown and deposited in step 1. An insulation oxide
is thermally grown initially, and silicon nitride and poly-silicon thin films
are subsequently deposited on top of the oxide in a Low Pressure Chemical
Vapour Deposition (LPCVD) process. In step 2, a resist is patterned in a
lithography process and the pattern is transferred into the poly-silicon using
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a dry etch process. A 160 C H3PO4 solution is afterwards employed to etch
the unmasked silicon nitride in step 3. High selectivity towards the insulation
oxide is crucial in this step to preserve a low surface roughness. A 160 C
H3PO4 solution has been used in this work due to a reported selectivity of
40 between SiN:SiO, [63]. After the wet etch is the masking poly-silicon
removed in a dry etch process. The bottom electrodes are defined in step 4
by lithography and a dry etch process. The BOX ensures electrical insulation
between the bottom electrodes and are is in this step also used as an etch
stop layer. The second thermal oxidation is conducted in step 5, where
the cavities are created by the LOCOS principle. Atomic Force Microscope
(AFM) measurements of the cavity profile and the surface roughness should
be conducted to confirm acceptable bonding conditions and to ensure the
correct gap height. If the surface roughness is lower than 1nm the wafer
can proceed to the fusion bonding process in step 6. Process reliability and
reproducibility are up until this point close to 100%, however, the array yield
of the row-column arrays drops drastically after the handle removal, in step
7. The handle layer is removed in a dry etch process, and rupture of the plate
has often been observed during this part of the process. The damages caused
by plate rupture is documented in Fig. 4.3, where significant stress effects
are tearing the plate apart. Fortunately, if the handle has been successfully
removed, the remaining part of the fabrication process is less critical. The
BOX of the top SOI wafer acts as an etch stop layer for the handle removal
and is subsequently etched away selectively in BHF. A combined lithography
and dry etch process is, in step 8, used to access the bottom electrodes. In
step 9, 400nm aluminum is deposited op top of the entire wafer to enable
the possibility of wire bonding for both rows and columns. Finally, the top
electrodes are patterned in a lithography process, and electrically separated
by etching through the aluminum and silicon in a dry etch process.

The specifications of the fabricated LOCOS based CMUTs in this project
can be found in Tab. 4.1.

4.1.1 Characterization

The LOCOS CMUTs were electrically characterized prior to the probe assem-
bly. Impedance measurements have been performed using an Agilent 4294A
Precision Impedance Analyzer with multiple DC biases and an AC voltage
of 50mV. The measurements were conducted in air and used to confirm long
term stability and CMUT characteristics such as resonance frequency, the
spring softening effect, and capacitive properties. The magnitude and phase
of the impedance measurements are shown in Fig. 4.4. The characterized
array is a linear LOCOS CMUT array from the same fabrication batch as
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Figure 4.3: Microscope image of the processed LOCOS wafer after the handle
removal etch. The plate rupture is so severe that the row-column array cannot
be used. Notice, the sample is rotated 90 and rows and columns are therefore
swapped.

Table 4.1: 92+92 CMUT row-column specifications

CMUT parameter

Plate thickness 3 m
Side length of cell 50 m
Cavity height 180 nm
Pull-in voltage 220V
Array parameters

Elements 92+92
Integrated apodization (apo) yes
Transducer surface area w/o apo 1.66 1.66 cm?
Transducer surface area w/ apo 2.24 2.24cm?
Pitch 180 m

Center frequency 4.5 MHz




4.1. FUSION BONDING 49

Figure 4.4: Impedance measurements of the LOCOS CMUTs for four different
bias voltages. The measurements are conducted on a linear test element in air.
a) The absolute magnitude of the impedance plotted in a double log plot, where
a clear and distinct resonance and anti resonance are observed between 11 MHz
and 15MHz. The capacitive properties of the CMUT arrays are confirmed by
the power law dependency for off-resonance frequencies. b) The phase of the
impedance measurements. The bias dependency of the resonance frequency is
explicitly shown in the zoom-in figure, where the spring softening effect is detected.

the row-column arrays used in two developed probes.

The expected CMUT behaviour is observed in both plots, a distinct res-
onance frequency is observed and the spring softening effect is confirmed
by the frequency shift towards lower frequencies for increasing DC biases.
The capacitive properties of the CMUT are confirmed in both plots, since a
power law dependency is observed for the magnitude and the phase is =90
for all off-resonance frequencies. The impedance measurements show capac-
itive properties for all off-resonance frequencies up to 30 MHz, which can be
used as an indication for high quality as it demonstrates the absence of para-
sitic inductance in the system. The pull-in voltage of this particular CMUT
has been measured to be approximately 230V, hence, the applied DC bias
ramp used for the impedance measurements corresponds to 656%, 74%, 83%,
and 92% of the pull-in voltage. The electromechanical coupling coefficient,

2 is estimated by the formula [64]

#
2

2oy K 100%; (4.1)
far

where T, is the resonance frequency and T4, is the anti-resonance frequency.
The resonance and anti-resonance frequencies have been read off from Fig. 4.4 a)
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Figure 4.5: Capacitance measurements of the LOCOS CMUTs during 16 h of
operation. a) the applied DC voltage ramp as function of time. The ramp changes
between 200 V,0V, and =200V corresponding to 87% of the pull-in voltage. b)
Capacitance versus time. The capacitance is stable for both positive and negative
bias voltages, hence, no indications of time dependent charging effects.

and 7.10%, 7.78%, 9.57%, and 15.8% were the corresponding electromechan-
ical coupling coefficients for the different biases (monotonically increasing).

Continuous impedance measurements during 16 h of operation have been ex-
ecuted to demonstrate long term performance of the CMUTs. Three different
voltage levels of 200V, 0V, and =200V constituted the DC bias ramp during
the stability measurements. The 0V step was held for 30 min to ensure com-
pletion of any discharging effects, and the two other steps 200V were each
held for 2h. The capacitance has then been estimated from the impedance
by fitting a straight line (double log transformed) to the low frequency data
points. The used bias ramp versus time and the corresponding capacitance
are all shown in Fig. 4.5. The capacitance is observed to be stable for both
the positive and the negative bias. Thus, significant charging effects are not
present in this LOCOS CMUT array.

Linear CMUT arrays have up until this point been used for the electrical
characterization. Electrical characterization of a row-column array is inher-
ently difficult due to the array configuration. Characterization of the rows
requires electrical contact to all of the columns and visa versa. Full char-
acterization of row-column arrays become much simpler after the arrays are
assembled into probes where all rows and columns can be controlled indi-
vidually. Capacitance measurements for the assembled 92492 row-column
array are plotted in Fig. 4.6. The substrate coupling factor is 1.6 for this
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Figure 4.6: Element capacitance of all rows and columns for the 92+92 CMUT
RCA probe. The substrate coupling factor is 1.6 for this row-column array.

row-column array and thereby reduced compared to the reference of 2.5.
However, the substrate coupling factor is still too high for acceptable row-
column ultrasound imaging. Additional characterization of the devleoped
row-column probes will be given in chapter 5.
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4.2 Polymer bonding

The first polymer bonded CMUT was demonstrated back in 2006 by [65]
and multiple new papers have been published since then [66-69]. The most
common approach for adhesive/polymer bonded CMUT is to spin coat a
polymer and afterwards bond the surface to a new wafer. A sacrificial release
polymer fabrication is also possible and has been demonstrated in [70].

Polymer bonded CMUTSs are fabricated by spin coating a polymer on a
wafer, define the cavities directly into polymer using a lithography process,
then bring the patterned surface in contact with another wafer. The polymer
is used as the post region in this kind of CMUT design. After the two wafers
are brought in contact a thermal curing step is required where the temper-
ature increased to approximately 250 C. The polymer liquefies as the tem-
perature increases and solidifies upon cooling in a state that bonds the two
wafers together. The curing temperature is the highest temperature during
the fabrication and thereby significantly lower compared to fusion bonding.
The low process temperature is one of the more attractive properties of poly-
mer bonded CMUTS, since it allows easy implementation with integrated
circuits. Highly advanced electronics could therefore be implemented on the
same chip as the CMUT itself. Another attractive property of the polymer
bonding technique is the material flexibility, since polymer bonding is ap-
plicable between the most common semiconductor materials. The material
flexibility allows processes where the CMU'T is polymer bonded directly on
top of an ASIC as demonstrated in [71]. Polymer bonding techniques have
also proven to be an attractive techniques for flexible CMUT applications.
Functional flexible polymer bonded CMUTs have already been demonstrated
[68], and even flexible RCA arrays have been demonstrated [72]. Finally, the
majority of demonstrated polymer based CMUTSs have a polymer based post
region and a silicon plate, however, a CMUT with a polymer based plate has
also been demonstrated in [67].

BenzoCycloButene (BCB) and SU-8 are the two commonly used poly-
mers in the CMUT literature. BCB and SU-8 share many of the desired
parameters for CMUT fabrication, both polymers are thermosetting mate-
rials, have excellent bonding strengths, and high chemical stability among
other [73]. An important difference, between the two polymers, is the dielec-
tric strength or the break down voltage, which is 0.53 V/nm for BCB and
0.11V/nm for SU-8 according to their respective data sheets. Hence, as a
post material the BCB should be the better choice, and this has been the
reason for choosing BCB in this work. The developed BCB process flow can
be found in Fig. 4.7. The bottom electrodes are structured in a lithogra-
phy process and electrically connected to the contact pads (indicated in the
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Figure 4.7: Process flow of BCB process. Step 1: Lithography, metalization and
lift-off. Step 2: BCB lithography on top of patterned metal. Step 3: A wafer with
a deposited silicon nitride is bonded to the BCB. Step 4: The top nitride layer and
the silicon are etched away using a dry etch and at wet KOH etch, respectively.
Step 5: Metal deposition. Step 6: Lithography followed by an etch through metal
and silicon. Figure is not to scale.

figure). Three dimensional sketches are necessary to illustrate such struc-
tured electrodes, however, cross sectional sketches are easier to interpret and
therefore used for all the designs with structured electrodes.

The developed BCB fabrication is a three mask process and uses a fused
silica wafer as substrate to reduce the substrate coupling for RCA CMUT
arrays. Step 1 is a lithography step where a negative tone resist (AZ nLOF
2020) in spun on the glass wafer followed by 400 nm aluminum deposition
and a lift-off process using Microposit™ remover 1165. CYCLOTENE resin
4022-25 BCB from Dow Chemical Company is, in step 2, spin coated on
top of the structured bottom electrode followed by a 60 C bake for 90s.
The BCB is afterwards exposed (@ 365nm) for 3.2s with an intensity of
13mW /cm resulting in a final dose of 41.6 mJ/cm?. A post exposure bake
at 60 C for 90 s is done subsequently. Development of the BCB is carried out
in two beakers using the developer DS3000 from Dow Chemical Company.
The development time and temperature in the first beaker are approximately
1 min at 30 C, next in the second beaker for 2 min at room tempered DS3000
which stops the development. A final 90 C bake for 1 min is performed after
development resulting in an approximate BCB thickness of 450 nm. Notice
the BCB is spun on top of aluminum pads. The purpose of these pads are
to planarize the surface, and thereby achieve the flat condition for the spin
coating process. The planarization pads are not electrically connected in the
final device. The plate of the CMUT is made of silicon nitride, and has been
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fabricated using stoichiometric nitride from a LPCVD nitride furnace. The
top wafer consists of a 350 m double side polished wafer, where 350 nm low
stress LPCVD silicon nitride has been deposited. The nitride is kept on both
sides during bonding, in step 3, to lower the stress induced curvature across
the wafer. The wafer are bonded in a CNI v2.0 desktop nanoimprint tool
from NIL Technology. The temperature is first ramped to 125 C and kept
constant for 15 min and subsequently raised to 240 C and kept constant for
1h. This step is a combined bonding and curing step.

Using a nitride plate instead of a conventional SOI wafer serves two
purposes. First, it lower the fabrication costs compared to a SOI based
method, and secondly, the dielectric properties of the nitride increase the
overall breakdown voltage and allows the plate to go into pull-in without
short circuiting. The top nitride layer and the silicon are etched away in step
4. The nitride is removed in a fluorine plasma and the silicon is etched in
potassium hydroxide (KOH). The silicon has an initial thickness of 350 m
and requires approximately 4.5h of etching in 28wt.% KOH at 80 C. The
bonded wafers are etched without any backside or edge protection, which
leaves the BCB directly exposed to KOH at the edges. The transparent glass
substrate enables visual inspection of potential damages of the CMUT struc-
tures, and it has visually been observed that KOH etches BCB at the edges
with a rate of approximately 1 mm/h. Hence, a safety margin of 1 cm should
be sufficient for this process. 400 nm aluminum is, in step 5, deposited on
top of the nitide layer and patterned in a lithography step. In step 6, the
aluminum is etched in a wet solution of HyO:H3PO, in the volume ratio 1:2,
followed by a dry etch process where the nitride is removed to enable access
the bottom electrode.

4.2.1 Characterization

Multiple BCB arrays have been fabricated during this work and an image
of a 62462 RCA BCB array and two linear BCB arrays can be found in
Fig 4.8. The dimensions of the design mimic the 62+62 RCA LOCOS CMUT
reference probe [31]. The capacitance of the rows and the columns have been
measured and plotted in Fig. 4.9, where a substrate coupling factor of 1.1 is
observed. Thus, the difference in capacitance between rows and columns are
strongly reduced. The array yield of the developed BCB process has been
observed to be high (close to 100%).

However, the missing data in Fig. 4.9 corresponds to electrically dead ele-
ments. Thus, this developed fabrication technique has shown high structural
array yield, but the element yield is low from an electrical point of view. Ad-
ditionally, the dielectric properties of the present design are not sufficient for
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Figure 4.8: Image of three BCB CMUT arrays. 62+62 BCB Row-Column ad-
dressed CMUT array with integrated apodization and two 92-element linear BCB
CMUT arrays.

Figure 4.9: Capacitance measurement of rows and columns for the fabricated
BCB based 62462 RCA CMUT array. The difference between rows and columns
are significantly reduced compared to the LOCOS RCA array.
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Figure 4.10: Measured breakdown voltage of BCB and a thermally grown oxide.
Measurements are from six different wafers. Three wafer with BCB and three
wafers with a thermal oxide. The histogram is generated from 68 BCB data points
and 73 oxide data points.

a reliable CMUT fabrication. A median breakdown voltage of 0.08 V/nm has
been observed by measuring multiple positions across a BCB coated wafer.
For comparison, the median breakdown voltage of a thermally grown oxide
has been measured to 0.74 V/nm. These data of the breakdown voltage are
plotted together in the histogram shown in Fig. 4.10.

The distribution of the BCB data is observed to have a substantial pos-
itive skew, which is the reason why the median is used as the quantitative
measure in this analysis. The mean is biased towards higher values due to
the skewness of the distribution. The oxide measurements show a more sym-
metric distribution and the median and mean are approximately identical,
but the median is for consistency used in both cases. Only 16% of the data
sheet value has been obtained experimentally, even though recommendations
from the BCB data sheet has been followed. The discrepancy between the
measured breakdown voltage and the data sheet value is not fully under-
stood. One explanation could be data sheet value is measured on micron
thick BCB films, where a thickness of approximately 500 nm has been used
in this analysis. Bulk properties might not be the right measure on this
length scale.

Additional acoustic characterization of the two linear BCB arrays and long
term electrical performance of a row-column element can be found in paper

A.
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Figure 4.11: Process flow of the developed anodic bonding process. Step 1:
Heat treatment of a Pyrex glass wafer in a 250 C furnace to remove moisture
from the surface. Step 2: Chromium deposition and lithography followed by a
wet chromium etch. Step 3: The CMUT cavities are defied in a BHF etch with
the patterned chromium as the masking material. Step 4: Lithography step and
gold deposition and a lift-off process. Step 5: The chromium mask is removed
in a wet chromium etch. Step 6: A SOI-wafer is anodically bonded to the glass
surface. Step 7: The handle and BOX layer are etched in a KOH and BHF etch,
respectively. Step 8: Aluminum is deposited on top of the device layer. Step 9: A
lithography step combined with a dry etch process used to define top electrodes
and open up to the bottom electrodes. Figure is not to scale.

4.3 Anodic bonding

The first anodically bonded CMUT was demonstrated in 2009 [74], and func-
tional anodically bonded CMUTs have since then been published in multiple
papers [75-77]. A RCA array has also recently been demonstrated [46], and
the anodic bonding technique has several intrinsic advantageous features for
CMUT fabrication and especially for row-column fabrication. The anodic
bonding shares many of the same desired features from polymer bonding,
such as the possibility of structured metal electrodes, low process tempera-
ture, and reasonable requirement for the surface roughness. A surface rough-
ness of 50 nm has been reported as the upper bound for anodic bonding [78].

An array yield on the order of 95% has been observed for the fabri-
cated anodic bonded CMUTs. The process flow for the developed anodically
bonded CMUTs is sketched in Fig. 4.11.

The developed fabrication process is a three mask process, that uses a
Pyrex wafer as substrate. The Pyrex wafer is, in step 1, heated in a furnace
at 250 for more than 1h. The Pyrex is afterwards, in step 2, moved directly
from the furnace into a metal deposition system, where 100 nm chromium
is deposited. The initial furnace step removes moisture from the surface
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and provides optimal conditions for metal deposition. A resist (AZ 5214E)
mask is defined in a lithography process on top of the chromium layer, and
the exposed chromium is then etched by Chrome Etch 18 from Micro Re-
sist Technology. The CMUT cavities are, in step 3, defined in a 40% BHF
solution. The masking material has to withstand more than 10 min of etch-
ing to reach a cavity depth of some hundreds of nanometers, with an etch
rate of approximately 25 nm/min. A resilient masking material is therefore a
requirement, and both resist masks and chromium masks have been investi-
gated. The best results in terms of underetch were observed for the chromium
masks. The chromium mask is removed after the cavities are defined into the
Pyrex wafer and, in step 4, is a new resist mask (AZ nLOF 2020) patterned
and aligned to the cavitites followed by a metal deposition step. A 20nm
chromium layer is first deposited as an adhesive layer (not shown on figure)
followed by a gold deposition. The height of the gab is adjusted in this step
to match the desired specification on the pull-in voltage. The wafer is, in step
5, submerged into a bath of remover 1165 from Microposit ™. Usually 45 min
and applied ultrasound are required to lift-off the entire resist mask. The
processed Pyrex wafer and a SOI wafer are cleaned in Piranha solution and
anodically bonded immediately after, in step 6. Good and reliable bonding
results have been observed for a three step voltage ramp (300V/600V /800V)
at 350 C. The handle and BOX are, in step 7, etched away using KOH
and BHF, respectively. Five hours are approximately required to remove the
350 m silicon handle. The long etching process demands a high bonding
quality, otherwise does the etch simply peel of the entire device layer. An
image of a processed wafer at step 7 is shown in Fig. 4.12, where only mi-
nor defects/holes are observed in the device layer. The remaining part of
the wafer is structural intact at this point, which clearly demonstrates an
acceptable array yield. Step 8 is a metal deposition step, where 20 nm tita-
nium is deposited as an adhesive (not shown) followed by 400 nm aluminum
deposition. The final step 9 provides access to the bottom electrode and
separates of the top electrode, and is initiated by a lithography process using
a AZ 5214E resist followed by two etch processes. The aluminum is etched in
solution of HyO:H3PO, and the silicon is subsequently etched in a dry etch
process.

4.3.1 Characteriaztion

The anodic bonding process has from a fabrication point of view proven to
be utterly suitable for row-column CMUT fabrication. The array yield for
row-columns have been observed on the order of 95 % by visually inspection
of the wafer in Fig. 4.12. However, the electrical properties CMUTs fabri-
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Figure 4.12: Image of anodically bonded RCA CMUT arrays. The image is
captured right after removal of the handle and BOX layer, corresponding to step 7
in Fig. 4.11. The used mask set consists of two large 190+190 RCA array with a

=2 pitch constrain, 48 smaller RCA arrays with channel a count of 16416, and
finally some linear test structures.
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Figure 4.13: IV measurements of the anodically bonded CMUTs. The first
IV measurement reaches the compliance value of 100 A after an applied bias of
approximately 2.5V, whereas, the third IV measurement shows excellent electrical
insulation.

cated have not been sufficient for an acceptable CMUT performance. Short
circuiting has been observed for a large number of elements between the top
and bottom electrode. The causality of this short circuit phenomenon is not
fully understood. Redeposited pieces of metal that electrically connects the
top and bottom electrode is the current hypothesis. Small pieces of gold
could be redeposited during the lift-off process where the bottom electrodes
are defined. Neither images from an optical microscope or Scanning Elec-
tron Microscope (SEM) have been able to confirm this hypothesis. However,
Current-Voltage (IV) measurements performed by a B1500A semiconductor
device analyzer support the hypothesis. The observed short circuit can be
repealed by repeating measurements with an increased bias voltage. The
material that causes the short circuit is believed to evaporate due to a high
amount of deposited power during IV measurements. This phenomenon can
be seen in Fig. 4.13 where the first and the third IV measurement are shown.
The first sweep reaches the compliance value of 100 A after an applied bias
of approximately 2.5V, whereas electrical insulation is observed at the third
IV sweep. The corresponding resistance is estimated by a linear fit and in-
creases from 2.3kW to 2.4 TW between the first and third bias sweep. The
resistance changes nine orders of magnitude during the first and third bias
sweep, which is believed to be caused by evaporation of the short circuiting
material.

A new batch of anodically bonded CMUTs was fabricated to solve the
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w /o nitride

Figure 4.14: TV measurements of fabricated CMUTs with and without a nitride
film at the bonding interface. Both designs have insulating properties with a
resistance in the TW regime.

short circuit issue. The only adjustment in the new design is an additional
nitride film at the bonding interface. The nitride serves two purposes, it pro-
vides additional insulation and allows the CMUT to go into the pull-in state
without a destructive short circuit. The IV measurements of an equivalent
CMUT is shown in Fig. 4.14 together with the previous IV measurement
(third sweep in Fig. 4.13). The resistance is estimated to be 4.8 TW for new
batch of CMUTSs with nitride, and the insulating properties are comparable
to the third IV sweep for the CMUTs without nitride. The implementation
of the nitride layer has proven to significantly reduce the short circuiting is-
sue, but more process delevopment is still required. The CMUT parameters
such as pull-in voltage, resonance frequency, and bandwidth among other
are yet to be measured for these CMUTs. However, a linear anodic bonded
CMUT array, without the nitride layer, has been acoustically characterized
for different applied DC biases. The acoustic measurements were conducted
in a water tank. The pressure was measured by an ONDA HGL-0400 hy-
drophone positioned 1cm from the CMUT surface. Polydimethylsiloxane
(PDMS) has, prior to the acoustic measurements, been coated on top of
the arrays to ensure electrical isolation of the elements during immersed op-
eration. The frequency response has been determined by sinusoidal pulse
train with a varying excitation frequency to map out the transfer function.
Multiple measurements have been acquired for each frequency, and the the
average value of the transfer function with one standard deviation is plotted
in Fig. 4.15. The pressure increases with the magnitude of DC bias as ex-
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Figure 4.15: The transfer function of an anodically bonded CMUT w/o nitride
at five different DC biases. The pressure increases as the magnitude of the bias
increases, as expected. Multiple measurements have been conducted and the shown
data is the mean with one standard deviation.

pected. The center frequency is unaffected by increased bias, which indicates
CMUT is operated at very low voltages with respect to the pull-in voltage.
The spring softening effect is simply too small to be detected with the fre-
quency resolution used for these measurements. An increased bias would be
required to resolve the spring softening effect and determine the pull-in volt-
age, unfortunately, the CMUT malfunctioned when the bias was changed to
=55 V.

The anodic bonding process has many desired features for row-column
arrays. The fabrication process has proven to be structural stable across
an entire 4”7 wafer, more process development is still required to solve the
short circuit issue. However, the implementation of the additional nitride
film seems very promising.

4.4 Combined anodic and fusion bonding

Fabrication of large RCA arrays has proven to be difficult when SOI wafers
are used as the substrate wafer. Rupture of the plate/device layer has been
observed for RCA arrays especially during removal of the handle layer. These
effects are not observed to same degree for linear arrays, where a standard
silicon wafer can be used as the substrate. In addition, the area of RCA
arrays are larger than the linear arrays, which complicates the fabrication
process due to a higher particle sensitivity. The BCB and anodic bonding
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methods are both attractive solutions as a row-column fabrication platform,
both facilitate the possibility of fabricating on insulating substrates, both are
rapid fabrication processes, both processes have showed high structural yield,
even close to 100%. But, both processes have electrical weaknesses that are
not observed for the LOCOS process. On the other hand, the row-column
array yield for the LOCOS process is critically low. One possible way of
increasing the array yield for the LOCOS process would be to decrease the
area, but, the beneficial properties of row-column arrays become progressively
better as the size and the channel count increase as explained in chapter 3.

A new fabrication process has been developed to over these challenges.
This process combines the best properties from LOCOS and the anodic bond-
ing and do not require a SOI wafer as substrate.

4.4.1 Rodent one

Development of a 8 MHz RCA CMUT transducer with 1884188 channels
and =2 pitch constrain has begun during this thesis. This transducer is
called rodent one and abbreviated TR1 henceforth. TR1 will be approved
for rat studies and is designed for 3D super resolution applications, an imag-
ing concept that originates from fluorescence microscopy. Noticeably, the
development of the super resolution principle was awarded the Nobel prize
in chemistry back in 2014 [79]. The super resolution principle relies on imag-
ing strongly illuminating objects smaller than the diffraction limit. Such
objects cannot per definition be resolved by conventional methods due to
its small size. Sub-wavelength objects will be blurred and highly distorted
by the point spread function of the imaging system. The spatial position of
the sub-wavelength objects can be estimated by center of mass calculations.
Changes in center of mass can accurately be measured at length scales much
smaller than the diffraction limit, which is the underlying principle of super
resolution imaging. The principle of super resolution can be adapted to ul-
trasound imaging by injecting micro bubbles into the blood flow. The size of
the bubbles are on the order of a few microns, thus, typically two orders of
magnitude smaller than the diffraction limit of a common medical ultrasound
transducer. High amplitude signals are generated from the bubbles due to
the vastly different acoustic impedance compared to the surrounding blood
and tissue. Super resolved ultrasound images have already been extensively
demonstrated using 1D transducers [80]. However, micro bubbles will not
in vivo be confined in a two dimensional plane, but follow the directions of
the blood flow inside vessels. The idea behind TR1 is to overcome the issue
of 2D confinement and do ultrasound super resolution imaging in 3D. The
design specifications of TR1 are listed in Tab. 4.2, and are inspired by the
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Table 4.2: TR1 specifications

CMUT parameter

Plate thickness 3 m
Side length of cell 50 m
Cavity height 180 nm
Pull-in voltage 220V
Array parameters

Elements 1884188
Integrated apodization (apo) yes
Transducer surface area w/o apo 17.9 17.9 cm?
Transducer surface area w/ apo 2.1 2.1cm?
Pitch 95 m
Center frequency 8 MHz

lessons learned from the two 92492 RCA probes from section 4.1. The de-
veloped fabrication process for TR1 combines the best properties from the
LOCOS process and the anodic bonding process. The electrical properties of
the LOCOS process has been thoroughly tested within our group, whereas
further development is still necessary for the anodic bonding process. The
array yield has been observed low for the LOCOS based RCA CMUT arrays,
and very high for the anodic bonding process. The combination of the two
processes could be a promising way of fabrication RCA CMUT arrays.

The developed fabrication process is very similar to the LOCOS process.
The process is a four mask process, and the masks are identical to those
used in the LOCOS process. A schematic process flow is shown in Fig. 4.16.
A thermally insulation oxide is grown in step 1 and a LPCVD nitride film
is deposited and patterned on top of the oxide. The substrate material is
a standard highly doped silicon wafer and not a SOI wafer. The bottom
electrodes are electrically isolated in the LOCOS process by etching trenches
into the device layer of the SOI substrate until the BOX insulates the bottom
electrodes. In this process a (3 m 100 m) trench is etched into the silicon
and trenches are etched using a specialized high aspect ratio dry etch, abbre-
viated DREM (Deposit, Remove, Etch, Mask). The DREM etch is designed
to have an extreme selectivity towards photo resist [81] and at the same time
preserve the geometry throughout trenches. Cross sectional SEM images of
the DREM trench is shown in Fig. 4.17.

These SEM images confirm the actual geometry is in agreement with
intended design. A uniform width is observed throughout trenches, and only
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Figure 4.16: Process flow of the TR1 transducer. The first part of the process
is similar to the LOCOS process presented in section 4.1. Step 1: An isolation
oxide and a LPCVD nitride are grown and deposited, respectively. A DREM etch
is afterwards used to define 100 m deep trenches into the silicon, that later will
be used to separate the bottom electrodes. Step 2: A thermal oxidation step that
defines the cavities utilizing the LOCOS process. Step 3: Fusion bond between the
processed substrate and a SOI wafer. Step 4: The substrate wafer is dry etched
until 100 m is left and the separation pattern appears. Step 5: The backside of
the wafer is polished in a CMP process and afterwards anodically bonded to a
borosilicate wafer. Step 6: The handle and BOX layer are etched away and the
remaining steps are identical to step 7 to 10 in Fig. 4.2. Figure not to scale.
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Figure 4.17: Cross sectional SEM images showing the DREM trench etch. The
SEM image to the left shows the cross section of an entire element and the right
image shows a zoom-in at the bottom of the DREM trench.

a slight broadening effect is observed. The mask opening at the surface is
designed is 3 m wide and the width at bottom of a 110 m deep trench is
measured to 4.1 m. The CMUT cavities are defined after the DREM etch,
in step 2, using a thermal oxidation process, where the principle of LOCOS
are utilized. The CMUT cavities are subsequently sealed, in step 3, by
fusion bonding a SOI wafer to the processed substrate. In step 4, the bottom
electrodes are separated by removing the substrate silicon in a dry etch until
the point where the pattern of the DREM etched bottom electrodes becomes
exposed. The top SOI wafer is used to structurally stabilize the wafer stack
during the removal of the original silicon substrate. The bottom electrodes
are electrically insulated from one another at this stage, and are accessible
from the backside of the wafer, which is an attractive property since it enables
connection to the element using a flip chip bonding technology. This process
is designed for wire bonding, hence, all channels are still connected from
the front side. The back side is anodically bonded to a Pyrex wafer in step
5. The Pyrex keeps the bottom electrodes electrically isolated and provides
mechanical stability during removal of the handle and BOX. A Chemical
Mechanical Polishing (CMP) process is used to lower the surface roughness
of the backside prior to the anodic bond. The handle is subsequently, in step
6, etched away using dry etch process. Clamping issues in the chamber of
the dry etch equipment have been experienced due to the insulating Pyrex
substrate. Depositing 100 nm poly-silicon on the back side of Pyrex, using a
Plasma Enhanced Chemical Vapour Deposition (PECVD) process, solves this
problem. The remaining BOX oxide is then removed in BHF. The reaming
steps of this process is identical to the last four steps of LOCOS process flow
(step 7-10 in Fig. 4.2).
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The combined LOCOS and anodic bond process is still being developed.
Two wafers have at this point been fabricated using the developed process.
Both linear and row-column arrays were included in the mask layout, and
the linear arrays were successfully fabricated, while plate rupture caused
fully destroyed the row-column arrays. These observations are similar to the
yield problems in the LOCOS process, and the structural stability might be
completely unchanged for this purposed process. However, a larger sample
size will be required for a conclusively determination. In addition, removal
of the silicon substrate wafer between step 3 and 4 in Fig. 4.16 has shown
to be challenging due to a non-uniform etch rate across the wafer. The non-
uniformity creates a convex profile that complicates the following anodic
bonding process.

4.4.2 Mask layout

The center frequency of a CMUT is dominantly determined by the plate
thickness, plate material, size of the CMUT cell, and the built-in stress. The
plate thickness for TR1 was determined to be 3 m, since, the previously
fabricated CMUTs using a 3 m plate, have shown a satisfying performance.
The built-in stress is assumed small in this design, and the plate material is
silicon. The size of the CMUT cell is therefore only degree of freedom. The
size of the CMUT cell combined with the =2 pitch constraint introduce a
challenge, since the CMUT cells cannot be closely packed in a grid. The side
length of a square CMUT cell has to be 50 m to match the specified center
frequency while the pitch is 95 m, which only allows a single CMUT cell per
sub-element as seen in Fig 4.18 a). However, the number of CMUT cells can
be doubled by rotating the cells 45 and introducing an interwoven element
structure as shown in Fig. 4.18 b).

The interwoven design increases the transmit pressure by a factor of 2
and reduces the parasitic capacitance. Additional details about how the
interwoven element structure impacts on the ultrasound image can be found
in paper B.

4.4.3 Characterization

The fabricated linear arrays have been electrically characterized using both
Capacitance-Voltage (CV) and impedance measurements. The electrostatic
force has a square dependency on the applied bias which translates into
a square dependency of the displacement. The capacitance versus voltage
characteristics of a CMUT must therefore follow a parabola for small voltages
relative to the pull-in voltage. A Taylor expansion of the capacitance, C,
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Figure 4.18: Sketch of two different CMUT cell configurations for CMUT cell
with a side length of the side length 50 m and a element pitch of 95 m. a) straight
rows and columns where a single CMUT cell can fit into each sub element. b)
Zig-Zag pattern that allows two CMUT cell into each sub element, and thereby
increases the active area with a factor of 2.

yields

dx
U2
Z
Constant

C x U? C(0) + C(0)
I
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U=

where X is the displacement of the plate and U is the applied bias. A parabolic
CV relationship is predicted for small voltages and the theory agrees with
measurements shown in Fig. 4.19. The capacitance has been measured using
a B1500A semiconductor device analyzer at 100 kHz. An additional off-set
parameter that shifts the vertex of the parabola is added to the fitting func-
tion given by

C(V)=Co 14+ (U Ug sr)® : (4.3)

The vertex shift can be physically explained by the Schottky barrier between
the metal contact pad and the doped silicon electrode, an extensive analysis
of this phenomenon can be found [82]. Work function differences between
metal and silicon introduce a built-in electric field, that enhances the electric
field in one polarity and retards in the opposite polarity. The applied bias
voltage is swept from =100V to 100V and back again to =100V to verify
the absence of any hysteretic Behavior. The voltage sweep back and forth
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Figure 4.19: Capacitance versus voltage measurement of CMUT fabricated with
a PSOI wafer. A parabolic function has been fitted for small bias voltages to verify
the expected square dependence of the voltage. The pull-in voltage of this array
is 160 V.

are indistinguishable from each other and implies the absence of undesired
charging effects.

The resonance frequency in air has been determined by the impedance mea-
surements shown in Fig. 4.20. The expected bias dependency of the res-
onance frequency is observed and shifted from 6.5 MHz to 5.0 MHz as the
magnitude of the bias is increased from =65V to =85V. Notice the pull-in
voltage of this element is approximately =90V. The impedance spectra are
otherwise comparable with the results from the LOCOS process from section
4.1, however, the electromechanical coupling coefficient is lower and has been
estimated to 3.74%, 3.83%, 3.92%, 4.41%, and 7.83%. The reason why the
coupling is reduced relative to the LOCOS process is not fully understood
and should be studied further in future work.

The electrical characterization of the combined LOCOS and anodic bond-
ing process substantiates the potential of this fabrication method. The ex-
pected CV characteristics is observed and the absence of hysteresis during
voltage sweeps implies electrical stability. The ability to operate the CMUT
around the pull-in voltage has also been demonstrated for this new process,
though, only for linear arrays.
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Figure 4.20: Impedance measurements of the CMUTs fabricated using the com-
bined LOCOS and anodic bonding process. The measurements are conducted by
a linear element operated in air. The absolute magnitude of the impedance is
plotted in a double log plot in a), where a distinct resonance and anti resonance
are observed between 5.0 MHz and 6.5 MHz. The capacitive properties are con-
firmed the power law dependency for off-resonance frequencies. The phase of the
impedance measurements is plotted in b). The CMUT used for impedance has a
pull-in voltage of =90V.

4.5 Poly-Silicon-On-Insulator wafer

The device layer of a SOI wafer constitutes the plate in all the investigated
CMUT designs. However, purchasing 47 SOI wafers for CMUT research and
development has in the past couple of years been difficult, in the sense that
suppliers demand large minimum wafer quantities and have long a delivery
time on the order of months. Both parameters are not suited university
level research and development. The reason for this is twofold, the first
reason is 4”7 SOI wafers are being phased out by some of the large SOI wafer
manufacturers. Secondly, the wafer fabrication industry is currently in a high
conjecture, hence, the demand is larger than the supply, which increases the
delivery time.

Multiple options are available to overcome the problem with SOI wafers.
One option is to simply prolong the development process and wait months
for the customized SOI wafers. Another approach is to purchase SOI wafers
from a stock list which typically can be delivered within a week. It has the
disadvantage of excluding the possibility of determining all the relevant SOI
parameters, and such wafers can often be sub optimal for a given CMUT
fabrication.
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Figure 4.21: Fabrication process of PSOI wafers. 1) A standard silicon wafer is
chemically cleaned prior to the furnace processes. 2) A thermal oxide is grown.
3) A boron rich poly-silicon is deposited in a LPCVD process. 4) The poly-silicon
layer is polished (CMP) to reduce surface roughness. Figure is not to scale.

A third way, to overcome the issues associated with getting SOI wafers, is to
use a PSOI wafer that has been developed in this work. The structure of a
PSOI wafer is essentially identical to a conventional SOI wafer, with the only
exception being the device layer material. A LPCVD deposited poly-silicon
constitutes the device layer of a PSOI wafer instead of single crystalline silicon
used for conventional SOI wafers. PSOI wafers can be fabricated in three
days and can therefore significantly reduce the development time of CMUT
fabrication and development. The fabrication of PSOI wafers consists of
four steps as shown in Fig. 4.21. The first step is to choose a silicon wafer
with the desired specifications for the handle layer. Next, grown an oxide,
in step 2, and on top of oxide is, in step 3, a boron doped poly-silicon film
deposited using a LPCVD process. The poly-silicon could also be doped with
phosphor, but the deposition rate is substantially lower compared to boron.
In step 4, the surface of the poly-silicon is polished in a CMP process to lower
the surface roughness. The developed PSOI wafers are designed to have a
400 nm BOX layer and a device layer thickness of approximately 3.0 m. The
final poly-silicon thickness of a fabricated PSOI has been measured across
two wafers using multi-angle reflectometry. The resulting thickness maps are
shown in Fig. 4.22. The measured thickness is approximately 400 nm lower
than expected. The LPCVD system at our clean room facility is only allowed
to deposit poly-silicon during working hours due to the extremely poisonous
gases involved in the LPCVD process. The thickness of the fabricated poly-
silicon layer is the result of an entire day of depositioning, two or more days
are needed if thicker layers are required.

The surface roughness of the deposited LPCVD poly-silicon has been mea-
sured using confocal microscopy before and after the CMP process. The Root
mean square (RMS) of the measured surface topology is 6.98 nm prior to the
CMP process and 0.47 nm after the CMP process. The acquired images from
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Figure 4.22: Multiple thickness measurements of the device layer thickness across
two PSOI wafers. The measurements have been carried out by multi-angle reflec-
tometry. a) The PSOI closest to the furnace opening. b) The PSOI furthest away
form the furnace opening. The 44 red dots in each plot are the measured data
point, the black dashed lines indicates the circumference of the wafers.

the confocal microscopy can be found in Fig. 4.23.

The surface roughness measurements are calculated based on data from an
area of approximately 100 100 m2. The surface topology prior to the CMP
process ranges between =30nm and 30nm without any clear tendency or
pattern, see Fig. 4.23 a). The range of the polished wafer is reduced by more
than factor of 10, and structures or patterns seem to appear. It is believed to
be the surface of the microscope objective and not necessarily the surface of
the PSOI wafer, AFM measurements will be necessary if higher precision is
needed. The CMP process is an absolute requirement when PSOI wafers are
used for fusion bonded CMUTs, but is not a strict requirement for anodic
bonded CMUTs. Though, the bonding quality has been observed greatly
improved when the surface has been polished.

The mechanical and electrical properties of LPCVD poly-silicon are influ-
enced by multiple parameters, including deposition temperature, deposition
time, gas composition, tube pressure, flow conditions among other. The de-
position rate of the LPCVD poly-silicon should be high enough to produce
a b m poly-silicon film within a reasonable time, while the resistivity and
built-in stress are low. The stress should preferably be tensile since it will
prohibit buckling effects in the final CMUT structure. A criterion for an
acceptable resistivity can be found in paper C.

Four point probe measurements of the device layers have been performed
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Figure 4.23: Surface topology maps of the surface of a PSOI wafer before and
after CMP. The topology before and after CMP is shown in a) and b), respectively.
Notice the range of the scale bar differs with more than a factor of 10.

Figure 4.24: Sheet resistance and resistivity of the PSOI device layer as function
position in the boat. Wafer position 1 is closest to the opening of the furnace tube.

to characterize the resistivity. The measurements were conducted on 19
fabricated PSOI wafers and the result is shown in Fig. 4.24. The largest
measured resistivity is 0.062Wcm, and the mean and standard deviation are
0.036 Wcm  0.019Wcem, which is sufficient for the CMUT plate in many
applications.

The material properties of the poly-silicon are determined by a large pa-
rameter space that varies between different LPCVD furnaces. For a reliable
and reproducible production of PSOI wafers optimization of the LPCVD pro-
cess is required. A starting point for this optimization is given in Fig. 4.25
where published deposition rates, resistivities, and stresses from multiple
papers are plotted as function of deposition temperature [83-88]. The depo-
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Figure 4.25: The deposition rate, resistivity, and stress as function of deposition
temperature. The circular markers are data from the literature and represents ei-
ther boron doped or undoped LPCVD poly-silicon and triangular markers indicate
measurements of LPCVD boron doped poly-silicon from this thesis.
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Figure 4.26: Cross sectional SEM im- Figure 4.27: Cross sectional SEM im-
age of an anodic bonded CMUT fabri- age of a fusion bonded CMUT fabri-
cated using a PSOI wafer. cated using a PSOI wafer.

sition rates are seen, in Fig. 4.25 a), to increase as function of the deposition
temperature, whereas a reduction in the resistivity is observed in Fig. 3 b)
(notice the log y-scale). Hence, rapid fabrication time and low resitivity
are gained by increasing deposition temperature. However, the temperature
dependency of the stress is not as unambiguous as the deposition rate and
resistivity, and extrapolation is therefore difficult.

The fabricated PSOI wafers have been used for all the fabricated anodic
bonded CMUTs and all the CMUTSs from the TR1 process described in sec-
tion 4.3 and 4.4, respectively. Cross sectional SEM images of both anodically
and fusion bonded CMUTSs can be found in Fig. 4.26 and 4.27, respectively.
The CMUTs are tilted 10 in both images to improve the visualization of
the CMUT structures, and a thin layer of gold is sputtered to prevent di-
electric charging of the insulating layer. Both CMUTSs are diced using an
automatic dicing saw, and the fact that the poly-silicon plate is intact after
dicing indicates a strong bond. The poly-silicon plates are in both images
bonded to the post region (right side of the images). Notice, the structure of
silicon substrate in the TR1 process (right image) is substantially different
from the poly-crystalline structure of the plate. Hence, CMUT fabrication
using PSOI wafers are applicable for both fusion bonded and anodic bonded
devices, and PSOI wafers might even provide improved bonding conditions
for anodic bonded devices. The front and the back side of a SOI wafer will
be electrically insulated from one another. This is a direct consequence of
the fabrication method of SOI wafers [89] and this is also a desired fea-
ture in many applications. However, the insulation is a disadvantage during
an anodic bonding process, since the current has to run though the BOX
layer with poor conducting properties. The anodic bonding temperature, of
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Figure 4.28: IV characterization between the front and back of a PSOI wafer,
where a resistance of 178 W is estimated by a linear fit. The sketch to the left
illustrates how the current flows around the edges of a PSOI due a conformal
deposited of poly-silicon. The results from the IV measurement is shown to the
right, where a linear relationship is observed.

approximately 350 C, increases the conductivity of SiO, multiple orders of
magnitude [90], and is essential for the success of the anodic bonded pro-
cesses. However, the introduction of an additional insulator impedes the
bonding current during anodic bonds, which i is inevitable when SOI wafers
are involved due to the BOX layer. The BOX layer of an SOI wafer increases
the electrical resistance during an anodic bonding process, and prohibits the
accumulation of charges in the generated depletion region.

The device layer of a PSOI encapsulates the entire wafer due to a con-
formal deposition process, and thereby facilitates a short circuit between the
front and back side. This is confirmed by IV measurements between the
front and the back side of a PSOI wafer, and the result is shown in Fig. 4.28
together with an illustrative sketch of how the measurement was conducted.
An ohmic relationship is observed in the IV measurement and a resistance
of 178 W is estimated by a linear fit. Hence, the front and back side of PSOI
wafers are, opposite to SOI wafers, not electrically insulated from each other,
and larger bonding bonding currents are therefore expected.

The results of the PSOI wafer is summarized in paper D.

4.6 Chapter summery

Four different row-column fabrication methods were investigated in this chap-
ter, and all of the demonstrated methods possessed desirable properties for
CMUT based row-column fabrication. The most relevant row-column prop-



46. CHAPTER SUMMERY 77
Table 4.3: Row-column CMUT fabrication summery.
LOCOS BCB Anodic | POCOS+
Anodic

Masks 4 3 3 4
Breakdown
voltage in 0.74V/nm | 0.08V/nm | 0.92V/nm? | 0.74V/nm
post region

. : ) Insufficient
Array yield Low High High statistics
Required
surface < lnm High < 50 nm < lnm
roughness
Substrate
coupling 1.6-25 1.1 1.0° Not known
factor
Eabrlcatlon Weeks Days Days Weeks
time
Highest
process 1000 C 250 C 350 C 1000 C
temp.
Clean room
limitations None BCB Pyrex Pyrex
Other - - Shortd -

circuit

erties are summarized in Table 4.3, where a green and red color coding have
been used to emphasize the desired and undesired properties, respectively.

Notice, the individual parameters are not equally important.

A low array yield of row-column arrays was observed for the LOCOS based
CMUTs, but excellent CMUT performance was observed for the few success-
fully fabricated row-column arrays. Many desirable row-column properties
were observed for the BCB fabrication process, but the dielectric strength of
the BCB was simply not suited for CMUTSs operated close to the pull-in con-
dition. The Anodic bonded and BCB processes share many of desired row-

aDielectric strength found in the literature [91].
bSubstrate coupling factor calculated from [46].
¢Contamination rules at the DTU-nanolab clean room facilities.

dDescribed in details in section 4.3.
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column properties including structured bottom electrodes, excellent bond-
ing properties, low process temperatures among other. But, the dielectric
strength of Pyrex, used in the anodic bonding process, was in the literature
found to be 0.92V/nm [91] and therefore more suited for high field appli-
cations. A problem with short circuiting between the top and the bottom
electrode was observed for the anodic bonded CMUTs. This problem was
addressed by introducing an insulating nitride film at the bonding interface.
A second generation of anodic bonded CMUTSs were designed and fabricated
including the additional nitride layer. Preliminary IV measurements sug-
gested the new design to be a feasible solution to the problem. The final
presented CMUT fabrication combined the best properties from the LOCOS
process and the anodic bonding process. This process was been developed
to increase the array yield and reduce the substrate coupling factor relative
to the LOCOS process. Linear arrays of this new process was electrically
characterized and showed an expected CMUT performance without any in-
dications of unwanted charging effects. The row-column performance of this
new process is still unknown and additional process development is therefore
necessary.

The concept of a PSOI wafer was introduced in the last part of the chapter
as an alternative to conventional SOI wafers. The fabrication of multiple
PSOI wafers were described and characterized, and the fabrication of two
different CMUTs using PSOI wafers were demonstrated.



CHAPTER 5

CMUT characterization

This chapter investigates the acoustical properties of the CMUTSs fabricated
during this thesis. The chapter consists of two parts. The first part consid-
ers acoustic characterization of a single linear CMUT element. The analysis
includes characterization of both the acoustic response from the CMUT and
the overall experimental set-up. The transmit impulse response is calcu-
lated and bias dependency of the transmit pressure, center frequency, and
bandwidth has been measured.

The second part of the chapter considers acoustic characterization of the
fabricated 92492 row-column probe. The pressure fields of rows and columns
are measured, and the pressure field is observed to be attenuated long the
columns. A detailed analysis of electrode resistance is developed and used
to describe the attenuated pressure field for the columns. Volumetric row-
column images of wire and cyst phantoms acquired by the developed 92+92
RCA CMUT probe are presented in the last part of the chapter.

5.1 Acoustic characterization

A characterization set-up for a single channel system has been developed dur-
ing this work. The system is designed to perform an isolated acoustic analysis
of CMUT, where the influence from the instruments and the electronics are
minimized. This task can be approached either by calibration curves or by
changing the hardware. The frequency response of the overall system dis-
torts the applied AC signals, however, the distortion can be accounted for by

79
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Figure 5.1: Sketch of the acoustic set-up. The bias-T consists of a capacitor,
C1, and a resistor, Ry, with the discrete values of 100 nF and 1 MW, respectively.
Vo is the nodal point of interest in this analysis and represents the AC signal at
CMUT electrode. THS3120 is an operational amplifier used to buffer the output
of the function generator, and the resistor, Rz, is required to stabilize the buffered
signal.

calibration curves. This approach assumes linearity and errors will therefore
be introduced when non-linear CMUTs are investigated. The other approach
is to design the electronics such that the frequency response is approximately
constant in the frequency range of interest. This approach allows characteri-
zation of non-linear systems and will therefore be used in this analysis. The
experimental set-up is sketched in Fig. 5.1, where the nodal point, Vo, will
be the reference point during the analysis. This nodal point represents the
actual AC signal at the CMUT electrode, and a completely flat frequency
response would be expected for an ideal system without any distortions.
The pressure waves generated by the CMUT are measured by a HGL-
0400 hydrophone from Onda. The hydrophone is positioned and aligned
4cm above the transmitting CMUT element, and the measured signal is
picked up by a 5442D oscilloscope from PicoScope using 12 bit resolution
and a sampling frequency of 62.5 MHz. The CMUT has prior to the acoustic
measurements been wire-bonded to a Printed Circuit Board (PCB) and af-
terwards covered with PDMS to ensure electrical isolation between elements
during immersed operation. The signal at the nodal point V is also moni-
tored by the PicoScope using 10X probes to reduce effects from of capacitive
loading. The applied AC signals are generated by a TexTronix AFG31102
arbitrary function generator and the applied DC bias is provided by a Keith-
ley 2490 1100V sourcemeter. To reduce the source/generator impedance of
the measuring system, a wide-band, low noise, high-output drive THS3120
operational amplifier is used to buffer the output. The operational amplifier
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is coupled as a non-inverting amplifier with a gain of 5V/V. The magnitude
of R, is comparable to commercially available ultrasonic transmitters/drivers
which typically have an output impedance of 7-15W. The resistor, R;, iso-
lates the phase shift at high frequency caused by the capacitive load from
the amplifier feedback path. Resistance values of 5W and 10W have been
used for R; in this analysis, all other parameters have been kept unchanged.
Resistance lower than 5W lead to instabilities in the feedback loop of the
buffer amplifier.

A linear CMUT array from the combined LOCOS and anodic bonding

fabrication process is used in this analysis. The side length of the CMUT
cell in this array is 70 m and not 50 m as specified for the TR1 row-column
arrays, hence, the center frequency and pull-in voltage are lower than the
designed specifications.
Pulses of uniform white noise have been used to characterize the frequency
response of both the system and the CMUT. The noise is generated synthet-
ically in MatLab and the frequency response is therefore known to be flat for
all frequency components (on average). However, the frequency dependency
of the CMUT, the instruments, and electronics cause a distorted frequency
spectrum. Measurements of a noise pulse and the average frequency content
are shown in Fig. 5.2. The length of noise pulse is approximately 15 s and
long noise pulses are desirable since the information stored in the noise sig-
nal scales with the length. The size of the water tank is the limiting factor
for the length of the noise pulse. The water tank has to be large enough
to ensure no reflections from boundaries. The colored part of the excitation
signal showed in Fig. 5.2 a) indicates the part of the signal that is used to
generate the frequency spectrum, notice the first and the last part of the
pulse are omitted to reduce transient effects. The average Fourier spectrum
of 100 generated noise pulses is shown in Fig. 5.2 b) for two different R,
values. The measured frequency response can be divided into three parts
indicated by , ,and . The part is a constant plateau for frequencies
lower than 15 MHz. The part is a region between 15MHz and 25 MHz
where a reduction in the Fourier amplitude is observed. Finally, the part is
another constant plateau for high frequencies above 25 MHz. The observed
response is modelled by an empirical model, U, given by

jUf(f)j:g erfc(b (F o)) +c (5.1)

where a and ¢ are amplitude parameters, o defines the frequency at which
the amplitude difference between a and ¢ has dropped 50%, and b determines
the width of the part. The expression fy 1=b is used as a measure for a cut-
off frequency, and corresponds to the frequency at which the amplitude has
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Figure 5.2: Analysis of the excitation signal measured at the nodal point, Vo.
The noise excitation pulse is plotted in a). The data used to generate the Fourier
spectrum is colored (red), and the corresponding Fourier spectrum is plotted in
b) for two different values of Ry. The frequency data is an average of 100 Fourier
spectra.

Table 5.1: Fitted parameters for two values of Ry

Fitted parameters R, = 50 R, = 1092 Ros /Raao
a 0.12 a.u 0.11 a.u 9.1 %

b 0.20 MHz=1 0.14 MHz= 1 42.8 %

c 0.049 a.u 0.043 a.u 14.0 %

o 20.3 MHz 19.9 MHz 6.3 %
a+c 0.17 a.u 0.15 a.u 13.3 %

fo 1=b 15.3 MHz 12.6 MHz 21.4 %

dropped approximately 16%. The interpretation of ¢ is the amplitude of the
last plateau (part ), and the sum of @ and ¢ is the amplitude of first plateau
(part ). An overview of the fitted parameter can be found in Table 5.1. All
the fitted parameters are observed to increased for R, = 5{2 when compared
to Rp = 10€2. An increase of 13.3% is observed for the amplitude of the
plateau (a + c), hence, the AC signal at the CMUT electrode has become
larger. Additionally, an increase of 21.4% is observed for the cut-off frequency
which implies a reduced suppression of high frequency components.

The stabilization resistor, R,, perturbs the frequency response of the
system and thereby also the acoustic performance of the CMUT, which can
be observed in the transmit impulse response. The acoustic response and the
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Figure 5.3: Normalized transmit impulse response of the developed CMUT and
a commercial PZT. The results from the CMUT is shown in a) for two values of
R7. The transmit impulse response of a commercial BK9032 probe is shown in b).
The solid lines are the impulse responses and is read on the left y-axis, and the
dashed lines are the envelopes and is read on the right y-axis. The corresponding
transfer functions are plotted in ¢). A DC bias of 90V was used for the CMUT
measurements corresponding to approximately U=Upi = 85%.

excitation signal have been deconvolved in order to calculate the transmit
impulse response shown in Fig. 5.3 a).

The overall shape of the impulse response is similar in both cases, but,
a 26.3% peak-to-peak amplitude increase is observed for R, = 5€2. The am-
plitude increase corresponds approximately to 2(a+c¢), and thus in excellent
agreement with the previous analysis. The envelope of the impulse responses
show the subsequent ring down process is suppressed more than =30 dB for all
times after the main peak. However, the some of ring down dynamics could
be numerical noise from the deconvolution operation. The transmit impulse
response of a BK9032 transducer (5 MHz linear PZT transducer) from BK
medical is shown in Fig. 5.3 b), where a substantial ringing is observed com-
pared to the developed CMUT transducer. Notice, the impulse response for
the BK9032 transducer is calculated using a different method described in
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Figure 5.4: The transfer function of the fabricated CMUT. A single spectrum
is plotted in a). The pressure parameter, the center frequency, and bandwidth
are indicated are indicated on the axes. Multiple transfer functions where the
DC bias has been varied from 10V to 90V. The measured data is for R, =5W
configuration.

[92]. The corresponding transfer functions are all shown in Fig. 5.3 ¢), where
a higher bandwidth is observed for the CMUT. All features in the CMUT
transfer function is known to be acoustical effects, since a flat frequency spec-
trum has been measured up to 12.6 MHz and 15.3 MHz for R, = 102 and
R, = 502, respectively.

The final analysis in this section investigates how R, influences the out-
put pressure, center frequency, and bandwidth of the CMUT as function of
applied DC bias. The three parameters are estimated by fitting an empirical
model to the transfer function. The model is empirical and given by

f T

2
P(F)=Poesp 10 o (5.2)

where Pg is a pressure parameter, g and ; are parameters used to calculate
the bandwidth, and fy is center frequency. The ; parameter allows the
impulse response to be asymmetric around the center frequency, which is
seen to be the case in for the CMUT transfer function. Notice, the model
becomes a symmetric Gaussian function in the limit where ; ¥ 0, and
is therefore a measure of asymmetry in the transfer function. The model
has been used to determine parameters for different DC biases. The model
is fitted to a single spectrum in Fig. 5.4 a) and the fitting parameters are
indicated on the axes. The same measurement is plotted in Fig. 5.4 b) for
nine different DC biases ranging from 10V to 90 V.
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The fitted parameters are plotted plotted in Fig. 5.5 as function of ap-
plied DC bias. The pressure parameter, Py, is observed to monotonically
increase with the applied bias and the 5W configuration emits more pressure
as expected. The center frequency is observed to decrease with the applied
bias. Both observations are in perfect agreement with the CMUT theory
from chapter 2. The decrease of the bandwidth is not fully understood, and
this phenomenon has not to the author best knowledge, not been described
in the CMUT literature. The observation could be explained by an increased
imaginary part of the radiation impedance. The decrease in the center fre-
quency lowers the ka value and therefore introduces a higher mass loading
of the water in front of the CMUT, the additional mass increases the charac-
teristic decay time and thereby reduces the bandwidth. However, the effect
of the bandwidth is small relative to the effect on the center frequency, it
is seen from the the Fractional BandWidth (FBW). The fraction bandwidth
increases from 117% to approximately 130% between the smallest and largest
applied voltage. Finally, the output pressure is clearly perturbed by the the
R, stabilization resistor, but, the center frequency and the bandwidth are
similar for both values of R».
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Figure 5.5: The fitted parameters as function of applied DC bias for two values
of Ry. a) Normalized pressure. b) Center frequency. ¢) Bandwidth (FWHM). d)
Fractional bandwidth.
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5.2 Electrode resistance

The 92+92 LOCOS RCA CMUT array is characterized in this section, and
the electrode resistance is an essential part of this analysis. A change in
terminology will be introduced to uniquely define the electrodes. The top
and bottom electrodes will be used instead of rows and columns, respectively.
The reason being that rows and columns are not uniquely defined, since rows
become columns after a 90 rotation of a RCA array. Using the top and
bottom terminology allows a unique description that is invariant to rotation.
A characterization of the transmit pressure showed a significant pressure pres-
sure difference between the rows and columns. The peak-to-peak amplitude
of the impulse responses differs a factor of 3.5 between rows and columns as
seen in Fig. 5.6 a). The difference is caused by high resistance in the bottom
electrode, which will be shown in this section. The frequency components of
the impulse response are shown in Fig. 5.6 b), where a magnitude difference
between top and bottom electrodes is observed to be frequency dependent.
The difference between the bottom and top is plotted in Fig. 5.6 ¢). An ex-
ponential tendency is observed (semilog plot) between 2.5 MHz and 15 MHz,
and the attenuation is estimated to =1.0dB/MHz in this region.

The top electrode is made by aluminum and the bottom electrode is made
by doped silicon. The electrical resistivity differs substantially between the
two materials. The resistivity of metal electrodes is on the order of 10 ¢ Qcm
[93], while the resistivity of a silicon electrode varies from 10* to 10 *Qcm
depending on the doping level [94]. The resistance in the electrode has to be
sufficiently low to achieve acceptable performance of the CMUTSs, which in
most cases never become an issue for metal electrodes due to their low re-
sistivity. However, in special cases it becomes challenging to use even highly
doped silicon, particularly for long elements such as row-column elements.
If the resistivity in an electrode is too high, the overall system will behave
as a low-pass filter, which will attenuate applied AC signals along the elec-
trodes. A non-uniform transmitting element will skew the transmitted field
and seriously degrade the receive focusing.

A delay line model is used to mathematically describe the attenuation
of the AC signal along a CMUT element. The element is lumped into a
distributed network of resistors and capacitors as shown in Fig. 5.7, where
a) shows a common CMUT design with an equivalent circuit on top. The
resistivity of the electrode determines the magnitude of the resistors. The
variable capacitors represent CMUT cells and the constant capacitors rep-
resent the parasitic capacitance. The electronic circuit can be described by
Resistor Capacitor delay line model if the electrical components are lumped
together as shown in Fig. 5.7 b). In this model the resistors and capac-
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Figure 5.6: Impulse response for rows and columns in both time and frequency
domain. a) The average transmit impulse response for both top and bottom elec-
trodes. The impulse response magnitude of the bottom electrode is approximately
reduced by a factor of 3 compared with top. b) The corresponding transmit transfer
function for the top and bottom electrodes. The shape of the transfer functions are
similar despite the reduced amplitude for the bottom electrodes. c¢) The transfer
function for the top electrodes subtracted from the transfer function of the bottom
electrodes. In the region between 2.5 MHz and 15 MHz an exponential tendency
(dB scale) is observed, and attenuation is estimated by fitting a linear function to
the dB compressed data. The calculated impulse responses are averaged from 50
measurements.
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Figure 5.7: Model of the Row-Column addressed CMUT array. a) Idealized
model of a Row-Column element. The resistance through the element is modelled
by resistors, the CMUTSs cells are modelled as variable capacitors, and the par-
asitic capacitance is modelled as constant capacitors. b) When the capacitance
of the CMUTSs and the parasitic capacitance are merged together, the circuit is
described as a Resistor Capacitor (RC) delay line. Ry and Cy are the resistance
and capacitance of a distributed segment of length AX and are related to the total
resistance and capacitance by Rg = R=L AX and Cq = C=L AX.

itors are assumed to be evenly distributed along the element, Rq and Cg,
are resistance and capacitance of a distributed segment of length AX. These

quantities are related to the total resistance, R, and the total capacitance C,
by

R C
Ry = EAX Cq= EAX, (53)

where L is the length of the element. The capacitance and resistance of a
CMUT element can be mathematically formulated as

IlW L
C=——; (5.4)
Y
and the resistance of an element with an uniform cross-sectional area is [94]
%L
R=——; 5.5
HW (5:5)

where " is the relative permittivity, W is the width of the element, and g is
the gap height, H is the electrode thickness. The resistivity % of silicon can
vary eight orders of magnitude depending on the doping level, and is therefore
a crucial parameter in the electrical design process of a CMUT. Under the
assumption of constant capacitance and resistance and in the limit where
Ax ¥ 0, the voltage distribution u(X;t) in a delay line is governed by the
diffusion equation

Bu(x;t) L2 QPu(x;t),
0t  RC @x?

(5.6)
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During operation will a CMUT element be subject to the following boundary
conditions and initial condition

u(0;t) = Uog (1) (5.7)
Qu(x;t) B

ix . 0 (5.8)

u(x;0) =0; (5.9)

where Ug is the amplitude of the excitation, and ! and g(!t) are the angular
excitation frequency and excitation function, respectively. The first boundary
condition (5.7) corresponds to the input signal at the electrode pad. The
second boundary condition (5.8) states that the current density is zero at the
end of the electrode, hence, the flux is zero. The initial condition (5.9) implies
zero AC voltage at t = 0. The system contains some intrinsic characteristic
parameters and by introducing X = Xx=L, t = 1't, and 0 = u=Uy allow Eqn. 5.6
to be rewritten on a dimensionless form
1

A 24
%:Dg); where D:!RC: (5.10)

The product Y'RC is here seen to be the determining parameter of this sys-
tem, and can be interpreted as an inverse diffusion coefficient. The TRC
product can be expressed in terms of geometry and material properties by
using Eqn. 5.4 and Eqn. 5.5, that provides the following scaling properties

1 "WL %L ' "Lz L2

I P— p—
RC=1= W =" T (5.11)

The length of an electrode has a square dependence on the 'RC product,
and the height of the electrode has an inverse dependence, whereas the width
of the element cancels out. Hence, the parameter space suitable for a short
CMUT elements are much larger than the parameter space of long element.
Typical sizes of the different types of CMUT elements are sketched in Fig. 5.8.

A more quantitative analysis requires a solution to Eqn. 5.10, which
will be given in both the frequency and time domain. The frequency domain
analysis provides a significant reduced complexity, that enables a closed form
solution that is used to define a criterion for the upper bound of ' RC. Eigen-
function expansion is used for the analysis in time domain analysis, and an
infinite series representations is used to evaluate transient response of the
system.
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Figure 5.8: The size difference between a common RCA element, a linear element
and a test structure.

The diffusion equation does not have a closed-form solution when the
particular initial and boundary conditions (Eqn. 5.7 to Eqn. 5.9) are imposed.
However, a closed form solution of the transfer function can be found in the
frequency domain. After a Fourier transform, F, Eqn. 5.6 can be expressed
as

@ZU 2
-— —U= 12
where
Ffug=U and 2=ilRC: (5.13)

By imposing the transformed boundary conditions

F fu(0;t)g = VoG(1!) (5.14)
Qu(x;t)
F — .
X ., 0 (5.15)
the final solution becomes
cosh 1 L
Ux; 1) =VeG(I) ; (5.16)
| COS%}( ) Y

HG L)

where H(x; 1) is the transfer function of the system. The product 'RC ap-
pears again in the frequency domain analysis, and its impact on the transfer
function is plotted for different values in Fig. 5.9 a) and b), for both the
absolute magnitude and phase, respectively.

The absolute magnitude decays along the element, and it translates into
a decreasing AC magnitude along the element. Hence, the emitted pressure
will be highest near the contact pad and then attenuate along the element.
The attenuating effect becomes more pronounced as 'RC increases. The
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Figure 5.9: The transfer function as function of normalized distance for six
different values of 'RC. a) The magnitude of the transfer function, in the DC case
where 'RC ¥ ( the potential becomes uniformly distributed along the element.
As TRC increases, the AC potential drop along the element, becomes larger. b)
The phase of the transfer function. For 'RC 1 the pressure will approximately
be emitted simultaneously along the element, however, for larger values of 'RC a
significant delay is predicted along the element.

phase shift along the element is also influenced by 'RC, so a transmitted
pulse will be time delayed along the element. Equivalently to the magnitude,
the higher 'RC value the more pronounced effect. Consequently, at the end
of an element, the applied AC signal becomes increasingly time delayed and
attenuated as 'RC increases. The design criterion is found by evaluating the
absolute magnitude of the transfer function at the end of an element, where
H(x; 1) simplifies to
1

H(L; 1) = cosh( ): (5.17)

A criterion of a 1% potential drop is used as a guideline to get close to a
uniform acoustic pressure along the element. In terms of phase shift along
the element, this criterion corresponds to a delay of =0.17rad or =9.7 . The
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Figure 5.10: The transfer function at the end of the element (X = L) as function
of the product 'RC. a) The absolute magnitude at the end of an element, where
at 0.99 is indicated with a dashed line. The green region indicates that the mag-
nitude of the transfer function is above above 0.99 and the red region indicates a
magnitude less than 0.99. b) The phase delay at the end of an element. The 0.99
magnitude threshold is also indicated on this plot, and the criterion corresponds
to a delay at the end of -0.17 radians or -9.7 degrees.

magnitude and phase of the transfer function at the end of the element are
plotted as a function of 'RC in Fig. 5.10 a) and b), respectively.

The green area indicates the regime where this criterion is satisfied and
red where it is not. A numerical solution of Eqn. 5.17 shows that the criterion
is met when

IRC < 0:35: (5.18)

This criterion limits the acceptable parameter space for RCA arrays. The
specified imaging properties such as center frequency and channel count de-
termine the size of a row-column array. Consequently, the electrode thickness
and resistivity are the only design variables, are two options are possible,
either a low resistivity or a thick electrode, which can be concluded from
Fig. 5.11 where the expression for 'RC is in a contour plot.

Highly doped silicon is necessary to satisfy the 0:35 criterion and prefer-
ably combined with a thick electrode. A thick electrode is desired from an
electrical point of view, but, thick electrodes require additional dry etching
in the fabrication process. Long dry etch processes are not necessarily prob-
lematic, however, the probability of particle redeposition increases with the
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Figure 5.11: IRC parameter space. Assumed values for calculation of 'RC:
L=2cm;W =90 m;Cp = 100pF, and Fmax = 10 MHz.

etching time, that later can lower the bonding yield. SOI wafers that satisfy
the YRC criterion are highly specialized wafers and not a common product
in the SOI wafer industry. This statement is illustrated on the scatter plot
in Fig. 5.12. The scatters represents the SOI wafer stock list from Ultrasil.
The size of the scatter indicates the quantity of the given wafer batch, and
a transparent color scheme has been used to enable visualization of multiple
batches with similar properties. The dashed lines outline different values
of 'RC, and the green region indicates the parameter space that satisfies
the developed criterion. The majority of the stock list wafers are observed
violate the criterion, and only few wafer batches satisfy the criterion. Addi-
tional SOI parameters have been omitted in this analysis. These parameters
include thickness of the BOX and handle layers, wafer bow, doping type, and
crystal orientation are also influential on the CMUT fabrication.

The developed 'RC criterion is difficult to verify directly, especially for
the bottom electrodes. The attenuation along the bottom electrode cannot be
probed using common electrical characterization, since the bottom electrodes
are beneath the surface of the array. An indirectly verification of this effect
can be done by measuring the transmit pressure along the element.

By using the RCA scheme, it is possible to actuate the same CMUTs
cells, either using the rows or the columns. Thus, effects that do not origi-
nate from the electrode configuration should be present is both cases. The
transmit pressure field is measured for all elements individually at a distance
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Figure 5.12: Available 4” SOI wafer stock list from Ultrasil mapped in the re-
sistivity versus device layer thickness parameter space. The size of the scatters
indicates quantity of the available SOI wafer batch. and scatter are made trans-
parent to enable visualization of multiple batches with the same resistivity and
device layer thickness. The green area indicates the region that satisfies the 'RC
criterion. The used wafer stock list is from the 23™ of august 2019. Assumed values
for calculation of 'RC: L =2cm;W =90 m;Cqo = 100 pF, and fmax = 10 MHz.
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Figure 5.13: Average peak-to-peak pressure field for the 92+92 RCA transducer.
The numbering scheme of the elements is important, even and odd elements are
averaged separately. The pressure fields from the top electrodes are shown in a) and
b), and the pressure fields from the bottom electrode are shown in ¢) and d). The
top electrodes are unaffected by the numbering scheme, whereas an anti-symmetry
is observed for the bottom electrodes between the odd and even elements. The
maximum pressure is measured near the edge closest to the electrical connection
and the pressure decreases along the element.

of 1cm using an AIMS III intensity measurement system (Onda Corpora-
tion, Sunnyvale, CA, USA) with an Onda HGL-0400 Hydrophone connected
to the experimental research ultrasound scanner, SARUS [95]. The elements
are excited by a six-cycle sinusoidal pulse at different frequencies. Six cy-
cles were chosen to ensure the correct excitation frequency by minimizing
transient effects. The pressure field is mapped by moving the hydrophone
in the x-y plane in front of the transducer, and resolved in a 45 45 grid
with a spacing of 0.5 mm. The pressure fields of all elements (both top and
bottom) have been measured by probing all frequencies in each grid point.
The averaged peak-to-peak pressure fields for the top and bottom electrodes
are shown in Fig. 5.13. The probe is excited at the center frequency of
4.5MHz and each plot has been normalized to its own maximum and dB
compressed. The odd and even refer to numbering scheme of the elements,
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and it becomes important since the all even elements are wire bonded on
one side of the array and the odd elements are wire bonded to the opposite
side. The top electrodes are unaffected by the numbering scheme, whereas a
significant change is observed for bottom electrodes. The bottom electrodes
emit pressure unevenly along the element, and the pressure output is atten-
uated along the element. Most pressure is emitted at near the contact and
least pressure is emitted in the opposite end. The top electrodes shown in
Fig. 5.13 a) and b) have an TRC value of 0.03 and thereby satisfying the
developed criterion of Eqn. 5.18, and the pressure distribution is observed to
be uniformly distributed along the element. The bottom electrodes shown
in Fig. 5.13 ¢) and d) have an TRC value of 21.4 and violate the criterion.
Hence, the measured attenuation in the pressure field is expected accord-
ing to the developed theory. The pressure drop along an element should be
qualitatively comparable with the theory from the delay line model, and the
transfer function is compared to measurements in Fig. 5.14.

The delay line model is plotted in Fig. 5.14 a) for comparable values
of TRC. The mean and standard deviation of the peak-to-peak pressure
fields along the center of an element are plotted in Fig. 5.14 b) and c) for
the 92492 and 62462 RCA CMUT probes, respectively. The solid lines
represent the bottom electrodes and the dashed lines the top electrodes.
Only one pressure profile has been plotted for the top electrodes due to the
same behaviour for the other excitation frequencies. The highest frequency of
7MHz is used as a representation for the worst case scenario in terms of 'RC.
Each pressure profile has been normalized to its own maximum to obtain a
fair comparison between the different frequencies. Higher values of 'RC is
observed to increase the attenuation along the electrode in good agreement
with the transfer function model. The expected pressure drop at the end
of an element are according to the model 76%, 92%, and 96% for 2 MHz,
4.5 MHz, and 7MHz, respectively. However, the measured pressure drop is
observed to be 63%, 74%, and 82% for the same excitation frequencies, and
the model does therefore overestimate the measured values. The discrepancy
between Fig. 5.14 a) and b) could partly be due to an excitation voltage U
of 75 V, corresponding to 41% of the 180V applied DC bias, in which case
UZ. becomes non-negligible. Nonlinear effects could be reduced by lowering
the applied AC voltage, however, these parameters are chosen to imitate real
operation conditions for medical imaging. Another reason for the discrepancy
is the estimation of 'RC, where in particular the resistance is uncertain. The
SOI wafer used for the bottom electrodes is specified with an upper bound on
the resistivity of 0.1 Wcm, and this was used for estimating 'RC. The true
TRC value could, therefore, be lower, and thereby decrease the discrepancy
between theory and experiment. Yet another reason could be transient effects
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Figure 5.14: Comparison between measurements and theory. a) Transfer func-
tion of the delay line model. b) Measured average peak-to-peak pressure drops
along elements for the probe 92492 RCA probe. c¢) Measured average peak-to-
peak pressure drops along elements for the 62462 RCA probe from [31]. Solid
lines: bottom electrode. Dashed lines: top electrode. Shaded area: one stan-
dard deviation. The same qualitative tendency is observed in a) and b), which
demonstrates the consistency between measurement and theory.
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which are not accounted for in the frequency domain analysis. These effect
can, however, be included if Eqn. 5.10 is solved in the time domain. An
analysis performed by EigenFunction Expansion (EFE) can be used to find
an infinite series solution. A harmonic excitation is needed if the time and
frequency analysis are to be compared. A continuous sinusoidal excitation is
used instead of the general excitation function g(1t) which therefore alters
the initial condition to

a 0;t =sin(t): (5.19)

Apart from the nondimensionalization the two boundary conditions are un-
changed. Under these conditions the solution to the diffusion equation is
found to be

u(x:1) sin(t)+X An n(t) + " cos(t) e ot
p— X
! It 1RC P IRC
«in (2n 1) x
2
(5.20)

Where an amplitude parameter, A, and the eigenvalues of the system, q,
are defined as
4 2n  1)% 2

An = T om and = %: (5.21)
Valuable information can still be extracted despite the complexity of the in-
finite series solution provided by EFE. The first sin(t) term is completely
independent of the position, and will therefore provide a uniform voltage
distribution along the element. Voltage variations along the elements are
therefore solely determined by the sum, and the magnitude of the sum de-
pends strongly on the 'RC product. The contribution from the infinite sum
vanishes for small values of 'RC in excellent agreement with the frequency
domain analysis. The transient dynamics is observed to be determined by
an exponential decay with a rate parameter or characteristic time scale that
also depends on 'RC. All these effects can be summarized by investigating
the first cycle of the sinusoidal excitation which is plotted in Fig. 5.15 a) to
h) for 'RC = 20.

The colored line the EFE solution and the black dashed line is the fre-
quency domain model. An overshoot is observed during the first cycle of the
EFE solution relative to the frequency model. The peak-to-peak pressure
are therefore expected to be higher according the EFE analysis, which could
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Figure 5.15: Time domain solutions the Eqn. 5.10 for 'RC = 20. The solid lines
are the EFE solution and the black dashed lines are the frequency domain transfer
function (Eqn. 5.16). Snapshots of the first sinusoidal cycle are plotted between a)
and h), and the time stamp of the snapshot is shown above each plot and defined
in terms of the period Tp. Multiple snapshots are shown in i) for 15 different
times between 5Tg and 6Tg. The transient effects are highly suppressed and the
frequency transfer function confines the upper and lower bound as expected.
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explain the discrepancy between measurements and theory in Fig. 5.14. The
maximum amplitude of the time and frequency model must equal in the
limit where t ¥ A or when the transient contributions vanishes as shown in
Fig. 5.15 i), where the EFE solution is observed to be confined within the
bounds of the frequency transfer model as expected.

5.3 Ultrasound imaging results

Two of the 92492 RCA arrays from section 4.1 have been assembled into
probes, one with and one without an integrated compound diverging lens.
Both arrays suffers from too large electrode resistance in the bottom elec-
trodes, and the imaging capabilities are therefore limited. The compound
lens introduces an additional frequency dependent loss mechanism that re-
duces the output pressure and SNR even further and images were therefore
not generated by this probe, but characterization of the lens properties and
transmit impulse response of this probe can be found in paper E.

A set of volumetric images were acquired by the 92492 RCA probe with-
out lens. The RF data was acquired by the SARUS experimental scanner
[95]. The CMUT probe was biased with 190 V corresponding to 83% of the
pull-in voltage, and excited with an 75V AC pulse. The pulse for the
imaging sequence was four cycled 4.5 MHz sinusoidal pulse.

The three spatially orthogonal images planes of a multi wire phantom has
been imaged by the developed RCA probe and shown in Fig. 5.16. The wires
are resolved at a depth of 14 cm and detected in all three planes. Distin-
guishable wires are observed for all depths in the elevation plane, however,
the first five layers of wires are not detected in azimuth plane due to a mis-
alignment between transducer and phantom. The C-plane image is acquired
at a depth of 40mm and confirms the missing wires in the azimuth plane
are caused by misalignment. Row-column images of cyst phantoms have also
been acquired and showed in Fig. 5.17. Cysts are detected in all three planes,
but due to a significant misalignment between transducer and phantom are
some of the cysts only partially in the field of view . Three cysts are observed
in the azimuth plane, all indicated with dashed yellow circles. The third cyst
is just barely in the field of view, but the circumference is observable, which
thereby demonstrates 3D imaging capabilities down to a depth of 70 mm.
The C-plane image is acquired at a depth of 50 mm, and yellow dash lines
are imposed on top of the image to indicate the shape of the cyst.
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Figure 5.16: Volumetric imaging of a wire phantom. The images were acquired
by the developed 92+92 RCA CMUT probe w/o lens. Three orthogonal planes
(azimuth, elevation, and the C-plane) are shown from a volume of 3.8cm 3.8 cm

17cm using a dynamic range of 40dB. The C-plane is acquired at depth of
40 mm.

5.4 Chapter summery

An acoustic white noise analysis was presented. The white noise analysis
was used to characterize the frequency response of the overall CMUT system
including electronics and instruments. A flat frequency spectrum between
0MHz up to 15.3 MHz was demonstrated for a developed single channel
acoustic experimental set-up. The transmit impulse response of the char-
acterized CMUT was calculated using the white noise data. The ring-down
amplitude was observed less than =30dB for all times after the main peak.
Additionally, the parameters transmit pressure, center frequency, and band-
width were estimated as function of the applied bias. The result showed
an expected pressure increase, a reduced center frequency, and a fractional
bandwidth increase from 115% of 130%. A criterion of how to design to de-
sign row-column electrodes were derived and demonstrated experimentally.
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Figure 5.17: Volumetric imaging of a cyst phantom. The ultrasound images were
acquired by the developed 92+92 RCA CMUT probe w/o lens. Three orthogonal
planes (azimuth, elevation, and the C-plane) are shown from a volume of 3.8 cm

3.8cm  17cm using a dynamic range of 40 dB. Three cysts are detectable in
the azimuth plane which is indicated with transparent dashed yellow circles. The
C-plane is acquired at depth of 45 mm.

The developed criterion was used to characterize the acoustic performance
of a developed 92492 row-column probe. The criterion can be used to en-
sure less than 1% attenuation of AC signals along a row-column element,
which mathematically is formulated as 'RC < 0:35. Finally, volumetric
ultrasound images acquired by one of the developed 92+92 row-column ad-
dressed CMUT probe were presented. 3D images of a wire phantom showed
a clear separation between wires in all three dimensions, and the wires were
distinctly resolved down to a depth of 14cm. In addition, images of a cyst
phantom demonstrated visualization of cysts down to depth of 7cm in all
three dimensions.
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CHAPTER O

Conclusion

This thesis has presented the results of the PhD project entitled Microma-
chined Integrated 2D Transducers for Ultrasound Imaging. The main goal
of the project was to develop ultrasound transducer technology for three di-
mensional ultrasound imaging, and more specifically development of large
row-column arrays. This goal has been attained.
The scaling laws for row-column addressed arrays are highly favourable as
the channel count increases linearly with the number of elements, whereas
conventional fully populated matrix arrays have a quadratic dependency. A
Capacitive Micromachined Ultrasonic Transducer (CMUT) technology plat-
form was chosen as the transducers technology in this work due to the design
flexibility and the desirable imaging properties offered by this technology.
In chapter 2, a theoretical analysis of the a single CMUT cell was given.
All derived equations were non dimensionalized to provide valuable informa-
tion regarding the scaling law of relevant CMUT characteristics. The scaling
law of the pull-in voltage was derived for a non-linear spring model and for
a non-linear clamped plate applied to an electrostatic pressure. A perturba-
tive solution to the deflection of the clamped plate problem and the scaling
properties of pull-in voltages were determined. The dynamics of a single
CMUT cell was analyzed using a non-linear harmonic oscillator model in the
low and high ka regimes. The low ka analysis demonstrated a reduction of
the resonance frequency due to an additional mass loading. This frequency
reduction was observed to depend on the aspect ratio of the CMUT plate
and the density ratio between the medium and the plate material. A phase
portrait analysis was used for the high ka regime to rapidly visualize the dy-
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namics of various initial conditions. The parameter space was from the phase
portrait analysis observed to depend on the applied bias and the damping of
the CMUT plate.

Various concepts of the row-column addressing scheme were described in
Chapter 3. A brief literature review was first given followed by the scaling
laws of the transducer area and imaging resolution capabilities (FWHM) for
both row-column arrays and conventional fully populated matrix arrays. An
explanation of an undesired row-column specific edge wave phenomenon was
given, and an integrated apodization scheme was implemented into all CMUT
designs in this work to reduce the effect from edge waves. The last part of
the chapter described a capacitive substrate coupling, which lead to increased
parasitic capacitance for the columns. A 62462 CMUT row-column probe
from the literature was used as a reference for this work. The capacitance
of the columns was observed to by a factor of 2.5 higher than the rows for
this probe. The capacitance difference was caused by capacitive substrate
coupling, and the substrate coupling factor of 2.5 was used as a benchmark
throughout the thesis.

In chapter 4 four different microfabrication processes of row-column ad-
dressed CMUT arrays were described. Two 92492 row-column transducers
with integrated apodization were fabricated and assembled into ultrasound
probes, one with a divergent lens and one without. The used fabrication
method relied on Local oxidation of silicon (LOCOS) and the process was
observed to unsuitable for fabrication of row-column arrays due to a low
array yield. The substrate coupling factor of these arrays were reduced to
1.6, and impedance measurements showed a coupling coefficient of 15.8%
for the LOCOS arrays. The diverging properties of the row-column probe
with lens are discussed in paper E. A polymer based CMUT fabrication us-
ing polymerBenzoCycloButene (BCB) as spacer and post material was also
developed. An electrically insulating glass substrate was used for the BCB
CMUT to reduce to substrate coupling, the reduction was demonstrated a
62-+62 row-column CMUT array with integrated apodization. The capaci-
tance measurements of the rows and columns showed a substrate coupling
factor of 1.1, hence a significant reduction compared to the LOCOS process.
Stability tests and acoustic characterization of linear BCB CMUT arrays are
reported in paper A. However, the dielectric properties of the BCB polymer
was characterized and showed a median breakdown voltage of 0.08 V/nm.
The BCB fabrication process was therefore not suitable for medical imaging
applications where breakdown fields strengths of 0.5V/nm or even higher
are required. The third demonstrated row-column fabrication process was
based on principle of the anodic bonding. Multiple row-column arrays were
fabricated and the developed process showed to be well suited fabrication of
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large area structures such as row-column addressed arrays. Electrical charac-
terization showed an issue with short circuiting between the top and bottom
electrodes. This issue was addressed by introducing a nitride film at the
bonding interface, and preliminary measurements implied the new approach
solved the problem. The acoustic performance of the anodic bonded CMUTs
are yet to be determined, and measurement strategies are currently being
planned. The best properties from the LOCOS process and the anodic bond-
ing process were combined in the fourth and final fabrication process where
the intended application was a large 1884188 row-column addressed CMUT
probe. A novel zig-zag element configuration was developed for this probe
to fulfill a =2 pitch constraint while preserving a closely packed CMUT cell
layout. A simulation study of the zig-zag element configuration can be found
in paper B. The fabrication of the 1884188 row-column arrays are still being
developed. The fabrication of the row-column arrays were not fully success-
ful due to rupture of the CMUT plate. However, impedance measurements
on linear arrays was demonstrated where an expected CMUT behaviour was
observed and the electromechanical coupling coefficient was estimated to be
7.8%.

The last part of the chapter described a novel fabrication method of a Poly-
Silicon-On-Insulator (PSOI) wafer suited for CMUT applications. Purchas-
ing conventional 4” SOI wafers, for CMUT fabrication at a university level,
has gotten increasingly more difficult during the last coupled of years. The
developed PSOI technology is intended as a substitution for conventional
SOI wafers, and multiple PSOI wafers were demonstrated in this work. The
PSOI wafers were shown to be applicable to both fusion bonded and an-
odically bonded CMUTs. The surface roughness of the PSOI device layer
was measured to 0.47nm, and the device layer resistivity was measured to
0.036Wem  0.019Wem. Additional results and findings are presented in
paper D.

In chapter 5, an acoustic white noise analysis was presented. The white
noise analysis was used to characterize the frequency response of the over-
all CMUT system including electronics and instruments. A flat frequency
spectrum between 0 MHz up to 15.3 MHz was demonstrated for a developed
single channel acoustic experimental set-up. The white noise analysis was ad-
ditionally used to acoustically characterize a linear CMUT array fabricated
by the combined LOCOS and anodic bonding method. The transmit impulse
response was calculated, and the amplitude of the ringing was observed less
than =30dB. Additionally, an analysis of relevant CMUT parameters was
provided as function of the applied bias. The result showed an expected
pressure increase, a reduced center frequency, and a fractional bandwidth
increase from 115% of 130%.
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Finally, an acoustical characterization of the 92492 row-columns probes was
described. The analysis showed a constant pressure field along rows, but a
decreasing pressure field along the columns. The phenomenon of decreasing
pressure was explained by a developed delay line model. The resistance of
the columns was in this design too high, which caused attenuation of high
frequency content. The developed delay line model was used to define a
design criterion YRC < 0:35 that ensures less than 1% attenuation along an
element. Additional results and findings regarding electrode resistance can
be found in paper C.

Volumetric ultrasound images acquired by the developed 92+92 row-column
addressed CMUT probe were presented in the last part of the chapter. The
acquired 3D ultrasound images had a volume of 170 3:8 3:8mm3. Volumet-
ric ultrasound images of a wire phantom showed a clear separation between
wires in all three dimensions. The wires were distinctly resolved down to
a depth of 14cm. The 92492 row-column probe was also used to image a
cyst phantom, where cysts were detectable down to depth of 7cm in all three
dimensions.

The work of this PhD has addressed theoretical consideration and exper-

imental fabrication of row-column addressed CMUT technology. The row-
column technology scales more efficient with the channel count than the
conventional fully populated matrix array. However, the complexity of the
clean room fabrication increases with the surface area of a given device, thus,
the fabrication of large row-column CMUT arrays becomes more difficult as
the channel count goes up.
Additional concepts are introduced for the row-column CMUT technology
compared to conventional linear ultrasound transducers, that includes chal-
lenges related to the clean room fabrication, acoustics, and electronics. Mul-
tiple CMUT fabrication platforms have been investigated during this thesis,
and the anodic bonding technique presented in chapter 4 is believed to best
the suited process for large area row-column addressed arrays despite the lack
of acoustic characterization. The anodic bonding process has no substrate
coupling, low resisitivity in metal electrodes for both rows and columns, a
low parasitic capacitance due to a structured bottom electrode, and the pro-
cess has shown to be structurally stable during the clean room fabrication.
Additional process and development is currently believed to solve the cur-
rent electrical issues associated with the developed anodic bonding process.
Hence, fabrication of large row-column arrays can begin as soon as this prob-
lem has definitely been eliminated.
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