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Abstract

Capacitive Micromachined Ultrasonic Transducer (CMUT) have been sub-
ject to research by several research groups during the last two decades.
Despite many potential advantages over traditional piezoelectric ultrasound
transducers, the CMUT technology has not yet made a proper commercial
breakthrough. One issue which we believe need more investigation is the
control of the acoustic crosstalk, both through the silicon substrate and
through the adjacent fluid medium.

The work presented in this thesis concerns the modeling of immersed
CMUT arrays and the investigation of two different acoustic crosstalk effects
which may harm the transducer response. The CMUT array is modeled with
an analytical model describing the motion of the single acoustically isolated
CMUT cell as a combination of free acoustic vibration modes. Several
CMUT cells may be connected to form larger elements, and the vibration
modes of adjacent CMUTs are coupled through the fluid outside, by an
acoustic impedance matrix. In addition, the model may also include the
motion of the silicon substrate and the influence from the source impedance
of the electronics.

The first crosstalk effect which we focus on in this work, is the generation
of surface acoustic waves (SAWs) along the surface of the silicon substrate
supporting the CMUT array. If the SAWs are not damped in any way, they
may couple to waves in the fluid at certain steering angles, and cause a
drop in transmission efficiency at these angles. In the presented simulation
we show that the silicon substrate must be limited in thickness in order
for the backing material to be able to damp the SAWs. If the CMUT
array is mounted on top of a stack of silicon substrates containing transmit
and receive circuitry, the thickness and composition of both the bonding
materials and the silicon substrates must be taken into account. We have
compared three different bonding techniques, surface liquid interdiffusion
(SLID) bonding, anisotropic conductive adhesive (ACA) and direct fusion
bonding, and we show that fusion bonding is the technique which is best
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suited for high frequency CMUT arrays with several IC chips underneath.
The penetration depth of the SAWs is frequency dependent, and we show
that a high frequency CMUT array with center frequency around 30 MHz,
stacked on top of three circuit layers, should have a total silicon thickness
below 100 pm. If the acoustic backing material instead is placed between
the CMUT array and the first circuit chip, other bonding techniques than
fusion bonding may also be used, and the thicknesses of the IC chips are
no longer of importance. However, the transmission of the electric signal
through or around the backing layer might be a challenge.

The other crosstalk effect which has been investigated in this thesis, is
the inter-element coupling at the CMUT-fluid interface. We refer to this
effect as dispersive guided modes, and show that the excitation of local
resonances in the interface region may affect the overall transmission from
the array at frequencies well within the 100 % bandwidth of the transducer.
These waves are not damped by the acoustic backing material. Many CMUT
designers choose to have larger distances between CMUT cells in neighbor
elements than between CMUTs within an element. We denote this as double
periodicity. We have compared the effect of the dispersive guided modes in
arrays with the same distance between all the CMUT cells, regardless if they
are in the same or in adjacent elements (denoted as single periodicity), and
arrays with double periodicity. Simulations show that the response from
arrays with double periodicity is affected by the crosstalk even at broadside
radiation, whereas the effect becomes apparent at off-axis beam steering for
arrays with single periodicity.

Through simulations, we have shown that it is possible to mechanically
damp the dispersive guided modes substantially by introducing a lossy coat-
ing material of a few micrometer thickness. The PDMS material RTV516
from GE Silicones seems to have material properties which are well suited for
such damping. We have also shown that introducing a low electric source
impedance in the transmit electronics may reduce the effect of the local
CMUT-fluid resonances on the detected signal.
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Chapter 1

Motivation

1.1 SMiDA project

This PhD thesis is a part of the project Smart Microsystems for Diagnostic
Imaging (SMiDA), which was initiated in 2004 as an interdisciplinary re-
search project at the Department of Electronics and Telecommunications at
NTNU. The main goal has been to develop technology for a high frequency,
miniaturized ultrasound transducer, capable of high resolution imaging of
atherosclerotic plaques. Expertise from analog circuit design, electroop-
tics, micromachining, and ultrasonics have been involved in developing the
technical solutions to the challenges stated in the project description [2].
These include RF MEMS switching [3], development of custom made in-
tegrated circuits for analog signal amplification [4], optical detection and
characterization methods [5], and development of a micromachined ultra-
sonic transducer array for high frequency imaging. The last topic listed will
be the main focus of this work, namely capacitive micromachined ultrasonic
transducers (CMUTSs).

The application of the proposed imaging modality is using a 30-MHz
CMUT array for intravascular imaging of atherosclerotic plaques. How-
ever, there are a number of other possible applications, some of which are
presented here.

1.2 High frequency ultrasound imaging

Magnetic resonance imaging (MRI), computed tomography (CT), single
photon emission CT (SPECT), positron emission tomography (PET), and
optical coherent tomography (OCT) have all been used for high resolution
imaging of human organs and of small animals. However, the cost is high
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2 Motivation

and the capability for real time imaging with high frame rates is limited.
High frequency ultrasound may on the other hand provide both high res-
olution and high frame rates in real time, at the expense of penetration
depth.

Commercial high frequency ultrasonic systems, referred to as ultrasonic
biomicroscopes or UBMs [6], often consist of single-element transducers
combined with mechanical scanning. A spatial resolution better than 15
pm has been reported in such systems [7]. However, because of the me-
chanical scanning, it is hard to achieve high frame rates with a wide field
of view. Another drawback is that single-element transducers have a fixed
geometric focus, which limits the image quality away from the focus [8].
High frequency ultrasound transducers combined with electronic steering
and custom-made electronic circuits for transmission and reception will be
of great benefit to many imaging applications.

A possible drawback for ultrasound is that the maximum imaging range
is determined by the operating frequency. As a general rule of thumb,
it is possible to obtain a good signal-to-noise ratio (SNR) down to a few
hundred times the wavelength in the imaging medium. In tissue this results
in a maximum imaging depth of 1 - 2 ¢cm at 30 MHz. Imaging of areas
which lie deeper than a few centimeters calls for invasive procedures, where
the transducer enters the body, either through a body orifice (oral, vaginal
or anal), or through the skin and into the blood stream (intravascular).

Capacitive micromachined ultrasonic transducers have been subject to
research since the mid 1990s [9,10], but have not yet had a substantial
commercial impact. A lot of the research on CMUTs have focused on trans-
ducers in the frequency range between 3 - 10 MHz. This is the most common
frequency range for ultrasonic imaging, and it covers many important appli-
cations such as cardiac- and fetal-imaging. However, it is believed that the
most important advantages of CMUTSs for medical imaging will be apparent
at higher frequencies. This will be further discussed in the following chap-
ters. Some possible applications for high frequency ultrasound is presented
here.

1.3 High frequency medical imaging applications

1.3.1 Vascular imaging

Many aspects of medical diagnostics involve blood flow. To obtain satis-
factory vessel wall resolution and detect blood flow in small vessels, high
frequency ultrasound is an advantage. Vessels of importance are for instance
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the coronary arteries, which supply the heart muscle with blood, and mi-
crovessels growth (angiogenesis) caused by cancer. The characterization of
the microvascularization in tissue can help distinguish between benign and
malignant tumors.

Intravascular ultrasound (IVUS) of coronary arteries

Coronary artery disease is caused by the formation of atherosclerotic plaques
in the coronary arteries. Atherosclerotic plaques are divided in two sub-
groups, stable- and unstable plaques. Unstable plaque, often referred to as
vulnerable plaque, is defined as a plaque at increased risk of rupture and
causing thrombosis and lesion progression [11]. The rupture triggers the
emergence of blood clots that block the blood flow (stenosis). Most heart-
attacks and many strokes are caused by ruptured plaques that have not
initially been blocking the blood stream [12].

The most common imaging technique in clinical use to diagnose coronary
heart disease, is angiography. This is an x-ray based imaging modality where
contrast agents are inserted into the coronary arteries using a catheter while
x-ray images are acquired. The images differentiates between soft tissue and
blood flow, and hence, provide useful information of areas where the blood
flow is partially- or fully obstructed. The major drawback of this technique
is that it does not provide any information about what might be hidden
behind the artery walls, hence, areas with vulnerable plaques that do not
cause stenosis will not be discovered [13].

To obtain sufficiently high image resolution to detect atherosclerotic
plaques with ultrasound, high acoustic frequencies are needed. Since the
attenuation per cm is very high at high frequencies (~15 dB/cm at 30
MHz), the transducer needs to be very close to the plaque. The only way to
obtain this is for the transducer to enter the body, and preferably through
the vascular system. This is called intravascular imaging, and is performed
using catheters that are inserted into an artery or vein and guided towards
the area of interest. The diameter of catheters for intravascular imaging of
the coronary arteries are 1 mm.

There are some commercially available IVUS imaging systems [14-17].
Electronically steered ring arrays and rotational single-element transducers
are available, all of which are based on piezoelectric materials. One of the
main drawbacks of such probes is the price, since probes usually are disposed
after the examiation. If a CMUT array for IVUS is successfully developed
and put into large scale production, the price for single-use equipment will
not necessarily be too high.
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Ultrasound imaging of microvascularization

Angiogenesis is the formation and growth of new blood vessels. Physiolog-
ical angiogenesis occurs in normal tissue and organ development, such as
tissue reproduction and wound healing. On the other hand, pathological
angiogenesis occurs in tumor formation and other angiogenesis-dependent
diseases [18]. From preclinical studies it can be concluded that the growth
and metastases of tumors depend on angiogenesis [19]. The vascularization
level of a tumor is believed to be a good indication of the tumor’s metastatic
potential. The ability to image such vascularization would improve the ac-
curacy of diagnosis of cancerous tissue, and can also be used to investigate
whether the tumor responds to treatment [20].

During blood flow imaging, the ultrasound wave undergoes a frequency
shift when encountering a moving target. This is the Doppler-effect. The
frequency shift is used to determine the speed of the blood flow. In major
arteries the flow is fast and the diameter of the vessels is large. However,
the diameter of the vessels providing a cancerous tumor with blood might
be down to 100-200 pm, and the speed of the blood flow slows down to 2
mm/s. To image such small vessels with slow blood flow, high frequencies
are required. An interesting modality can be the combination of high fre-
quency Doppler-imaging with 3D volumetric images. This will also be able
of visualizing the heterogeneity of the tumor. [21,22]

Another modality which is used in blood flow imaging, especially for
small vessels, is the injection of contrast agents, consisting of microbubbles.
The image contrast is much higher from areas with gas filled bubbles than
from the normal tissue, hence, improving the detection of flow.

1.3.2 Imaging of the eye

Clinically important tissues in the anterior of the eye lie within a few milime-
ters of the lens surface. Optical microscopes provide valuable information
about the surface of the eye, but not about the underlying structures. To re-
solve the anatomy of interest neither MRI nor computed tomography (CT)
can provide the sufficient image quality. High frequency ultrasound may
be a suitable technique for such imaging [23,24]. Commercial systems are
available, imaging at 10-50 MHz. The 50 MHz probe can provide an axial
resolution of 35 pum and lateral resolution of 60 pum [25].

There are three main applications of interest for ultrasound imaging
of the eye; investigation of glaucoma, visualization of anterior segment le-
sions (including tumors and cysts), and measurement of corneal thickness
and topology [24]. Glaucoma is an eye disorder, where the optic nerve is
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damaged, often caused by elevated pressure in the eye. Increased pressure
causes changes in the angle between the cornea and the iris, and this can be
visualized by ultrasound imaging. Such images may also be valuable in the
differentiation between the various types of glaucoma. Characterization of
tumors, cysts and other lesions in the eye is another application where high
frequency ultrasound might be useful. It can both be used preoperatively,
to give the surgeons as accurate information as possible of the diseased
anatomy before the surgery, and also to assess the result of the operation.
Most changes in the cornea can be observed directly, but when there are
damages to the surface, it might be hard to evaluate the internal changes,
corneal dimensions or other underlying changes in the anterior chamber of
the eye. [24,26,27]

1.3.3 Imaging of the skin

In skin imaging, optical methods are useful in examining the surface, but
the ability to penetrate into the deeper layers of the skin is not good enough
for some applications. High frequency ultrasound in the 40-50 MHz range
may provide images that can resolve the various layers of the skin, and be
especially useful in the evaluation of cutaneous melanomas (skin cancer).
Measuring the tumor thickness and depth might give valuable information
about the prognosis of the melanoma. Since ultrasound imaging in this
case is a non-invasive technique, it can easily be used for dynamic studies
of the response to tumor therapy. In inflammatory skin diseases, such as
psoriasis, ultrasound imaging can be used to assess the psoriasis activity and
efficacy of treatment. Basic studies of skin aging and wound healing might
also benefit from the high resolution provided by high frequency ultrasound
imaging. [24]

1.3.4 Imaging of cartilage

Osteoarthritis (OA) is one of the most frequent causes of pain, loss of func-
tion and disabilities in adults [28]. Early stage diagnosis of OA may help
patients to slow down or even stop the development of the disease through
lifestyle changes or by medical treatment. Conventional ultrasound exam-
ination of the articular cartilage performed externally on the body surface
around the joint has limited accuracy because of the inadequacy in fre-
quency and, hence, resolutions used. In contrast to this, minimally invasive
arthroscopy-based ultrasound with adequately high frequency may be a bet-
ter alternative to assess the cartilage.
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In vivo [29] and in vitro [30] studies of minimally invasive assessment
of cartilage using IVUS transducers showed that high frequency ultrasound
may provide valuable information about the cartilage surface and thickness.

1.3.5 Small animal imaging

There is a growing interest towards the imaging of small animals in basic
research. Animals like mice and zebrafish can be used as animal models for
assessing drug and gene therapy and evaluate the growth and metastases of
cancer. The early development of the mammalian heart is another example
of studies which interest the research community [23]. The study of animal
models can help researches pinpoint when important morphological changes
occur in the embryonic development. Solid state transducers operating at
up to 70 MHz with a resolution of 30 pym are commercially available for
small animal imaging [31].



Chapter 2

Medical Ultrasound Imaging

2.1 History

The first patent on using sound waves for range measurements was filed
just a few months after Titanic crashed into an iceberg and sank in 1912.
During World War I, the need of locating submarines and mines resulted
in the development of the first sonars, where the distance to objects were
measured using transmission and reception of sound waves [32]. Towards
the beginning of World War II the first radar was developed by the U.S.
Navy, using electromagnetic waves in a pulse-echo fashion to detect hostile
aircrafts [33].

After World War II the knowledge of the pulse-echo technique from
sonars and radars was used to develop various systems of probing the hu-
man body for medical reasons. By the early 1970s the first commercial
B-mode static scanners became available [33]. The invention and exponen-
tial increase in the use of transistors during the following decades was an
important factor for the further development of the ultrasound scanners. It
has become a popular diagnostic tool in many areas of medicine. Most well
known are probably abdominal and obstetric imaging and echocardiography
(imaging of the heart).

Ultrasound is in most cases a non-invasive imaging technique. As long as
guidelines are followed, it has no known harmful effects, which is an advan-
tage compared to x-ray, computed tomography (CT) imaging and Positron
Emission Tomography (PET). Another important advantage of ultrasound
is the low cost and that it is more portable than magnetic resonance imag-
ing (MRI), PET and CT scanners. The portability of ultrasound scanners
have improved dramatically during the last few years, when handheld and
laptop size scanners have become available [34].

7



8 Medical Ultrasound Imaging

2.2 Principle of ultrasound imaging

Ultrasound is defined as acoustic waves above 15 kHz, which is the upper
limit of the audible range for humans. In solids, sound waves can be both
longitudinal and transversal. In longitudinal waves, the particle motion is
in the same direction as the wave, whereas in transverse waves, the particles
move perpendicular to the propagation direction of the wave. For a trans-
verse wave to travel, the medium must be rigid. As one particle begins to
move it must be able to pull on its nearest neighbor. If the medium is not
rigid as is the case with fluids, the particles will slide past each other. This
sliding action prevents one particle from displacing its neighbor in a direc-
tion perpendicular to the energy transport, hence, waves traveling through
a bulk of fluid (liquid or gas) are always longitudinal. Due to its high wa-
ter content, human tissue is often modeled as a fluid. Hence, transverse
waves are usually disregarded in medical ultrasound modeling. However,
the transverse waves must be taken into account in transducer design, since
the materials in the ultrasonic transducers are solids.

particle Transversial wave
motion

e
wave direction

Longitudinal wave

particle
motion {11111
<«

wave direction
Figure 2.1: Illustration of transversal and longitudinal waves.

The variation in acoustic impedance for different kinds of human tissue
(e.g. fat, muscle, bone, connective tissue, blood) is the basis of ultrasonic
imaging. To collect data for the image, an ultrasonic pulse is transmitted
into the body by a transducer, and as the wave hits the various layers
of tissue, the wave will be partially transmitted and partially reflected,
as illustrated in Fig. 2.2. The transducer then records and samples the
reflected signal, and based on the time-of-flight, the system calculates the
depth of the reflector. The amplitude of a signal from a certain depth
determines how bright the pixel(s) representing that exact depth will be.
To image a 2D-plane, ultrasound pulses must be transmitted and received



2.3. Ultrasound imaging system 9
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Figure 2.2: Illustration of transmission and reflection at the interface be-
tween materials with different acoustic impedance.

from many directions. This is called beam steering, and is further elaborated
in Sec. 2.3 and illustrated in Fig. 2.5.

The result is displayed on the screen as a gray-scale image. An example
is shown in Fig. 2.3, where the four chambers of the heart clearly can be
identified.

Figure 2.3: Example of ultrasound image of the heart (Wikimedia Com-
mons).

2.3 Ultrasound imaging system

The ultrasound imaging system consists of a number of essential components
which are schematically described in Fig. 2.4. Between the transducer, in
one end of the system, and the display unit in the other, are multiplexers,
switches, amplifiers, analog-to-digital converters and beamformers. In ad-
dition, there is an image processing unit, and many systems also contain
Doppler-processing units, which enable the imaging of blood flow.
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Figure 2.4: Block diagram showing the most important parts of an ultra-
sound system [35].

The beams can be steered in different directions either by mechanical- or
electronic scanning, as shown in Fig. 2.5. In mechanical scanning, a motor
either moves the whole transducer or only the active elements in order to
aim the beam in different directions. Electronic scanning, on the other
hand, involves time delays which are introduced between array elements to
steer the beam.

transducer
(L

ultrasound
beams

I I
| |
| |
| |
| |
| eoe | &7
| |
| |
| |
| |
| |

electronic scanning

mechanical scanning

Figure 2.5: Illustration of ultrasound image formation.

To make an image of good quality, electronic focusing is needed. In
transmission, time delays are added to the elements of the transducer, so
that the energy of each element reaches the same focus spot at the same
time. Similarly, time delays are added to the received signal before it is



2.3. Ultrasound imaging system 11

summed up to form the image. A transmitted pulse can only be focused
to one specific depth. However, during the receive mode, the focus can be
swept through a range of depths to pick up multiple echoes produced by one
transmitted pulse. This is called dynamic focusing on reception. Electronic
focusing using time delays is illustrated in Fig. 2.6. Electronic beam steering
is also achieved using added time-delays. This allows imaging of areas which
are much larger than the transducer aperture. This is especially useful when
imaging the heart, due to the limited space between the ribs, and in fetal
imaging, where the area of interest is a lot larger than the width of the
transducer.
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Figure 2.6: Focusing by introducing varying delays [35].

Traditionally, most of the signal processing, both hardware and software,
have been placed in a large portable rack, and with the display screen on top.
Transducers have been connected to the rack with a cable containing one
wire for each array element. During the last years more compact ultrasound
systems have been developed. Laptop size systems with less hardware,
and more software processing, and even pocket-size hand held systems are
available. This enables general practitioners and even ambulances to use
ultrasound when diagnosing patients [36].

Image quality

The quality of ultrasound images depend on many different factors. The
spatial image resolution is one important quality parameter, which indicates
the minimum distance between two targets that are possible to separate in
the image. The resolution in depth, Az, also known as range resolution,
is depending on the length of the transmitted pulse, T},, which is inversely
proportional to the transducer bandwidth, B,, [37]:

cTy c

A — X —— 2.1
zoc ocsz, (2.1)
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where c is the velocity of sound in the imaging medium (typically 1540 m/s
in human soft tissue). The absolute length of the pulse is dependant on the
bandwidth of the transducer and the frequency of the transmitted pulse.
Increased frequency improves the range resolution, and transducers with
large bandwidths are preferred.

The lateral resolution (across the beam) is proportional to the Fiu of the
transducer and the wavelength:

Ar oc Fu) (2.2)

The Fy = r/a, where r is the focal depth and a is the active aperture of the
transducer, and the wavelength A\ = ¢/ f, where f is the transmit frequency.
An increased transmit frequency yields smaller wavelengths, which in turn
leads to better resolution. If the lateral resolution is to be kept constant
along a beam, the active aperture, a, needs to increase as the focal depth,
r, increases.

High frequency is beneficial for the image resolution, but the drawback
is that the attenuation increases with increasing frequency. A rule of thumb
is that the attenuation in human soft tissue is 0.5 dB/cm/MHz [37]. Thus,
high frequency transducers are best suited for superficial imaging applica-
tions.

2.4 Transducers

A general definition of a transducer, is that it is a device that can transform
energy from one domain to another. In ultrasonics, it transforms electric
signals into mechanical waves, and vice versa.

Piezoelectric ultrasound transducers

In traditional ultrasonic transducers for medical imaging, the active part
of the transducer is a piezoelectric ceramic, often lead-zirconate-titanate
(PZT). The piezoelectric ceramic contracts and expands depending on the
polarity of the voltage applied across the material, and applying an oscil-
lating voltage causes a vibration in the transducer. If it is in contact with
a fluid (or human tissue), the vibration will excite a pressure wave into the
fluid. If an incoming wave hits the transducer, it will excite a vibration in
the ceramic which generates a voltage between the electrodes.

The characteristic acoustic impedance of the transducer is an important
property because it determines the effectiveness of coupling of acoustic en-
ergy from the transducer to the tissue. The acoustic impedance of PZT
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is in the range of 30 MRayl, which is 20 times higher than the acoustic
impedance of human tissue. Such a large difference in impedance will re-
sult in strong reflections of waves at the PZT-tissue interface, and very
little energy will be transmitted into the body. To obtain a lower acoustic
impedance, most commercially available transducers are made of a com-
posite material consisting of a matrix which includes bars of piezoelectric
ceramic and polymer (often epoxy) fillings in between. In addition, one or
several \/4-thick elastic matching layers are attached in front of the com-
posite. This works as an impedance transformer that further improves the
impedance match between the transducer and the tissue. As a result, the ul-
trasonic energy couples more efficiently into the imaging medium. Acoustic
backing materials are needed to damp substrate ringing, and hence, improve
the bandwidth. A sketch of a typical piezoelectric transducer with matching
layers and backing is shown in Fig. 2.7. [37]

connector
transducer
housing\
backing
layer
electrodes :ﬁoxy
~~piezoelectric
matching 7 material, \/2
layers, /4 lens

Figure 2.7: Sketch of a typical piezoelectric transducer. The PZT material is
mounted between one (or several) matching layers and an acoustic backing
layer. Some transducers also include a lens material at the front.

Piezoelectric materials are anisotropic, which means that their acoustic
properties depend on the direction of the material. There is also coupling
between the different material directions, which implies that an electric field
in one direction can lead to strain in both the parallel and transverse di-
rections. The use of composite materials have proven important not only
to reduce the acoustic impedance, but also to control the excitation of un-
wanted vibration modes. In addition to the thickness mode, PZT composite
transducers will have a low frequency radial mode, which depends on the
shape of the transducer, and lateral modes which depend on the periodic-
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ity of the lattice [38]. Lateral modes of 1-3 piezocomposite transducers are
described theoretically and experimentally in [39], and it is shown that an
almost uniform vibration pattern at the resonance frequency of the thick-
ness mode can be achieved. However, at the resonance frequency of the first
and second lateral mode, the vibration amplitude of the polymer areas of
the transducer were higher than the ceramic, and the phase of the ceramic
and polymer vibration were 180° out of phase. If this vibration pattern is
excited within the frequency range of operation, it will reduce the efficacy
of the transducer greatly.

To push the resonance frequency of the lateral mode high enough to not
interfere with the frequency band used for imaging, a small distance (smaller
than A/2) between the ceramic bars and a high volume fraction of ceramic is
needed [38, 40]. However, the acoustic impedance of the transducer increases
with the volume fraction, resulting in a trade-off between the frequency of
the first lateral mode and the acoustic impedance of the material [39,41].

In many applications it is necessary to steer the ultrasonic beam elec-
tronically, to obtain a field of view which is wider than the width of the
transducer. In order to steer & 45° without generating grating lobes, the
pitch between transducer elements can not be larger than half the wave-
length of the propagating wave in tissue [37].

Limitations and challenges

For the imaging modalities mentioned in Chapter 1, high frequency ultra-
sound imaging is needed. Many high frequency ultrasound systems use
mechanically-scanned, single-element transducers with a fixed focus, and
have great limitations regarding frame rates and the uniformity of the im-
age resolution [42]. Creating multi-element piezoelectric transducers for
high frequencies is challenging due to the small size of ceramic bars needed.
The ceramic slab needs to be sawed into A/2-thick bars, a process which
becomes very labor intensive when A\/2 is in the range of 10-50 um. The
typical saw blades thickness is about 30 pm, but distances down to 13 um
is possible when using diamond blades [43].

There are, however, some examples of high frequency multielement piezo-
electric transducers. A 1-3 piezocomposite has been used in a 30 MHz array
with 128 elements [44]. The array had an element pitch of approximately 2A
in water, or 100 pm. The dicing kerf was less than 12 ym, and a 6 dB band-
width of 74 % was obtained. Cannata et al. demonstrated a 64-element 35
MHz composite transducer using 2-2 composite [43], and reported a 6 dB
bandwidth of 55 % and a resolution of 50 ym to 100 ym. As an alternative
to mechanical dicing of the PZT-slab, researchers have fabricated arrays
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using thin sheets of piezo-polymer materials [45]. The low lateral coupling
and low acoustic impedance of polyvinylidene-fluoride (PVDF) makes the
material possible to use for high frequency array design. However, the low
capacitance of the material and the high parasitic capacitance of typical
preamplifiers have proven problematic for typical preamplifiers.

3D-imaging has become an important image modality during the last
decade. Instead of visualizing one plane of an organ at a time, the physician
would like an image of a whole volume. When a 2D-image is created, a 1D-
transducer which steers the beam in the azimuth direction is used. This
is illustrated in the left part of Fig. 2.8. To image a volume, we need to
steer the beam in the elevation direction as well, and the transducer must
be two-dimensional. The number of elements increases from N to N2, and
having separate connections to each element becomes impossible.

1D array 2D array
A
< N o N
> < >
A 4
N elements N? elements
steering in steering in azimuth
azimuth direction and elevation direction

Figure 2.8: 1D-arrays have N elements whereas 2D-arrays have N? ele-
ments.

This challenge calls for smart solutions with more integrated electronics
close to the transducer. Some of the signal processing, such as multiplexing,
signal amplification and other parts of the beamforming electronics must be
placed in the transducer unit. This will reduce the amount of data that
must be transferred to the ultrasound system.

A solution to both the above mentioned challenges could be to use capac-
itive micromachined ultrasonic transducers instead of piezoelectric ceramic
transducers. CMUTs are made with photolithographic techniques on silicon
originally developed for integrated circuit (IC) processing, and the limita-
tions regarding dimensions are not an issue. The integration of electronics
can also be easier using CMUT arrays, since they are fabricated in the same
kind of processes and same or similar materials as integrated circuits (IC).
Furhtermore, they can be connected to custom ICs through 3D-stacking.
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This will be discussed further in Chapter 4.



Chapter 3

Capacitive Micromachined
Ultrasonic Transducers

3.1 Brief history of capacitive transducers

Capacitive air transducers have existed for a long time. An instrument
for absolute measurement of sound was reported in 1917 [46], where a di-
aphragm, made of a thin steel plate, was mounted in an air-filled gap, with
a metal plate on one side. The diaphragm vibrated as a function of an
incoming sound wave, and based on measurements of the change in capac-
itance between the diaphragm and the plate, the pressure in the incoming
wave was calculated. A similar device for capacitive sensing in liquids was
shown in 1979 [47].

Air transducers may also be used for measurements of distance, for in-
stance in robotics, and in nondestructive evaluation (NDE) of a variety of
materials. Piezoelectric transducers are not very efficient in air because of
their high acoustic impedance. Extensive use of matching layers and air
backing is needed, which deteriorates the bandwidth and sensitivity [48].
Capacitive transducers with membranes vibrating over air filled cavities
may, however, provide a much better acoustic match, because of its low
impedance. For high frequency operation, the uniformity in size and depth
of the cavities and the thickness and smoothness of the membranes are es-
sential, hence, a fabrication technique with a high degree of accuracy and
reproducibility is needed [49-51].

The photolithographic techniques used in integrated circuit fabrication
have been developed during the last decades, and these techniques have also
proven important in the development of capacitive transducers. The first
silicon-based capacitive ultrasonic transducers using such micromachining

17
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techniques was reported by Suzuki et al. in 1989 [52]. The purpose of the
device was to function as a proximity sensor operating in air in the frequency
range between 100 kHz and 400 kHz. Similar transducers have also been
reported by Schindel et al. [48,53] and Ladabaum et al. [10] in 1995. The
latter introduced the term Micromachined Ultrasonic Transducers (MUT),
while Capacitive Micromachined Ultrasonics Transducer (CMUT) was es-
tablished as a term in 1998 [54-56].

The first examples of CMUTSs in immersion applications was demon-
strated in 1996 [57,58], and the improved acoustic matching compared to
piezoelectric transducers is also valid for operation in fluids. Imaging results
from CMUT arrays was first shown in 1998 [59], and the first commercial
medical transducer using CMUT-technology was released by Hitachi in 2009
[60, 61].

3.2 Principle of operation

The active acoustic part and top electrode of the CMUT is a membrane
which is partially or fully covered with a conductive material. The mem-
brane is suspended over a vacuum gap in a heavily doped silicon substrate,
which constitutes the bottom electrode.

transmitted ultrasound waves

-
—_— membrane with electrode
—_—

vacuum gap e

V=Vy+V,e

Figure 3.1: Sketch of a single CMUT. The CMUT is biased with a DC-
voltage, deflecting the membrane towards the substrate, whereas the AC-
voltage causes it to vibrate and transmit ultrasonic waves into the medium.

A DC-bias voltage applied between the top and bottom electrode pulls
the membrane towards the substrate due to electrostatic attraction. If an
AC-voltage is applied to the biased membrane, harmonic membrane motion
is obtained. In this mode of operation it acts as a transmitter. If a bi-
ased CMUT membrane is subject to an impinging ultrasonic pressure field,
the membrane motion leads to harmonic changes in the capacitance of the
device, generating an AC-detection current. In this mode, it works as a
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receiver. Fig. 3.1 shows a sketch of a single CMUT in a biased state.

If the DC-bias increases, the membrane will be pulled closer to the bot-
tom substrate. When the electrostatic forces because of DC-bias exceeds the
mechanical restoring forces in the membrane, the membrane will be pulled
into collapse. In this state, the center part of the membrane is in contact
with the substrate. It has been shown that it is possible to operate CMUTs
in collapsed mode [62,63]. The operation frequency in collapsed mode is
higher than in conventional mode due to the reduced vibrating area of the
membrane. A more thorough description of the collapsed mode operation
is given in Sec. 3.3.

The membrane thickness, cavity depth, and shape of the CMUT cell can
be adjusted to obtain the required resonance frequency, sensitivity and out-
put pressure. The resonance frequency of the CMUT is mainly determined
by stiffness and size of the membranes, where small and/or stiff membranes
are needed to obtain high resonance frequencies. The maximum output
pressure is determined by the maximum membrane deflection, hence, given
by the cavity depth. However, high DC-bias voltages must be applied to
obtain large deflections. It is therefor important that the electronics con-
nected to the array can handle such voltages, and that the transducer is
properly shielded from the human tissue. A measure for sensitivity is the
electromechanical coupling coefficient. The coupling is highest when the
CMUTs are operated close to collapse.

Transducer elements are formed by electrically connecting many CMUT
cells. As illustrated in Fig. 3.2, we use the notion CMUT about a single
CMUT cell, element or array element about a group of CMUTs which is
electrically connected. A fully populated array is denoted as a CMUT array
or transducer array.

Ring-arrays [64,65], 1D-linear arrays [42,66] and fully populated 2D-
arrays [67-69] have been demonstrated. The fill-factor of the array is defined
as the ratio of the active membrane area to the total area of the transducer.
Increasing the fill-factor, by for instance introducing rectangular CMUTs
instead of square or circular ones, will increase the average displacement
and, hence, a higher output pressure and receive sensitivity may be ob-
tained [70]. However, if the distance between CMUT cells is too small, the
support structures may bend as the membranes deflect, and this can lead
to nonlinearities in the transducer response [71].

Nonlinearities in the CMUT

The electrostatic force between the electrodes depends on the square of the
applied voltage (see Ch. 6.2), hence, the second harmonic of the applied
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> Element or
array element

CMUT or
CMUT cell J

~

CMUT array

Figure 3.2: In this work the following notation of the building blocks of
a CMUT array is used: A single capacitor is denoted simple as CMUT or
CMUT cell. Several CMUT cells which are electrically connected is denoted
element or array element, whereas a complete transducer array simply is
denoted as CMUT array or just array. The sketch shows a 1D-linear array.
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voltage will be generated. To operate the capacitor at the first harmonic, a
DC-bias voltage is needed in addition to the RF signal, such that the total
applied voltages is the time varying signal: V(t) = Vpe + Vac cos(wt + ¢).
As long as the bias voltage is much larger than the time varying signal, the
dominant time varying voltage which influences the electromechanical force
is the harmonic signal: V()2 = VpoVac cos(wt + ¢).

The membrane deflection towards the bottom electrode, give a slight
elongation of the membrane material. This change of the shape and size
of the membrane may change the stretching force in the membrane. As
long as the lateral dimensions of the membrane is much larger than the
cavity depth, the elongation will be minimal, and this effect may therefore
be neglected in CMUT modeling.

The deflection may also cause bending of the areas supporting the mem-
brane. This may lead to nonuniformities in the collapse voltage [71] and
cause a stronger acoustic coupling between neighbor cells. Hence, there
must be a minimum distance between CMUT cells to avoid nonlinear ef-
fects caused by perturbation of the support structure.

3.3 CMUT operation regimes

The CMUTSs may operate in three different ways. The first and most com-
monly described regime of operation is the conventional mode, where the
sum of the DC- and AC-voltage is kept lower than the collapse voltage at
all times, and the membrane never is in contact with the substrate. The
maximum AC-displacement will be at the center of the membrane. In Fig.
3.3, the conventional mode operation is marked as number 1.

Operation of the CMUT in the collapsed regime was first reported by
Bayram et al. [62] and further discussed by Huang et al. [63] and Oralkan et
al. [72]. The applied bias voltage is increased above the collapse voltage in
order to pull the membrane into collapse. The sum of DC- and AC-voltage
is kept above the snapback voltage, so that the center of the membrane
always is in contact with the substrate. In a circular membrane, the maxi-
mum AC-displacement will be along a ring formed between the center of the
CMUT and the edge. The collapsed regime is marked as number 2 in Fig.
3.3. Finite element analysis (FEA) has revealed that a CMUT operating in
the collapsed regime has a coupling coefficient higher than a CMUT oper-
ating in the conventional mode [62]. This has been verified by experiments
[63, 72] showing higher output pressures and improved coupling coefficient
because of stronger actuation forces and higher capacitance as the electrode
spacing was reduced in the collapsed regime. The ability to change the
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center frequency in the collapsed regime by varying the DC-bias, resulting
in change of the area of contact between the membrane and the substrate,
was also shown. However, the frequent substrate-membrane contact may
prevent a reliable and stable operation in this mode [73]. Some hysteretic
behavior has been observed [63], and this is not fully investigated. It is
believed to be caused by changes in the adhesion between the membrane
and the substrate over time in addition to effects caused by the surface con-
tact during collapse. Another reliability issue is the possible charging of the
membrane and stiction problems during collapse.

Membrane deflection profile

_____ /| = After snapback
: — Before collapse
— Before snapback
After collapse

Radial position

Figure 3.3: Ilustration of the three operation regimes of CMUTs. The
conventional regime is number 1, the collapsed regime is number 2, whereas
the collapse-snapback regime is number 3. The sketch is based on FEM
simulations made by Bayram et al. [62, 74].

For high power transmission it has been suggested to operate the CMUTs
in the collapse-snapback regime [74]. The DC-bias is initially below the col-
lapse voltage. A short high voltage pulse is applied in order to make the
membrane collapse and snap back during the cycle of the pulse. This leads
to a large membrane displacement amplitude which results in high output
pressures. In [74] a pulse of 1 us was used, and the output pressure of the
collapse-snapback operation was more than doubled compared to the con-
ventional mode. The collapse-snapback regime is marked as number 3 in
Fig. 3.3. Device reliability might also be an issue in the collapse-snapback
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regime. The large displacements of the membrane may be damaging for the
membrane and electrode materials.

Even though collapse regime operation seems to have a number of ad-
vantages, it does not seem to have convinced the research community. The
charging of the membrane when it is in contact with the substrate is prob-
ably the biggest concern.

In this thesis we have mainly focused on the conventional regime of op-
eration, however, in Paper I and II we have included simulations of CMUTs
operating the the collapsed regime.

3.4 Advantages and challenges of CMUTSs

There are many possible advantages for CMUT arrays compared to tradi-
tional piezoelectric transducers. Some are already mentioned, such as the
improved impedance match in both fluid and air [56,75]. With a good
impedance match, it is possible to achieve wide bandwidths. Piezoelectric
transducers are usually limited to 60 - 80 % bandwidth, whereas bandwidths
above 100 % easily can be achieved for CMUT arrays. As discussed in Ch.
2.3, the bandwidth is an important parameter in determining the image res-
olution, and wider bandwidths provide better image resolution. Comparison
of image quality in in-vitro images between CMUT arrays and piezocom-
posite transducers show that the radial resolution is improved [76,77], the
contrast is significantly enhanced, and field of view is superior in images
from CMUT arrays [78].

One great advantage with CMUTs it the manufacturing process. The
photolithographic techniques enable very small dimensions both in depth
and laterally. It also gives freedom to the designer to vary the size and
shape of CMUT cells and array elements as he likes. The CMUT fabrication
process meets the need for small elements and minimal kerf between adjacent
elements, which is important in high frequency ultrasound imaging.

Micromachining fabrication involves parallel processing of several wafers,
hence, the production cost can be low when a process is optimized. Since
CMUTSs and integrated circuits (ICs) are made in the same materials, and
using the same kind of fabrication processes, the integration of custom made
transmit and receive circuitry can be realized using through wafer vias and
3D-stacking of the transducer chip and several IC chips. [67,77]

Possible challenges for CMUTs in medical imaging is low sensitivity lead-
ing to limited penetration depth [76,77]. Many different membrane sizes,
shapes, and configurations have been tested in order to improve the effi-
ciency of the transducer. An improved transmission and reception efficiency
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using rectangular and tent configurations compared to square membranes
has been shown [70]. Improved electromechanical coupling coefficient and
uniformity of the membrane deflection was shown through finite element
analysis (FEA) simulations by introducing trenches in the edge areas of the
membrane, and by altering the shape of the supporting structure [79]. Dual
electrode CMUTs have also been suggested to improve the sensitivity in
reception [73, 80].

CMUTs have a lower dielectric constant than PZT, thus the capacitance
of a CMUT element i significantly smaller and the electrical impedance much
larger than a PZT element. This may reduce the signal-to-noise ratio and
should be corrected to obtain the depth of penetration currently obtained
by PZT arrays. Tuning the CMUT impedance, using passive components
such as inductors, capacitors, and resistors have been suggested [77]. These
can be placed in the probe handle, probe connector, and/or the ultrasound
system, depending on the topology of the particular tuning circuit that is
selected. Pre-amplifiers can also be used to alleviate the SNR problem, but
these must be placed in the probe handle to minimize parasitic capacitances
between the CMUT and the pre-amp [77].

Charging effects is a well known reliability problem in CMUTs and other
MEMS devices [60,81,82]. Charges can be trapped in the dielectric layer
within the cavity. This may happen during the fabrication process or due to
the strong electrical fields within the transducer cavities during operation
[83]. The trapped charges may shield the electrode surface, thus causing
unpredictable changes that depend on both frequency and amplitude of the
applied electric signal. In collapsed mode operation the trapped charges may
create electrostatic forces that prevent the membrane from snapping back
after collapse [84]. Introduction of isolation posts in the cavities, allows for
collapse mode operation without trapped charges and hysteresis effects [83,
85, 86]. Hence, the reported improved transduction efficiency in collapsed
mode operation compared to conventional mode may be maintained [63].

Another effect which should be properly understood and controlled is the
acoustic crosstalk both in the fluid-CMUT interface and in the supporting
structure. This will be thoroughly described and discussed in Chapter 5.



Chapter 4

Fabrication

Fabrication of CMUTs can either be performed by surface micromachining
or wafer bonding. Both techniques are briefly explained below.

4.1 Surface micromachining

In surface micromachining, as the name indicates, the processing is done
on the surface of a silicon wafer by means of thin film deposition, thin film
etching and photolithography. The process usually starts with a low resis-
tivity silicon wafer, which is heavily doped to achieve high conductivity at
the surface. This will become the bottom electrode of the CMUT. A sili-
con nitride (SizNy) layer is deposited on the wafer, followed by a sacrificial
layer which is deposited and patterned to form the cavity. The membrane
layer is deposited on top of the sacrificial layer. Silicon nitride is most com-
monly used as a membrane material, and both Low pressure chemical vapor
deposition (LPCVD) [59] and Plasma enhanced chemical vapor deposition
(PECVD) nitride [87] has been shown. Polysilicon membranes have also
been demonstrated [88]. To form the cavities, the sacrificial layer is selec-
tively etched through small etch holes in the membrane. Afterwards, the
etch holes are sealed and the membrane is etched to its final thickness. A
metal layer is finally sputtered on top of the membrane and then patterned
to form the top electrodes and connection pads [89]. The process steps are
illustrated in Fig. 4.1.

There are however some limitations in the surface micromachining tech-
nique [90]. For high frequency devices the fill-factor is limited because of
the small size of the active area. For low frequency operation one wants
large and thick membranes, and high output pressures require large cavity
depths. However high stresses and stiction problems involved in thin film
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Figure 4.1: Tllustration of a CMUT made through surface micromachining.
1) Initial silicon wafer. 2) A layer of silicon nitride is deposited on the
bottom wafer, and a sacrificial layer deposited and patterned to define the
cavity. 3) Silicon nitride is deposited to define membrane. Small etch holes
are patterned in the SisNy. 4) Sacrificial layer is removed to release the
membrane. 5) Etch holes are sealed with an additional layer of SizgNy. 6)
The membrane is etched to its final thickness. 7) Opening in the silicon ni-
tride is etched to provide electrical contact to the bottom wafer. 8) The top
electrode and contact to the bottom electrode is made by metal deposition
and patterning.
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depositions makes it difficult and unpractical to deposit thick sacrificial lay-
ers and to release large membranes.

The presence of etch holes in the membranes affects the uniformity of the
membranes and it reduces the fill-factor of the array. Caliano et al. [91] have
suggested a reverse fabrication method, where the etch holes are placed at
the bottom of the cavity instead of the membrane side. Other advantages
of this technique compared to some forms of surface micromachining, is
that the acoustically active membrane is LPCVD silicon nitride instead of
PECVD silicon nitride, since LPCVD is known to have less defects than
PECVD [92]. The electric interconnects are placed on the back side of the
device, and instead of having bulk silicon as the support structure for the
CMUTs, this technique suggests to replace it with an acoustic backing layer,
which will prevent substrate ringing [93]. The process steps are described
in Fig. 4.2 [91,94].

4.2 Wafer bonding

An alternative way of fabricating CMUTs is through wafer bonding, also
referred to as bulk micromachining. One avoids the wet sacrificial layer etch
and its associated problems, and this makes it possible to fabricate larger
membranes. The membranes and cavities are defined on separate wafers
which are bonded under vacuum conditions. The cavities are etched into
the bottom silicon wafer, which also works as the bottom electrode of the
device. The membrane (e.g. SizNy) is deposited on another silicon wafer,
which in turn is bonded to the bottom wafer. Afterwards, the silicon of
the top wafer is removed, and metal for the top electrode is sputtered and
patterned. This is illustrated in Fig. 4.3.

CMUTs realized through wafer bonding was first reported in 2003 by
Huang et. al [90]. Compared to surface micromachining techniques, wafer
bonding shows a higher degree of predictability and involves fewer process
steps. This reduces the process turnaround time and potentially increases
the yield. It sets less process limitation on the size and shape of the mem-
brane and the cavity. A variety of materials may be used for the membrane,
e.g. high resistivity silicon [90,95,96] and LPCVD silicon nitride [97-99]
have been demonstrated.

4.3 CMUT-electronics integration

One of the claimed benefits of using CMUT arrays as ultrasonic transducers
is the relative ease to integrate the electronic circuits that are needed for
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Figure 4.2: TIllustration of CMUT made through the reverse fabrication
process. 1) Initial silicon wafer coated with a layer of silicon nitride. 2)
Evaporation of ground electrode (aluminium), followed by a deposition and
patterning of a sacrificial layer of chromium, which defines the cavities. 3)
A layer of PECVD silicon nitride is deposited to form the back plate of the
CMUT cell. 4) Aluminium is sputtered and patterned to form the bottom
electrode. 5) A layer of PECVD silicon nitride is deposited to protect the
electrode surface. 5) Etching holes are opened to access the sacrificial layer,
and the cavity is evacuated. 7) The cavity is sealed using PECVD silicon
nitride. 8) The wafer is diced and soldered either to a flexible circuit board
or a rigid PCB. 9) Acoustic backing is cast on the device side of the chip.
10) The LPCVD silicon nitride layer on the back side of the wafer and the
silicon bulk are removed to release the membrane.
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Figure 4.3: Tllustration of CMUT fabrication by wafer bonding. 1) Top and
bottom silicon wafer. 2) Cavities etched in bottom wafer and membrane
deposited on top wafer. 3) Top and bottom wafer bonded together. 4)
Removed the handling wafer on the top. 5) Top electrode deposited and
patterned.

both transmission and reception. One approach that has been investigated
is to integrate the CMUT cells in a standard BiCMOS process [100], and
the integration of CMUT and signal conditioning electronics on the same
silicon substrate has been reported [101,102]. With these techniques, the
CMUT and electronics compete for the same die area, something that might
limit both the sophistication of the electronics and the signal-to-noise ratio.
Another CMUT-on-CMOS technique is the monolithic integration [103—
106], where the CMUT is manufactured on top of an already made CMOS
circuit with analog switching electronics.

A different approach is to make electronic circuits and CMUT arrays
on separate wafers and bond these to form a stack, connecting to each
array element with through wafer vias [107]. Flip-chip bonding between
a 2D CMUT array and a custom designed integrated circuit for volumet-
ric ultrasound imaging, using anisotropic conducting film (ACF) or using
Sn/Pb solder balls has been demonstrated [108]. With flip-chip bonding
techniques several silicon wafers with electronic circuits can be bonded in
layers underneath the CMUT substrate, forming a 3D-stack. 3D-integration
of electronics is advancing fast, and new bonding techniques are being devel-
oped in order to bond very thin layers together. This might prove beneficial
in the development of future CMUT arrays with integrated electronics.

As an alterative to through wafer vias, trench isolation of the substrate
has been suggested [95,109]. The electrical signal is brought to the back of



30 Fabrication

the device through a highly conductive silicon substrate, and neighboring
array elements are separated electrically by trenches on both the device
layer and the bulk silicon.

In high frequency transducers for intravascular imaging or other inva-
sive applications, it might be necessary to include a lot of the transmitter
and receiver electronics in the front-end of the transducer. In Paper VI
we present simulation results showing the radiation response from infinite
CMUT arrays with three silicon layers underneath. We examine three differ-
ent bonding techniques, namely Solid Liquid Interdiffusion (SLID) bonding,
direct fusion bonding, and anisotropic adhesive, and show the importance of
considering the composition of the stack to prevent surface acoustic waves
from damaging the response. This is further commented in Section 5.1.4.

4.4 CMUTs made in the SMiDA-project

An important part of the SMiDA-project has been fabrication of CMUT
arrays. The processing has been performed at SINTEF MiNaLab in Oslo,
and PhD-candidate Kjersti Midtbg from the SMiDA-project at the Depart-
ment of Electronics and Telecommunications at NTNU has been actively
involved. Two generations of CMUTs have been processed, and both are
based on the wafer bonding process described above. The main difference
between them is that the first generation (CMUT 1) had electric contacting
on the top, whereas the second generation (CMUT 2) had through silicon
vias (T'SV) from the bottom electrode, enabling electric contacting from the
back side of the array and ground potential on the front. The geometric
properties of the CMUTs are given in Table 4.1, and a brief description of
the CMUT arrays that are used in measurements presented in this thesis
is given below. In addition to the described arrays, other geometries were
included in the processing of CMUT 1 and other membrane stacks were fab-
ricated on bottom wafers equal to those described as CMUT 2. For further
details, we refer to [97,110-112].

4.4.1 CMUT 1: with top electrode contacting

The first generation of CMUTs were fabricated with top electrode contact-
ing, as shown in Fig. 4.4(a). The fabrication process is described by Midtbg
et al. [97]. This was a linear 1D-array where two rows of CMUTSs were con-
nected to form elements. The CMUTSs were originally designed for collapsed
mode operation at 30 MHz center frequency in fluid with a 3 dB bandwidth
of 100 %. Measurements in conventional mode operation showed resonance
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Table 4.1: Geometric properties of CMUT 1 and 2.

CMUT 1 CMUT 2
Membrane radius [pm] 5.7 5.7
Cavity gap [nm] 120 60
Cell pitch [pm)] 12.5 12.5
Element width [pm] 25 25
Electrode radius [pm] 3.5 (top electrode) 4 (bottom electrode)
Electrode line width [pm)] 2 NA
Membrane thickness, LPCVD [nm] 100 100
Membrane thickness, SiOy [nm] NA 50
Top electrode thickness [nm] 500 (aluminium) 150 (titanium)
Membrane thickness, PECVD [nm] NA 150
Number of CMUTSs per element 2 x 104 2 x 104
Number of elements per array 36 36
Array area [mm?] 09 x 1.3 0.9 x 1.3

frequencies around 10 MHz at low DC-bias voltages.

On the top wafer, a 100 nm silicon oxide layer was grown before the a
100 nm layer of LPCVD silicon nitride was deposited. In the bottom wafer,
120 nm deep cavities were etched by Reactive Ion Etching (RIE). The wafers
were pre-bonded in room temperature, and further annealing was done by
heat treatment. The top wafer was etched by Tetramethylammonium Hy-
droxide (TMAH) to expose the membranes. Finally, the aluminium was
deposited and patterned to form the top electrodes. The CMUT 1 is shown
in Fig. 4.4(a). Fig. 4.4(b) shows a chip with 36 elements, each connected
to a bond pad at the edge of the chip. The active part of the chip is 0.9 x

1.3 mm?, and total size of the chip is 4 x 4 mm?.

4.4.2 CMUT 2: with through silicon vias and bottom elec-
trode contacting

The second generation of CMUTs differs from the first in many aspects,
however, the radius, CMUT cell pitch, and element size are the same as
in CMUT 1. The main difference is that the electrical connections to the
array elements are achieved by via-holes through a thinned silicon wafer, and
connected to lines of aluminium on the back side of the array. The front side
is uniform and electrically grounded. The fabrication process is described
by Due-Hansen et al. [110,111], however the membranes in the CMUTSs
described in this thesis differ from those described in the beforementioned
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Figure 4.4: (a) Optical microscope image of CMUT 1 with symmetric elec-
trodes. The top electrodes are the bright yellow pattern, while the mem-
branes are circles with a darker tone of yellow (b) A chip showing an array
with 36 line elements. Each bond pad is connected to a line of 2 x 104
CMUTs. (Courtesy Kjersti Midtbg)

papers.

The CMUT cells are organized in groups of two by two cells, and a
via hole is placed at the center of the cavity of one of the four cells. The
preparation of the bottom wafer was performed as follows. First, the TSVs
and the areas for the CMUT cavities were etched by RIE in the bottom
wafer. Then, thermal SiOs was grown for electrical isolation, and the TSVs
and etched cavities were filled with polysilicon which was doped to enable
good conductivity. Following the polysilicon deposition, the wafer surface
was polished by Chemical-mechanical planarization (CMP) to obtain a flat
surface suitable for CMUT cavity etching, and to expose monocrystalline
silicon for wafer bonding. The CMP was performed at Fraunhofer ISiT.
The cavities of the CMUTSs, with a nominal depth of 60 nm, were realized
by RIE of polysilicon and SiOs. A 25 pm X 25 pm section of the bottom
wafer is illustrated in the upper part of Fig. 4.5. The CMUT cavities have
the same area and shape as the area covered with polysilicon and silicon
oxide in the illustration of the bottom electrode. The lower part of Fig. 4.5
illustrates side views of the diagonal and through the center of two adjacent
CMUTs. The view along the diagonal of the cluster shows two cavities,
each with a diameter of 11.4 um, whereas the view across the center of two
CMUT'Ss shows a cavity length of 23.9 pm.

The membranes of CMUT 2 consist of four different layers forming a
stack. The two bottom layers are the result of the wafer bonding process,
whereas the two topmost layers are deposited afterwards. To prepare the
handling wafer for the wafer bonding process, a 50 nm SiOs layer was grown
and a 100 nm thick silicon nitride membrane was deposited using LPCVD.
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Figure 4.5: The top of the figure shows an illustration of the bottom elec-
trode of a two by two cluster of CMUTs. The via hole is placed at the
center of one of the CMUTSs. A side view of the wafer is shown in the lower
part of the figure. The bottom silicon wafer is thinned to about 30 ym and
aluminum is patterned on the backside to connect to the poly silicon filling
of the via hole. The membrane consists of four layers, 100 nm LPCVD
silicon nitride at the bottom, 50 nm silicon oxide and 150 nm titanium in
the middle and 150 nm PECVD silicon nitride at the top.
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The handling wafer was then fusion bonded to the bottom wafer. An open-
ing was etched in the handling wafer to access the membranes before the
bottom wafer was thinned to 30 pm thickness. A titanium layer of 150 nm,
working as the top electrode, was deposited on top of the exposed oxide
layer covering the silicon nitride membrane. As a fourth layer, silicon ni-
tride with a thickness of 150 nm was deposited by PECVD. All the layers
add stiffness and weight to the CMUT membranes to match the design re-
quirements. On the back side of the bottom wafer, the via holes from the
clustered CMUTs are connected by aluminium lines forming elements with
a total size of 25 pm x 1300 pm.

(b)

Figure 4.6: a) Optical microscope image of the membrane side of CMUT
2. The 2x2-CMUT clusters can clearly be seen. b)Optical image of the
backside of CMUT 2. Each circle is connected to the via hole which connects
two by two CMUTs. In this particular configuration there is one bond pad
on each side of the array, and each pad connects to every second row of
CMUTs.

In Fig. 4.6(a), a optical microscopy image, using a Nomarski-prism to
enhance deflection of the surface. The image clearly shows the clusters of
two by two CMUTs which are electrically connected through the bottom
electrode and acoustically connected through the membrane. A section of
the backside of the CMUT array is shown in Fig. 4.6(b), where each circle
connects to one TSV, and each line connects 52 CMUT clusters, in total 2
x 104 CMUT cells. There are 36 lines of CMUTSs on one array.



Chapter 5

CMUT Array Crosstalk

One of the challenges in the design of CMUT transducers meant for immer-
sion applications, is to minimize the crosstalk between transducer elements
caused by acoustic coupling through the fluid medium outside the array
and through the silicon substrate supporting the CMUT membranes. In
addition, there is electric coupling between the CMUT cells because of the
fact that several cells are connected to form larger transducer elements.

In this work we focus on two main contributions to the acoustic crosstalk
generated in CMUT arrays; surface acoustic waves which travel in the silicon
substrate and dispersive guided modes which are generated in the CMUT-
fluid interface [113, 114]. In the work presented in Paper I and VI we include
substrate motion in the model, whereas in Paper II, III, IV, V, and VII we
assume that the CMUT cells are mounted on a perfectly rigid substrate,
and instead focus on the fluid coupled interaction between the CMUT mem-
branes.

5.1 Waves in the silicon substrate

When CMUT arrays are excited by an AC-voltage, the membranes of the
array will start to vibrate, and in order for the membranes to transmit
acoustic energy into the medium of interest (e.g. the human body in medical
imaging), a rigid supporting structure is needed. Without any support, the
net forces transmitted into the fluid will be small. When a silicon substrate
is present to support the CMUTSs, excitation of the membrane will also
lead to forces working on the bottom electrode and the membrane support,
which both are part of the silicon substrate. This effect cannot be ignored
[93,115].

Longitudinal waves propagating into the substrate may be reflected from

35
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the bottom and picked up by the CMUT. However, at most frequencies
these waves are out of phase with the excitation signal. The exception is at
frequencies where the substrate becomes resonant. This happens when the
thickness of the substrate is an integer multiple of half of the wavelength
[116]:
nv

fr=5
where fr is the substrate resonance frequency, n is an integer, v is the lon-
gitudinal velocity of sound in the substrate and ¢ is the substrate thickness.
The resonance frequencies depends on the material properties and geometry
of the substrate. For instance a substrate of 300 um thickness and a lon-
gitudinal velocity of 8500 m/s will resonate close to 14 MHz and 28 MHz,
and a 600 pm thick substrate will experience resonances around 7 MHz, 14
MHz, 21 MHz and 28 MHz. At these frequencies the substrate will resonate,
and affect the device operation in a negative way. Thinning the substrate
to increase the substrate resonance frequency to levels above the frequency
range of interest might be a solution. However, in thin silicon substrates,
plate modes, such as Lamb waves may be excited. In thicker silicon sub-
strates, or when the CMUT array is backed with a damping material, plate
modes will no longer be excited due to the losses and the thickness of the
structure. However, surface acoustic waves (SAW) might still be excited.
Such waves may become leaky, and affect the overall radiation from the
array.

(5.1)

5.1.1 Surface acoustic waves

Surface acoustic waves (SAW), often referred to as Rayleigh waves, were
first described by Lord Rayleigh in 1885 [117]. Surface waves travel along
the surface of solids, and include both longitudinal and transverse motion,
resulting in an elliptical particle motion [118]. The amplitude of the wave
decreases with the distance from the surface, and motion is limited to a
surface layer of thickness corresponding to about 1 - 2 wavelengths. This is
illustrated in Fig. 5.1. The speed of the surface wave is slightly lower than
the shear wave velocity of the material . Rayleigh waves may become leaky,
and couple to a fluid medium adjacent to the solid.

In CMUT arrays we seek to minimize the effect of the surface acoustic
waves. There are, however, other areas where the generation of SAW may
be useful. Most commonly, SAW is used in electronics devices, such as SAW
filters, oscillators and transformers. These devices involve transduction of
energy from the electric to the acoustic domain by the use of piezoelectric
materials. In a SAW filter the electric signal is transformed to a surface
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Figure 5.1: Hlustration of a Rayleigh wave, also known as a surface acous-
tic wave, propagating in the direction indicated by the arrow. Courtesy
Wikimedia Commons.

acoustic wave in one end of the device, and hence delayed as it propagates
along the surface of the device. At the other end of the device the wave is
transformed back to an outgoing electric signal. SAW filters were previously
used as bandpass filters in TVs and they are still used in mobile telephones
and satellite communications [119, 120].

5.1.2 Lamb waves

Lamb waves where first described in 1917 by H. Lamb [121]. Lamb waves
are plate modes which are similar to surface waves except they can only
be generated in plates which are a few wavelengths thick. These waves are
complex vibrational waves that propagate parallel to the surface throughout
the thickness of the material. With Lamb waves, a number of modes of
particle vibration are possible, but the two most common are the zero-
order symmetrical and asymmetrical modes, as illustrated in Fig. 5.2. The
complex motion of the particles is similar to the elliptical orbits for surface
waves. Symmetrical Lamb waves move in a symmetrical fashion about the
median plane of the plate [118]. The asymmetrical Lamb wave mode is often
called the ”flexural mode” because a large portion of the motion moves in
a normal direction to the plate, and little motion occurs in the direction
parallel to the plate. In this mode, the body of the plate bends as the two
surfaces move in the same direction.
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Figure 5.2: Illustration of a symmetric and asymmetric Lamb waves.

5.1.3 SAW and Lamb waves in CMUT arrays

When the CMUTs are excited, the forces on the top electrode serve to launch
acoustic waves into the medium of interest, and simultaneously equal forces
are placed on the substrate electrode and the structure supporting the edge
of the membrane. These forces may excite surface acoustic waves travel-
ing along the substrate surface, contributing to the total movement of the
membranes. Because of the existence of the soft, cushion-like membranes,
the waves are not easily damped by the fluid medium. However, the surface
wave is not entirely protected by the membranes, resulting in partial damp-
ing of the waves in the areas without CMUT cavities and also somewhat
by the cushioning effect of the membranes. This induces leakage of acoustic
energy into the fluid, which may affect the radiation pattern [114].

The excitation of surface waves is strong when the phase velocity of the
surface wave matches the phase velocity along the array of the wave ex-
cited in the fluid outside the array. At a certain steering angle, the surface
displacement from the SAW will be almost in phase with the membrane
vibrations, and the excited wave is enhanced. At a slightly different steer-
ing angle, the two displacements are out of phase, and the excitation goes
through a minimum. Examples of this is shown in Paper I and VI. As
shown in Fig. 5.1, the SAW is exponentially damped as it penetrates into
the substrate. For an acoustically absorbing backing material to damp the
surface wave, the substrate can not be thicker than a certain limit. If the
substrate is thicker than this limit, the impedance of the surface may be-
come close to or lower than the impedance of the fluid (1.5 MRayl for pure
water) for certain steering angles. When this happens, the resonance and
antiresonance will severely affect the transmit efficiency.

Unwanted acoustic effects because of waves in the substrate has been
investigated by several research groups. Trailing echoes due to substrate

ringing is clearly observed in immersion transducers with 650 pm substrate
thickness at 7 MHz [93]. The radiation patterns from unbacked CMUT
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transducers with 180 pm and 480 pm thick substrates are compared at 4
MHz, and it is shown that Lamb waves are generated in the silicon wafer,
which gives a significant dip at 22° and 32° steering angle respectively [59,
122]. Tt is also shown that the angle at which the dip in the radiation pattern
occurs is dependent on the transmit frequency [59]. Those measurement
results are reproduced using the model presented in Ch. 6.3, and presented
in Fig. 3 and 4 of Paper VI. Both surface acoustic waves in semi-infinite
substrates and Lamb waves in thin substrates were investigated through
finite element analysis and boundary element method (FEA/BEM) by Wilm
et al. [114]. The simulations show that both these wave modes may affect
the radiation pattern of the array.

5.1.4 Minimizing the effect of substrate ringing

To minimize unwanted acoustic waves in the substrate, a damping material
should be attached to the back side of the transducer. To avoid reflection
of waves at the interface between the backing material and the substrate,
the backing material should have an acoustic impedance which matches
the silicon substrate. The material should also be lossy, so that the energy
entering the backing is efficiently dissipated. High thermal conductivity may
also be beneficial to enable the transfer of heat from the transducer device
[123]. Backing materials are usually composites consisting of heavy metal
particles, often tungsten, and a softer filling material, such as epoxy. It is
possible to tune the acoustic impedance of such composites by adjusting
the volume fraction of metal particles [124,125]. To achieve sufficiently
damping and proper acoustic match it may be necessary to include rather
thick layers of backing materials. If the available space for acoustic backing
is limited, it has been proposed that using a structured bottom surface of the
backing material might be beneficial [116, 126]. This might for instance be
the case in intravascular devices. Thinning the substrate in order to avoid
resonant modes occurring in the frequency spectrum of interest has also
been proposed [115]. However, one must take care not to thin the substrate
to the extent where it is not rigid enough to withstand the motion of the
membrane, and hence not able to transfer the energy from the membrane
vibration into waves in the fluid.

Jin et al. [122] suggest the introduction of deep trench isolation between
neighboring elements to reduce Lamb wave cross coupling. In addition, they
show that the reduction of the substrate thickness moved the radiation angle
of the A0-mode of the lamb wave from 22° to 35°, and hence, into a less
important area of the array response.

In the work presented in this thesis, we use an expanded version of the
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CMUT array model presented in Ch. 6.3, where the motion of the silicon
substrate is included. How the substrate motion is included in the model, is
described in detail in Paper VI, and the same method is also used to achieve
the results presented in Paper I. We show that the surface acoustic wave
generated in the substrate by the excitation of the CMUT membranes, may
under certain conditions affect the overall response of the array. It is the
thickness of the substrate (or the thickness and composition of a 3D-stack
containing a CMUT array on top and multiple integrated circuits under-
neath), which determine if the SAW damages the array response or not. If
the substrate (or stack) is thin enough, the acoustic backing material man-
ages to damp the SAW, and the overall response remains unaffected. We
assume that the array has proper acoustic backing which prevents longitu-
dinal waves from reflecting from the substrate bottom. However, we include
simulation results showing how the ringing in the pulse response increases
if reflections from the bottom of the backing material are allowed.

5.2 Dispersive guided modes

The most important contribution to crosstalk is often referred to as dis-
persive guided modes [113,127] which are because of the geometric nature
of the transducer and its interaction with the fluid [114]. This has been
widely discussed during the last few years, [128-131]. The finite element
method has been a useful tool to analyze crosstalk [130,132], but analyt-
ical approaches have also been suggested [128]. The effect of such modes
has been verified by experimental work by several groups [113,129]. In our
work we use the Fourier transform method described in Ch. 6.3 to model
the resonant system and show how crosstalk affects especially the off-axis
radiation pattern.

The total membrane motion is a combination of many vibration modes
with different resonance frequencies, and the excitation frequency deter-
mines which mode is dominating. Beam steering to an off-axis direction in-
volves phase shifts in the excitation of adjacent elements, where each element
usually consist of more than one CMUT. Both asymmetric modes within
each CMUT and interactions between membrane vibrations within an ele-
ment, or in adjacent elements, can cause local resonances in the CMUT-fluid
interface. The fluid acts as a coupling medium between the membranes, and
the result may be a distortion of the overall array response. This is described
through modeling and experiments in [129]. A schematic illustration of how
fluid may be pushed from one membrane to the next when there are phase
shifts between them is given in Fig. 5.3. In the figure the phase shift
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between the CMUTs is 180°. Phase shifts used in an ultrasound imaging
situation is usually much lower.
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Figure 5.3: Illustration of fluid being pushed from one CMUT to another
when there are phase differences between neighbor CMUTs.

If each transducer element only consist of one CMUT (or one line of
CMUTs, if steering is perpendicular to the direction of the line), there will
be phase shifts between every CMUT (or line) when the ultrasound beam is
steered to an off-axis direction. Local resonances in the CMUT-fluid inter-
face will in such an array be limited to excited asymmetric vibration modes
in the CMUT cells. Examples of such modes is shown in Fig. 6.10 in Ch.
6. However, when several CMUTs are combined into larger elements, the
applied voltage on all CMUTs within the element will be the same. In such
a configuration the phase shifts needed for beam steering will be between
elements, and not between single CMUTs. The surroundings experienced
by the CMUTSs within the elements will vary across the element when they
are transmitting or receiving ultrasonic waves from skew angles. Hence,
resonances between CMUTs within the element or CMUTSs in adjacent ele-
ments might occur. An example of the transmitted power into plane waves
in water is shown in Fig. 6.15, and it is also described in Paper II, III, IV,
and VII.

The number of CMUTSs per element affects how many possible reso-
nances there are that might be excited. In Fig. 5.4 it is shown that the
response from an array with 2 lines of CMUTSs per element has one severe
dip, while the array with 3 lines has 2 dips, and 4 lines per element results
in 3 dips in the response.

The Q-factor of these notches are heavily influenced by the viscosity of
the adjacent fluid. In Paper VII we show that the resonances have lower Q-
factors when the CMUTSs radiate into high viscosity fluids such as rapeseed
oil, than in low viscosity fluids like water and kerosene. This shows that
characterizing CMUT arrays only in vegetable oil, might be insufficient if
one wants to have full insight into the acoustics at the CMUT-fluid interface.

Many CMUT designers choose to have a larger distance between CMUT's
in adjacent elements than between CMUTSs within the same element. We
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Figure 5.4: The number of CMUTSs per element affects the number of reso-
nances that are generated when the ultrasonic beam is steered to an off-axis
direction. The simulation show CMUT arrays radiating 30 ° off-axis into
water.

choose to denote this as a double periodicity, and an illustration is given in
Fig. 5.5. In Paper VII we present simulations which show that resonances
may occur even at broadside radiation from arrays with double periodicity.
This is true if the elements connect three CMUTs or more in the width
direction. When there are only two CMUTSs per element, both of them
are next to non-vibrating areas, and hence, experience similar physical con-
ditions. When there are more CMUTSs in each element, the surroundings
will differ between the edge CMUTs and the center CMUTSs of the element,
and hence, resonances may be excited even when there are no phase shifts
between elements.

5.2.1 Reduction of dispersive guided modes

Several proposals of crosstalk reduction have been presented over the last
years. An acoustic band gap consisting of an additional vacuum gap be-
tween the CMUT cells was introduced by Bayram et al. [133]. According to
finite element calculations the crosstalk was reduced by 10 dB in the conven-
tional operation mode without loss of acoustic pressure of the transmitter
element. Modified transmit waveforms have been proposed by Zhou et al.,
[134, 135], reducing crosstalk by 25 dB for small AC-excitation conditions.
This approach requires a programmable waveform transmitter as a part of
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Figure 5.5: Arrays where the distance between the elements is the same
as between CMUTs within the element, are denoted as single periodicity
array, whereas when an additional element kerf is introduced, the arrays is
denoted as double periodicity arrays.
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the ultrasound scanner system.

Electrically damping of the resonances by introducing resistors between
each CMUT cell was proposed by Rgnnekleiv [1]. In simulations this was
very efficient, but it might be a challenge to achieve in practice. The sim-
ulations also showed that increasing the viscosity of the fluid outside the
array by a factor of 1000 compared to water at 3.5 MHz was effective as a
mechanically damping of the unwanted resonances. This indicates that the
viscosity of the interface material is of importance. In Paper II and VII,
simulations show that a thin layer of a soft and lossy material covering the
membrane reduce the acoustic crosstalk through the fluid medium. Adding
a protective sealant layer on top of the CMUT membranes has been done by
Campbell et al. [131] and Bayram et al. [113], however, their finite element
simulations and experiments show that the crosstalk is present with both
PDMS and Parylene coating.



Chapter 6

CMUT modeling

Mathematical modeling of capacitive micromachined ultrasonic transducers
may be performed with both analytical [1,57,75] and numerical methods
[62,71,136-138]. In reception, the CMUTSs detect small ultrasonic signals
that are reflected from the adjacent medium. Thus, a linearized small-signal
analysis may be used when describing the CMUTs analytically. However, in
transmission the magnitude of the vibration might be larger, and nonlinear
analysis might be necessary. Numerical methods such as finite element
analysis may be useful in such cases.

A simple approximation is to model the CMUT as a parallel plate ca-
pacitor. Taking electrostatic and mechanical forces into account, we may
estimate the collapse voltage of the structure. To calculate the collapse
voltage and resonance frequency more accurately, the shape of the mem-
brane must be taken into account. For circular membranes, it is fairly easy
to solve the differential equation describing the deflection of the membrane
analytically, whereas for other geometries, numerical methods might be re-
quired.

In this chapter, we first give a brief description of finite element model-
ing of CMUTs, followed by a description of the CMUT as a capacitor. We
show how the capacitor model makes it possible to model the CMUT-fluid
interaction using equivalent circuits. The main part of the chapter is a thor-
ough description of a CMUT model developed by professor A. Rgnnekleiv.
This model is based on an analytical capacitor model, where the coupling of
several vibration modes of a single CMUT and the coupling between neigh-
boring CMUTs are included. The model was first published in 2005 [1], and
it is the basis of the simulations presented in the scientific papers in this
thesis.

45
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6.1 Finite element method

Finite element method (FEM) is a numerical method for solving differential-
or integral equations. The method essentially consists of assuming the piece-
wise continuous function for the solution and obtaining the parameters of
the functions in a manner that reduces the error in the solution. In ultra-
sound transducer design it is common to use FEM to analyze the physical
behavior of the transducer. Single elements, arrays of elements, and the
interaction with an adjacent fluid or backing material may be modeled by
FEM.

The defined geometric structure is divided into smaller elements by defin-
ing a mesh, and the differential equations describing the system are solved
for each node in the mesh. The accuracy of the solution depends on the size
of the mesh, and it is possible to vary the mesh size across the geometry.
The mesh grid size should typically be small in areas where there are large
or fast fluctuations in the solution, and large in areas where the variation is
small and predictable. The finite element method is especially useful when
complicated geometries are analyzed.

Many research groups have used finite element analysis to model CMUT
arrays or single CMUTs [71,138]. Various geometries have been investi-
gated, such as circular, square, hexagonal, rectangular and tent structures.
Finite element analysis is not limited to axis-symmetric geometries, as most
analytical methods are. FEM may in principle analyze large geometries in
an accurate way, but it is possible to limit the number of elements by using
axis-symmetric properties of the geometry. However, since the computation
time depends on the number of elements, full 3D-models including a whole
array of CMUTs and adjacent fluid may become too time consuming to
solve.

In this work we have focused on an accurate analytical model which is
described in Sec. 6.3, hence, finite element models to analyze the CMUTSs
was not used. However, the first generation of CMUTSs made in the SMiDA
project (CMUT 1) have been analyzed by FEM using COMSOL Multi-
physics (COMSOL AB, Stockholm, Sweden) by Aksnes et al. [139]. Leirset
et al. [140] have compared measurements and FEM simulations of CMUT
element cross coupling in the second generation CMUTs (CMUT 2).

6.2 Capacitor model

As mentioned in 3.2, the CMUT is in principle a parallel plate capacitor with
one fixed-, and one free electrode. In a simple first-order model we neglect
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all electrical fringing fields and membrane curvature, and we assume that all
conductors and contacts are perfect. The CMUT is assumed to be operating
in vacuum, and the restoring forces of the membrane increase linearly with
the deflection.

A voltage, V', applied across the capacitor charges the two plates with
+@ respectively, according to the relation ¢ = S#. The electric energy per

area is thus given by:
RN B
= 5omV" = o
where ¢y, is the per area capacitance, V is the applied voltage, and ¢ is the
charge per area. If we consider a small change of deflection in an isolated
small part of the membrane, the deflection becomes w + dw and the change

of electrical energy becomes:

; (6.1)

dFE
E+dE=F+ —dw . (6.2)
dw

We can thus balance the per area work done by the electrical charge and
the change in electrical energy:

~ dFE
F,d —dw =0 . 6.3
qw—l—dw w (6.3)

We may solve eq. (6.3) for the electrostatic force F, and write:

d d q¢* 2 dew 1, odem
o dy_ 4 @ den  Lppden gy
dw dw2em |—const 20 dw 2 dw
where the per area capacitance, ¢, is found to be:
€0
= 6.5
“m do — Wy ( )

The deflection is denoted wq, ¢ is the permittivity of free space, and the
distance, dp, is a sum of the cavity depth and effective thicknesses of the
material layers between the electrodes, given by:

I

dy = - (6.6)

Erg
where h; is the thickness, and &,; is the permittivity of the material in layer
1. The capacitance of the whole CMUT then becomes:

E()A

Cp = ——dxdy 6.7
p— (6.7)
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initial position, unbiased membrane

I h, vacuum gap
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gottom electroae
substrate

Amembrane deflected by w, due to bias voltage V,

Figure 6.1: Simple sketch of the important geometric parameters of the
parallel plate capacitor model.
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where A is the area of the CMUT. Fig. 6.1 shows an example of a CMUT
with a membrane thickness of k1, a cavity depth of hy and an isolation layer
between the bottom electrode and the cavity of thickness hg.

There are three contributions to the total electrostatic force experienced
by the membrane. Firstly, the force caused by DC-bias Vj, and deflection
wo; Fqg. Secondly, the force due to the small-signal AC-voltage v, qu
contributes, and the third force contribution is caused by the small-signal
deflection w;, denoted qu. The total applied voltage is thus a sum of a
DC- and an AC-signal, given by V = Vj + vsin(wt), and the square of the
voltage is V2 = Vi + 2Vpusin(wt) + v?sin?(wt). The electrostatic force
caused by the DC-voltage is found by substituting Vj into eq. (6.4), and
differentiating ¢, with respect to the deflection wy:

~ V250
Fo=—2"_ . .
q0 2(d0 _ w0)2 (6 8)

The force caused by the AC-voltage is similarly found using eq. (6.4), and
substituting 2Vpv for V:

7 Voveo

v = (dO _ w0)2 (69)

The small-signal deflection w, brings the electrodes closer together, thus
the electrostatic forces are further increased. This is often referred to as
a spring softening effect, since it reduces the effective spring constant of

the membrane. The increase in electrostatic force, Fy,,, can be found by

: 2, d*cm
calculating Vj WG

and results in the following expression:
- M (6.10)
™ (dy — wo)3 :
To express the forces across the whole CMUT, we introduce an area,
A. Since we describe the CMUT as a parallel plate capacitor, the area
must be large for the model to be valid. The electrostatic forces from the
small-signal voltage becomes:

eVpAv
By = 000 gy 6.11
(do — wp)? (6.11)
where "
K, = V0 (6.12)

(do — wo)?
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The forces due to small-signal deflection is given by:

V2 Aw?
F,=—%Y%"" —K,w |, 6.13
(dO _ wO)S w ( )
where 2 0
eV Aw
K,=—°%""_ 6.14
o ay (6.14)

K, is the spring softening effect. This is because effective stiffness of the
membrane is reduced by the added electrostatic forces induced by the small
deflection. From eq. (6.14) it is apparent that an increased DC-voltage will
lead to higher K,,, hence, a larger reduction of the spring constant. A softer
membrane has a lower resonance frequency, and this is easily observed in
measurements. In Fig. 6.2 we see the effect of K, clearly as a reduction
of resonance frequency with increasing DC-bias. In these measurements
an array of 72 x 104 CMUT cells was excited in air, and the impedance
was calculated based on measured reflection coefficient S11, using a network
analyzer (HP8753E, Hewlett Packard).

12

11

10

Real part of impedance [Q]

0 32 36 38

34
Frequency [MHz]
Figure 6.2: Example of spring softening effect in the CMUT membrane.

A CMUT array with 72 x 104 CMUT cells is excited in air with different
DC-bias voltage.

In addition to the electrostatic forces given in egs. (6.11) and (6.13),
there are mechanical forces acting on the CMUT. According to Newton’s
second law the forces needed to accelerate the membrane can be expressed
as

Foee = —w*wM | (6.15)
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where w is the operating frequency, and M is the mass of the membrane.
The restoring forces in the membrane is given by

Fr=—-Sw , (6.16)

where S is the spring constant of the capacitor, expressing the stiffness of
the membrane.

If the CMUT is immersed in a fluid, there are reaction forces from the
fluid which affects the behavior of the CMUT. These forces are expressed
as

B = —jwWZ, (6.17)

where Z, is the acoustic radiation impedance of the membrane. The impedance
can be expressed as a complex sum, Z,(w) = Rq+ jwxa, where the real part
represents the acoustic radiation and losses, and the imaginary part is fre-
quency dependent and corresponds partly to the weight of the fluid which

is excited by the membrane vibration, and partly to the non-radiation lo-
cal deformation at the surface. The imaginary part will, however, only be
present when there is a nonuniform vibration. As long as a uniform plate
motion is assumed, the acoustic impedance will be real and not frequency
dependent.

If we sum all the force contribution we get the following equation:

Fac—Fp—Fy—Fiq—F, = 0 | (6.18)
—w?wM + Sw — Kyw + jowZ, — Kyv = 0 (6.19)

This equation determines the relation between the applied voltage, v, and
the small-signal deflection, w. The voltage can easily be derived as:

po WM 45— Ky + jwZa) (6.20)

K,

To complete the mathematical description of the CMUT we need to express
the current, 7, into the capacitance. The general equation for current into
a capacitance as a function of voltage is i = C %. In this case the capaci-
tance changes as a function of the deflection w, hence, we need to find the
derivative of the capacitance with respect to w. From the derivation of the
forces caused by the small-signal voltage, given in egs. (6.11) and (6.12),
we know that K, is given by Vo%, hence, % = K,/Vp. The current is
given by:

i 0 Cm+6Cn)(Vo +v)

= a(
~ jwCpv + V()Lcmjww , (6.21)
ow

= jwCpv + jwwk,
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When the current and the voltage are found, the total admittance of the
CMUT becomes:

K3
Zo 4 joM + 75 (wor M — Ky)

Y (w) = % = jwCi + (6.22)

This expression forms the basis of the equivalent circuit which we may use to
describe the coupling between the electric and acoustic domain, as described
in the following.

6.2.1 Equivalent circuit

The equations describing the interaction between the electric and acoustic
domain, can also be represented by an equivalent circuit [141], as shown in
Fig. 6.3. This is a classical two-port network with one electrical- and one
mechanical port [142]. The electrical port is given by a small-signal voltage
across a capacitor, Cy,, given in eq. (6.7). The transformer ratio between
the electric and acoustic domain is given by K, and described in eq. (6.12).
The acoustic branch is described by a RLC-series. The transformer ratio

1:K,

1

1/(S-K,,)

__ M-i-)(a

R

a

o

N~

electric part acoustic part

Figure 6.3: Basic equivalent circuit for a CMUT in fluid driven by a small-
signal voltage v. The transformer ratio between the electric and acoustic
domain is K.

between the electric and mechanical /acoustic domain can be included in
the mechanical branch, as shown in Fig. 6.4, and the circuit becomes easier
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gr—/%r—/

electric part acoustic part

Figure 6.4: Basic equivalent circuit for a CMUT in fluid driven by a small-
signal voltage v.

to handle mathematically. The admittance given in eq. (6.22) may be
rewritten to fit with the elements of the circuit, and hence becomes:
1

Y = jwCn + -
jW%a + jwLq + Ra,el

(6.23)

The equivalent inductance, L,, describes the mass of the membrane and
the fluid which it excites. The equivalent capacitance C, is given by the
stiffness of the membrane, which is reduced by the spring softening effect
described previously, and the equivalent resistance, R, ., expresses the loss
in the acoustic branch of the circuit. Mathematically the circuit elements
are given as:

K2

c, = ——v 24
5K, (6.24)
M+ Xa
Rq

Rael = K2 (6.26)

The mechanical resonance frequency of the RLC-series occurs when the
inductance, L,, and the capacitance, C,, cancel each other out (womLg
1/(womCa) = 0). Hence, the total impedance of the acoustic branch at

resonance is Z,,, = Rq.¢. The resonance frequency, wo,, is then found as:

1 IS5 — K,
pu— p— . 6-27
“om = TaCa M + Xq (6.27)
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There are two (Q-values which we can define based on the equivalent
circuit; the mechanical Q-value, @,,, and the electrical @-value, Q;. The
mechanical @ is defined as the ratio of the resonance frequency to the band-
width of the RLC-branch. According to the theory of RLC-series circuits
the @Qm-value is given by [143]:

womLaq _ WOm(M + Xa)

m = 6.28
Q Ra,el Ra ( )
It can also be expressed in terms of C, and R, ¢ as:
1 S — Ky
Qm = = (6.29)

wOmRa,el Cq wom R

A soft and light-weight membrane is preferable in order to keep the me-
chanical @ low.

The electrical @)-value of the equivalent circuit is given by the ratio
between the imaginary and real part of the admittance at resonance, and
expresses the amount of electrical energy stored at resonance:

Im(Y(wgm)) wWom Cm g

el = = mCmRae:
Q= RV (wom) " el K2

(6.30)
A low electrical @-value implies a large real part of the admittance at res-
onance, 1/R, ¢, compared to the imaginary part, womCm. Low Q¢ results
in efficient transfer of energy from the source, v to the load, R ¢

6.2.2 Electromechanical coupling coefficient

The electromechanical coupling coefficient is an important parameter in
transducer design. It gives an indication on how efficient the transducer
transforms energy from one domain to the other. The coupling coefficient
of the CMUT will increase with the bias voltage, and become close to 1 just
before the CMUT collapses. However, if one wants to operate the CMUT
in conventional mode, the bias voltage should be low enough to avoid an
unexpected collapse.

Several authors have discussed the calculation of the coupling coefficient
for CMUT arrays immersed in fluid [62, 137, 144]. We have chosen to follow
the definition of the coupling coefficient in a lumped parameter model from
Caronti et al. [144], which is based on the book by Kinsler et al. [142]. The
coupling coefficient is expressed by the capacitances Cy, and C, as:

B 1 Gy
14+ Cn/Cy Cy+4Ch

k? (6.31)
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From this expression we see that it is also possible to express the electrome-
chanical coupling coefficient in terms of the @Q)-values given above:

1
B 1+ Qerl

The ideal transducer has an infinite bandwidth and zero insertion loss.
Since such requirements are impossible to fulfill, we rather aim for a wide
bandwidth and low insertion loss at the resonance frequency. Wide band-
widths and low insertion loss require low mechanical and electrical ()-values
respectively. Thus, we would like the coupling coefficient to be as close to
1 as possible

It is important to be aware that the given definition of the electrome-
chanical coupling coefficient is valid only when the circuit given in Fig. 6.4
is a precise description of the operation of the CMUT. This is the case at low
frequencies, since the first order mode will dominate, and the equivalent cir-
cuit will be rather accurate. At higher frequencies several membrane modes
will contribute to the total membrane motion, and hence, an accurate model
requires several coupled equivalent circuits. The determination of Q-values
and coupling coeflicients becomes more complex. A CMUT model which
includes the excitation of higher order modes will be further discussed in
Sec. 6.3.

k2 (6.32)

6.2.3 Collapse voltage

As stated in Ch. 3.2, the CMUT membrane will collapse onto the bottom
electrode if the electrostatic forces induced by the applied DC-bias becomes
larger than the restoring forces in the membrane. To find the collapse
voltage, we may consider a CMUT which operates in vacuum, and hence, is
mechanically unloaded, and disregard the time dependant variables of the
equation. The basis is the force balance stated in eq. (6.19). However, since
the CMUT is unloaded, Fj;q is set to zero. Since the acceleration force, Fycc,
is time dependant, it is also set to zero. Thus the force balance becomes:

—F—F,—F,=0 . (6.33)

If we simplify the expression further, and disregard the spring softening
contribution, F},, the force balance becomes:

—Ff—F, = 0 |, (6.34)

V2€0A
Swy— —2=2 = 6.35
Y07 2(do — wp)? ’ (6:35)
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where the expression for F), is the force caused by DC-voltages and based
on eq. (6.8). Since we are considering a static case, with no small-signal
contributions, we use wg to denote the deflection. The required voltage, Vg,
needed to obtain the deflection wq is hence:

. QSwo
Vo =4/ oA (do —wo) - (6.36)

The membrane displacement at the collapse voltage can be found through
solving dVp/dwy = 0, and becomes:

do
Weollapse = 3 . (637)
This results in a collapse voltage:
85d3

V;:ollapse = 2760A (638)

From this expression it is apparent that an increased gap dy results in larger
collapse voltages. To prevent the CMUT from shorting when it collapses,
an insulator layer is placed on one or both of the electrodes. This causes
the membranes to stay in the collapsed position until the voltage is reduced
enough to release the membrane. This voltage level is referred to as snap-
back voltage. This is illustrated in the hysteresis curve in Fig. 6.5.
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Figure 6.5: CMUT hysteresis.[75]

6.3 Complete analytical CMUT model

The CMUT model which is the basis for the simulations presented in this
thesis, is described in the following section. The method, first developed
by A. Rgnnekleiv [1], has been used in all the published papers which are
part of this thesis [145-150]. The model is an extension of the previously
described capacitor model (Sec. 6.2).

The method allows us to analyze infinite CMUT arrays, where each
element may consist of several CMUT cells. The acoustic coupling between
vibration modes excited in a single CMUT and between neighbor CMUTs
through the fluid medium, is taken into account. An important aspect of
this model is that the various vibration modes of the single CMUT are
orthogonal. Hence, forces caused by the excitation of one mode, will not do
any work on any of the other modes. However, the coupling between the
various vibration modes and between neighbor CMUTs is described through
an acoustic impedance matrix.

In the implementation of the model, the DC-deflection and AC-vibration
modes of circular single CMUT membranes are calculated independent of
neighbor CMUTSs, adjacent medium and backing materials. The general
properties of a single CMUT are also independent of the excitation fre-
quency, and must therefore only be calculated once. This approach saves
computation time. However, the acoustic impedance matrix describing the
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coupling between modes is dependant on the excitation frequency of the
array and on the geometric layout of the array.

In the initial description given here, we assume that the CMUTs are laid
out in an infinite periodic grid. However, it is possible to break the element
period by introducing extra distance between elements, as shown in Fig. 5.5.
In such cases the distance between CMUTs within the element is different
from the distance between CMUTSs in neighbor elements. This is treated
in Paper III and VII, and an explanation of how these special layouts are
modeled is given in the end of Sec. 6.3.2. In the initial model we assume
that the supporting structure of the CMUT is fixed, hence, the bottom wafer
may not vibrate because of excitation of the CMUTs. However, substrate
ringing may also be included in the model, and a description of how this is
done is given in Paper VI.

The description of the model is divided in two parts, first we describe
the single CMUT model, and how the static DC-deflection and the various
vibration modes are found. This is followed by a section on how the interac-
tion between the CMUT array and the fluid is calculated, and how CMUTs
are electrically combined into larger elements. The implementation of this
model was done in Matlab (Mathworks Inc.).

6.3.1 Model of single isolated CMUT

The CMUT is modeled as a circular symmetric structure, which consist of
a bottom silicon substrate, a cavity of defined and constant depth, a mem-
brane, that may consist of several layers, and top- and bottom electrodes
that may cover only parts of the total membrane area.

Deflection caused by DC-bias

To calculate the membrane’s radial mode profile when it is biased, simple
plate theory is used, including bending stiffness and stretching force. As
an approximation, these are assumed to be uniform and isotropic in the
zy-plane. The supporting structure at the outer radii of the cell is assumed
to be fixed with zero tilt. The equations describe the relation between
the mechanical forces in the membrane, and the applied pressure from the
surroundings. The equations are based on those presented by Karasudhi
[151], and the first is the field equation, which is a fourth order differential
equation for a static deflection:

DV*wpc — TV?wpc =P (6.39)
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where T is the tensile force in the membrane, P is the sum of the force
contributions from the pressure from the surroundings and the electrostatic
force induced by the DC-voltage. We assume that P is circular symmetric.
D is the bending stiffness of the membrane.

The homogenous 4th order differential equation, (P=0), has four linearly
independent solutions. For circular symmetric membranes the solutions can
be expressed as modified Bessel-functions of first and second kind, w; =
Iy(kr) and wy = Ky(kr), where k = \/T/D. In addition, there are two
solutions which does not involve the Bessel-function. It can easily be verified
that the constant, ws = 1, and the natural logarithm, wy = In(r) are
homogenous solutions to eq. (6.39). In the center of the CMUT (r =
0) we can only use the solutions which are finite at » = 0. This is true
for the modified Bessel-function of first kind, Iy and the constant 1. The
modified Bessel function of second kind, K, and the natural logarithm,
In(r), diverges as r becomes 0.

A particular solution, (P # 0), is given by w, = 7{;’: 2. This can easily
be verified by inserting w,, into eq. (6.39).

The DC-deflection profile, wpc, is found along a radial line of the circular
CMUT. The line is divided into a fixed number of elements, and we assume
a constant mass, stiffness and external load on each element. There are
four continuity conditions which must be fulfilled between each element;
continuous deflection, w, continuous gradient of deflection %7 continuous
moment(torque), M,, and continuous shear force, V., as illustrated in Fig.
6.6.
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Figure 6.6: In the modeling of the CMUT, the circular area is a number of
divided into concentric rings, as illustrated.

Dividing the circular membrane into concentric rings allows us to intro-
duce variations in the external load and the geometry along the radius. It is
for instance possible to include the top electrode in only parts of the mem-
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brane area, or vary the thickness of the electrode or membrane as a function
of the radius. The electrostatic forces are only induced in the area where the
top- and bottom electrode overlap. A limitation is, however, that we assume
a circular symmetric geometry. In order to model devices such as CMUT 1,
which has four electrode fingers stretching from the center electrode to the
perimeter of the membrane, we need to make some approximations. This is
described in Paper VII.

The equations describing the bending moment, M,., and shear force, V..
in cylindrical coordinates are as follows [151]:

d*wpc

M, = —-D (1—1/)87,2 + vV2%uwpe| (6.40)
% ——DQN% ) (6.41)
ro= or DC . :
The bending stiffness for a single layer is given by:
En?
D= ——-—+ . 42
12(1 - ) (642)

where v is the Poisson’s ratio, E is the Young’s modulus and A is the
membrane thickness. For a CMUT with a membrane consisting of several
layers, the neutral axis of the stack must be found before the total stiffness
can be calculated. With two layers, the distance, e;, from the bottom surface
to the neutral axis is given by:

(B8 4+ Baha(hy + 12)
D) 2162\/1 D)

b (E1hi + Eshs) (6.43)
The total stiffness then becomes:
1 (Elh“;’ + Egh%) h1 2 h2 2
D= E - — E —hy — =
= ( T +hiEi(er — 5 )" + haBaler — hi = =)
(6.44)

The total force P is calculated as the sum of the electrostatic forces
induced by the applied DC-bias, described in eq. (6.8), and the ambient
pressure, equal to the atmospheric pressure. The tensile forces in the mem-
brane, denoted as T', is the sum of built-in stresses which are induced in
the fabrication process and the total stretch force due the deflection of the
membrane.

The deflection is found for a series of DC-voltages, and an example of
the results which may be obtained is shown in Fig. 6.7. The cavity depth is
82 nm and with a silicon nitride membrane of 100 nm between the vacuum
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gap and the top electrode, the effective gap, dp, according to eq. (6.6)
becomes 98.4 nm. The permittivity of silicon nitride is assumed to be 6.1.
The maximum deflection before collapse, Weollapse, is 32.8 nm according to
eq. (6.37). The collapse voltage of this structure is 57 V, and we see that
the deflection at 55 V is about 29.5 nm, which is close to collapse.
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Figure 6.7: The DC-deflection of a CMUT at DC-bias from 1 V to 55 V.
The cavity depth of the CMUT is 82 nm.

When the DC-deflection is known, the capacitance between the top and
bottom electrode, Cy,, may be derived as described in eq. (6.7), however,
if the electrode area is only covering part of the area of the CMUT the
capacitance becomes:

€0

Ch = dxdy . 6.45

(e (6.45)
electrode

Fast transversal changes in the distance between capacitor plates and the
build up of charges on the edges of the plates are disregarded.

CMUT vibration modes

In addition to the DC-bias, a time varying AC-voltage is also applied to
the CMUT in transmission. This will lead to harmonic vibrations of the
membranes. A number of different vibration modes may be excited in the
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circular CMUT membrane at the same time, and the total motion is a sum
of contributions from different eigenmodes. Each of the eigenmodes have a
different resonance frequencies and resonance profiles, and the frequency of
the AC-signal and the distribution of the excitation forces will determine
which mode dominates the membrane motion. In the following section we
will show how the effective mass, effective stiffness, deflection profile and
resonance frequency of the various modes are found.

The eigenmodes are chosen to be the modes of a free circular CMUT
membrane with fixed support, unaffected by external acoustic or electric
pressures. In this situation the modes are orthogonal with the following
scalar product:

/mawmwndA = OmnM, . (6.46)
A

Here A is the membrane area, w,, and w, are the normalized deflection
profile of mode m and n respectively, and m, is the mass per unit area of
the membrane. This may vary over the membrane. d,,, is the Kronecker
delta equal to 1 when n = m, otherwise zero. M, becomes the effective
mass of mode n, provided that a proper definition of the force acting on
mode n is used.

When we calculate the mode profiles, we assume that all the vibration
modes included in the model have deflection only in the vertical direction (z-
direction). Modes with velocities in the transverse direction do not radiate
into an adjacent fluid and are normally not excited. Thus, the only force on
the CMUT from the surrounding medium is the normal stress T... In Paper
VII we model a situation where a soft lossy material has been added on top
of the membrane. In that case we also account for transverse velocities,
V; and V, and include shear stresses, T}, and T).. That is, however, not
included in the model presented in this section.

The total vibration profile of mode n is given by Wyw,(x,y), where
wp(z,y) is the deflection profile of the mode, normalized to have a peak
amplitude of 1, and W, is the maximum deflection of the same mode. In
order to solve the field equation for the harmonic vibration modes, w,, we
need to take the frequency into account. The equation given in eq. (6.39)
is hence expanded with a frequency dependant term and becomes:

DV*w — TV?*w — W’ Muw =0, (6.47)

where w in this case represents the deflection W,w,. The equations repre-
senting the bending moment, M,, and shear forces V, remain the same as
given in eqs. (6.40) and (6.41). Since we are looking for resonant solutions,
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there is no external load working on the structure, hence, there are no par-
ticular solution. The parameters D, T, M,, and, w are circular symmetric.
The equations are solved in a similar manner as for the static case, but in
this case both regular and modified Bessel functions of order 0 to p are used.

A range of frequencies are searched through in the computation pro-
gram to find the resonance frequencies and vibration profiles of the modes
corresponding to the order of the Bessel functions used. In our work we
have included p = 0 and p = 1. The vibration modes which are found are
denoted by (p, a), where p gives the order of the involved Bessel function,
and a gives the number of radial lobes in the vibration pattern. The vibra-
tion profiles with p > 0 may have two different angular dependencies which
are orthogonal; namely sin(pgp) and cos(p¢p), where ¢ is the angle between
the radius and the x-axis. The normalized profiles of the first three modes,
(0,1), (0,2) and (0,3), can be seen in Fig. 6.8, and the normalized velocity
profile for the same modes are shown in Fig. 6.9.

1

o
n

Normalized deflection
o

-0.5

Radius (um)

Figure 6.8: Deflection profile of three modes. The blue line is the (0,1)
mode, the green line is the (0,2) mode and the red line is the (0,3) mode.
These modes does not have any angular variation, as is shown in Fig. 6.9.

Vibration modes with angular dependency are also found, and in Fig.
6.10 the two orthogonal velocity profiles of mode (1,1) are shown. They
vibrate in an antisymmetric fashion, and are hence not efficient when it
comes to radiation of waves into the fluid. Thus they will harm the overall
response from the array at their resonance frequency. For a collapsed mode
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Figure 6.9: Velocity profile of the first three modes.

CMUT, it has been shown that the (1,1) mode becomes dominating at large
steering angles, and affects the response of the array at approximately twice
the center frequency [1].

Figure 6.10: Two orthogonal velocity profile of mode (1,1). Both of them
vibrate in an antisymmetric fashion.

Based on the calculated velocity profiles, w,,, the effective electrostatic
forces induced by the small-signal voltage and the small-signal deflection,
may be found. The forces are given for a parallel plate capacitor in egs.
(6.11) and (6.13), and we calculate the effective forces for each mode by
introducing the vibration profile w,, into the expressions for K, and K,
and integrate over the area of the electrode:

(v) _ 80‘/0wndA
Ka / (Shi/el) —wpe)? (648)
electrode v DC
KW / Vg Wt dA (6.49)
) (Shi/e’ —wpe)?

electrode
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The DC-deflection is denoted wpc. From eq. (6.49) we see that a small
deflection in mode n will not only affect the forces on mode n, but it will
also affect the electrostatic forces on mode m.

The effective mass of the membrane depends on the mode of vibration,
and when the vibration profile is known, we may calculate the effective mass
for each mode as:

Meg n = / Muw?dA (6.50)
A

where M = > p;h;, h; and p; are the thickness and density of the mem-
brane and electrode layers. When the membrane has a top electrode which
does not cover the entire membrane, the calculation of the effective mass is
divided into an inner and an outer part, which are summed. The effective
stiffness of the membrane is calculated based on the mass and resonance
frequency in free space, wy,, of each of the modes:

Seff,n = eﬁ",nwy% . (651)

The resonance frequency, wy, effective mass, Mg, and coupling pa-

rameters, KT(LU) and KT(LW% for the CMUT model described in Paper VII is
given in Table 6.1 and 6.2.

Table 6.1: Resonance frequency, effective mass, and coupling parameter,
KT(LU) for selected modes for the CMUT used in Paper VII.

Mode no.  wy /21w Mgy K,(lv)

n=(,) (MHz) (10-"g) (uN/V)

(0,1) 3591  33.25 1.75

(0,2) 152.93 18.19 -0.67
(0,3) 355.22  12.26 -0.02
(1,1) 73.26  33.04 0

The reaction forces from the fluid were described as a complex sum in
eq. (6.17) for a parallel plate capacitor. In order to account for the acoustic
coupling between the various modes, we need an acoustic impedance matrix,
denoted as Z,(Lfr,lfi). It contains the self and mutual acoustic impedances for
each of the eigenmodes of the membrane, and is given by:

Z&mﬁ):jlw / tme,dA (6.52)
b w n b

mem.
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Table 6.2: Coupling parameters, Kq(lwn)z for selected modes for the CMUT
used in Paper VII.

Mode no. Kq(lwn)l (kN/m)

n=(,) m=(0,1) m=(02) m=(03) m=(11)
0.1) 1.02 20.45 0.06 0

(0,2) -0.45 0.34 -0.20 0

(0,3) 0.06 -0.20 0.24 0

(1,1) 0 0 0 0.54

me . .
where tizn) is the normal tension on the membrane surface from the sur-

rounding medium caused by the small-signal velocity, jwW,w,. The driv-
ing force on mode m from the fluid, equivalent to eq. (6.17), is ijan(nr?ﬁ).
How the normal tension is calculated will be explained in the next section.
From eq. (6.52) we see that the tension caused by one mode, influences the
acoustic impedance that gives the reaction forces from the fluid to the other

modes.

When balancing all the forces in a similar manner as in eq. (6.19) we
find the deflection of each mode, W,,. This is a quadratic matrix equation
of dimension equal to the number of included eigenmodes:

diag(Megrn) (w? — w2) — K®) + jwz,(;j;,?] Wp=KY . (6.53)

n,m

It is also possible to expand this system of equations to include vibrations
of the supporting structure. This is described in Paper VI. The acoustic
impedance matrix may also include the effect of damping layers added on top
of the CMUT membrane. Such layers will change the normal tension, ¢, ,,
experienced by the membrane from the fluid, and hence, alter the coupling
of acoustic modes and also the coupling between adjacent CMUTs.

The equations given in egs. (6.19) and (6.53) are quite similar. The
main difference is that eq. (6.53) takes several vibration modes into account,
whereas in eq. (6.19) there is an assumption that the membrane deflection
is parallel to the bottom substrate. If we were to use equivalent circuits
to describe the multi-mode case, we would need several circuits which are

coupled through the acoustic impedances given in ngﬁ).

The current, %, into the capacitance Cyy,, as a function of the small-signal
voltage v and the amplitudes W,,, is needed to complete the description of a
biased, vibrating CMUT. Similarly to eq. (6.21), we can express the current
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into CMUT as a function of the amplitudes of all the excited modes as:

0
=5 I
= z’owv + 1w Z WnK»ELU) ;

1

C +0Cw)(Vo +0)]
(6.54)

where §Cy, is the changes in electrode capacitance caused by the membrane
vibration. The contribution from the §C,v is disregarded because it is very
small compared to the other contributions. Note that the subscript m in
Cin refers to the membrane and not the mode m. The total admittance of
the CMUT can hence be found from Y = i/v.

6.3.2 Connecting the CMUTSs with the environment

We assume that the CMUT array is immersed in fluid. In Paper IT and VII,
we include a damping layer between the membrane surface and the fluid,
but in the general description given here, we assume that the membranes
are in direct contact with the fluid.

As described in the introduction of this section the basis for this model
is that the CMUTs are laid out in an infinite periodic array. This allows
us to use Fourier transform methods to analyze the CMUT-fluid interface.
However, in Paper III and VII we introduce what we denoted as double
periodicity, which means that the distance between CMUTSs in adjacent
elements is larger than the distance between the CMUTs within the same
element. This is illustrated in Fig. 5.5. In the general description of the
interaction between the CMUTSs and the fluid, we assume that the distance
between all the CMUTs is the same throughout the array. How the added
distance between elements is included in the model is described at the end
of this section.

The vibration mode profiles described in the previous section (shown in
Fig. 6.8), is the basis when we model the interaction between the CMUT
and the surrounding medium, and the coupling between neighbor CMUTs.
From eq. (6.52) it follows that we need to find the normal tension, tgzrf),
acting from the fluid on the membrane surface, when the membrane is vi-
brating in mode /. As mentioned in the previous section, the tension caused
by one mode acts on all the other orthogonal modes as well, and the cou-
pling between the modes is described through the impedance matrix, Zq(nlflﬁ).
However, the total pressure on one CMUT is not only dependent on the
vibration of the various vibration modes of the same CMUT, but also on
the vibration mode of the neighbor membranes.
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We assume that the CMUT cells are laid out in an infinite periodic
pattern, with periods (cell pitch) L, and L, which are aligned with the z-
and y-axes. We will calculate the response from the array when it is trans-
mitting waves to angles oblique to the z-direction. To achieve skew angle
transmission, phase shifts of —K,L, and —K,L, between adjacent cells or
elements are introduced. In the implementation of the infinite periodic ar-
ray, we calculate the transfer functions for an array of M, by N, cells in the
2- and y-directions, which is assumed to represent the period of the infinite
array, as illustrated in Fig 6.11. M, is usually chosen to be between 240
and 480, and if we chose to steer the beam perpendicular to the direction
of the linear array elements, we may use N, = 1. We calculate the k-space
velocities and pressures for all discrete combinations of K, and K,, given
by:

P
Ky =T Shere — M, /2 < mq < Ma/2 |
M,
sl (6.55)
K, = ;[ , where — N, /2 <n, < N,/2
a

Because of the periodicity of the array, the velocity of the acoustic wave
from the CMUT into the fluid at the membrane surface can be expressed
as:

v (2,y,0) = 0P (z,y, 0)eKer vy (6.56)
where
vgp) (z,9,0) = vgp)(x +mLg,y+nlL,,0) . (6.57)

m and n are independent arbitrary integers, and the superscript (p) is used

to express that the velocity is periodic. The velocity profiles across the

CMUT, ng) (x,y,0) is taken to be the normalized profiles found previously.

Fig 6.9 shows the velocity profiles of the first three mod(es)7 and Fig. 6.10
p

shows two antisymmetric velocity profiles. The velocity v, is periodic and
can hence be written as a sum of Fourier components:

(x,9,0 Z k®). ny))e_ikg’%)”x_ik%)y , (6.58)
where
kg’%: 22:”, Wherem:O,1,~--,M;l,—g,—%+l,-~-,—2,—l ,
kf};) = 2;:, where n =0,1,- - -, Mgl,—%,—%—i-l,- ,—2,—1 |

(6.59)
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Figure 6.11: a) Illustration of a single CMUT with size L, x L,.. b) Illustra-
tion of the M, by N, cells which form the period of the infinite array. This
is done to model phase-shifts between neighbor elements for off-axis beam

steering. ¢) Illustration of the infinite array, which is periodic with the area
shown in b) as the period.
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The value of M and N have been chosen between 50 and 26 in this work.
Large M and N will increase the accuracy, but also the computation time.
This is actually an inverse Fourier transform, since we use the negative k-
vector in the exponential. When we combine the equations from eqs. (6.56)
to (6.59), the expressions for the actual k-vectors in a- and y-directions are
given by:

2
kxm:kg;;)@"’_K:c: Trm+Kx )
@ 6.60)
2mn (
kyn:kz(/%)"‘Ky:Ty"‘Ky

To ease the calculations somewhat, we define a coordinate system where
the z- and y-directions are combined in a z’-direction. The velocities and
pressures we are seeking will not depend on the 7/-direction. This can be
done since the materials above the membrane are isotropic and uniform in
the x- and y-directions. The k-vector along the membrane surface hence

becomes:
ky = /K2, + kzgn . (6.61)

The Fourier transform of the velocity in the z-direction will then be denoted
‘/Z(kx’ )

To find the pressure working on the membrane, we start with the wave
equation for a viscous fluid and the stress tensor in the fluid, 7;; [152]:

iwpV = V[ep+ @ +9)V-V]+9v2V | (6.62)
Ve ovi | 9V;
T = [ p—l—naxk dij + 1 oz, +3xi , (6.63)
p = %V-V . (6.64)

The pressure in the fluid is denoted as p, and gives the isotropic pressure
without influence of the viscosity. An alternative definition of the pressure,
P, which takes viscosity into account, used in Paper VII, where p = — (T, +
Tyy+T--)/3. Note that it is only the contribution from the longitudinal wave
which should be included. The constants 7, " and 7 are the shear viscosity,
dynamic viscosity and stiffness of the fluid, respectively. The stiffness, v
is given by pc?, where p is the density and c is the longitudinal velocity of
sound in the fluid.

An excitation from a velocity in the z-direction in the fluid at z = 0 will
lead to a longitudinal and a shear wave with velocities at z = 0 equal to Vjg
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and Vo excited in the fluid. Both have k,, = 0 and they have the same k..
The waves may be expressed by:

k' ksz — — /

V), = [Vloe_k“ + Vio ’W]e Far®® (6.65)
klO ks[)
ki, _ kyo )

‘/Z/ _ |:‘/l0 l ki.z ‘/8076 kszz:| e kyrx ) (666)
k?zo kso

The equations given in eqgs. (6.62) to (6.64) are all for real space. As we
look at the interface between a fluid and a solid material, and examine each
Fourier component, we may introduce the k-space velocities, eqs. (6.65) and
(6.66), into egs. (6.62) and (6.64), and derive the following expressions for
Ko, kiz, kso, and kg.:

w2p
klO = )
¢ +iw(n’ + 2n)

ki = kz20 ki/ ’
(6.67)
kso = _iwp )
n

To find an expression for the normal stress and fluid pressure at the surface
(z =0) we put egs. (6.65) and (6.66) into egs. (6.64) and (6.63), and obtain
the following expression for P’ and 77, at z = 0:

2 2
¥ km/ + klz
p|_ =21 .
o= <Vlo e , (6.68)
. 2k ks
TZ/Z‘z 0o~ |:( L +”7) (k§’+kl2z)+l277kl22} ko —Vio +1in Z'O Vso

= C1Vio + CaVyg
(6.69)

Both of these expressions should be multiplied with e=%2'*. As long as the
CMUT membrane is in direct contact with the fluid, we assume that the
membrane is infinitely stiff in the z’-direction relative to the fluid, hence,
the membrane velocity in the 2’-direction V!, = 0 at z = 0. This allows us
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to calculate the tension simply as:
Crkioksz — Cokyrkso

T (ky) = V/(ky) 6.70

ZZ( ) klzksz_'_ki/ Z( ) ( )
k2 ks

Plhy) = —- L0082 oy sy (6.71)

w(kizks: + k2) 2

where V/(k,/) is the Fourier transform of the real space velocity profile given
in eq. (6.56). T, is calculated for each of the vibration modes, and the real
(me)

space tension, t1,y,, can be found using inverse Fourier transform. Hence,
the self and mutual acoustic impedance, Z,(ff;,f), for the different eigenmodes
of the membrane can be calculated according to eq. (6.52), as the sum of the
normal tension across the membrane, weighted by the velocity profile. The
impedance will vary along the array when the beam is steered off broadside,
because of the k,/-dependency of tgf%) When the impedance is found, the
membrane deflection of each eigenmode can be calculated according to the
system equation (6.53) given in Sec. 6.3.1. From eq. (6.54) we may also
calculate the harmonic admittance Y,.(K,, K,,w) as i/v.

To find a transfer function from the input voltage on the CMUT to total
transmitted pressure from the array, we use only the first Fourier component
of P(kzm, kyn,w), which corresponds to the radiated pressure, if L, and L,
are both less than half a wavelength in the fluid. This component is denoted
P(K,, Ky,w) for mode I. To find the total pressure, we need to sum over

all the vibrations modes, hence, the total radiated pressure is:

Po(Ky, Ky,w) = Y W P(Ky, Ky,w) (6.72)

where W is the vibration amplitudes found in eq. (6.53). Note that P, is
the output pressure from a driving voltage of 1 V if v=1V is used to find
Wi in eq. (6.53).

Transmitted power into the fluid

To calculate the transmitted power, we need to define the electrical source
impedance, R which is coupled in series with each CMUT. We assume that
there is a voltage source, Vp, driving the CMUT. The voltage across the
CMUT is given by:

B Vo

T RY (K, Kpw)+1

(Y

(6.73)

!There is an error in [1]: The right side of the equation for P’(k,/) in eq. (23) should
be divided by w.
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where Y.(K,, K,,w) is the harmonic admittance of the CMUT. Fig 6.12
shows a simple sketch of the driving voltage, source impedance and CMUT.
The total available power from the voltage source, based on root mean

Rs CMUT i
| — °
I e
Vo v

1/Yc

Figure 6.12: A simple circuit illustrating the CMUT with impedance 1/Y,
driven by a voltage Vjy and with a source impedance Rj.

square values is Powery, = V7 /(8Rs).

In order to express the transmitted pressure as a function of the driving
voltage v we multiply with the pressure for a driving voltage of 1 V, P, and
get:

Pyt = Pv (6.74)

where v includes the effect of the voltage division between the CMUT and
the input resistor. The power transferred from the CMUT into the fluid
medium outside is then given by:

P2 A,

Powergyt = % , (6.75)
a

where Z, is the acoustic impedance of the fluid medium, and A, is the
effective aperture of the element. As the beam is steered to an off-axis
direction the area becomes Ay = Acos 6, where 0 is the steering angle and
A is the total element area. To find an expression for the efficiency of
the CMUT transducer, we calculated the relation between the transmitted
power and the available power:

Powergyy 4P, ApRs
Powery,  Z,(RsY.+1)2

(6.76)

Fig. 6.13 shows an example of transmitted power in dB from an infinite
CMUT array to plane waves radiated into water. In this array each element
only consist of one infinite line of CMUTs.
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Figure 6.13: An example of transmitted power from an infinite array of

single CMUTSs into water. (The CMUTSs are the same as the ones used in
Paper VIL.)

Combining several lines of CMUTSs into elements

The method of harmonic transfer functions also opens for the modeling of
an infinite array where several infinite lines of CMUTSs are connected into
elements. We choose to align the elements along the y-axis, hence, phase
shifts between neighbor elements caused by off-axis steering will be given
by K, . Fig. 6.14 illustrates how the infinite lines of CMUTSs are combined
into elements which are aligned along the y-axis.

If the ultrasound beam is steered off broadside, the driving voltage on
each CMUT inside the same element should be the same, but there will be
phase shifts between the voltages on adjacent elements. Since the phase
shifts are between each element, and no longer between every CMUT, K,
given in eq. (6.55) will become:

Mel 27T

Ky = —1el5T
we Ma/ncmut

, where — My /(2nemut) < mel < Ma/(2nemut) , (6.77)

where nemyt is the number of CMUT lines per element and me is an integer.
The discrete excitation is given by:

Vex (1) = Vpe~ Hea® (6.78)

We find the discrete voltage spectrum, Vex (K o1, w) by inverse Fourier trans-
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Vel,1 Vel Vel 3

Single periodicity array

Figure 6.14: Illustration of the combination of infinite lines of CMUTSs into
elements. In the implementation of the model we have chosen to align
the elements along the y-axis, and only steer the ultrasound beam in the

z-direction.
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forming the voltage distributions in the array:

%X(Kx,ela w) = S(Uex(.ﬁ)) . (679)

The currents are found by Fourier transforming the admittance, Y., multi-
plied with Vey:

ic(m,n) =§ " {Ye(Ky, Ky,w)Vex(Kpel,w)} . (6.80)

The harmonic admittance of the element is found by summing the current
in each CMUT in the element, and dividing by the voltage, ve, on this

element: . )
ie(m,n
Y = _ ) 6.81
1 ;ﬂ[ )] (6.:81)

The harmonic transfer function from voltage to pressure for the elements is
found as:

Po(Ky, Ky,w) = Po(Ky, Ky, w)Vex (Kg, Ky,w)/|vel] - (6.82)

When the harmonic pressure and admittance is found, the efficiency of the
array can be calculated as in eq. (6.76). An example is shown in Fig. 6.15,
where we see that there are high Q resonances in the frequency range below
the center frequency of the transducer.

35
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Figure 6.15: An example of transmitted power from an infinite array where
two and two infinite lines of CMUTSs are combined into elements.

A possible way of reducing these unwanted effects is to introduce a
lossy layer on top of the CMUT, or by introducing low electrical source
impedance, Rs. This is described in Paper VII.
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Introducing double periodicities

Instead of connecting CMUTSs into elements in k-space, as described above,
it is possible to combine them in real space. This also makes it possible to
include extra distance between elements, as illustrated in Fig. 5.5. When
the acoustic impedance matrix is calculated, the period defined as L, does
not only include a single CMUT, but the width of a whole element, as shown
in Fig. 6.16. The result is that the deflection, W,,, must be calculated for
each mode and each CMUT within the element, thus it is a somewhat more
time consuming approach. If many CMUTs are included in each element,

added element distance

Figure 6.16: Illustration of two adjacent elements, each with two CMUTSs
in the z-direction and added distance between the elements.

and many modes are included for each CMUT, the processing time increases
substantially. However, arrays with two or three CMUTSs per element, and
an element distance equivalent to the width of one CMUT, the analysis of
the frequency range of interest and steering angles from 0° to 45° only takes
a few minutes. If no extra distance is added between adjacent elements,
this method produces exactly the same results as the Fourier based method
described above.
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Chapter 7

Summary of included work

I Backing Requirements for CMUT Arrays on Silicon
Sigrid Berg and Arne Rgnnekleiv
Proc. IEEE Ultrasonics Symposium, 1952-1955,(2005)

This paper describes the modeling of well backed CMUT arrays with a
center frequency around 3.5 MHz. The motion of the silicon substrate
caused by the membrane excitation is included in the CMUT model.
Three different crystal direction of silicon are compared, and we investi-
gate the importance of limiting the thickness of the silicon substrate in
order for the backing material to damp the generated surface acoustic
waves, and hence limit the coupling of such waves into the fluid. This
work is followed up in Paper VI.

IT Reducing Fluid Coupled Crosstalk Between Membranes in
CMUT Arrays by Introducing a Lossy Top Layer

Sigrid Berg and Arne Rgnnekleiv
Proc. IEEE Ultrasonics Symposium, 594-597,(2006)

This paper described the investigation of how local resonances in the
CMUT-fluid interface affect the CMUT array response, and how the
introduction of a thin layer of a lossy material may damp the effects of
such resonances significantly. Through simulations we also show that
it is feasible to add an additional stiff coating for protection, without
reducing the positive effects of the damping layer. The issues brought
up in this work are further investigated and discussed in Paper VII.
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Reduction of Crosstalk in CMUT Arrays by Introducing Dou-
ble Periodicities

Sigrid Berg and Arne Rgnnekleiv
Proc. IEEFE Ultrasonics Symposium, 2155-2158,(2007)

This paper describes CMUT array models with 3, 6 and 8 lines of
CMUT cells in each element. We compare the CMUT-fluid crosstalk
from arrays with single and double periodicities, and show that intro-
ducing an added distance between array elements reduces the high-Q
resonances generated in the CMUT-fluid interface at the frequencies
closest to the center frequency of the array. However, the dip in the
response is increased at lower frequencies, and for arrays with double
periodicity, the response is affected by the CMUT-fluid resonances even
at broadside transmission. Single vs. double periodicities is further dis-
cussed in Paper VII.

Co-optimization of CMUT and Receive Amplifiers to Sup-
press Effects of Neighbor Coupling Between CMUT Elements

Sigrid Berg, Trond Ytterdal, and Arne Rgnnekleiv
Proc. IEEE Ultrasonics Symposium, 2103-2106,(2008)

The paper argues that co-optimization of CMUTs and the receive am-
plifiers is an efficient way of reducing the effect of the dispersive guided
modes which are caused by resonances in the CMUT-fluid interface.
Transimpedance Amplifiers (TIAs) and Charge Sampling Amplifiers
(CSAs) are proposed because the input impedance level easily can be
adjusted. Simulations show that a low impedance path between the
CMUT and the receive amplifiers results in suppression of the crosstalk
effects, and that even though there is an impedance mismatch between
the CMUT and the electronics, the noise figure is at an acceptable level.
The use of a low impedance path is further discussed in Paper VII.

Measurements of CMUT Neighbour Coupling Resonances in
Fluids of Different Viscosities

Sigrid Berg and Arne Rgnnekleiv
Proc. IEEE Ultrasonics Symposium, 435-438,(2010)
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VII

This paper compare measurements and simulations of the input admit-
tance of two different CMUT arrays in air, kerosene and rapeseed oil,
when neighbor elements are excited with 180° phase difference. The
comparison shows that the model is well suited to describe the CMUT-
fluid interaction. The model is further used to simulate the response
from CMUT arrays radiating at 0°, 30° and 45° off broadside i water,
kerosene and rapeseed oil, and low and high impedance paths between
the CMUT and the transmit electronics are compared. Parts of the
measurements of this work are also presented in Paper VII.

Acoustic Backing in 3-D Integration of CMUT With Front
End Electronics

Sigrid Berg and Arne Rgnnekleiv

IEEE Transactions on Ultrasonics, Ferroelectrics and Frequency Con-
trol, vol. 59, mo 7, pp. 1537-1549, July 2012

This paper describes the modeling of 30 MHz CMUT arrays mounted
on top of three additional silicon layers (for integrated circuits). The
stack is modeled with an epoxy-tungsten composite acoustic backing,
and three different bonding techniques are compared. We show that
the total silicon thickness should be lower than 100 ym and that fusion
bonding is the most suitable bonding method in order to avoid negative
effects on the transmit pattern from surface acoustic waves generated
in the silicon substrate.

Neighbor Coupling Resonances in CMUT Arrays Immersed
in Fluids

Sigrid Berg and Arne Rgnnekleiv

Submitted to IEEFE Transactions on Ultrasonics, Ferroelectrics and Fre-
quency Control, 21. March 2012.

In this paper we present a validation of the method of modeling the
CMUT-fluid interaction. This is done by comparing measurements
and simulations of a CMUT array where adjacent elements are excited
with 180° phase difference. Further, the model is used to describe
how dispersive guided modes generated in the CMUT-fluid interface
may affect the response from CMUT arrays with single and double
periodicity. Two different methods of reducing the negative impact
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from these unwanted modes are discussed, namely the introduction of
a thin layer of PDMS, and using a low impedance path between the
CMUT and the transmit and receive electronics. The measurements
presented in this paper were also presented in Paper V. Compared to
Paper II, the model in this paper also includes the membrane motion
in the y-direction.
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Conclusions

Capacitive Micromachined Ultrasonic Transducers (CMUTSs) have been re-
ferred to as a promising technology for many years, and some have predicted
that they will take over for traditional piezoelectric transducers in medical
ultrasound imaging. Despite of many year’s research both in academic in-
stitutions and in industry, there has still not been a proper commercial
breakthrough. It seems that long term reliability and membrane charging
are challenges that are not yet resolved. In addition, the issues concerning
unwanted acoustic effects should be properly understood and dealt with.

This work shows that undesired acoustic effects, both caused by waves
traveling in the silicon substrate and caused by local resonances in the
CMUT-fluid interface should be taken into account when designing a CMUT
transducer for immersion applications.

An important advantage for CMUTs is believed to be the relative ease of
transducer-electronics integration. However, when several silicon wafers are
included in a 3-D stack with bonding material between each silicon layer,
the total thickness of the silicon substrates and the acoustic properties of the
bonding materials must be considered in order to avoid coupling to surface
acoustic waves (SAWSs) in the silicon wafer, which further may couple into
the fluid. Leakage of acoustic energy into the fluid may harm the transducer
response at certain steering angles if the SAWs do not penetrate deep enough
to be damped by the acoustic backing material. The penetration depth is
frequency dependent. Through simulations, we have shown that it is feasible
to make a 30 MHz CMUT array with three integrated circuit wafers beneath.
However, each of the substrates should be thinner than 25 pm, adding to
a total silicon thickness below 100 pm. In addition, state of the art fusion
bonding techniques should be used for the 3-D integration. If anisotropic
conductive adhesive (ACA) or solid liquid interdiffusion (SLID) bonding is
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used, the silicon layers must be even thinner. The thickness requirements
scale inversely with frequency, thus a 3 MHz CMUT transducer meets less
strict requirements for the manufacturing process and must have a total
silicon thickness of less than 1 mm.

A concern which has been put forward by several research groups is the
effect of the cross coupling between CMUT membranes through the fluid.
We have shown that local resonances in the CMUT-fluid interface may af-
fect the array performance both for high and low frequency transducers.
Depending on the array configuration, such crosstalk effects may be limited
to off-axis steering. However, for arrays where the distance between ele-
ments is larger than between CMUTs within the element, such resonances
may become radiating even at broadside transmission, and lead to high-Q
dips in the frequency response. This indicates that it is advantageous to
design CMUT arrays with equal spacing between the CMUTs. Many re-
search groups characterize their CMUT arrays in high viscosity fluids such
as vegetable oil, and measurements are often limited to transmission in the
forward direction. We have shown that the dispersive guided modes are
more pronounced in low viscosity fluids, such as water and kerosene, than
in vegetable oil, and that the impact of the resonances increases with steer-
ing angle. This indicates that it is important to characterize the CMUT
performance in a fluid with roughly the same viscosity as the fluid it is
intended to operate in, and to include off-axis beam steering.

Through simulations we have shown that it is possible to damp the
dispersive guided modes by introducing a soft damping material with high
shear losses. A 2 pum thick layer of the PDMS material RTV615 damps most
of the unwanted effects in a CMUT array with a center frequency of 15 MHz.
The insertion loss increases with about 0.5 dB. Another way of reducing the
impact of the CMUT-fluid interaction it to provide a low impedance path
between the CMUT and the transmit and receive electronics. A smooth
response is possible to achieve for arrays with single periodicity, whereas the
high-Q dips still remains in the response from arrays with double periodicity.
The overall efficiency of the transducer is poorer if a low impedance path
is used, however, we believe that low power amplifiers based on field effect
transistors may manage to detect the signal without adding too much noise,
and hence, provide a signal path of good quality.
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